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three types of astrophysical black holes

stellar ß x-rays from Roche overflow

tens  of solar masses billions of solar masses

Kelly 2011

?
Intermediate mass

collapse of massive clouds
atomic/UV irradiated / seeds

supermassive

merging of stars + gas accretion



dark

• Dark  matter
• Dark energy
• Dark ages

• Inflation
• Cosmic pevatrons

•fossils
Most common galaxies in the Universe
Dark matter –dominated, usually
Are dark matter particles  “exotic”? Or  does feedback suffice?

Ultra-faint dwarf galaxies



Numbers
Radial gradient

Too big to fail

Kelley + 2020
Nadler + 2020

Add observational limits Add tidal disruption

Diversity

Hayashi + 2020Hayashi + 2020
Boruthovetskaya + 2022

Dwarf galaxy “anomalies”.       But don’t believe  they  justifies new physics!

Number
revisited

Diversity Too diffuse



Nuclear star clusters
• The densest clusters in the Universe
• Ubiquitous in centres of galaxies
• Coexist with intermediate mass black holes…..103-105 Msun

Neuemayer 2020



Feedback from outflows powered by 
accretion onto massive black holes

•Black hole feedback gives variety of dwarfs
• IMBH ubiquitous in dwarfs
•nuclear star clusters are common
• ideal environments for  forming IMBH
•Merging at low z, in situ star formation at high z
• IMBHs are numerous and can seed SMBH
• Expect many wandering IMBH
•Momentum boosting accounts for feedback

Greene 2020



Feedback by SMBH: basics

MBH = fgas s4(sT/mp)/(p G2) 
+ inverse Compton cooling, fails by ~10 to eject 
Need dp ~10LEdd/ c momentum feedback

MBH = 11f_gas s5 (sT/mp)/(p c G2) 
energy balance, shocked gas is too hot to cool. 
Gives  momentum boost since dp ~ dE/v .
PREFERRED!

Greene 2020

BLACK HOLE MASS

STELLAR VELOCITY DISPERSION



AGN feedback complicates matters

D.Mukherjee + 2018
Davis + 2022

rad

Radio AGN in dwarfs

Disk compression boosts star formation, drives gas outflows

BH-induced outflows in dwarfs

Koudmani + 2020

Feedback by 
supermassive black holes



Eddington-limited accretion

Greene 2020

The seeding problem

BH seeds are needed
for supermassive BH Nuclear star clusters are 

where we find the seeds

numbers

occupation fraction



Nuclear star clusters are the densest star clusters in the Universe

Pechetti 2020

Density

Nuclear  star clusters

Globular star clusters

High mass: gas accretion
+  in situ star formation

Low mass: merging of 
globular star clusters

NSC mass

galaxy  mass



And it gets better….              

Neuemayer 2020

…and better

central black hole   mass

Fahrion + 2022

nuclear star cluster  mass

nuclear star cluster  mass

galaxy  mass



Boldrini + 2020

one more CDM prediction:  wandering IMBHs in dwarfs

Reines + 2020

or merger aftermath Dark subhalo kicks



merging + gas accretion

Evolution

Gravity waves 

Form IMBH in massive  NSC

Kostas Kritos



Dwarf galaxy “anomalies”   don’t require particle “exotica”

Its all astrophysical feedback from IMBH  with a little help from SNe

Intermediate mass black holes form early in nuclear star clusters
via black hole merging and   gas accretion 

These  are the likely seeds of supermassive black holes

LISA and 3G will probe their existence to z~20 via gravitational waves
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Thank you georg for great collaborations!
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