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Formation of eBBHs in AGN discs
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The (super) thermal distribution of eccentricities

Stone & Leigh 2019
Jeans 1919; Heggie 1975
https://joe-antognini.github.io/astronomy/thermal-eccentricities

 f(e)de = 2ede

https://joe-antognini.github.io/astronomy/thermal-eccentricities
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ṀBH / �M/⌧rh
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(Hénon 1961)

(Breen & Heggie 2013)

Integrate: Ṁ⇤, Ṙ, ṀBH
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5. m1 = m2 = m3 = mmax  (for now!)
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Binaries harden at rate 
set by global energy 
diffusion rate  
(Hénon’s principle)

(Hénon 1961, 1965, 1975)

Interactions

Each interaction: �Ebin = 0.2Ebin
<latexit sha1_base64="iJtyFL9FwtPadp08QAA6YqBjXp4=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiuQlIF3QhFLbisYB/QhDCZTtqhM5MwMxFK6B+48VfcuFDErVt3/o1JG1BbD1w4nHMv994TxIwqbdtfxsLi0vLKammtvL6xubVt7uy2VJRITJo4YpHsBEgRRgVpaqoZ6cSSIB4w0g6GV7nfvidS0Ujc6VFMPI76goYUI51JvnnkXhOmEUzrYz91JYcBFWN4AW2rWv8Ryr5ZsS17AjhPnIJUQIGGb366vQgnnAiNGVKq69ix9lIkNcWMjMtuokiM8BD1STejAnGivHTyzxgeZkoPhpHMSmg4UX9PpIgrNeJB1smRHqhZLxf/87qJDs+9lIo40UTg6aIwYVBHMA8H9qgkWLNRRhCWNLsV4gGSCOsswjwEZ/bledKqWs6JVb09rdQuizhKYB8cgGPggDNQAzegAZoAgwfwBF7Aq/FoPBtvxvu0dcEoZvbAHxgf32/XmwA=</latexit>

(Spitzer 1987)

Binaries form at the hard-
soft boundary (a=ah): 

(Heggie 1975)
|Ebin | = ⟨mv2⟩



Three types of mergers

Semi-
major 
axis
(a)

�aGW

�ah

�aej

Time

1. In-cluster mergers
2. Ejected mergers
3. GW captures



Three types of mergers

1. In-cluster mergers:
       �  : probability that �     

       �
2. GW captures:

�  Samsing 2014

�

3. Ejected mergers:
�  : probabity that ejected binary mergers before present

�

pGW(a) = l2
GW τGW < τ3

PGW(am) = ∫
am

ah

pGW(a)da, am = max(aej, aGW)

pcap(a) = NISl2
cap, l2

cap ≃ (RS/a)5/7

Pcap(am) = ∫
am

ah

pGW(a)dN3

pex(aej) = l2
H(aej)

Pex(am, aej) = [1 − PGW(am) − Pcap(am)] pex(aej)

Definitions:   1. Interaction timescale: �
2. GW inspiral timescale: �  (Peters 1964)

3. Dimensionless angular momentum: �

τ3 = 0.2Ebin / ·Ebin
τGW = − a / ·aGW

l2 = 1 − e2
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Population synthesis 

1. present-day GC density in Universe
Harris+ 2013, 2015, 2017

<latexit sha1_base64="qXENCwc5RY14/bXVGbkftS2kpuM="></latexit>⇢GC / ⇢DM

= (7.3± 2.6)⇥ 1014 M� Gpc�3

Antonini & Gieles 2020b, PRD



Population synthesis 

1. present-day GC density in Universe
Harris+ 2013, 2015, 2017

2. account for cluster mass loss
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<latexit sha1_base64="qXENCwc5RY14/bXVGbkftS2kpuM="></latexit>⇢GC / ⇢DM

= (7.3± 2.6)⇥ 1014 M� Gpc�3

Antonini & Gieles 2020b, PRD



Population synthesis 

1. present-day GC density in Universe
Harris+ 2013, 2015, 2017

3. initial density individual clusters
<latexit sha1_base64="G7HWV8oy12SK141nIhxKsl/5N+Q="></latexit>

⇢0 = 104±1 M� pc�3

2. account for cluster mass loss
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Population synthesis 

1. present-day GC density in Universe
Harris+ 2013, 2015, 2017

3. initial density individual clusters
<latexit sha1_base64="G7HWV8oy12SK141nIhxKsl/5N+Q="></latexit>

⇢0 = 104±1 M� pc�3

2. account for cluster mass loss
<latexit sha1_base64="iRHEyEcPuEChWC0LG+sXLjXgYcA=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0ISWxii6LXeiygn1AE8JkOmmHziRxZiKUkE9w46+4caGIW5fu/BunbRa19cCFwzn3cu89fsyoVJb1YxSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMBqSpqKKkU4sCOI+I21/WB/77UciJI3CezWKictRP6QBxUhpyTOPHTGIvNQRHN7UT60MOpJy8gCrVTjrZJ5ZtirWBHCR2DkpgxwNz/x2ehFOOAkVZkjKrm3Fyk2RUBQzkpWcRJIY4SHqk66mIeJEuunkoQweaaUHg0joChWcqLMTKeJSjrivOzlSAznvjcX/vG6igis3pWGcKBLi6aIgYVBFcJwO7FFBsGIjTRAWVN8K8QAJhJXOsKRDsOdfXiSts4p9UbHuzsu16zyOIjgAh+AE2OAS1MAtaIAmwOAJvIA38G48G6/Gh/E5bS0Y+cw++APj6xdyTZuU</latexit>

⇢GC,0 ' 33⇢GC

4. Cosmic cluster formation 
history El-Badry+ 2019

<latexit sha1_base64="qXENCwc5RY14/bXVGbkftS2kpuM="></latexit>⇢GC / ⇢DM

= (7.3± 2.6)⇥ 1014 M� Gpc�3

Antonini & Gieles 2020b, PRD



Population synthesis 

1. present-day GC density in Universe
Harris+ 2013, 2015, 2017

5. evolve!
Monte Carlo
(20 million clusters)

3. initial density individual clusters
<latexit sha1_base64="G7HWV8oy12SK141nIhxKsl/5N+Q="></latexit>

⇢0 = 104±1 M� pc�3

2. account for cluster mass loss
<latexit sha1_base64="iRHEyEcPuEChWC0LG+sXLjXgYcA=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0ISWxii6LXeiygn1AE8JkOmmHziRxZiKUkE9w46+4caGIW5fu/BunbRa19cCFwzn3cu89fsyoVJb1YxSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMBqSpqKKkU4sCOI+I21/WB/77UciJI3CezWKictRP6QBxUhpyTOPHTGIvNQRHN7UT60MOpJy8gCrVTjrZJ5ZtirWBHCR2DkpgxwNz/x2ehFOOAkVZkjKrm3Fyk2RUBQzkpWcRJIY4SHqk66mIeJEuunkoQweaaUHg0joChWcqLMTKeJSjrivOzlSAznvjcX/vG6igis3pWGcKBLi6aIgYVBFcJwO7FFBsGIjTRAWVN8K8QAJhJXOsKRDsOdfXiSts4p9UbHuzsu16zyOIjgAh+AE2OAS1MAtaIAmwOAJvIA38G48G6/Gh/E5bS0Y+cw++APj6xdyTZuU</latexit>

⇢GC,0 ' 33⇢GC

4. Cosmic cluster formation 
history El-Badry+ 2019

<latexit sha1_base64="qXENCwc5RY14/bXVGbkftS2kpuM="></latexit>⇢GC / ⇢DM

= (7.3± 2.6)⇥ 1014 M� Gpc�3
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<latexit sha1_base64="dd2aHT7ABD491L7qt/VOY1PE19c=">AAACGHicbVDLTgIxFO3gC/GFunTTSExcIM4oRpdEN25MMJFHwgDplAINnemkvWMkk/kMN/6KGxca45adf2N5LBQ8SZOTc+6rxwsF12Db31ZqaXlldS29ntnY3Nreye7uVbWMFGUVKoVUdY9oJnjAKsBBsHqoGPE9wWre4Gbs1x6Z0lwGDzAMWdMnvYB3OSVgpHb21AX2BJM5sScIHSSxY7eKbv6u7cqOBDcfu8rHIU1a8cl5krSzObtgT4AXiTMjOTRDuZ0duR1JI58FQAXRuuHYITRjooBTwZKMG2kWmr2kxxqGBsRnuhlPDkrwkVE6uCuVeQHgifq7Iya+1kPfM5U+gb6e98bif14jgu5VM+ZBGAEL6HRRNxIYJB6nhDtcMQpiaAihiptbMe0TRSiYLDMmBGf+y4ukelZwLgr2fTFXup7FkUYH6BAdIwddohK6RWVUQRQ9o1f0jj6sF+vN+rS+pqUpa9azj/7AGv0A8hqgTw==</latexit>

104 M� pc�3

cluster 
density:

<latexit sha1_base64="DEt1WVKZJHf/NBYr42okGcSlrbA="></latexit>

103 M� pc�3

<latexit sha1_base64="4bA5EHU2D6c26uP13pEqpKBcVIs="></latexit>

105 M� pc�3

GWTC-2:
<latexit sha1_base64="C0DREMSfzWd6HNPJ0X4FGaJgrAU="></latexit>

R0 = 7.2+21.5
�5.5 Gpc�3 yr�1

Comparison to GWTC-2

19.1+16.2
�9.0 Gpc�3 yr�1

<latexit sha1_base64="UyIg1V6cbv18Q2UE6ECnb+JveDU=">AAACG3icbVDLSgMxFM34rPVVdekmWARBO0ymonZXdKHLCvYBnWnJpGkbmnmQZIQyzH+48VfcuFDEleDCvzF9CNp6IHDuOfdyc48XcSaVZX0ZC4tLyyurmbXs+sbm1nZuZ7cmw1gQWiUhD0XDw5JyFtCqYorTRiQo9j1O697gauTX76mQLAzu1DCiro97AesygpWW2jkblUzUSo7RmWmn7aRQMq3UOUkc4cPriKStpFD8qYdiVKK0nctbpjUGnCdoSvJgiko79+F0QhL7NFCEYymbyIqUm2ChGOE0zTqxpBEmA9yjTU0D7FPpJuPbUniolQ7shkK/QMGx+nsiwb6UQ9/TnT5WfTnrjcT/vGasuhduwoIoVjQgk0XdmEMVwlFQsMMEJYoPNcFEMP1XSPpYYKJ0nFkdApo9eZ7UbBMVTfv2NF++nMaRAfvgABwBBM5BGdyACqgCAh7AE3gBr8aj8Wy8Ge+T1gVjOrMH/sD4/Ab0f570</latexit>

redshift

Antonini & Gieles 2020b, PRD



<latexit sha1_base64="dd2aHT7ABD491L7qt/VOY1PE19c=">AAACGHicbVDLTgIxFO3gC/GFunTTSExcIM4oRpdEN25MMJFHwgDplAINnemkvWMkk/kMN/6KGxca45adf2N5LBQ8SZOTc+6rxwsF12Db31ZqaXlldS29ntnY3Nreye7uVbWMFGUVKoVUdY9oJnjAKsBBsHqoGPE9wWre4Gbs1x6Z0lwGDzAMWdMnvYB3OSVgpHb21AX2BJM5sScIHSSxY7eKbv6u7cqOBDcfu8rHIU1a8cl5krSzObtgT4AXiTMjOTRDuZ0duR1JI58FQAXRuuHYITRjooBTwZKMG2kWmr2kxxqGBsRnuhlPDkrwkVE6uCuVeQHgifq7Iya+1kPfM5U+gb6e98bif14jgu5VM+ZBGAEL6HRRNxIYJB6nhDtcMQpiaAihiptbMe0TRSiYLDMmBGf+y4ukelZwLgr2fTFXup7FkUYH6BAdIwddohK6RWVUQRQ9o1f0jj6sF+vN+rS+pqUpa9azj/7AGv0A8hqgTw==</latexit>

104 M� pc�3
<latexit sha1_base64="DEt1WVKZJHf/NBYr42okGcSlrbA="></latexit>

103 M� pc�3

<latexit sha1_base64="4bA5EHU2D6c26uP13pEqpKBcVIs="></latexit>

105 M� pc�3GWTC-2

Mass-dependent rate

Antonini & Gieles 2020b, PRD

primary mass �  [� ]m1 M⊙



<latexit sha1_base64="dd2aHT7ABD491L7qt/VOY1PE19c=">AAACGHicbVDLTgIxFO3gC/GFunTTSExcIM4oRpdEN25MMJFHwgDplAINnemkvWMkk/kMN/6KGxca45adf2N5LBQ8SZOTc+6rxwsF12Db31ZqaXlldS29ntnY3Nreye7uVbWMFGUVKoVUdY9oJnjAKsBBsHqoGPE9wWre4Gbs1x6Z0lwGDzAMWdMnvYB3OSVgpHb21AX2BJM5sScIHSSxY7eKbv6u7cqOBDcfu8rHIU1a8cl5krSzObtgT4AXiTMjOTRDuZ0duR1JI58FQAXRuuHYITRjooBTwZKMG2kWmr2kxxqGBsRnuhlPDkrwkVE6uCuVeQHgifq7Iya+1kPfM5U+gb6e98bif14jgu5VM+ZBGAEL6HRRNxIYJB6nhDtcMQpiaAihiptbMe0TRSiYLDMmBGf+y4ukelZwLgr2fTFXup7FkUYH6BAdIwddohK6RWVUQRQ9o1f0jj6sF+vN+rS+pqUpa9azj/7AGv0A8hqgTw==</latexit>

104 M� pc�3
<latexit sha1_base64="DEt1WVKZJHf/NBYr42okGcSlrbA="></latexit>

103 M� pc�3

<latexit sha1_base64="4bA5EHU2D6c26uP13pEqpKBcVIs="></latexit>

105 M� pc�3GWTC-2

Mass-dependent rate

Antonini & Gieles 2020b, PRD

primary mass �  [� ]m1 M⊙

reproduces the mass-dependent rates between 13-30 M☉

<latexit sha1_base64="8aXiFPG4D5LiEGGET6/WF///8co=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgopZEK7oRim7cCBXsA5o0TKbTdugkE2YmQgn5Ajf+ihsXirh17c6/cdpmoa0HLhzOuZd77/EjRqWyrG8jt7S8srqWXy9sbG5t75i7e03JY4FJA3PGRdtHkjAakoaiipF2JAgKfEZa/uh64rceiJCUh/dqHBE3QIOQ9ilGSkueWXLEkHsWvIS21a065VvP4T2unHLiiABGOO0mx6epZxatijUFXCR2RoogQ90zv5wex3FAQoUZkrJjW5FyEyQUxYykBSeWJEJ4hAako2mIAiLdZPpOCkta6cE+F7pCBafq74kEBVKOA193BkgN5bw3Ef/zOrHqX7gJDaNYkRDPFvVjBhWHk2xgjwqCFRtrgrCg+laIh0ggrHSCBR2CPf/yImmeVOyzinVXLdausjjy4AAcgiNgg3NQAzegDhoAg0fwDF7Bm/FkvBjvxsesNWdkM/vgD4zPH1ulmm8=</latexit>

⇢0 = 104 M� pc�3

<latexit sha1_base64="RPxv1pinupCedk2tigR+Ux6B+pM="></latexit>

⇢0 = 105 M� pc�3 reproduces the total rate 



 In-cluster / ejected / GW captures

<latexit sha1_base64="dd2aHT7ABD491L7qt/VOY1PE19c=">AAACGHicbVDLTgIxFO3gC/GFunTTSExcIM4oRpdEN25MMJFHwgDplAINnemkvWMkk/kMN/6KGxca45adf2N5LBQ8SZOTc+6rxwsF12Db31ZqaXlldS29ntnY3Nreye7uVbWMFGUVKoVUdY9oJnjAKsBBsHqoGPE9wWre4Gbs1x6Z0lwGDzAMWdMnvYB3OSVgpHb21AX2BJM5sScIHSSxY7eKbv6u7cqOBDcfu8rHIU1a8cl5krSzObtgT4AXiTMjOTRDuZ0duR1JI58FQAXRuuHYITRjooBTwZKMG2kWmr2kxxqGBsRnuhlPDkrwkVE6uCuVeQHgifq7Iya+1kPfM5U+gb6e98bif14jgu5VM+ZBGAEL6HRRNxIYJB6nhDtcMQpiaAihiptbMe0TRSiYLDMmBGf+y4ukelZwLgr2fTFXup7FkUYH6BAdIwddohK6RWVUQRQ9o1f0jj6sF+vN+rS+pqUpa9azj/7AGv0A8hqgTw==</latexit>

104M� pc�3

<latexit sha1_base64="DEt1WVKZJHf/NBYr42okGcSlrbA="></latexit>

103
M� pc�3

<latexit sha1_base64="4bA5EHU2D6c26uP13pEqpKBcVIs="></latexit>

105M� pc�3

primary mass [� ]M⊙

Redshift



 In-cluster / ejected / GW captures

<latexit sha1_base64="rJLjcLeNB4mvZgDeL4TVGTlO4d8="></latexit>

R(e > 0.1) ' 0.4Gpc�3 yr�1

1. insensitive to �  
2. steep z dependence
3. ~4-10%

ρ0

3. low mass

<latexit sha1_base64="dd2aHT7ABD491L7qt/VOY1PE19c=">AAACGHicbVDLTgIxFO3gC/GFunTTSExcIM4oRpdEN25MMJFHwgDplAINnemkvWMkk/kMN/6KGxca45adf2N5LBQ8SZOTc+6rxwsF12Db31ZqaXlldS29ntnY3Nreye7uVbWMFGUVKoVUdY9oJnjAKsBBsHqoGPE9wWre4Gbs1x6Z0lwGDzAMWdMnvYB3OSVgpHb21AX2BJM5sScIHSSxY7eKbv6u7cqOBDcfu8rHIU1a8cl5krSzObtgT4AXiTMjOTRDuZ0duR1JI58FQAXRuuHYITRjooBTwZKMG2kWmr2kxxqGBsRnuhlPDkrwkVE6uCuVeQHgifq7Iya+1kPfM5U+gb6e98bif14jgu5VM+ZBGAEL6HRRNxIYJB6nhDtcMQpiaAihiptbMe0TRSiYLDMmBGf+y4ukelZwLgr2fTFXup7FkUYH6BAdIwddohK6RWVUQRQ9o1f0jj6sF+vN+rS+pqUpa9azj/7AGv0A8hqgTw==</latexit>

104M� pc�3

<latexit sha1_base64="DEt1WVKZJHf/NBYr42okGcSlrbA="></latexit>

103
M� pc�3

<latexit sha1_base64="4bA5EHU2D6c26uP13pEqpKBcVIs="></latexit>

105M� pc�3

primary mass [� ]M⊙

Redshift



<latexit sha1_base64="rJLjcLeNB4mvZgDeL4TVGTlO4d8="></latexit>

R(e > 0.1) ' 0.4Gpc�3 yr�1

model predictions observations

Abbott+ 2020; Gayathri+ 2020; 
Calderón Bustillo+ 2021

GW190521

<latexit sha1_base64="vRxZASxcwEx2RNf38PPABGFBfIY="></latexit>

R(e > 0.1) < 100 Gpc�3yr�1

Abbott+ 2019

Globular clusters:

Young massive clusters:
<latexit sha1_base64="o054RGcv5tVw1A0ecJeUvExZqI4=">AAACH3icbVDLTsMwEHR4U14FjlwsKqRyoEp4n1AFBzgWRAGpKZXjblsLOwm2g1RF4Uu48CtcOIAQ4ta/wUlzgMJIlmZndrXe8ULOlLbtgTU2PjE5NT0zW5ibX1hcKi6vXKkgkhTqNOCBvPGIAs58qGumOdyEEojwOFx7dyepf/0AUrHAv9T9EJqCdH3WYZRoI7WK+64gukcJjy+SMhzZFWfTVUzAPd57jF0p8GlIk9t4ayfJqr5MCydpFUt2xc6A/xInJyWUo9YqfrntgEYCfE05Uarh2KFuxkRqRjkkBTdSEBJ6R7rQMNQnAlQzzu5L8IZR2rgTSPN8jTP150RMhFJ94ZnO9Bo16qXif14j0p3DZsz8MNLg0+GiTsSxDnAaFm4zCVTzviGESmb+immPSEK1ibRgQnBGT/5LrrYrzn5l+3y3VD3O45hBa2gdlZGDDlAVnaEaqiOKntALekPv1rP1an1Yn8PWMSufWUW/YA2+AcQWojQ=</latexit>

R(e > 0.1) ' 5 Gpc�3yr�1

Antonini & Gieles 2021b, Zevin+ 2019

Banerjee 2021

After O1+O2:

eBBHs

Romero Shaw+ 2019, 2022

5-10% of all mergers



<latexit sha1_base64="rJLjcLeNB4mvZgDeL4TVGTlO4d8="></latexit>

R(e > 0.1) ' 0.4Gpc�3 yr�1

model predictions observations

Abbott+ 2020; Gayathri+ 2020; 
Calderón Bustillo+ 2021

GW190521

<latexit sha1_base64="vRxZASxcwEx2RNf38PPABGFBfIY="></latexit>

R(e > 0.1) < 100 Gpc�3yr�1

Abbott+ 2019

Globular clusters:

Young massive clusters:
<latexit sha1_base64="o054RGcv5tVw1A0ecJeUvExZqI4=">AAACH3icbVDLTsMwEHR4U14FjlwsKqRyoEp4n1AFBzgWRAGpKZXjblsLOwm2g1RF4Uu48CtcOIAQ4ta/wUlzgMJIlmZndrXe8ULOlLbtgTU2PjE5NT0zW5ibX1hcKi6vXKkgkhTqNOCBvPGIAs58qGumOdyEEojwOFx7dyepf/0AUrHAv9T9EJqCdH3WYZRoI7WK+64gukcJjy+SMhzZFWfTVUzAPd57jF0p8GlIk9t4ayfJqr5MCydpFUt2xc6A/xInJyWUo9YqfrntgEYCfE05Uarh2KFuxkRqRjkkBTdSEBJ6R7rQMNQnAlQzzu5L8IZR2rgTSPN8jTP150RMhFJ94ZnO9Bo16qXif14j0p3DZsz8MNLg0+GiTsSxDnAaFm4zCVTzviGESmb+immPSEK1ibRgQnBGT/5LrrYrzn5l+3y3VD3O45hBa2gdlZGDDlAVnaEaqiOKntALekPv1rP1an1Yn8PWMSufWUW/YA2+AcQWojQ=</latexit>

R(e > 0.1) ' 5 Gpc�3yr�1

Antonini & Gieles 2021b, Zevin+ 2019

Banerjee 2021

After O1+O2:

eBBHs

Romero Shaw+ 2019, 2022

5-10% of all mergers



Romero Shaw+ 2022

Small fraction of eBBH detectable, all BBH dynamical?



Fast model for dynamical BHB mergers

Population modelling and compare to GWTCs

Ongoing work



Gerosa & Berti 2017

Recent improvements: 1. Hierarchical mergers

Merger retained if �vesc > vGW,kick (Rezzolla+ 2008)



�p(m1) ∝ m2α+ 8
1 �p(q) ∝ qα+ 3.5

Use: 1. BH mass function : �
        2. Heggie’s 3-body formation rate:  �
        3. Cross section for masses of interacting single BHs

p(m) ∝ mα

Γ3b(m1, m2, m3)

Recent improvements: 2. Sample m1, q, m3



Hierarchical mergers and mBH sampling

Old
New

Antonini, Gieles+ 2022, arXiv:2208.01081

GWTC-3



Cluster density

Antonini, Gieles+ 2022, arXiv:2208.01081



BH spin

Antonini, Gieles+ 2022, arXiv:2208.01081



Hierarchical eBBHs?
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Theory

N -body model

Testing model assumptions: Single binary?
�⟨N

bi
na

rie
s⟩

�⟨N
tri

pl
es

⟩

Or: number of BHs Or: number of BHs

N-body model: efficient binary disruption �  binary-binary 
encounters �  eccentric mergers Zevin+ 2019

→
→

Marín Pina+ in prep



5-10% of dynamical BBHs are eccentric �(e ≳0.05)

Dynamics can explain mergers �m1 ≳20 M⊙

Interpretation of detected eBBHs challenging:  most 
eBBHs likely missed



M22 (NGC6656) Strader+ 2012

cluster 
center

+

also: Chomiuk+ 2013 (M62); 
Miller Jones+ 2015 (47 Tuc)

(Accreting) stellar-mass BHs in GCs

Strader+ 2012; Tremou+ 2018



More BHs in GCs: 3 detached binaries with M" > 4 M⦿ 

Giesers+ 2018, 2019

NGC3201



A semi-detached binary in 100 Myr cluster: M"  11 M⦿≃

Saracino+ 2021
But see: El-Badry & Burdge 2022, but wait for Saracino+ in prep



How many BHs can we expect?

IMF = Kroupa 2001 
Mass = �
[Fe/H] = -1.5
Evolve with SSE Hurley+ 2000; Banerjee 2020

106 M⊙

mass fractions @12 Gyr



105 M⦿ BH population in Omega Centauri (  Cen)ω

velocity dispersion
DF-based models (limepy)

                

Baumgardt+ 2019

5% of total mass!

LOS velocity distribution
N-body models

model 
with IMBH

model with 
stellar-mass BHs

Zocchi+ 2019



BHs needed to explain radius and tidal tails of Pal 5

Gieles+ 2021

Pal 5



Reff and tidal tails as a proxy for BHs

“Best-fit” 
N-body 
model

Mass fraction of cluster in BHs (� )fBH

N-body models

N-body models



Gieles+ 2021

N-body model Pal 5: 20% of mass in BHs



Dickson+ in prep

Mass modelling



Zevin+ 2019





Half-mass radius [pc]

Hyades: radius proxy of (tiny!) BH population

Hy
ad

es

Hy
ad

es

0 BH

1 BH

2 BHs

3 BHs

Torniamenti+ in prep


