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The 
formation of 

super-massive black holes
and  

on  the  (probable?)  very  rapid  initial  
metal  &  r-process  enrichment 
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"Dark Matter Kindergarten Stuff"

https://www.youtube.com/watch?v=O5MbOCgCMDs

For  recent  progress on  cosmology   
and  

the  existence  of  dark  matter  particles  
(for  those  interested)
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Comment

This  project  was  published   
prior   
to  the   

black-hole  Nobel  Prize  of  2020.

That  is,  there  is  no  influence / curruption  whatsoever  of 
this  project  by  that  event. 
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Based  on :
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Introduction
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<latexit sha1_base64="f1SjcgA3ENg/JwR69qXxwV5GLXA=">AAACAXicdVDLSgMxFM34rPU16kZwEyyCCxkybWmnu6IblxXsAzqlZNK0Dc3MhCQjlqFu/BU3LhRx61+4829MH4KKHrhwOOde7r0nEJwpjdCHtbS8srq2ntnIbm5t7+zae/sNFSeS0DqJeSxbAVaUs4jWNdOctoSkOAw4bQaji6nfvKFSsTi61mNBOyEeRKzPCNZG6tqHPhZCxrewgKB/BlNfhnAkyAR27RxyvLxXzBchckoVr1QqGOIiz6uUoeugGXJggVrXfvd7MUlCGmnCsVJtFwndSbHUjHA6yfqJogKTER7QtqERDqnqpLMPJvDEKD3Yj6WpSMOZ+n0ixaFS4zAwnSHWQ/Xbm4p/ee1E971OyiKRaBqR+aJ+wqGO4TQO2GOSEs3HhmAimbkVkiGWmGgTWtaE8PUp/J808o5bctBVMVc9X8SRAUfgGJwCF5RBFVyCGqgDAu7AA3gCz9a99Wi9WK/z1iVrMXMAfsB6+wT1RZX1</latexit>

⇡ 30 kpc

SMBH  at  centre  of  Milky  Way 
<latexit sha1_base64="W4In09+mu6+X1j6YvjhM6v33MsI=">AAACA3icdVDLSgNBEJz1bXxFvellMAgeZJmNcd3cRC9eBAXzgGwMs5OJDs7uLDO9QggBL/6KFw+KePUnvPk3Th6CihY0FFXddHdFqRQGCPlwJianpmdm5+ZzC4tLyyv51bWqUZlmvMKUVLoeUcOlSHgFBEheTzWncSR5Lbo5Hvi1W66NUMkFdFPejOlVIjqCUbBSK79Rcr19HIKIucEeufTDXXzaClVbQStfIG5QDErFEiauXw58f88SjwRB+QB7LhmigMY4a+Xfw7ZiWcwTYJIa0/BICs0e1SCY5P1cmBmeUnZDr3jD0oTanc3e8Ic+3rZKG3eUtpUAHqrfJ3o0NqYbR7YzpnBtfnsD8S+vkUEnaPZEkmbAEzZa1MkkBoUHgeC20JyB7FpCmRb2VsyuqaYMbGw5G8LXp/h/Ui26nu+S81Lh8GgcxxzaRFtoB3noAB2iE3SGKoihO/SAntCzc+88Oi/O66h1whnPrKMfcN4+ASLslfg=</latexit>

4.15⇥ 106 M�

1pc = 3.26 light years
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<latexit sha1_base64="f1SjcgA3ENg/JwR69qXxwV5GLXA=">AAACAXicdVDLSgMxFM34rPU16kZwEyyCCxkybWmnu6IblxXsAzqlZNK0Dc3MhCQjlqFu/BU3LhRx61+4829MH4KKHrhwOOde7r0nEJwpjdCHtbS8srq2ntnIbm5t7+zae/sNFSeS0DqJeSxbAVaUs4jWNdOctoSkOAw4bQaji6nfvKFSsTi61mNBOyEeRKzPCNZG6tqHPhZCxrewgKB/BlNfhnAkyAR27RxyvLxXzBchckoVr1QqGOIiz6uUoeugGXJggVrXfvd7MUlCGmnCsVJtFwndSbHUjHA6yfqJogKTER7QtqERDqnqpLMPJvDEKD3Yj6WpSMOZ+n0ixaFS4zAwnSHWQ/Xbm4p/ee1E971OyiKRaBqR+aJ+wqGO4TQO2GOSEs3HhmAimbkVkiGWmGgTWtaE8PUp/J808o5bctBVMVc9X8SRAUfgGJwCF5RBFVyCGqgDAu7AA3gCz9a99Wi9WK/z1iVrMXMAfsB6+wT1RZX1</latexit>

⇡ 30 kpc

SMBH  at  centre  of  Milky  Way 
<latexit sha1_base64="W4In09+mu6+X1j6YvjhM6v33MsI=">AAACA3icdVDLSgNBEJz1bXxFvellMAgeZJmNcd3cRC9eBAXzgGwMs5OJDs7uLDO9QggBL/6KFw+KePUnvPk3Th6CihY0FFXddHdFqRQGCPlwJianpmdm5+ZzC4tLyyv51bWqUZlmvMKUVLoeUcOlSHgFBEheTzWncSR5Lbo5Hvi1W66NUMkFdFPejOlVIjqCUbBSK79Rcr19HIKIucEeufTDXXzaClVbQStfIG5QDErFEiauXw58f88SjwRB+QB7LhmigMY4a+Xfw7ZiWcwTYJIa0/BICs0e1SCY5P1cmBmeUnZDr3jD0oTanc3e8Ic+3rZKG3eUtpUAHqrfJ3o0NqYbR7YzpnBtfnsD8S+vkUEnaPZEkmbAEzZa1MkkBoUHgeC20JyB7FpCmRb2VsyuqaYMbGw5G8LXp/h/Ui26nu+S81Lh8GgcxxzaRFtoB3noAB2iE3SGKoihO/SAntCzc+88Oi/O66h1whnPrKMfcN4+ASLslfg=</latexit>

4.15⇥ 106 M�

1pc = 3.26 light years
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Max Planck Institute for Extragalactic Physics

SMBH  at  centre  of  Milky  Way 
<latexit sha1_base64="W4In09+mu6+X1j6YvjhM6v33MsI=">AAACA3icdVDLSgNBEJz1bXxFvellMAgeZJmNcd3cRC9eBAXzgGwMs5OJDs7uLDO9QggBL/6KFw+KePUnvPk3Th6CihY0FFXddHdFqRQGCPlwJianpmdm5+ZzC4tLyyv51bWqUZlmvMKUVLoeUcOlSHgFBEheTzWncSR5Lbo5Hvi1W66NUMkFdFPejOlVIjqCUbBSK79Rcr19HIKIucEeufTDXXzaClVbQStfIG5QDErFEiauXw58f88SjwRB+QB7LhmigMY4a+Xfw7ZiWcwTYJIa0/BICs0e1SCY5P1cmBmeUnZDr3jD0oTanc3e8Ic+3rZKG3eUtpUAHqrfJ3o0NqYbR7YzpnBtfnsD8S+vkUEnaPZEkmbAEzZa1MkkBoUHgeC20JyB7FpCmRb2VsyuqaYMbGw5G8LXp/h/Ui26nu+S81Lh8GgcxxzaRFtoB3noAB2iE3SGKoihO/SAntCzc+88Oi/O66h1whnPrKMfcN4+ASLslfg=</latexit>

4.15⇥ 106 M�

ESO 
Credit: ESO/MPE/S. 

Gilessen et al.

https://www.eso.org/
public/images/

eso1622b/

0.2 pc
1pc = 3.26 light years



9
Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Max Planck Institute for Extragalactic Physics

https://www.mpe.mpg.de/369264/Dance_of_Stars

https://www.mpe.mpg.de/369426/
Publications

Movement  of  stars  in  the  
central  3arcsec  during   

1992-2008. 

Young stars = blue 
old  population = red    

SMBH  at  centre  of  Milky  Way 
<latexit sha1_base64="W4In09+mu6+X1j6YvjhM6v33MsI=">AAACA3icdVDLSgNBEJz1bXxFvellMAgeZJmNcd3cRC9eBAXzgGwMs5OJDs7uLDO9QggBL/6KFw+KePUnvPk3Th6CihY0FFXddHdFqRQGCPlwJianpmdm5+ZzC4tLyyv51bWqUZlmvMKUVLoeUcOlSHgFBEheTzWncSR5Lbo5Hvi1W66NUMkFdFPejOlVIjqCUbBSK79Rcr19HIKIucEeufTDXXzaClVbQStfIG5QDErFEiauXw58f88SjwRB+QB7LhmigMY4a+Xfw7ZiWcwTYJIa0/BICs0e1SCY5P1cmBmeUnZDr3jD0oTanc3e8Ic+3rZKG3eUtpUAHqrfJ3o0NqYbR7YzpnBtfnsD8S+vkUEnaPZEkmbAEzZa1MkkBoUHgeC20JyB7FpCmRb2VsyuqaYMbGw5G8LXp/h/Ui26nu+S81Lh8GgcxxzaRFtoB3noAB2iE3SGKoihO/SAntCzc+88Oi/O66h1whnPrKMfcN4+ASLslfg=</latexit>

4.15⇥ 106 M�

S2

0.05 pc
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SMBH  at  centre  of  M87
<latexit sha1_base64="ZfcpUjIoCFuak+VxIyouj+QCyJ8=">AAACAnicdVBNSwMxEM36bf2qehIvwSJ4kCVb63Z7E714ERSsFrq1ZNPUhmY3SzIrlCJe/CtePCji1V/hzX9j+iGo6IOBx3szzMyLUikMEPLhTExOTc/Mzs3nFhaXllfyq2sXRmWa8SpTUulaRA2XIuFVECB5LdWcxpHkl1H3aOBf3nBthErOoZfyRkyvE9EWjIKVmvkN393HIYiYG+yRq0q4e9IMVUsBbuYLxA2KQalYwsT1K4Hv71nikSColLHnkiEKaIzTZv49bCmWxTwBJqkxdY+k0OhTDYJJfpsLM8NTyrr0mtctTajd2egPX7jF21Zp4bbSthLAQ/X7RJ/GxvTiyHbGFDrmtzcQ//LqGbSDRl8kaQY8YaNF7UxiUHiQB24JzRnIniWUaWFvxaxDNWVgU8vZEL4+xf+Ti6Lr+S45KxUODsdxzKFNtIV2kIfK6AAdo1NURQzdoQf0hJ6de+fReXFeR60TznhmHf2A8/YJuF2Vwg==</latexit>

6.5⇥ 109 M�

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

<latexit sha1_base64="f1SjcgA3ENg/JwR69qXxwV5GLXA=">AAACAXicdVDLSgMxFM34rPU16kZwEyyCCxkybWmnu6IblxXsAzqlZNK0Dc3MhCQjlqFu/BU3LhRx61+4829MH4KKHrhwOOde7r0nEJwpjdCHtbS8srq2ntnIbm5t7+zae/sNFSeS0DqJeSxbAVaUs4jWNdOctoSkOAw4bQaji6nfvKFSsTi61mNBOyEeRKzPCNZG6tqHPhZCxrewgKB/BlNfhnAkyAR27RxyvLxXzBchckoVr1QqGOIiz6uUoeugGXJggVrXfvd7MUlCGmnCsVJtFwndSbHUjHA6yfqJogKTER7QtqERDqnqpLMPJvDEKD3Yj6WpSMOZ+n0ixaFS4zAwnSHWQ/Xbm4p/ee1E971OyiKRaBqR+aJ+wqGO4TQO2GOSEs3HhmAimbkVkiGWmGgTWtaE8PUp/J808o5bctBVMVc9X8SRAUfgGJwCF5RBFVyCGqgDAu7AA3gCz9a99Wi9WK/z1iVrMXMAfsB6+wT1RZX1</latexit>

⇡ 30 kpc

M87 image: PD-HUBBLE
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SMBH  at  centre  of  M87
<latexit sha1_base64="ZfcpUjIoCFuak+VxIyouj+QCyJ8=">AAACAnicdVBNSwMxEM36bf2qehIvwSJ4kCVb63Z7E714ERSsFrq1ZNPUhmY3SzIrlCJe/CtePCji1V/hzX9j+iGo6IOBx3szzMyLUikMEPLhTExOTc/Mzs3nFhaXllfyq2sXRmWa8SpTUulaRA2XIuFVECB5LdWcxpHkl1H3aOBf3nBthErOoZfyRkyvE9EWjIKVmvkN393HIYiYG+yRq0q4e9IMVUsBbuYLxA2KQalYwsT1K4Hv71nikSColLHnkiEKaIzTZv49bCmWxTwBJqkxdY+k0OhTDYJJfpsLM8NTyrr0mtctTajd2egPX7jF21Zp4bbSthLAQ/X7RJ/GxvTiyHbGFDrmtzcQ//LqGbSDRl8kaQY8YaNF7UxiUHiQB24JzRnIniWUaWFvxaxDNWVgU8vZEL4+xf+Ti6Lr+S45KxUODsdxzKFNtIV2kIfK6AAdo1NURQzdoQf0hJ6de+fReXFeR60TznhmHf2A8/YJuF2Vwg==</latexit>

6.5⇥ 109 M�

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

<latexit sha1_base64="f1SjcgA3ENg/JwR69qXxwV5GLXA=">AAACAXicdVDLSgMxFM34rPU16kZwEyyCCxkybWmnu6IblxXsAzqlZNK0Dc3MhCQjlqFu/BU3LhRx61+4829MH4KKHrhwOOde7r0nEJwpjdCHtbS8srq2ntnIbm5t7+zae/sNFSeS0DqJeSxbAVaUs4jWNdOctoSkOAw4bQaji6nfvKFSsTi61mNBOyEeRKzPCNZG6tqHPhZCxrewgKB/BlNfhnAkyAR27RxyvLxXzBchckoVr1QqGOIiz6uUoeugGXJggVrXfvd7MUlCGmnCsVJtFwndSbHUjHA6yfqJogKTER7QtqERDqnqpLMPJvDEKD3Yj6WpSMOZ+n0ixaFS4zAwnSHWQ/Xbm4p/ee1E971OyiKRaBqR+aJ+wqGO4TQO2GOSEs3HhmAimbkVkiGWmGgTWtaE8PUp/J808o5bctBVMVc9X8SRAUfgGJwCF5RBFVyCGqgDAu7AA3gCz9a99Wi9WK/z1iVrMXMAfsB6+wT1RZX1</latexit>

⇡ 30 kpc

M87 image: PD-HUBBLE

cf 
<latexit sha1_base64="VqZsy2VdvkVR6fMZZYAL4JS5CME="></latexit>

MMW ⇡ 5⇥ 1010 M�
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(The Event Horizon Telescope Collaboration, Akiyama et al. 2019, ApJL,)

"the  asymmetric  ring  
is  consistent  with  

earlier  predictions  of  
strong  gravitational  

lensing  of  synchrotron  
emission  from  a  hot  

plasma  (1010 K) 
orbiting  near  the  
black hole  event  

horizon." 

(2019, APJL, 875, L5)

SMBH  at  centre  of  M87
<latexit sha1_base64="ZfcpUjIoCFuak+VxIyouj+QCyJ8=">AAACAnicdVBNSwMxEM36bf2qehIvwSJ4kCVb63Z7E714ERSsFrq1ZNPUhmY3SzIrlCJe/CtePCji1V/hzX9j+iGo6IOBx3szzMyLUikMEPLhTExOTc/Mzs3nFhaXllfyq2sXRmWa8SpTUulaRA2XIuFVECB5LdWcxpHkl1H3aOBf3nBthErOoZfyRkyvE9EWjIKVmvkN393HIYiYG+yRq0q4e9IMVUsBbuYLxA2KQalYwsT1K4Hv71nikSColLHnkiEKaIzTZv49bCmWxTwBJqkxdY+k0OhTDYJJfpsLM8NTyrr0mtctTajd2egPX7jF21Zp4bbSthLAQ/X7RJ/GxvTiyHbGFDrmtzcQ//LqGbSDRl8kaQY8YaNF7UxiUHiQB24JzRnIniWUaWFvxaxDNWVgU8vZEL4+xf+Ti6Lr+S45KxUODsdxzKFNtIV2kIfK6AAdo1NURQzdoQf0hJ6de+fReXFeR60TznhmHf2A8/YJuF2Vwg==</latexit>

6.5⇥ 109 M�

<latexit sha1_base64="D7DuGvj6PHDs/nuzeUea+5VW0uo=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroZMaadT3FTduKzgtIVOKZk0bUMzD5KMWMYu/BU3LhRx62+4829MH4KKHrhwOOde7r3HjzmTCqEPI7O0vLK6ll3PbWxube/kd/caMkoEoS6JeCRaPpaUs5C6iilOW7GgOPA5bfqji6nfvKFCsii8VuOYdgI8CFmfEay01M0feDiORXQL7TLyTmHqiQCeuZNuvoDMarVSrJQhMp1y1bGmBNlOpWRDy0QzFMAC9W7+3etFJAloqAjHUrYtFKtOioVihNNJzkskjTEZ4QFtaxrigMpOOrt/Ao+10oP9SOgKFZyp3ydSHEg5DnzdGWA1lL+9qfiX105U3+mkLIwTRUMyX9RPOFQRnIYBe0xQovhYE0wE07dCMsQCE6Ujy+kQvj6F/5NG0bRsE12VCrXzRRxZcAiOwAmwQAXUwCWoAxcQcAcewBN4Nu6NR+PFeJ23ZozFzD74AePtE7OGlUc=</latexit>

⇡ 650 AU
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Why  "shadow" ?

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Extremely  hot   
(blue emitting) 
accretion  disk

The  SMBH  in  it
redshifts  the  light

14

Why  "shadow" ?

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Extremely  hot   
(blue emitting) 
accretion  disk

The  SMBH  in  it
redshifts  the  light

Rotation   
doppler  boosts 

emission 
towards  observer 

(here  to  the  right)
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Why  "shadow" ?

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Extremely  hot   
(blue emitting) 
accretion  disk

The  SMBH  in  it
redshifts  the  light

Rotation   
doppler  boosts 

emission 
towards  observer

(The Event Horizon Telescope Collaboration, Akiyama et al. 2019, ApJL  875)
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(The Event Horizon Telescope Collaboration, Akiyama et al. 2019, ApJL,)

"the  asymmetric  ring  
is  consistent  with  

earlier  predictions  of  
strong  gravitational  

lensing  of  synchrotron  
emission  from  a  hot  

plasma  (1010 K) 
orbiting  near  the  
black hole  event  

horizon." 

(2019, APJL, 875, L5)

SMBH  at  centre  of  M87
<latexit sha1_base64="ZfcpUjIoCFuak+VxIyouj+QCyJ8=">AAACAnicdVBNSwMxEM36bf2qehIvwSJ4kCVb63Z7E714ERSsFrq1ZNPUhmY3SzIrlCJe/CtePCji1V/hzX9j+iGo6IOBx3szzMyLUikMEPLhTExOTc/Mzs3nFhaXllfyq2sXRmWa8SpTUulaRA2XIuFVECB5LdWcxpHkl1H3aOBf3nBthErOoZfyRkyvE9EWjIKVmvkN393HIYiYG+yRq0q4e9IMVUsBbuYLxA2KQalYwsT1K4Hv71nikSColLHnkiEKaIzTZv49bCmWxTwBJqkxdY+k0OhTDYJJfpsLM8NTyrr0mtctTajd2egPX7jF21Zp4bbSthLAQ/X7RJ/GxvTiyHbGFDrmtzcQ//LqGbSDRl8kaQY8YaNF7UxiUHiQB24JzRnIniWUaWFvxaxDNWVgU8vZEL4+xf+Ti6Lr+S45KxUODsdxzKFNtIV2kIfK6AAdo1NURQzdoQf0hJ6de+fReXFeR60TznhmHf2A8/YJuF2Vwg==</latexit>

6.5⇥ 109 M�

<latexit sha1_base64="D7DuGvj6PHDs/nuzeUea+5VW0uo=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroZMaadT3FTduKzgtIVOKZk0bUMzD5KMWMYu/BU3LhRx62+4829MH4KKHrhwOOde7r3HjzmTCqEPI7O0vLK6ll3PbWxube/kd/caMkoEoS6JeCRaPpaUs5C6iilOW7GgOPA5bfqji6nfvKFCsii8VuOYdgI8CFmfEay01M0feDiORXQL7TLyTmHqiQCeuZNuvoDMarVSrJQhMp1y1bGmBNlOpWRDy0QzFMAC9W7+3etFJAloqAjHUrYtFKtOioVihNNJzkskjTEZ4QFtaxrigMpOOrt/Ao+10oP9SOgKFZyp3ydSHEg5DnzdGWA1lL+9qfiX105U3+mkLIwTRUMyX9RPOFQRnIYBe0xQovhYE0wE07dCMsQCE6Ujy+kQvj6F/5NG0bRsE12VCrXzRRxZcAiOwAmwQAXUwCWoAxcQcAcewBN4Nu6NR+PFeJ23ZozFzD74AePtE7OGlUc=</latexit>

⇡ 650 AU
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SMBH  mass  vs  host  galaxy  mass  (spheroid  component:  elliptical galaxy = classical bulge)

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

(Gadotti & Kaufmann 2009)
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

M87

MW

SMBH  mass  vs  host  galaxy  mass  (spheroid  component:  elliptical galaxy = classical bulge)
(Gadotti & Kaufmann 2009)
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(Wehner & Harris 2006;   Capuzzo-Dolcetta & Tosta e Melo 2017) M87

MW

SMBH  mass  vs  host  galaxy  mass  (spheroid  component:  elliptical galaxy = classical bulge)
(Gadotti & Kaufmann 2009)

no  SMBH 
only  central  cluster

20

Spatial  scales

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

<latexit sha1_base64="JVk0H3AWHY6Qpp2sbOwqkfPdsPU="></latexit>

Rhorizon ⌘ 2GMSMBH

c2
event  horizon  =  Schwarzschild  radius 
(exact  solution  of  GR  for   
spherical non-rotating  mass)

<latexit sha1_base64="hud8vOdEvdwPV7Y0N0sSDXLLQJY="></latexit>

RBHinfl ⌘ GMSMBH

�2
⇤

black-hole  influence  radius 
<latexit sha1_base64="Tm13VmgLILkyd9mUCpOK8sbKCsw=">AAAB73icdVDLSgMxFM34rPVVdekmWARxMWRKdequ6MZlBfuAdiiZNNOGJpkxyQhl6E+4caGIW3/HnX9j2o6gogcuHM65l3vvCRPOtEHow1laXlldWy9sFDe3tnd2S3v7LR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD8dXMb99TpVksb80koYHAQ8kiRrCxUqen2VDg/mm/VEbuRe0c+R5ELprDEs/z/WoFerlSBjka/dJ7bxCTVFBpCMdadz2UmCDDyjDC6bTYSzVNMBnjIe1aKrGgOsjm907hsVUGMIqVLWngXP0+kWGh9USEtlNgM9K/vZn4l9dNTVQLMiaT1FBJFouilEMTw9nzcMAUJYZPLMFEMXsrJCOsMDE2oqIN4etT+D9pVVzvzEU31XL9Mo+jAA7BETgBHvBBHVyDBmgCAjh4AE/g2blzHp0X53XRuuTkMwfgB5y3Twmhj/k=</latexit>�⇤(      stellar  velocity  disp.  of  stars  in  bulge)

Peterson, B.M., 2014, Space Science Reviews
(measurement  of  SMBH  masses  see  review  
                                                             )

<latexit sha1_base64="G5KDwiFVUo6ImwqVEBkJT1mPWeo="></latexit>

MSMBH = 5.15⇥ 109 M� Rhorizon = 106AU

<latexit sha1_base64="Ub7hRS+N/Jk7AluTQ9kFXsnNvUI="></latexit>

MSMBH = 5.15⇥ 106 M� Rhorizon = 0.106AU

e.g.  globular  cluster :    
<latexit sha1_base64="AWGw2xRQCVdPEMH+PkAElaKrcOE="></latexit>

�⇤ = 10 km/s , MBH = 104 M�
<latexit sha1_base64="Y/ZbtPqnPQVFbMcMoA5QU/P2v+g=">AAACCnicdZDLSsNAFIYn9VbrLerSzWgRXJWk1KYiQqmbLqvYCzShTKaTduhkEmYmQgldu/FV3LhQxK1P4M63cXoRVPTAwM/3n8OZ8/sxo1JZ1oeRWVpeWV3Lruc2Nre2d8zdvZaMEoFJE0csEh0fScIoJ01FFSOdWBAU+oy0/dHl1G/fEiFpxG/UOCZeiAacBhQjpVHPPLzupa4IYa1OecAm8AJahdIpdM/hDMd40jPzVuGsUrYcW3vWrLSwbccpFaG9IHmwqEbPfHf7EU5CwhVmSMqubcXKS5FQFDMyybmJJDHCIzQgXS05Con00tkpE3isSR8GkdCPKzij3ydSFEo5Dn3dGSI1lL+9KfzL6yYqqHgp5XGiCMfzRUHCoIrgNBfYp4JgxcZaICyo/ivEQyQQVjq9nA7h61L4v2gVC3a5YF+V8tXaIo4sOABH4ATYwAFVUAcN0AQY3IEH8ASejXvj0XgxXuetGWMxsw9+lPH2CSKvmKg=</latexit>

RBHinfl = 0.45 pc
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

SMBHs  appear  at  very  high  redshift 

22
Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

13.813.6
first  stars 

thought  to  form

(Jiang, McGreer et al.   2016)

SMBHs  appear  at  very  high  redshift 
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. . .   and  at  even  higher  redshift 

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Need                  seed 
to  grow  continuously 

at  superEddington  rate  
since  z=30   

(100Myr after Big Bang). 

<latexit sha1_base64="zS8lVeaJfNXPGJO/npYUYRu1wrE=">AAAB+HicdVDLSgMxFM3UV62PVl26CRbBVcmUaituim7cCBXsAzpjyWQybWhmMiQZoQ79EjcuFHHrp7jzb0zbEVT0wIXDOfdy7z1ezJnSCH1YuaXlldW1/HphY3Nru1ja2e0okUhC20RwIXseVpSziLY105z2Yklx6HHa9cYXM797R6ViIrrRk5i6IR5GLGAEayMNSkUb3dagcwavBo7whR6Uyqhy2jhBdRuiCprDENuu12tVaGdKGWRoDUrvji9IEtJIE46V6tso1m6KpWaE02nBSRSNMRnjIe0bGuGQKjedHz6Fh0bxYSCkqUjDufp9IsWhUpPQM50h1iP125uJf3n9RAcNN2VRnGgakcWiIOFQCzhLAfpMUqL5xBBMJDO3QjLCEhNtsiqYEL4+hf+TTrViH1fQda3cPM/iyIN9cACOgA3qoAkuQQu0AQEJeABP4Nm6tx6tF+t10Zqzspk98APW2yf035IC</latexit>

104 M�

<latexit sha1_base64="GGjT+BIK/qFF6WHUs2SL7Xz+Jlk=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWARXIVJqabipujGjVDBtkITymQ6aYdOHsxMxBLqxl9x40IRt/6FO//GaRtBRQ9cOJxzL/fe4yecSYXQh1GYm19YXCoul1ZW19Y3zM2tloxTQWiTxDwW1z6WlLOINhVTnF4nguLQ57TtD88mfvuGCsni6EqNEuqFuB+xgBGstNQ1d1ycJCK+hQ5C0D2BmStCeDES465ZRtZx7Qg5NkQWmkIT23acagXauVIGORpd893txSQNaaQIx1J2bJQoL8NCMcLpuOSmkiaYDHGfdjSNcEill00/GMN9rfRgEAtdkYJT9ftEhkMpR6GvO0OsBvK3NxH/8jqpCmpexqIkVTQis0VByqGK4SQO2GOCEsVHmmAimL4VkgEWmCgdWkmH8PUp/J+0KpZ9aKHLarl+msdRBLtgDxwAGzigDs5BAzQBAXfgATyBZ+PeeDRejNdZa8HIZ7bBDxhvn92VleM=</latexit>⇡ 700 Myr
<latexit sha1_base64="85HLAVzJixCrv3VknwedtPoV9Fw=">AAACA3icdVBNSwMxEM36bf1a9aaXYBE8yJKU2o9b0YsXQcGq0K0lm6Yamt0syaxQSsGLf8WLB0W8+ie8+W9MawUVfTDweG+GmXlRqqQFQt69icmp6ZnZufncwuLS8oq/unZmdWa4qHOttLmImBVKJqIOEpS4SI1gcaTEedQ9GPrnN8JYqZNT6KWiGbOrRHYkZ+Cklr9Bgz0cgoyFxZRcVnG4i49aoW5raPl5ElQrJVKmmARkBEcoLZeLBUzHSh6Ncdzy38K25lksEuCKWdugJIVmnxmQXIlBLsysSBnvsivRcDRhbmmzP/phgLed0sYdbVwlgEfq94k+i63txZHrjBlc29/eUPzLa2TQqTT7MkkzEAn/XNTJFAaNh4HgtjSCg+o5wriR7lbMr5lhHFxsORfC16f4f3JWCGgpICfFfG1/HMcc2kRbaAdRVEY1dIiOUR1xdIvu0SN68u68B+/Ze/lsnfDGM+voB7zXD8ewlbk=</latexit>

1.5⇥ 109 M�

24
Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

The   
Problem(s)
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Three problems: 

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

I)  How  can  SMBHs  even  form ?

II) Why  do  SMBH  masses  correlate  with   
      the  masses  of  their  hosting  galaxies ?

III)  How  can  SMBHs  form  within  a  few  100 Myr   
        after  the  Big Bang ?

(need  to  squeeze                       of  matter   
into  extremely  small  space)

<latexit sha1_base64="8py6FW1cU/Zh3JjgmVoqeuIKtOs=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwIUOmlE7dSNGNG6GCfUBbh0yatqGZyZBkCmXon7hxoYhb/8Sdf2PajqCiBy4czrmXe+8JYs6URujDyq2srq1v5DcLW9s7u3v2/kFTiUQS2iCCC9kOsKKcRbShmea0HUuKw4DTVjC+mvutCZWKiehOT2PaC/EwYgNGsDaSb9sX0EX3le4ZvPG7oi+0bxeRc16tIM+FyEELGOK6nlcuQTdTiiBD3bffu31BkpBGmnCsVMdFse6lWGpGOJ0VuomiMSZjPKQdQyMcUtVLF5fP4IlR+nAgpKlIw4X6fSLFoVLTMDCdIdYj9dubi395nUQPqr2URXGiaUSWiwYJh1rAeQywzyQlmk8NwUQycyskIywx0Sasggnh61P4P2mWHLfioNtysXaZxZEHR+AYnAIXeKAGrkEdNAABE/AAnsCzlVqP1ov1umzNWdnMIfgB6+0TZ3CSPg==</latexit>

> 106 M�
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Why  can  a  SMBH  seed  not  form  

from  direct  collapse  of  a  post-Big-Bang  gas  cloud ?

Collapse  through   
self-gravity

opacity  increases, 
temperature  increases  when   

radiation  trapped

extreme  collapse 
==> 

central  relativistic  gas; 
radiates  and  ejects
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

This  leads  to  self-radiation-limited  growth
<latexit sha1_base64="feFaAcQ1bXatq1pBiiIPtotrI9Y="></latexit>

Lacc = ✏r Ṁ c2
<latexit sha1_base64="05iLSyVfL6OmOYIeoBz+YJsKYtY=">AAACCXicdZDLSgMxFIYz9VbrbdSlm2AR3DhkSmvrrujGZQV7gc5QMmnahmZmQpIRy9CtG1/FjQtF3PoG7nwb03YEFT0Q+Pn+czg5fyA4UxqhDyu3tLyyupZfL2xsbm3v2Lt7LRUnktAmiXksOwFWlLOINjXTnHaEpDgMOG0H44uZ376hUrE4utYTQf0QDyM2YARrg3o29KhQjBuZejKEcgo9LISMbyFy3BPkVHp2ETlntVNUdQ1C85p5brVaLkE3I0WQVaNnv3v9mCQhjTThWKmui4T2Uyw1I5xOC16iqMBkjIe0a2SEQ6r8dH7JFB4Z0oeDWJoXaTin3ydSHCo1CQPTGWI9Ur+9GfzL6yZ6UPNTFolE04gsFg0SDnUMZ7HAPpOUaD4xAhPJzF8hGWGJiTbhFUwIX5fC/0Wr5LgVB12Vi/XzLI48OACH4Bi4oArq4BI0QBMQcAcewBN4tu6tR+vFel205qxsZh/8KOvtE98BmSM=</latexit>

✏r ⇡ 0.1� 0.5
fraction  of  rest-mass  radiated

Thus,  to  grow  a  
<latexit sha1_base64="dBaP46QNqVrIjqw8kZkOzbjGujw=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgopRMqbYuhFI33RQq2FbolCGTpm1oZjIkGaEMXbjxV9y4UMStH+HOvzF9CCp64MLhnHu59x4/4kxphD6s1Mrq2vpGejOztb2zu2fvH7SViCWhLSK4kDc+VpSzkLY005zeRJLiwOe0448vZ37nlkrFRHitJxHtBXgYsgEjWBvJs7MNL3FlAGv1PERTeAEd5OYbniv6Qnt2DhXOK2eo7EBUQHMY4jjlcqkInaWSA0s0Pfvd7QsSBzTUhGOlug6KdC/BUjPC6TTjxopGmIzxkHYNDXFAVS+ZPzGFx0bpw4GQpkIN5+r3iQQHSk0C33QGWI/Ub28m/uV1Yz2o9BIWRrGmIVksGsQcagFnicA+k5RoPjEEE8nMrZCMsMREm9wyJoSvT+H/pF0sOKcFdFXKVWvLONIgC47ACXBAGVRBHTRBCxBwBx7AE3i27q1H68V6XbSmrOXMIfgB6+0TgJGWGw==</latexit>

MBH,0 = 10M�
<latexit sha1_base64="OAwQ3eAhiZbmg3x4vmZ7U/wpuh4=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEFxKSUk3dFV3osoJ9QBPKZDpph06SYWYillDwV9y4UMSt3+HOv3HaRlDRAxcO59zLvfcEnFGpbPvDKCwsLi2vFFdLa+sbm1vm9k5LJqnApIkTlohOgCRhNCZNRRUjHS4IigJG2sHoYuq3b4mQNIlv1JgTP0KDmIYUI6WlnrnnIc5Fcgcd7xhmnojg5VhMembZts5qp7brQNuyZ9DEcVy3WoFOrpRBjkbPfPf6CU4jEivMkJRdx+bKz5BQFDMyKXmpJBzhERqQrqYxioj0s9n5E3iolT4ME6ErVnCmfp/IUCTlOAp0Z4TUUP72puJfXjdVYc3PaMxTRWI8XxSmDKoETrOAfSoIVmysCcKC6lshHiKBsNKJlXQIX5/C/0mrYjknln1dLdfP8ziKYB8cgCPgABfUwRVogCbAIAMP4Ak8G/fGo/FivM5bC0Y+swt+wHj7BHGslSo=</latexit>

⇡ 1Gyr

seed  to  
<latexit sha1_base64="rIOWQ7DaL3iopNilSWCqy8xUrvw="></latexit>

MSMBH = 1010 M� need  sustained  continuous  accretion  for  
at  the  superEddington  rate                .<latexit sha1_base64="+nhYfkmLEuJfCYz+wM8/1vBnXac=">AAACAXicdVDLSgMxFM34rPU16kZwEyxC3QyZUp26EIpuXFawD+gMJZNm2tDMgyQjlKFu/BU3LhRx61+482/MtBVU9MCFk3PuJfceP+FMKoQ+jIXFpeWV1cJacX1jc2vb3NltyTgVhDZJzGPR8bGknEW0qZjitJMIikOf07Y/usz99i0VksXRjRon1AvxIGIBI1hpqWful12aSMY1z1wRQjGB5xBZ9nHPLCHrrHaKHFu/0RS5YTtOtQLtuVICczR65rvbj0ka0kgRjqXs2ihRXoaFYoTTSdFNJU0wGeEB7Woa4ZBKL5teMIFHWunDIBa6IgWn6veJDIdSjkNfd4ZYDeVvLxf/8rqpCmpexqIkVTQis4+ClEMVwzwO2GeCEsXHmmAimN4VkiEWmCgdWlGH8HUp/J+0KpZ9YqHraql+MY+jAA7AISgDGzigDq5AAzQBAXfgATyBZ+PeeDRejNdZ64Ixn9kDP2C8fQKSZJWr</latexit>

(✏r = 0.1)

<latexit sha1_base64="oAR1eXdycQ0NHHukveAKS/5a+0Q="></latexit>

MBH(t) = MBH,0 e
fEdd (t�t0)

⌧Edd

<latexit sha1_base64="e9MrGh5a2V128QH+4tUwxSo8pXg="></latexit>

fEdd =
1� ✏r
✏r

<latexit sha1_base64="gOW9/ci2YvZ3An/4GBQdInQp+70="></latexit>

⌧Edd =
c�T

4⇡Gmp
⇡ 452 Myr

<latexit sha1_base64="KZ30QODgq0VVio3/uxh+oFa0PLc=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZkN6sZb0IvHBMwDkiXMTnqTMbMPZmaFsOQLvHhQxKuf5M2/cZKsoKIFDUVVN91dfiK40oR8WIWV1bX1jeJmaWt7Z3evvH/QVnEqGbRYLGLZ9akCwSNoaa4FdBMJNPQFdPzJ9dzv3INUPI5u9TQBL6SjiAecUW2kJhuUK8S+rF0Q18HEJgsY4jiue1bFTq5UUI7GoPzeH8YsDSHSTFCleg5JtJdRqTkTMCv1UwUJZRM6gp6hEQ1Bedni0Bk+McoQB7E0FWm8UL9PZDRUahr6pjOkeqx+e3PxL6+X6qDmZTxKUg0RWy4KUoF1jOdf4yGXwLSYGkKZ5OZWzMZUUqZNNiUTwten+H/SrtrOuU2aZ5X6VR5HER2hY3SKHOSiOrpBDdRCDAF6QE/o2bqzHq0X63XZWrDymUP0A9bbJxTdjSA=</latexit>c
<latexit sha1_base64="rxOM39VxLbo+926M8r+yfN7US3E=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZJSTd0V3bis0Bc0sUymk3bozCTMTJQS+h9uXCji1n9x5984bSOo6IELh3Pu5d57woRRpR3nwyqsrK6tbxQ3S1vbO7t75f2DjopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh5Grud++IVDQWLT1NSMDRSNCIYqSNdOsrOuJokPmSw9ZsUK449kX93PFc6NjOAoa4rufVqtDNlQrI0RyU3/1hjFNOhMYMKdV3nUQHGZKaYkZmJT9VJEF4gkakb6hAnKggW1w9gydGGcIolqaEhgv1+0SGuFJTHppOjvRY/fbm4l9eP9VRPcioSFJNBF4uilIGdQznEcAhlQRrNjUEYUnNrRCPkURYm6BKJoSvT+H/pFO13TPbualVGpd5HEVwBI7BKXCBBxrgGjRBG2AgwQN4As/WvfVovVivy9aClc8cgh+w3j4BxjSSsg==</latexit>�T

<latexit sha1_base64="X+lUG4VR6BnM5SICLQVJ0BLG12E=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjKlOnVXdOOygn1IO5RMmmlDk8yQZIQy9CvcuFDErZ/jzr8xbUdQ0QMXDufcy733hAln2iD04RRWVtfWN4qbpa3tnd298v5BW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wcjX3O/dUaRbLWzNNaCDwSLKIEWysdCcGWV8J2JwNyhXkXtTPke9B5KIFLPE8369VoZcrFZCjOSi/94cxSQWVhnCsdc9DiQkyrAwjnM5K/VTTBJMJHtGepRILqoNscfAMnlhlCKNY2ZIGLtTvExkWWk9FaDsFNmP925uLf3m91ET1IGMySQ2VZLkoSjk0MZx/D4dMUWL41BJMFLO3QjLGChNjMyrZEL4+hf+TdtX1zlx0U6s0LvM4iuAIHINT4AEfNMA1aIIWIECAB/AEnh3lPDovzuuyteDkM4fgB5y3T+j+kHw=</latexit>mP

speed of light
Thompson scattering cross section
proton mass

plus  radiation  pressure  leads  to  
accretion  shutoff               difficult  to  form BH
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Why  not  form  an  SMBH  seed   

from  direct  collapse  of  post-Big-Bang  gas  cloud ?

Collapse  through   
self-gravity

opacity  increases, 
temp. increases  when   

radiation  trapped

extreme  collapse 
==> 

central  relativistic  gas; 
radiates  and  ejects

this  will   in  any  case  always  make   
a  star  cluster  as  it  collapses  
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Start  with  first  massive  stars :
<latexit sha1_base64="Yrf0i/UXBZm8L+UAimVwNQk0z34=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgQoZMqU7dSNGNG6GCbYVOKZlMpg3NTIYko5TaT3HjQhG3fok7/8b0IajogQuHc+7l3nuClDOlEfqwcguLS8sr+dXC2vrG5pZd3G4qkUlCG0RwIW8CrChnCW1opjm9SSXFccBpKxicT/zWLZWKieRaD1PaiXEvYREjWBupaxdjeArLCPqH8LLri1Dorl1Czkn1GHkuRA6awhDX9bxKGbpzpQTmqHftdz8UJItpognHSrVdlOrOCEvNCKfjgp8pmmIywD3aNjTBMVWd0fT0Mdw3SggjIU0lGk7V7xMjHCs1jAPTGWPdV7+9ifiX1850VO2MWJJmmiZktijKONQCTnKAIZOUaD40BBPJzK2Q9LHERJu0CiaEr0/h/6RZdtwjB11VSrWzeRx5sAv2wAFwgQdq4ALUQQMQcAcewBN4tu6tR+vFep215qz5zA74AevtE7a8kmE=</latexit>

m > 20M�
<latexit sha1_base64="yKc6og1KmaewqHci1Mbfri4qx/Q=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwmT0poKLopu3AgVbC00oUymk3bo5MHMRIihX+LGhSJu/RR3/o3Th6CiBy4czrmXe+/xE86kQujDKCwtr6yuFddLG5tb22VzZ7cj41QQ2iYxj0XXx5JyFtG2YorTbiIoDn1Ob/3xxdS/vaNCsji6UVlCvRAPIxYwgpWW+mb5DNaRe5y7IoRXmZj0zQqyThsnyLEhstAMmti249Sq0F4oFbBAq2++u4OYpCGNFOFYyp6NEuXlWChGOJ2U3FTSBJMxHtKephEOqfTy2eETeKiVAQxioStScKZ+n8hxKGUW+rozxGokf3tT8S+vl6qg4eUsSlJFIzJfFKQcqhhOU4ADJihRPNMEE8H0rZCMsMBE6axKOoSvT+H/pFO17LqFrmuV5vkijiLYBwfgCNjAAU1wCVqgDQhIwQN4As/GvfFovBiv89aCsZjZAz9gvH0CaheSTg==</latexit>

< 50Myr

<latexit sha1_base64="WtBk2TTXcK9LqDKx/cM9g5R5Byg=">AAACBHicdZDLSsNAFIYn9VbrLeqym8EiuJCSlGrqrtRNlxXsBZoQJtNpO3QmCTMTsYQu3Pgqblwo4taHcOfbOG0jqOgPA4fvP4cz5w9iRqWyrA8jt7K6tr6R3yxsbe/s7pn7Bx0ZJQKTNo5YJHoBkoTRkLQVVYz0YkEQDxjpBpPLud+9IULSKLxW05h4HI1COqQYKY18s8j91BUcNpoz6KI4FtEttMo2dE8h982SVb6onVuOrZm10Ny0HadagXZGSiBTyzff3UGEE05ChRmSsm9bsfJSJBTFjMwKbiJJjPAEjUhflyHiRHrp4ogZPNZkAIeR0C9UcEG/T6SISznlge7kSI3lb28O//L6iRrWvJSGcaJIiJeLhgmDKoLzROCACoIVm+oCYUH1XyEeI4Gw0rkVdAhfl8L/i06lbJ+Vratqqd7I4siDIjgCJ8AGDqiDJmiBNsDgDjyAJ/Bs3BuPxovxumzNGdnMIfgh4+0TTNeWlQ==</latexit>

mBH ⇡ 0.1m (e.g. Dabringhausen et al. 2009)

coalescence  of  BHs  

                
negligible  mass  loss

Star  cluster : +
(e.g. Martinez, Fragione et al. 2020; Banerjee, S., 2021)

So,  how  to  make  SMBHs ? (Kroupa, Subr, Jerabkova, Wang  2020)

Need  to  efficiently  compactify  matter  to  a  BH  seed

30
Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

coalescence  of  BHs  ===>  negligible  mass  loss :



Table III in   Abbott et al.  2019;  LIGO Scientific Collaboration and Virgo Collaboration)
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

coalescence  of  BHs  ===>  negligible  mass  loss :

32
Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Star  cluster :

<latexit sha1_base64="1IOJ6EQ09IsUroOC3UA3o/FB1Bg=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwmT0poKLgpu3AgV7AOaUCbTaTt08mBmIsTQL3HjQhG3foo7/8ZpG0FFD1w4nHMv997jx5xJhdCHUVhZXVvfKG6WtrZ3dsvm3n5HRokgtE0iHomejyXlLKRtxRSnvVhQHPicdv3p5dzv3lEhWRTeqjSmXoDHIRsxgpWWBma5jqB7CjNXBPA6FbOBWUHWeeMMOTZEFlpAE9t2nFoV2rlSATlaA/PdHUYkCWioCMdS9m0UKy/DQjHC6azkJpLGmEzxmPY1DXFApZctDp/BY60M4SgSukIFF+r3iQwHUqaBrzsDrCbytzcX//L6iRo1vIyFcaJoSJaLRgmHKoLzFOCQCUoUTzXBRDB9KyQTLDBROquSDuHrU/g/6VQtu26hm1qleZHHUQSH4AicABs4oAmuQAu0AQEJeABP4Nm4Nx6NF+N12Vow8pkD8APG2yc845Is</latexit>

50Myr

? Myr

This  is  promising,  but  how  to  merge             BHs  sufficiently  quickly ?
<latexit sha1_base64="QlTw6vbFefhJMiFmnYQtJ8FP8vE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GpJSOnUjRTcuK9gHtGPJpJk2NjMZkoxQSv/BjQtF3Po/7vwb03YEFT1w4XDOvdx7T5AIrg1CH05uZXVtfSO/Wdja3tndK+4ftLRMFWVNKoVUnYBoJnjMmoYbwTqJYiQKBGsH48u5375nSnMZ35hJwvyIDGMeckqMlVrnEKPbSr9YQu5ZrYo8DJGLFrAEY8+rlCHOlBLI0OgX33sDSdOIxYYKonUXo8T4U6IMp4LNCr1Us4TQMRmyrqUxiZj2p4trZ/DEKgMYSmUrNnChfp+YkkjrSRTYzoiYkf7tzcW/vG5qwpo/5XGSGhbT5aIwFdBIOH8dDrhi1IiJJYQqbm+FdEQUocYGVLAhfH0K/yetsourLrqulOoXWRx5cASOwSnAwAN1cAUaoAkouAMP4Ak8O9J5dF6c12VrzslmDsEPOG+fOZaOQQ==</latexit>

> 104
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

? Myr

This  is  promising,  but  how  to  merge             BHs  sufficiently  quickly ?
<latexit sha1_base64="QlTw6vbFefhJMiFmnYQtJ8FP8vE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GpJSOnUjRTcuK9gHtGPJpJk2NjMZkoxQSv/BjQtF3Po/7vwb03YEFT1w4XDOvdx7T5AIrg1CH05uZXVtfSO/Wdja3tndK+4ftLRMFWVNKoVUnYBoJnjMmoYbwTqJYiQKBGsH48u5375nSnMZ35hJwvyIDGMeckqMlVrnEKPbSr9YQu5ZrYo8DJGLFrAEY8+rlCHOlBLI0OgX33sDSdOIxYYKonUXo8T4U6IMp4LNCr1Us4TQMRmyrqUxiZj2p4trZ/DEKgMYSmUrNnChfp+YkkjrSRTYzoiYkf7tzcW/vG5qwpo/5XGSGhbT5aIwFdBIOH8dDrhi1IiJJYQqbm+FdEQUocYGVLAhfH0K/yetsourLrqulOoXWRx5cASOwSnAwAN1cAUaoAkouAMP4Ak8O9J5dF6c12VrzslmDsEPOG+fOZaOQQ==</latexit>

> 104

(Giersz & Spurzem  2003) 

2.7Gyr

Stellar  dynamical  modelling  shows  such  a  cluster  to  be  stable :

Correlations  (binaries)  form  through  
3-body  encounters.   

The  binaries  heat  the  rest  of   the  cluster   
(like  the  nuclear  reactions  in  stellar  interiors). 

"balanced  evolution"
(Breen & Heggie 2013; Rodriguez et al.  2016) 
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

many  Gyr

? Myr

Clusters  of  BHs  cannot  evolve  to  a  SMBH  seed  within  <latexit sha1_base64="AQ+To/aSR1IlT1o3F3hW86pKHy4=">AAACAXicdVDLSsNAFJ34rPUVdSO4GSyCCwmTUk0FFwU3boQK9gFNKJPppB06eTAzEUuoG3/FjQtF3PoX7vwbp20EFT1w4XDOvdx7j59wJhVCH8bc/MLi0nJhpbi6tr6xaW5tN2WcCkIbJOaxaPtYUs4i2lBMcdpOBMWhz2nLH55P/NYNFZLF0bUaJdQLcT9iASNYaalr7ro4SUR8C8sIQfcIZq4I4eVIjLtmCVmn1RPk2BBZaApNbNtxKmVo50oJ5Kh3zXe3F5M0pJEiHEvZsVGivAwLxQin46KbSppgMsR92tE0wiGVXjb9YAwPtNKDQSx0RQpO1e8TGQ6lHIW+7gyxGsjf3kT8y+ukKqh6GYuSVNGIzBYFKYcqhpM4YI8JShQfaYKJYPpWSAZYYKJ0aEUdwten8H/SLFv2sYWuKqXaWR5HAeyBfXAIbOCAGrgAddAABNyBB/AEno1749F4MV5nrXNGPrMDfsB4+wS8lpXJ</latexit>

⇡ 200Myr

This  is  promising,  but  how  to  merge             BHs  sufficiently  quickly ?
<latexit sha1_base64="QlTw6vbFefhJMiFmnYQtJ8FP8vE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GpJSOnUjRTcuK9gHtGPJpJk2NjMZkoxQSv/BjQtF3Po/7vwb03YEFT1w4XDOvdx7T5AIrg1CH05uZXVtfSO/Wdja3tndK+4ftLRMFWVNKoVUnYBoJnjMmoYbwTqJYiQKBGsH48u5375nSnMZ35hJwvyIDGMeckqMlVrnEKPbSr9YQu5ZrYo8DJGLFrAEY8+rlCHOlBLI0OgX33sDSdOIxYYKonUXo8T4U6IMp4LNCr1Us4TQMRmyrqUxiZj2p4trZ/DEKgMYSmUrNnChfp+YkkjrSRTYzoiYkf7tzcW/vG5qwpo/5XGSGhbT5aIwFdBIOH8dDrhi1IiJJYQqbm+FdEQUocYGVLAhfH0K/yetsourLrqulOoXWRx5cASOwSnAwAN1cAUaoAkouAMP4Ak8O9J5dF6c12VrzslmDsEPOG+fOZaOQQ==</latexit>

> 104
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

The   
Solution

36

Put  this  into  the  context  of  galaxy  formation  and  evolution:

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

(Kroupa, Subr, Jerabkova, Wang  2020)

The  evolution  over  10  Gyr  of  a  spherical  gas  cloud  of  mass  Mgas = 6.4×109 M⊙  
and  rsph = 20 kpc  and  with  an  initial  cylindrical  rotational  law  with  η = 0.025 Myr−1 

Galaxy  formation  and  evolution: (Wittenburg,  Kroupa  &  Famaey 2019)

First-formed  very metal-poor  extremely  massive   star-burst  star  cluster  
forms  at  centre  of  future  spheroid : (confirmed  by  Martin-Navarro  et al. 2018    

=  Vazdekis   IACanary  team)

Actual  E  galaxy-formation  simulations  are  underway  
(Eappen, Kroupa, Wittenburg & Famaey, in prep.)



Pavel  Kroupa:    University  of  Bonn37

gas  only

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

(Wittenburg,  Kroupa  &  Famaey 2019)
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Put  this  into  the  context  of  galaxy  formation  and  evolution:

extreme  radiation  field  and  outwards wind 
stops  gas  infall  from  surrounding  forming   
spheroid (Ploeckinger  et  al.  2019)

First-formed  very metal-poor  extremely  massive   star-burst  star  cluster  
forms  at  centre  of  future  spheroid : (confirmed  by  Martin-Navarro  et al. 2018    

=  Vazdekis   IACanary  team)

(Kroupa, Subr, Jerabkova, Wang  2020)
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First-formed  hyper-massive  star-burst  cluster :

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

(Jerabkova, Kroupa, Dabringhausen, Hilker & Bekki  2017)

40

First-formed  hyper-massive  star-burst  cluster :

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

(Jerabkova, Kroupa, Dabringhausen, Hilker & Bekki  2017)
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

<latexit sha1_base64="Lkz9pX0558J8M471s5M2TjKRqs4=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4kJIp1angouDGjVDBPqAzlkyaaUMzkzHJFMrQ73DjQhG3fow7/8a0HUFFD1w4nHMv997jx5wpjdCHlVtaXlldy68XNja3tneKu3stJRJJaJMILmTHx4pyFtGmZprTTiwpDn1O2/7ocua3x1QqJqJbPYmpF+JBxAJGsDaSZ6O7mnty3XNFX+hesYTK57Uz5NgQldEchti241Qr0M6UEsjQ6BXf3b4gSUgjTThWqmujWHsplpoRTqcFN1E0xmSEB7RraIRDqrx0fvQUHhmlDwMhTUUaztXvEykOlZqEvukMsR6q395M/MvrJjqoeSmL4kTTiCwWBQmHWsBZArDPJCWaTwzBRDJzKyRDLDHRJqeCCeHrU/g/aVXK9mkZ3VRL9Yssjjw4AIfgGNjAAXVwBRqgCQi4Bw/gCTxbY+vRerFeF605K5vZBz9gvX0CusWRbA==</latexit>

108 M�e.g.  for  50 Myr,  cluster  of

drives  metal-rich  outflow  at  
<latexit sha1_base64="gsXdJ/sEaAJ29cS7POVmsFhzyLc=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgQsZMqbaCi4IbN0IF+4BOGTJp2oZmJkOSEYah/oobF4q49UPc+TemD0FFD1w4nHMv994TxJwpjdCHlVtaXlldy68XNja3tnfs3b2WEokktEkEF7ITYEU5i2hTM81pJ5YUhwGn7WB8OfXbd1QqJqJbnca0F+JhxAaMYG0k3y6WveNr3xN9oU8yT4YwlRPfLiHnvHaGqi5EDprBENetVitl6C6UElig4dvvXl+QJKSRJhwr1XVRrHsZlpoRTicFL1E0xmSMh7RraIRDqnrZ7PgJPDRKHw6ENBVpOFO/T2Q4VCoNA9MZYj1Sv72p+JfXTfSg1stYFCeaRmS+aJBwqAWcJgH7TFKieWoIJpKZWyEZYYmJNnkVTAhfn8L/SavsuKcOuqmU6heLOPJgHxyAI+CCKqiDK9AATUBACh7AE3i27q1H68V6nbfmrMVMEfyA9fYJO5+UgQ==</latexit>

2M�/yr

<latexit sha1_base64="Nq2D+1hOpN/9K1/pU2t9FwEWDjQ=">AAAB+XicdVDLSgMxFM34rPU16tJNsAguZEhKdSq4KLhx4aKCfUBbSyaTtqGZyZBkCmXon7hxoYhb/8Sdf2P6EFT0wIXDOfdy7z1BIrg2CH04S8srq2vruY385tb2zq67t1/XMlWU1agUUjUDopngMasZbgRrJoqRKBCsEQyvpn5jxJTmMr4z44R1ItKPeY9TYqzUdV2M7jNcnLRPb7ptGUrTdQvIuyifIx9D5KEZLMHY90tFiBdKASxQ7brv7VDSNGKxoYJo3cIoMZ2MKMOpYJN8O9UsIXRI+qxlaUwipjvZ7PIJPLZKCHtS2YoNnKnfJzISaT2OAtsZETPQv72p+JfXSk2v3Ml4nKSGxXS+qJcKaCScxgBDrhg1YmwJoYrbWyEdEEWosWHlbQhfn8L/Sb3o4TMP3ZYKlctFHDlwCI7ACcDABxVwDaqgBigYgQfwBJ6dzHl0XpzXeeuSs5g5AD/gvH0CZ7+S3Q==</latexit>

1012 L�luminosity  of 

at  
<latexit sha1_base64="TrRBC/b88Z+CXubDOfJ0gADHwPI=">AAACCHicdZDLSgMxFIYz9VbrbdSlC4NFcCE1U6ut6KLgxmUFe4FOLZk004YmM0OSUcrQpRtfxY0LRdz6CO58G9OLoKI/BH6+cw4n5/cizpRG6MNKzczOzS+kFzNLyyura/b6Rk2FsSS0SkIeyoaHFeUsoFXNNKeNSFIsPE7rXv98VK/fUKlYGFzpQURbAncD5jOCtUFteztxpYA+vR1C9xQ66PoQuvtwDPviQA3bdhblTkrHqOhAlENjGeM4xWIhD50pyYKpKm373e2EJBY00IRjpZoOinQrwVIzwukw48aKRpj0cZc2jQ2woKqVjA8Zwl1DOtAPpXmBhmP6fSLBQqmB8EynwLqnftdG8K9aM9Z+qZWwIIo1DchkkR9zqEM4SgV2mKRE84ExmEhm/gpJD0tMtMkuY0L4uhT+b2r5nHOUQ5eFbPlsGkcabIEdsAccUARlcAEqoAoIuAMP4Ak8W/fWo/VivU5aU9Z0ZhP8kPX2CfhumAc=</latexit>

few 103 km/s

Might  well  be  mistaken  for  a  z>6  quasar.

Put  this  into  the  context  of  galaxy  formation  and  evolution:
(Kroupa, Subr, Jerabkova, Wang  2020)

extreme  radiation  field  and  outwards wind 
stops  gas  infall  from  surrounding  forming   
spheroid (Ploeckinger  et  al.  2019)

First-formed  very metal-poor  extremely  massive   star-burst  star  cluster  
forms  at  centre  of  future  spheroid : (confirmed  by  Martin-Navarro  et al. 2018    

=  Vazdekis   IACanary  team)

42
Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Put  this  into  the  context  of  galaxy  formation  and  evolution:
(Kroupa, Subr, Jerabkova, Wang  2020)
First-formed  very metal-poor  extremely  massive   star-burst  star  cluster  
forms  at  centre  of  future  spheroid : (confirmed  by  Martin-Navarro  et al. 2018    

=  Vazdekis   IACanary  team)



43
Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

<latexit sha1_base64="1IOJ6EQ09IsUroOC3UA3o/FB1Bg=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwmT0poKLgpu3AgV7AOaUCbTaTt08mBmIsTQL3HjQhG3foo7/8ZpG0FFD1w4nHMv997jx5xJhdCHUVhZXVvfKG6WtrZ3dsvm3n5HRokgtE0iHomejyXlLKRtxRSnvVhQHPicdv3p5dzv3lEhWRTeqjSmXoDHIRsxgpWWBma5jqB7CjNXBPA6FbOBWUHWeeMMOTZEFlpAE9t2nFoV2rlSATlaA/PdHUYkCWioCMdS9m0UKy/DQjHC6azkJpLGmEzxmPY1DXFApZctDp/BY60M4SgSukIFF+r3iQwHUqaBrzsDrCbytzcX//L6iRo1vIyFcaJoSJaLRgmHKoLzFOCQCUoUTzXBRDB9KyQTLDBROquSDuHrU/g/6VQtu26hm1qleZHHUQSH4AicABs4oAmuQAu0AQEJeABP4Nm4Nx6NF+N12Vow8pkD8APG2yc845Is</latexit>

50Myr

gas-infall 
from  forming 
spheroid

Put  this  into  the  context  of  galaxy  formation  and  evolution:
(Kroupa, Subr, Jerabkova, Wang  2020)
First-formed  very metal-poor  extremely  massive   star-burst  star  cluster  
forms  at  centre  of  future  spheroid : (confirmed  by  Martin-Navarro  et al. 2018    

=  Vazdekis   IACanary  team)
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

First-formed  very metal-poor  extremely  massive   star-burst  star  cluster  
forms  at  centre  of  future  spheroid:

<latexit sha1_base64="1IOJ6EQ09IsUroOC3UA3o/FB1Bg=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwmT0poKLgpu3AgV7AOaUCbTaTt08mBmIsTQL3HjQhG3foo7/8ZpG0FFD1w4nHMv997jx5xJhdCHUVhZXVvfKG6WtrZ3dsvm3n5HRokgtE0iHomejyXlLKRtxRSnvVhQHPicdv3p5dzv3lEhWRTeqjSmXoDHIRsxgpWWBma5jqB7CjNXBPA6FbOBWUHWeeMMOTZEFlpAE9t2nFoV2rlSATlaA/PdHUYkCWioCMdS9m0UKy/DQjHC6azkJpLGmEzxmPY1DXFApZctDp/BY60M4SgSukIFF+r3iQwHUqaBrzsDrCbytzcX//L6iRo1vIyFcaJoSJaLRgmHKoLzFOCQCUoUTzXBRDB9KyQTLDBROquSDuHrU/g/6VQtu26hm1qleZHHUQSH4AicABs4oAmuQAu0AQEJeABP4Nm4Nx6NF+N12Vow8pkD8APG2yc845Is</latexit>

50Myr

? Myr

gas-infall 
from  forming 
spheroid

BH  cluster  
squeezed 
to  SMBH  seed

Put  this  into  the  context  of  galaxy  formation  and  evolution:
(Kroupa, Subr, Jerabkova, Wang  2020)
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

First-formed  very metal-poor  extremely  massive   star-burst  star  cluster  
forms  at  centre  of  future  spheroid:

<latexit sha1_base64="1IOJ6EQ09IsUroOC3UA3o/FB1Bg=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwmT0poKLgpu3AgV7AOaUCbTaTt08mBmIsTQL3HjQhG3foo7/8ZpG0FFD1w4nHMv997jx5xJhdCHUVhZXVvfKG6WtrZ3dsvm3n5HRokgtE0iHomejyXlLKRtxRSnvVhQHPicdv3p5dzv3lEhWRTeqjSmXoDHIRsxgpWWBma5jqB7CjNXBPA6FbOBWUHWeeMMOTZEFlpAE9t2nFoV2rlSATlaA/PdHUYkCWioCMdS9m0UKy/DQjHC6azkJpLGmEzxmPY1DXFApZctDp/BY60M4SgSukIFF+r3iQwHUqaBrzsDrCbytzcX//L6iRo1vIyFcaJoSJaLRgmHKoLzFOCQCUoUTzXBRDB9KyQTLDBROquSDuHrU/g/6VQtu26hm1qleZHHUQSH4AicABs4oAmuQAu0AQEJeABP4Nm4Nx6NF+N12Vow8pkD8APG2yc845Is</latexit>

50Myr

? Myr

gas-infall 
from  forming 
spheroid

gas-infall 
from  forming 
spheroid

Put  this  into  the  context  of  galaxy  formation  and  evolution:
(Kroupa, Subr, Jerabkova, Wang  2020)

BH  cluster  
squeezed 

to  SMBH  seed 
which  grows  by 

Eddington  accretion 
as  long  as  spheroid 

keeps  forming

see also 
Davies et al. 2011 
Lupi et al. 2014 
Boco et al. 2020
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Evolution  of  BH  cluster  as  gas  in-falls
(Kroupa, Subr, Jerabkova, Wang  2020)

potential  energy; cluster   
in  virial  equilibrium  
at  any  time.

<latexit sha1_base64="txFt20eGwqJVr1rd4KOP0uzE2vk="></latexit>

E(t) =
G (Mgas(t) +N mBH(t))

2

R(t)
= N mBH(t)�(t)

2

<latexit sha1_base64="5QEYUj2pfdYRzzCPby1meaPVA5k="></latexit>

Ė = Ėdiss + Ėbin,heat

binding  energy  change  through   
gas  drag    and   
binary heating  through  BH-BH  binaries.

with

<latexit sha1_base64="sDSU0fSgql5fxIqJHhPuRgH9VFM="></latexit>

�(t) =

 
G (Mgas(t) +N mBH(t))

2

R N mBH(t)

! 1
2 velocity  dispersion  of   

BH  cluster

<latexit sha1_base64="JqK9s53dynchfaxmOOufm+zAnf0="></latexit>

Ṙ =

 
Ė

G
� 2

R
(Mgas +N mBH)(Ṁgas +N ṁBH)

!
R2

(Mgas +N mBH)2
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Evolution  of  BH  cluster  as  gas  infalls
(Kroupa, Subr, Jerabkova, Wang  2020)

<latexit sha1_base64="59w0ZROmpmkQafiOyak6c9xxDwA="></latexit>

⌘g ⌘ Mgas

N mBH
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Evolution  of  BH  cluster  as  gas  infalls
(Kroupa, Subr, Jerabkova, Wang  2020)

<latexit sha1_base64="59w0ZROmpmkQafiOyak6c9xxDwA="></latexit>

⌘g ⌘ Mgas

N mBH
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

<latexit sha1_base64="59w0ZROmpmkQafiOyak6c9xxDwA="></latexit>

⌘g ⌘ Mgas

N mBH

Evolution  of  BH  cluster  as  gas  infalls
(Kroupa, Subr, Jerabkova, Wang  2020)
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

<latexit sha1_base64="59w0ZROmpmkQafiOyak6c9xxDwA="></latexit>

⌘g ⌘ Mgas

N mBH

Evolution  of  BH  cluster  as  gas  infalls
(Kroupa, Subr, Jerabkova, Wang  2020)



51
Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

<latexit sha1_base64="59w0ZROmpmkQafiOyak6c9xxDwA="></latexit>

⌘g ⌘ Mgas

N mBH

Evolution  of  BH  cluster  as  gas  infalls
(Kroupa, Subr, Jerabkova, Wang  2020)
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

then  collapse  of  >5%  of  BH  cluster  to  SMBH  seed  
through  gravitational  wave  energy  loss  essentially   
instantaneous  (see also  Lee 1993;  Kupi  et al. 2006  for  Nbody). 

shrinkage  to  relativistic  regime  (                                 ) 
within  200 Myr  of  BH  cluster  formation  (250 Myr  after  
1st  star  forms). 

<latexit sha1_base64="EuIJEDid4Il6nEFJruYcq7dfpd8="></latexit>

�rel ⌘ 3000 km/s

A  SMBH  seed  weighing  >5%   of  the  BH  cluster   
is  possible  within 200-300 Myr  of  the  formation 

of  the  first  stars.    

Evolution  of  BH  cluster  as  gas  infalls
(Kroupa, Subr, Jerabkova, Wang  2020)
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Implications    
for   

early  nucleosynthesis  

54

Remember/Summary

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

(Kroupa, Subr, Jerabkova, Wang  2020)
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

During the  squeeze  millions  of  neutron  stars 
are squashed  together 

Evolution  of  BH  cluster  as  gas  infalls
(Kroupa, Subr, Jerabkova, Wang  2020)

Strong   flux  of  neutrons  ?
To  intergalactic  distances  ?

Strong   flux  of  elements  before  any  CCSN ?

56
Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Within  11 Mpc  there  are   
about  140  galaxies   

more  massive  than  109 Msun  
i.e. 

140 SMBHs

First  star  formation  about  200Myr  after  Big Bang

i.e.  at  redshift  z=20

the  Universe   was   1/21   its present  size 

i.e.  there  were 140 forming  SMBHs  within  500kpc   of  "us" 

Jets  from  quasars  can  reach  lengths  of  100s kpc 
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

A Chandra X-ray image of the quasar 
3C19.44. The overlayed contours show the 
radio emission (the dimension 100kpc 
corresponds to 329,000 light-years; the 
extremely bright core produces a line of 
bright pixels as an artifact). 
Credit: NASA/Chandra VLA and Harris et al
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Enrichment  by   heavy  elements 
(even  r-process ?) 

within  a  Myr  after  Big Bang 
to  distances  of  100s  of  kpc, 

i.e. 
_all_  of  space  

?

this  is  likely  to  be  non-homogeneous 
i.e.  more  r-process  "here"  vs  more  s-process "there" 

etc.
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

What  about 
the  correlation  between 

the  SMBH  
and     

host  galaxy 
mass ? 

60
Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

M87

MW

SMBH  mass  vs  host  galaxy  mass      (spheroid  component)

(Wehner & Harris 2006;   Capuzzo-Dolcetta & Tosta e Melo 2017)

Remember:
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Need  to  ensure  that  enough  gas  
falls  into  the  central  region 

of  a  forming  galaxy.

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

This  is  not  possible  in  disk  galaxies, 
they  form  too  slowly.

EWASS 2019

ESO
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Halve  of  all  disk  galaxies  have  bulges, 
and  a  few  percent  of  all  galaxies 

are  huge  bulges = elliptical  galaxies

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

These  galaxy  spheroids  form   rapidly  after  Big  Bang, 
vast  quantities  of   gas  collapsed  rapidly.

https://ned.ipac.caltech.edu/level5/Sept14/Kormendy/Kormendy7.html
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Need  to  calculate  the  
most  massive forming 
star cluster  (Mecl,max) 
in  a  galaxy  with  a   

global  star-formation rate 
(SFR)

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

SFR  =  
mass  of  galaxy  spheroid

time  to  form  galaxy
--------------------------

<latexit sha1_base64="KeJCALHgGnjrB9vXDWGEh/SRGOE="></latexit>

SFR =
Mi,gal

�⌧
⇡ Mp,gal

�⌧
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What  about  the  correlation  between   
the  SMBH  and  host  galaxy  mass ?  

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

use  IGIMF  theory  (Kroupa & Weidner 2003;  Kroupa  et al. 2013;  
                                               Yan, Jerabkova et al. 2017;  Jerabkova, Yan  et al. 2018)

The  total  mass  in   stars  formed  in  a  galaxy  over  time         is �t Mtot = SFR⇥ �t

But Mtot =

Z Mecl,max

Mecl,min

⇠ecl(Mecl) Mecl dMecl

The  time-scale  on  which  the  interstellar medium  spawns  a  complete  population  of  
new  star    (Egusa et al. 2004;  2009; Fukui  et al.  (2010);  Meidt  et al. 2015;  Leisawitz 
1989).

�t ⇡ 10 Myr

What  is        ?
<latexit sha1_base64="xtxtmEZHTNI5QOu8j2iaOnvcc3Q=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZlNIknAQ8CLxwjmAckSZmdnkyGzD2d6hRDyE148KOLV3/Hm3zhJVlDRgoaiqpvuLi+RQgMhH1ZubX1jcyu/XdjZ3ds/KB4edXScKsbbLJax6nlUcyki3gYBkvcSxWnoSd71JlcLv3vPlRZxdAvThLshHUUiEIyCkXoDn0ugGIbFErGrtUalWsbEJksY0mjUK6SMnUwpoQytYfF94McsDXkETFKt+w5JwJ1RBYJJPi8MUs0TyiZ0xPuGRjTk2p0t753jM6P4OIiVqQjwUv0+MaOh1tPQM50hhbH+7S3Ev7x+CkHdnYkoSYFHbLUoSCWGGC+ex75QnIGcGkKZEuZWzMZUUQYmooIJ4etT/D/plG3nwiY31VLzMosjj07QKTpHDqqhJrpGLdRGDEn0gJ7Qs3VnPVov1uuqNWdlM8foB6y3Txc6j/4=</latexit>

�t

For  Mecl,min = 5 M� and  with   1 =

Z Mecl,max⇤

Mecl,max

⇠ecl(Mecl) dMecl

where  
<latexit sha1_base64="BI+skEeYzqR4xx6tqYoSuyJ4qVk="></latexit>

Mecl,max⇤ = 1010 M�

Thus Mecl,max = fn(SFR) as  observed (Weidner et al.  2004;  Randriamanakoto et al. 2013)

Easy :   
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

The  mass  of  this  cluster,                , strongly  correlates  
with  later  host  galaxy  mass,             ,  through  

<latexit sha1_base64="Yyt8Km5n1KTZmwM84MCbZLrHY8E=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwlJqaaCi4IbN0IF+4A2hMl00g6dScLMRKyhX+LGhSJu/RR3/o3TNoKKHrhwOOde7r0nSBiVyrY/jMLS8srqWnG9tLG5tV02d3bbMk4FJi0cs1h0AyQJoxFpKaoY6SaCIB4w0gnGFzO/c0uEpHF0oyYJ8TgaRjSkGCkt+Wb5ys/6gkOC2TFHd1PfrNjWWf3Udh1oW/YcmjiO69aq0MmVCsjR9M33/iDGKSeRwgxJ2XPsRHkZEopiRqalfipJgvAYDUlP0whxIr1sfvgUHmplAMNY6IoUnKvfJzLEpZzwQHdypEbytzcT//J6qQrrXkajJFUkwotFYcqgiuEsBTiggmDFJpogLKi+FeIREggrnVVJh/D1KfyftKuWc2LZ17VK4zyPowj2wQE4Ag5wQQNcgiZoAQxS8ACewLNxbzwaL8brorVg5DN74AeMt0+u/JMZ</latexit>

Mecl,max
<latexit sha1_base64="AJ11EbU3qEP8SdT+mV8I0+E2kl0=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4kCFTqlPBRcGNG6GCbYV2LJk004YmmSHJKGXof7hxoYhb/8Wdf2P6EFT0wIXDOfdy7z1hwpk2CH04uYXFpeWV/GphbX1jc6u4vdPUcaoIbZCYx+omxJpyJmnDMMPpTaIoFiGnrXB4PvFbd1RpFstrM0poIHBfsogRbKx0e9nNOkrA5Aj2MR93iyXknlZPkO9B5KIpLPE836+UoTdXSmCOerf43unFJBVUGsKx1m0PJSbIsDKMcDoudFJNE0yGuE/blkosqA6y6dVjeGCVHoxiZUsaOFW/T2RYaD0Soe0U2Az0b28i/uW1UxNVg4zJJDVUktmiKOXQxHASAewxRYnhI0swUczeCskAK0yMDapgQ/j6FP5PmmXXO3bRVaVUO5vHkQd7YB8cAg/4oAYuQB00AAEKPIAn8OzcO4/Oi/M6a80585ld8APO2yf3zpIo</latexit>

Mp,gal

<latexit sha1_base64="KeJCALHgGnjrB9vXDWGEh/SRGOE="></latexit>

SFR =
Mi,gal

�⌧
⇡ Mp,gal

�⌧

Mecl,max = fn(SFR)via                                  from  above

The  "downsizing"  or  "Thomas time"
<latexit sha1_base64="nAJsO2SXQdTYB+1tQ36TxK4NlXc=">AAAB83icdVDLSgNBEJyNrxhfUY9eBoPgaZkN0Y3gIaAHjxHMA7JLmJ3MJkNmH8z0CiHkN7x4UMSrP+PNv3GSrKCiBQ1FVTfdXUEqhQZCPqzCyura+kZxs7S1vbO7V94/aOskU4y3WCIT1Q2o5lLEvAUCJO+mitMokLwTjK/mfueeKy2S+A4mKfcjOoxFKBgFI3neNZdAMfaAZv1yhdgX9XPiOpjYZAFDHMd1a1Xs5EoF5Wj2y+/eIGFZxGNgkmrdc0gK/pQqEEzyWcnLNE8pG9Mh7xka04hrf7q4eYZPjDLAYaJMxYAX6veJKY20nkSB6YwojPRvby7+5fUyCOv+VMRpBjxmy0VhJjEkeB4AHgjFGciJIZQpYW7FbEQVZWBiKpkQvj7F/5N21XbObHJbqzQu8ziK6Agdo1PkIBc10A1qohZiKEUP6Ak9W5n1aL1Yr8vWgpXPHKIfsN4+AXzOkVE=</latexit>

�⌧

(Thomas  et  al.   2005;   Recchi  et  al.  2009) 
ages,  Z,                values  for  124  early-type   galaxies   

<latexit sha1_base64="Bw3Foj/bFBTCbvSxiCwfn6G85Kw=">AAACD3icdVDLSgMxFM34tr6qLt0Ei+JqmJFqFVwUBHFZwVZhZiiZ9E4bzDxI7ghl6B+48VfcuFDErVt3/o3pQ1DRA4GTc84luSfMpNDoOB/W1PTM7Nz8wmJpaXllda28vtHSaa44NHkqU3UdMg1SJNBEgRKuMwUsDiVchTenQ//qFpQWaXKJ/QyCmHUTEQnO0Ejt8q4vIUKPFj6TWY9RPzVpc1MxPYPBgPpKdHsYtMsVxz4+OnRqLnVsZwRDXLdWq+5Td6JUyASNdvnd76Q8jyFBLpnWnutkGBRMoeASBiU/15AxfsO64BmasBh0UIz2GdAdo3RolCpzEqQj9ftEwWKt+3FokjHDnv7tDcW/PC/H6CgoRJLlCAkfPxTlkmJKh+XQjlDAUfYNYVwJ81fKe0wxjqbCkinha1P6P2nt2+6B7VxUK/WTSR0LZItskz3ikhqpk3PSIE3CyR15IE/k2bq3Hq0X63UcnbImM5vkB6y3T86anIM=</latexit>h ↵

Fe

i
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

confirmed  by  
de la  Rosa  et al. 2011;  
McDermid  et al. 2015;  
Martin-Navarro  et al. 2018;  
Salvador-Rusinol  et al. 2020 
Yan, Jerabkova et al. 2021



ESO

<latexit sha1_base64="OTkyOEiZNYz+FFjjG6qO++UfeOI=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWARXIWk1KbipuhClxXsA5pQJtNJO3TyYGYihlA3/oobF4q49S/c+TdO2wgqeuDC4Zx7ufceL2ZUSNP80AoLi0vLK8XV0tr6xuaWvr3TFlHCMWnhiEW86yFBGA1JS1LJSDfmBAUeIx1vfD71OzeECxqF1zKNiRugYUh9ipFUUl/fc1Ac8+gWmsYxdE5h5vAAXqR80tfLpnFSr5m2pTxzBkUsy7arFWjlShnkaPb1d2cQ4SQgocQMCdGzzFi6GeKSYkYmJScRJEZ4jIakp2iIAiLcbPbBBB4qZQD9iKsKJZyp3ycyFAiRBp7qDJAcid/eVPzL6yXSr7sZDeNEkhDPF/kJgzKC0zjggHKCJUsVQZhTdSvEI8QRliq0kgrh61P4P2lXDKtmVK+q5cZZHkcR7IMDcAQsYIMGuARN0AIY3IEH8ASetXvtUXvRXuetBS2f2QU/oL19As+zld4=</latexit>

⇡ 0.5 Gyr

<latexit sha1_base64="MY0FCyRhtKxuu2rj+TKcbp3PP6M=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgEV0Om7+Km6MZlBfuATimZNG1DMzMhyYhlKPgrblwo4tbvcOffmD4EFT1w4XDOvdx7jy84UxqhDyu1srq2vpHezGxt7+zu2fsHTRXFktAGiXgk2z5WlLOQNjTTnLaFpDjwOW3548uZ37qlUrEovNETQbsBHoZswAjWRurZRx4WQkZ3MI+888STARwLMu3ZWeRUq2WUz0PkVIqlcq5giFtElWIeug6aIwuWqPfsd68fkTigoSYcK9VxkdDdBEvNCKfTjBcrKjAZ4yHtGBrigKpuMj9/Ck+N0oeDSJoKNZyr3ycSHCg1CXzTGWA9Ur+9mfiX14n1oNJNWChiTUOyWDSIOdQRnGUB+0xSovnEEEwkM7dCMsISE20Sy5gQvj6F/5NmznFLTuG6kK1dLONIg2NwAs6AC8qgBq5AHTQAAQl4AE/g2bq3Hq0X63XRmrKWM4fgB6y3T+ctlXw=</latexit>

⇡ 30 kpc

These more  massive,  the  faster  it  formed 
= "downsizing".
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

These  galaxy  spheroids  form   rapidly  after  Big  Bang, 
vast  quantities  of   gas  collapsed  rapidly.

https://ned.ipac.caltech.edu/level5/Sept14/Kormendy/Kormendy7.html

<latexit sha1_base64="2EmUFwLNfDYAFpmcwqn88TOEGVQ=">AAAB/3icdVDLSsNAFJ34rPUVFdy4GSyCq5CU0lTcFF3osoJ9QBPKZDpph04yYWYihtiFv+LGhSJu/Q13/o3Th6CiBy4czrmXe+8JEkalsu0PY2FxaXlltbBWXN/Y3No2d3ZbkqcCkybmjItOgCRhNCZNRRUjnUQQFAWMtIPR+cRv3xAhKY+vVZYQP0KDmIYUI6WlnrnvoSQR/BY60DuFuScieJGJcc8s2dZJrWq7DrQtewpNHMd1K2XozJUSmKPRM9+9PsdpRGKFGZKy69iJ8nMkFMWMjIteKkmC8AgNSFfTGEVE+vn0/jE80kofhlzoihWcqt8nchRJmUWB7oyQGsrf3kT8y+umKqz5OY2TVJEYzxaFKYOKw0kYsE8FwYplmiAsqL4V4iESCCsdWVGH8PUp/J+0ypZTtSpXlVL9bB5HARyAQ3AMHOCCOrgEDdAEGNyBB/AEno1749F4MV5nrQvGfGYP/IDx9gnlDJVo</latexit>

⇡ 1 Gyr

<latexit sha1_base64="MY0FCyRhtKxuu2rj+TKcbp3PP6M=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgEV0Om7+Km6MZlBfuATimZNG1DMzMhyYhlKPgrblwo4tbvcOffmD4EFT1w4XDOvdx7jy84UxqhDyu1srq2vpHezGxt7+zu2fsHTRXFktAGiXgk2z5WlLOQNjTTnLaFpDjwOW3548uZ37qlUrEovNETQbsBHoZswAjWRurZRx4WQkZ3MI+888STARwLMu3ZWeRUq2WUz0PkVIqlcq5giFtElWIeug6aIwuWqPfsd68fkTigoSYcK9VxkdDdBEvNCKfTjBcrKjAZ4yHtGBrigKpuMj9/Ck+N0oeDSJoKNZyr3ycSHCg1CXzTGWA9Ur+9mfiX14n1oNJNWChiTUOyWDSIOdQRnGUB+0xSovnEEEwkM7dCMsISE20Sy5gQvj6F/5NmznFLTuG6kK1dLONIg2NwAs6AC8qgBq5AHTQAAQl4AE/g2bq3Hq0X63XRmrKWM4fgB6y3T+ctlXw=</latexit>

⇡ 30 kpc

The  "downsizing"  or  "Thomas time"
<latexit sha1_base64="nAJsO2SXQdTYB+1tQ36TxK4NlXc=">AAAB83icdVDLSgNBEJyNrxhfUY9eBoPgaZkN0Y3gIaAHjxHMA7JLmJ3MJkNmH8z0CiHkN7x4UMSrP+PNv3GSrKCiBQ1FVTfdXUEqhQZCPqzCyura+kZxs7S1vbO7V94/aOskU4y3WCIT1Q2o5lLEvAUCJO+mitMokLwTjK/mfueeKy2S+A4mKfcjOoxFKBgFI3neNZdAMfaAZv1yhdgX9XPiOpjYZAFDHMd1a1Xs5EoF5Wj2y+/eIGFZxGNgkmrdc0gK/pQqEEzyWcnLNE8pG9Mh7xka04hrf7q4eYZPjDLAYaJMxYAX6veJKY20nkSB6YwojPRvby7+5fUyCOv+VMRpBjxmy0VhJjEkeB4AHgjFGciJIZQpYW7FbEQVZWBiKpkQvj7F/5N21XbObHJbqzQu8ziK6Agdo1PkIBc10A1qohZiKEUP6Ak9W5n1aL1Yr8vWgpXPHKIfsN4+AXzOkVE=</latexit>

�⌧

(Thomas  et  al.   2005;   Recchi  et  al.  2009) 
ages,  Z,                values  for  124  early-type   galaxies   

<latexit sha1_base64="Bw3Foj/bFBTCbvSxiCwfn6G85Kw=">AAACD3icdVDLSgMxFM34tr6qLt0Ei+JqmJFqFVwUBHFZwVZhZiiZ9E4bzDxI7ghl6B+48VfcuFDErVt3/o3pQ1DRA4GTc84luSfMpNDoOB/W1PTM7Nz8wmJpaXllda28vtHSaa44NHkqU3UdMg1SJNBEgRKuMwUsDiVchTenQ//qFpQWaXKJ/QyCmHUTEQnO0Ejt8q4vIUKPFj6TWY9RPzVpc1MxPYPBgPpKdHsYtMsVxz4+OnRqLnVsZwRDXLdWq+5Td6JUyASNdvnd76Q8jyFBLpnWnutkGBRMoeASBiU/15AxfsO64BmasBh0UIz2GdAdo3RolCpzEqQj9ftEwWKt+3FokjHDnv7tDcW/PC/H6CgoRJLlCAkfPxTlkmJKh+XQjlDAUfYNYVwJ81fKe0wxjqbCkinha1P6P2nt2+6B7VxUK/WTSR0LZItskz3ikhqpk3PSIE3CyR15IE/k2bq3Hq0X63UcnbImM5vkB6y3T86anIM=</latexit>h ↵

Fe

i
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

confirmed  by  
de la  Rosa  et al. 2011;  
McDermid  et al. 2015;  
Martin-Navarro  et al. 2018;  
Salvador-Rusinol  et al. 2020 
Yan, Jerabkova et al. 2021



The  "downsizing"  or  "Thomas time"
<latexit sha1_base64="nAJsO2SXQdTYB+1tQ36TxK4NlXc=">AAAB83icdVDLSgNBEJyNrxhfUY9eBoPgaZkN0Y3gIaAHjxHMA7JLmJ3MJkNmH8z0CiHkN7x4UMSrP+PNv3GSrKCiBQ1FVTfdXUEqhQZCPqzCyura+kZxs7S1vbO7V94/aOskU4y3WCIT1Q2o5lLEvAUCJO+mitMokLwTjK/mfueeKy2S+A4mKfcjOoxFKBgFI3neNZdAMfaAZv1yhdgX9XPiOpjYZAFDHMd1a1Xs5EoF5Wj2y+/eIGFZxGNgkmrdc0gK/pQqEEzyWcnLNE8pG9Mh7xka04hrf7q4eYZPjDLAYaJMxYAX6veJKY20nkSB6YwojPRvby7+5fUyCOv+VMRpBjxmy0VhJjEkeB4AHgjFGciJIZQpYW7FbEQVZWBiKpkQvj7F/5N21XbObHJbqzQu8ziK6Agdo1PkIBc10A1qohZiKEUP6Ak9W5n1aL1Yr8vWgpXPHKIfsN4+AXzOkVE=</latexit>

�⌧

(Thomas  et  al.   2005;   Recchi  et  al.  2009) 
ages,  Z,                values  for  124  early-type   galaxies   

<latexit sha1_base64="Bw3Foj/bFBTCbvSxiCwfn6G85Kw=">AAACD3icdVDLSgMxFM34tr6qLt0Ei+JqmJFqFVwUBHFZwVZhZiiZ9E4bzDxI7ghl6B+48VfcuFDErVt3/o3pQ1DRA4GTc84luSfMpNDoOB/W1PTM7Nz8wmJpaXllda28vtHSaa44NHkqU3UdMg1SJNBEgRKuMwUsDiVchTenQ//qFpQWaXKJ/QyCmHUTEQnO0Ejt8q4vIUKPFj6TWY9RPzVpc1MxPYPBgPpKdHsYtMsVxz4+OnRqLnVsZwRDXLdWq+5Td6JUyASNdvnd76Q8jyFBLpnWnutkGBRMoeASBiU/15AxfsO64BmasBh0UIz2GdAdo3RolCpzEqQj9ftEwWKt+3FokjHDnv7tDcW/PC/H6CgoRJLlCAkfPxTlkmJKh+XQjlDAUfYNYVwJ81fKe0wxjqbCkinha1P6P2nt2+6B7VxUK/WTSR0LZItskz3ikhqpk3PSIE3CyR15IE/k2bq3Hq0X63UcnbImM5vkB6y3T86anIM=</latexit>h ↵

Fe

i
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

confirmed  by  
de la  Rosa  et al. 2011;  
McDermid  et al. 2015;  
Martin-Navarro  et al. 2018;  
Salvador-Rusinol  et al. 2020 
Yan, Jerabkova et al. 2021
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Nguyen, Lira, Trakhtenbrot et al. 2020
ALMA Observations of Quasar Host Galaxies at z ≃ 4.8

<latexit sha1_base64="fVKrWVAwalAFLzYMSyzGdjP10XA="></latexit>

t ⇡ 1.2Gyr after Big Bang



71

Thus  we  obtain 

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha
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Thus  we  obtain 

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

(McConnell & Ma 2013)

(Kroupa, Subr, Jerabkova, Wang  2020)
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Thus  we  obtain 

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

5%  of  BHs  merge  in  
first 

<latexit sha1_base64="Yyt8Km5n1KTZmwM84MCbZLrHY8E=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwlJqaaCi4IbN0IF+4A2hMl00g6dScLMRKyhX+LGhSJu/RR3/o3TNoKKHrhwOOde7r0nSBiVyrY/jMLS8srqWnG9tLG5tV02d3bbMk4FJi0cs1h0AyQJoxFpKaoY6SaCIB4w0gnGFzO/c0uEpHF0oyYJ8TgaRjSkGCkt+Wb5ys/6gkOC2TFHd1PfrNjWWf3Udh1oW/YcmjiO69aq0MmVCsjR9M33/iDGKSeRwgxJ2XPsRHkZEopiRqalfipJgvAYDUlP0whxIr1sfvgUHmplAMNY6IoUnKvfJzLEpZzwQHdypEbytzcT//J6qQrrXkajJFUkwotFYcqgiuEsBTiggmDFJpogLKi+FeIREggrnVVJh/D1KfyftKuWc2LZ17VK4zyPowj2wQE4Ag5wQQNcgiZoAQxS8ACewLNxbzwaL8brorVg5DN74AeMt0+u/JMZ</latexit>

Mecl,max

(McConnell & Ma 2013)

100%  of  BHs  merge  in  
all formed  

<latexit sha1_base64="M6KkqG+/eiGaY8YELdnZmew1J5g=">AAAB+HicdVBNS8NAEJ34WetHox69LBbBg5S0KLbgoeDFi1DBfkAbwma7aZfuJmF3I9bQX+LFgyJe/Sne/Ddu2whV9MHA470ZZub5MWdKO86ntbS8srq2ntvIb25t7xTs3b2WihJJaJNEPJIdHyvKWUibmmlOO7GkWPictv3R5dRv31GpWBTe6nFMXYEHIQsYwdpInl249tKeFIgSfiLw/cSzi07JmQEtkFqtWnEqqJwpRcjQ8OyPXj8iiaChJhwr1S07sXZTLDUjnE7yvUTRGJMRHtCuoSEWVLnp7PAJOjJKHwWRNBVqNFMXJ1IslBoL33QKrIfqtzcV//K6iQ6qbsrCONE0JPNFQcKRjtA0BdRnkhLNx4ZgIpm5FZEhlphok1XehPD9KfqftCql8lnJuTkt1i+yOHJwAIdwDGU4hzpcQQOaQCCBR3iGF+vBerJerbd565KVzezDD1jvX4xkkwI=</latexit>

Mecl,max

All           ,  i.e.  all formed              
collapse  to  SMBH  

<latexit sha1_base64="vRooFaAOEDWTi2753TTDpo/nYOk=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCCynT1toKLgpu3AgV7APaoWTSTBuaZIYkI9ahX+LGhSJu/RR3/o2ZaQUVPXDhcM693HuPFzKqtON8WJml5ZXVtex6bmNzaztv7+y2VRBJTFo4YIHsekgRRgVpaaoZ6YaSIO4x0vEmF4nfuSVS0UDc6GlIXI5GgvoUI22kgZ2/GsR9ySHB7Jiju9nALjjFcq1SqZ/BhJyWyymp1msVB5aKTooCWKA5sN/7wwBHnAiNGVKqV3JC7cZIaooZmeX6kSIhwhM0Ij1DBeJEuXF6+AweGmUI/UCaEhqm6veJGHGlptwznRzpsfrtJeJfXi/Sft2NqQgjTQSeL/IjBnUAkxTgkEqCNZsagrCk5laIx0girE1WORPC16fwf9IuF0vVonN9UmicL+LIgn1wAI5ACdRAA1yCJmgBDCLwAJ7As3VvPVov1uu8NWMtZvbAD1hvn90Wkzk=</latexit>

Mecl,max
<latexit sha1_base64="D8Vqixv5YEH+zVvIc9izjXFmlvk=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZLU2gouCm5cSQX7gDSUyXTaDp2ZhJmJUEI/w40LRdz6Ne78GydpBRU9cOFwzr3ce08YM6q043xYhZXVtfWN4mZpa3tnd6+8f9BRUSIxaeOIRbIXIkUYFaStqWakF0uCeMhIN5xeZX73nkhFI3GnZzEJOBoLOqIYaSP5N4O0LzkcEzEflCuO7dWr1cYFzMi55+Wk1qhXHejaTo4KWKI1KL/3hxFOOBEaM6SU7zqxDlIkNcWMzEv9RJEY4SkaE99QgThRQZqfPIcnRhnCUSRNCQ1z9ftEirhSMx6aTo70RP32MvEvz0/0qBGkVMSJJgIvFo0SBnUEs//hkEqCNZsZgrCk5laIJ0girE1KJRPC16fwf9LxbLdmO7dnleblMo4iOALH4BS4oA6a4Bq0QBtgEIEH8ASeLW09Wi/W66K1YC1nDsEPWG+fmSmRdQ==</latexit>

Ngen

(Kroupa, Subr, Jerabkova, Wang  2020)

All of  first  formed              
collapses  to  SMBH  seed 

<latexit sha1_base64="vRooFaAOEDWTi2753TTDpo/nYOk=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCCynT1toKLgpu3AgV7APaoWTSTBuaZIYkI9ahX+LGhSJu/RR3/o2ZaQUVPXDhcM693HuPFzKqtON8WJml5ZXVtex6bmNzaztv7+y2VRBJTFo4YIHsekgRRgVpaaoZ6YaSIO4x0vEmF4nfuSVS0UDc6GlIXI5GgvoUI22kgZ2/GsR9ySHB7Jiju9nALjjFcq1SqZ/BhJyWyymp1msVB5aKTooCWKA5sN/7wwBHnAiNGVKqV3JC7cZIaooZmeX6kSIhwhM0Ij1DBeJEuXF6+AweGmUI/UCaEhqm6veJGHGlptwznRzpsfrtJeJfXi/Sft2NqQgjTQSeL/IjBnUAkxTgkEqCNZsagrCk5laIx0girE1WORPC16fwf9IuF0vVonN9UmicL+LIgn1wAI5ACdRAA1yCJmgBDCLwAJ7As3VvPVov1uu8NWMtZvbAD1hvn90Wkzk=</latexit>

Mecl,max
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Thus  we  obtain 
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5%  of  BHs  merge  in  
first 

<latexit sha1_base64="Yyt8Km5n1KTZmwM84MCbZLrHY8E=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwlJqaaCi4IbN0IF+4A2hMl00g6dScLMRKyhX+LGhSJu/RR3/o3TNoKKHrhwOOde7r0nSBiVyrY/jMLS8srqWnG9tLG5tV02d3bbMk4FJi0cs1h0AyQJoxFpKaoY6SaCIB4w0gnGFzO/c0uEpHF0oyYJ8TgaRjSkGCkt+Wb5ys/6gkOC2TFHd1PfrNjWWf3Udh1oW/YcmjiO69aq0MmVCsjR9M33/iDGKSeRwgxJ2XPsRHkZEopiRqalfipJgvAYDUlP0whxIr1sfvgUHmplAMNY6IoUnKvfJzLEpZzwQHdypEbytzcT//J6qQrrXkajJFUkwotFYcqgiuEsBTiggmDFJpogLKi+FeIREggrnVVJh/D1KfyftKuWc2LZ17VK4zyPowj2wQE4Ag5wQQNcgiZoAQxS8ACewLNxbzwaL8brorVg5DN74AeMt0+u/JMZ</latexit>

Mecl,max

(McConnell & Ma 2013)

100%  of  BHs  merge  in  
all formed  

<latexit sha1_base64="M6KkqG+/eiGaY8YELdnZmew1J5g=">AAAB+HicdVBNS8NAEJ34WetHox69LBbBg5S0KLbgoeDFi1DBfkAbwma7aZfuJmF3I9bQX+LFgyJe/Sne/Ddu2whV9MHA470ZZub5MWdKO86ntbS8srq2ntvIb25t7xTs3b2WihJJaJNEPJIdHyvKWUibmmlOO7GkWPictv3R5dRv31GpWBTe6nFMXYEHIQsYwdpInl249tKeFIgSfiLw/cSzi07JmQEtkFqtWnEqqJwpRcjQ8OyPXj8iiaChJhwr1S07sXZTLDUjnE7yvUTRGJMRHtCuoSEWVLnp7PAJOjJKHwWRNBVqNFMXJ1IslBoL33QKrIfqtzcV//K6iQ6qbsrCONE0JPNFQcKRjtA0BdRnkhLNx4ZgIpm5FZEhlphok1XehPD9KfqftCql8lnJuTkt1i+yOHJwAIdwDGU4hzpcQQOaQCCBR3iGF+vBerJerbd565KVzezDD1jvX4xkkwI=</latexit>

Mecl,max

All           ,  i.e.  all formed              
collapse  to  SMBH  

<latexit sha1_base64="vRooFaAOEDWTi2753TTDpo/nYOk=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCCynT1toKLgpu3AgV7APaoWTSTBuaZIYkI9ahX+LGhSJu/RR3/o2ZaQUVPXDhcM693HuPFzKqtON8WJml5ZXVtex6bmNzaztv7+y2VRBJTFo4YIHsekgRRgVpaaoZ6YaSIO4x0vEmF4nfuSVS0UDc6GlIXI5GgvoUI22kgZ2/GsR9ySHB7Jiju9nALjjFcq1SqZ/BhJyWyymp1msVB5aKTooCWKA5sN/7wwBHnAiNGVKqV3JC7cZIaooZmeX6kSIhwhM0Ij1DBeJEuXF6+AweGmUI/UCaEhqm6veJGHGlptwznRzpsfrtJeJfXi/Sft2NqQgjTQSeL/IjBnUAkxTgkEqCNZsagrCk5laIx0girE1WORPC16fwf9IuF0vVonN9UmicL+LIgn1wAI5ACdRAA1yCJmgBDCLwAJ7As3VvPVov1uu8NWMtZvbAD1hvn90Wkzk=</latexit>

Mecl,max
<latexit sha1_base64="D8Vqixv5YEH+zVvIc9izjXFmlvk=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZLU2gouCm5cSQX7gDSUyXTaDp2ZhJmJUEI/w40LRdz6Ne78GydpBRU9cOFwzr3ce08YM6q043xYhZXVtfWN4mZpa3tnd6+8f9BRUSIxaeOIRbIXIkUYFaStqWakF0uCeMhIN5xeZX73nkhFI3GnZzEJOBoLOqIYaSP5N4O0LzkcEzEflCuO7dWr1cYFzMi55+Wk1qhXHejaTo4KWKI1KL/3hxFOOBEaM6SU7zqxDlIkNcWMzEv9RJEY4SkaE99QgThRQZqfPIcnRhnCUSRNCQ1z9ftEirhSMx6aTo70RP32MvEvz0/0qBGkVMSJJgIvFo0SBnUEs//hkEqCNZsZgrCk5laIJ0girE1KJRPC16fwf9LxbLdmO7dnleblMo4iOALH4BS4oA6a4Bq0QBtgEIEH8ASeLW09Wi/W66K1YC1nDsEPWG+fmSmRdQ==</latexit>

Ngen

(Kroupa, Subr, Jerabkova, Wang  2020)

no  SMBH 
only  central  cluster

All of  first  formed              
collapses  to  SMBH  seed 

<latexit sha1_base64="vRooFaAOEDWTi2753TTDpo/nYOk=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCCynT1toKLgpu3AgV7APaoWTSTBuaZIYkI9ahX+LGhSJu/RR3/o2ZaQUVPXDhcM693HuPFzKqtON8WJml5ZXVtex6bmNzaztv7+y2VRBJTFo4YIHsekgRRgVpaaoZ6YaSIO4x0vEmF4nfuSVS0UDc6GlIXI5GgvoUI22kgZ2/GsR9ySHB7Jiju9nALjjFcq1SqZ/BhJyWyymp1msVB5aKTooCWKA5sN/7wwBHnAiNGVKqV3JC7cZIaooZmeX6kSIhwhM0Ij1DBeJEuXF6+AweGmUI/UCaEhqm6veJGHGlptwznRzpsfrtJeJfXi/Sft2NqQgjTQSeL/IjBnUAkxTgkEqCNZsagrCk5laIx0girE1WORPC16fwf9IuF0vVonN9UmicL+LIgn1wAI5ACdRAA1yCJmgBDCLwAJ7As3VvPVov1uu8NWMtZvbAD1hvn90Wkzk=</latexit>

Mecl,max
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M87

MW

SMBH  mass  vs  host  galaxy  mass      (spheroid  component)

(Wehner & Harris 2006;   Capuzzo-Dolcetta & Tosta e Melo 2017)

no  SMBH 
only  central  cluster
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The  appearance  of  the  first  quasars

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

(Kroupa, Subr, Jerabkova, Wang  2020)

Based  on  the  empirical  galaxy-formation 
times  scales  of  Thomas  et al. (2005)

Data:  Jiang  et al. (2016)

hypermassive   
star-burst  clusters

accreting   
SMBH  seeds
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The   
Conclusions
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Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

I)  How  can  SMBHs  even  form ?

II) Why  do  SMBH  masses  correlate  with   
      the  mass  of  the  hosting  galaxy ?

III)  How  can  SMBHs  form  within  a  few  100 Myr   
        after  the  Big Bang ?

Essentially  through  the  downsizing  (Thomas)  time  and 
via  the  IGIMF  theory.

Solutions  to  the  three problems: 

Primarily  through  coalescence  of              stellar  BHs
<latexit sha1_base64="QlTw6vbFefhJMiFmnYQtJ8FP8vE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GpJSOnUjRTcuK9gHtGPJpJk2NjMZkoxQSv/BjQtF3Po/7vwb03YEFT1w4XDOvdx7T5AIrg1CH05uZXVtfSO/Wdja3tndK+4ftLRMFWVNKoVUnYBoJnjMmoYbwTqJYiQKBGsH48u5375nSnMZ35hJwvyIDGMeckqMlVrnEKPbSr9YQu5ZrYo8DJGLFrAEY8+rlCHOlBLI0OgX33sDSdOIxYYKonUXo8T4U6IMp4LNCr1Us4TQMRmyrqUxiZj2p4trZ/DEKgMYSmUrNnChfp+YkkjrSRTYzoiYkf7tzcW/vG5qwpo/5XGSGhbT5aIwFdBIOH8dDrhi1IiJJYQqbm+FdEQUocYGVLAhfH0K/yetsourLrqulOoXWRx5cASOwSnAwAN1cAUaoAkouAMP4Ak8O9J5dF6c12VrzslmDsEPOG+fOZaOQQ==</latexit>

> 104

(driven  by  gas-infall  onto  the  central  BH  cluster)  

The  highest-z  quasars  are  hypermassive  star-burst  clusters 
with  top-heavy  IMF  (Jerabkova  objects).  

IV)   108  quasars / SMBHs  exist  per  co-moving  Gpc3 

V)   Thus  rapid  enrichment  everywhere (even if patchy) ?



79

Essentially :

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

Given 
(i)  the  standard  properties  of  normal  matter 
(ii)  the  observed  downsizing (Thomas)  time 
(iii)  the  correlations  of  the  stellar  population   
        with  the  downsizing (Thomas)  time

quasars  must  appear  about  200Myr  after  BigBang 
as  hypermassive  star-burst  clusters  (Jerabkova  objects) 
and  SMBHs  must  correlate  with  host  galaxy.
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Solutions  to  the  three problems: 

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

I)  How  can  SMBHs  even  form ?

II) Why  do  SMBH  masses  correlate  with   
      the  mass  of  the  hosting  galaxy ?

III)  How  can  SMBHs  form  within  a  few  100 Myr   
        after  the  Big Bang ?

Primarily  through  coalescence  of              stellar  BHs
<latexit sha1_base64="QlTw6vbFefhJMiFmnYQtJ8FP8vE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GpJSOnUjRTcuK9gHtGPJpJk2NjMZkoxQSv/BjQtF3Po/7vwb03YEFT1w4XDOvdx7T5AIrg1CH05uZXVtfSO/Wdja3tndK+4ftLRMFWVNKoVUnYBoJnjMmoYbwTqJYiQKBGsH48u5375nSnMZ35hJwvyIDGMeckqMlVrnEKPbSr9YQu5ZrYo8DJGLFrAEY8+rlCHOlBLI0OgX33sDSdOIxYYKonUXo8T4U6IMp4LNCr1Us4TQMRmyrqUxiZj2p4trZ/DEKgMYSmUrNnChfp+YkkjrSRTYzoiYkf7tzcW/vG5qwpo/5XGSGhbT5aIwFdBIOH8dDrhi1IiJJYQqbm+FdEQUocYGVLAhfH0K/yetsourLrqulOoXWRx5cASOwSnAwAN1cAUaoAkouAMP4Ak8O9J5dF6c12VrzslmDsEPOG+fOZaOQQ==</latexit>

> 104

Essentially  through  the  downsizing  (Thomas)  time  and 
via  the  IGIMF  theory.

The  highest-z  quasars  are  hypermassive  star-burst  clusters 
with  top-heavy  IMF  (Jerabkova  objects).  
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