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It is very early in the GW era
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What else is out there?
Where did LIGO’s objects come from?
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A recently (re-)popular 
question….

Could black holes (made of normal matter) be the dark 
matter? 

See talks by Dror, Kusenko, Profumo
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A different question….
Can (new particle) dark matter make black holes? 
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A different question….
Can (new particle) dark matter make black holes? 

Ask this question in the company of the right friends…

… Sure,

see also: d’Amico et al 1707.03419 (SMBH) 
Choquette et al 1812.05088 (SMBH) 
Essig et al 1809.01144, 1812.07000, 
R. Foot ….

S. Shandera, D. Jeong, 
H.Grasshorn Gebhardt 
(1802.08206, PRL 120, 2018)

and LIGO could find them.
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Three claims

(1) No obvious obstruction to dark black hole formation by 
dissipative dark matter

(2) Back-of-the-envelope predicts populations accessible 
by Advanced LIGO

(0) LIGO can provide clean new constraints on dark matter 
physics

S. Shandera, D. Jeong, H. Gebhardt 
1802.08206

(with LIGO/VIRGO 1808.04771, 1808.04772, 1904.08976)
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<latexit sha1_base64="ySUceJHYUnCy/+Bpk/Xbb/AQB+A=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkpSBF24KLpxI1SwD2hDmEym7dB5hJmJUmI/xY0LRdz6Je78G6dtFtp64MLhnHu5954oYVQbz/t2Ciura+sbxc3S1vbO7p5b3m9pmSpMmlgyqToR0oRRQZqGGkY6iSKIR4y0o9H11G8/EKWpFPdmnJCAo4GgfYqRsVLolnnon/KwdnkbZj0ZSzMJ3YpX9WaAy8TPSQXkaITuVy+WOOVEGMyQ1l3fS0yQIWUoZmRS6qWaJAiP0IB0LRWIEx1ks9Mn8NgqMexLZUsYOFN/T2SIaz3mke3kyAz1ojcV//O6qelfBBkVSWqIwPNF/ZRBI+E0BxhTRbBhY0sQVtTeCvEQKYSNTatkQ/AXX14mrVrV96r+3VmlfpXHUQSH4AicAB+cgzq4AQ3QBBg8gmfwCt6cJ+fFeXc+5q0FJ585AH/gfP4AYomTbg==</latexit><latexit sha1_base64="ySUceJHYUnCy/+Bpk/Xbb/AQB+A=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkpSBF24KLpxI1SwD2hDmEym7dB5hJmJUmI/xY0LRdz6Je78G6dtFtp64MLhnHu5954oYVQbz/t2Ciura+sbxc3S1vbO7p5b3m9pmSpMmlgyqToR0oRRQZqGGkY6iSKIR4y0o9H11G8/EKWpFPdmnJCAo4GgfYqRsVLolnnon/KwdnkbZj0ZSzMJ3YpX9WaAy8TPSQXkaITuVy+WOOVEGMyQ1l3fS0yQIWUoZmRS6qWaJAiP0IB0LRWIEx1ks9Mn8NgqMexLZUsYOFN/T2SIaz3mke3kyAz1ojcV//O6qelfBBkVSWqIwPNF/ZRBI+E0BxhTRbBhY0sQVtTeCvEQKYSNTatkQ/AXX14mrVrV96r+3VmlfpXHUQSH4AicAB+cgzq4AQ3QBBg8gmfwCt6cJ+fFeXc+5q0FJ585AH/gfP4AYomTbg==</latexit><latexit sha1_base64="ySUceJHYUnCy/+Bpk/Xbb/AQB+A=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkpSBF24KLpxI1SwD2hDmEym7dB5hJmJUmI/xY0LRdz6Je78G6dtFtp64MLhnHu5954oYVQbz/t2Ciura+sbxc3S1vbO7p5b3m9pmSpMmlgyqToR0oRRQZqGGkY6iSKIR4y0o9H11G8/EKWpFPdmnJCAo4GgfYqRsVLolnnon/KwdnkbZj0ZSzMJ3YpX9WaAy8TPSQXkaITuVy+WOOVEGMyQ1l3fS0yQIWUoZmRS6qWaJAiP0IB0LRWIEx1ks9Mn8NgqMexLZUsYOFN/T2SIaz3mke3kyAz1ojcV//O6qelfBBkVSWqIwPNF/ZRBI+E0BxhTRbBhY0sQVtTeCvEQKYSNTatkQ/AXX14mrVrV96r+3VmlfpXHUQSH4AicAB+cgzq4AQ3QBBg8gmfwCt6cJ+fFeXc+5q0FJ585AH/gfP4AYomTbg==</latexit><latexit sha1_base64="ySUceJHYUnCy/+Bpk/Xbb/AQB+A=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkpSBF24KLpxI1SwD2hDmEym7dB5hJmJUmI/xY0LRdz6Je78G6dtFtp64MLhnHu5954oYVQbz/t2Ciura+sbxc3S1vbO7p5b3m9pmSpMmlgyqToR0oRRQZqGGkY6iSKIR4y0o9H11G8/EKWpFPdmnJCAo4GgfYqRsVLolnnon/KwdnkbZj0ZSzMJ3YpX9WaAy8TPSQXkaITuVy+WOOVEGMyQ1l3fS0yQIWUoZmRS6qWaJAiP0IB0LRWIEx1ks9Mn8NgqMexLZUsYOFN/T2SIaz3mke3kyAz1ojcV//O6qelfBBkVSWqIwPNF/ZRBI+E0BxhTRbBhY0sQVtTeCvEQKYSNTatkQ/AXX14mrVrV96r+3VmlfpXHUQSH4AicAB+cgzq4AQ3QBBg8gmfwCt6cJ+fFeXc+5q0FJ585AH/gfP4AYomTbg==</latexit>

first few 
events

M =
(m1m2)3/5

(m1 +m2)1/5
<latexit sha1_base64="R8neVsI3VGtsFUTb0lH4Bc/ltdg=">AAACG3icbVDNS8MwHE3n15xfVY9eikOYCLOdil6EoRcvwgT3AWstaZZuYUlbklQYpf+HF/8VLx4U8SR48L8x7XrQ6YPAy3u/H8l7XkSJkKb5pZXm5hcWl8rLlZXVtfUNfXOrI8KYI9xGIQ15z4MCUxLgtiSS4l7EMWQexV1vfJn53XvMBQmDWzmJsMPgMCA+QVAqydUbNoNyhCBNrtNz2+cQJTXmWsxt7N8lR4cnaZrfD6aClQmuXjXrZg7jL7EKUgUFWq7+YQ9CFDMcSEShEH3LjKSTQC4Jojit2LHAEURjOMR9RQPIsHCSPFtq7CllYPghVyeQRq7+3EggE2LCPDWZJRGzXib+5/Vj6Z85CQmiWOIATR/yY2rI0MiKMgaEYyTpRBGIOFF/NdAIqoKkqrOiSrBmI/8lnUbdUvzmuNq8KOoogx2wC2rAAqegCa5AC7QBAg/gCbyAV+1Re9betPfpaEkrdrbBL2if36BBn9o=</latexit><latexit sha1_base64="R8neVsI3VGtsFUTb0lH4Bc/ltdg=">AAACG3icbVDNS8MwHE3n15xfVY9eikOYCLOdil6EoRcvwgT3AWstaZZuYUlbklQYpf+HF/8VLx4U8SR48L8x7XrQ6YPAy3u/H8l7XkSJkKb5pZXm5hcWl8rLlZXVtfUNfXOrI8KYI9xGIQ15z4MCUxLgtiSS4l7EMWQexV1vfJn53XvMBQmDWzmJsMPgMCA+QVAqydUbNoNyhCBNrtNz2+cQJTXmWsxt7N8lR4cnaZrfD6aClQmuXjXrZg7jL7EKUgUFWq7+YQ9CFDMcSEShEH3LjKSTQC4Jojit2LHAEURjOMR9RQPIsHCSPFtq7CllYPghVyeQRq7+3EggE2LCPDWZJRGzXib+5/Vj6Z85CQmiWOIATR/yY2rI0MiKMgaEYyTpRBGIOFF/NdAIqoKkqrOiSrBmI/8lnUbdUvzmuNq8KOoogx2wC2rAAqegCa5AC7QBAg/gCbyAV+1Re9betPfpaEkrdrbBL2if36BBn9o=</latexit><latexit sha1_base64="R8neVsI3VGtsFUTb0lH4Bc/ltdg=">AAACG3icbVDNS8MwHE3n15xfVY9eikOYCLOdil6EoRcvwgT3AWstaZZuYUlbklQYpf+HF/8VLx4U8SR48L8x7XrQ6YPAy3u/H8l7XkSJkKb5pZXm5hcWl8rLlZXVtfUNfXOrI8KYI9xGIQ15z4MCUxLgtiSS4l7EMWQexV1vfJn53XvMBQmDWzmJsMPgMCA+QVAqydUbNoNyhCBNrtNz2+cQJTXmWsxt7N8lR4cnaZrfD6aClQmuXjXrZg7jL7EKUgUFWq7+YQ9CFDMcSEShEH3LjKSTQC4Jojit2LHAEURjOMR9RQPIsHCSPFtq7CllYPghVyeQRq7+3EggE2LCPDWZJRGzXib+5/Vj6Z85CQmiWOIATR/yY2rI0MiKMgaEYyTpRBGIOFF/NdAIqoKkqrOiSrBmI/8lnUbdUvzmuNq8KOoogx2wC2rAAqegCa5AC7QBAg/gCbyAV+1Re9betPfpaEkrdrbBL2if36BBn9o=</latexit><latexit sha1_base64="R8neVsI3VGtsFUTb0lH4Bc/ltdg=">AAACG3icbVDNS8MwHE3n15xfVY9eikOYCLOdil6EoRcvwgT3AWstaZZuYUlbklQYpf+HF/8VLx4U8SR48L8x7XrQ6YPAy3u/H8l7XkSJkKb5pZXm5hcWl8rLlZXVtfUNfXOrI8KYI9xGIQ15z4MCUxLgtiSS4l7EMWQexV1vfJn53XvMBQmDWzmJsMPgMCA+QVAqydUbNoNyhCBNrtNz2+cQJTXmWsxt7N8lR4cnaZrfD6aClQmuXjXrZg7jL7EKUgUFWq7+YQ9CFDMcSEShEH3LjKSTQC4Jojit2LHAEURjOMR9RQPIsHCSPFtq7CllYPghVyeQRq7+3EggE2LCPDWZJRGzXib+5/Vj6Z85CQmiWOIATR/yY2rI0MiKMgaEYyTpRBGIOFF/NdAIqoKkqrOiSrBmI/8lnUbdUvzmuNq8KOoogx2wC2rAAqegCa5AC7QBAg/gCbyAV+1Re9betPfpaEkrdrbBL2if36BBn9o=</latexit>
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<latexit sha1_base64="ySUceJHYUnCy/+Bpk/Xbb/AQB+A=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkpSBF24KLpxI1SwD2hDmEym7dB5hJmJUmI/xY0LRdz6Je78G6dtFtp64MLhnHu5954oYVQbz/t2Ciura+sbxc3S1vbO7p5b3m9pmSpMmlgyqToR0oRRQZqGGkY6iSKIR4y0o9H11G8/EKWpFPdmnJCAo4GgfYqRsVLolnnon/KwdnkbZj0ZSzMJ3YpX9WaAy8TPSQXkaITuVy+WOOVEGMyQ1l3fS0yQIWUoZmRS6qWaJAiP0IB0LRWIEx1ks9Mn8NgqMexLZUsYOFN/T2SIaz3mke3kyAz1ojcV//O6qelfBBkVSWqIwPNF/ZRBI+E0BxhTRbBhY0sQVtTeCvEQKYSNTatkQ/AXX14mrVrV96r+3VmlfpXHUQSH4AicAB+cgzq4AQ3QBBg8gmfwCt6cJ+fFeXc+5q0FJ585AH/gfP4AYomTbg==</latexit><latexit sha1_base64="ySUceJHYUnCy/+Bpk/Xbb/AQB+A=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkpSBF24KLpxI1SwD2hDmEym7dB5hJmJUmI/xY0LRdz6Je78G6dtFtp64MLhnHu5954oYVQbz/t2Ciura+sbxc3S1vbO7p5b3m9pmSpMmlgyqToR0oRRQZqGGkY6iSKIR4y0o9H11G8/EKWpFPdmnJCAo4GgfYqRsVLolnnon/KwdnkbZj0ZSzMJ3YpX9WaAy8TPSQXkaITuVy+WOOVEGMyQ1l3fS0yQIWUoZmRS6qWaJAiP0IB0LRWIEx1ks9Mn8NgqMexLZUsYOFN/T2SIaz3mke3kyAz1ojcV//O6qelfBBkVSWqIwPNF/ZRBI+E0BxhTRbBhY0sQVtTeCvEQKYSNTatkQ/AXX14mrVrV96r+3VmlfpXHUQSH4AicAB+cgzq4AQ3QBBg8gmfwCt6cJ+fFeXc+5q0FJ585AH/gfP4AYomTbg==</latexit><latexit sha1_base64="ySUceJHYUnCy/+Bpk/Xbb/AQB+A=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkpSBF24KLpxI1SwD2hDmEym7dB5hJmJUmI/xY0LRdz6Je78G6dtFtp64MLhnHu5954oYVQbz/t2Ciura+sbxc3S1vbO7p5b3m9pmSpMmlgyqToR0oRRQZqGGkY6iSKIR4y0o9H11G8/EKWpFPdmnJCAo4GgfYqRsVLolnnon/KwdnkbZj0ZSzMJ3YpX9WaAy8TPSQXkaITuVy+WOOVEGMyQ1l3fS0yQIWUoZmRS6qWaJAiP0IB0LRWIEx1ks9Mn8NgqMexLZUsYOFN/T2SIaz3mke3kyAz1ojcV//O6qelfBBkVSWqIwPNF/ZRBI+E0BxhTRbBhY0sQVtTeCvEQKYSNTatkQ/AXX14mrVrV96r+3VmlfpXHUQSH4AicAB+cgzq4AQ3QBBg8gmfwCt6cJ+fFeXc+5q0FJ585AH/gfP4AYomTbg==</latexit><latexit sha1_base64="ySUceJHYUnCy/+Bpk/Xbb/AQB+A=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkpSBF24KLpxI1SwD2hDmEym7dB5hJmJUmI/xY0LRdz6Je78G6dtFtp64MLhnHu5954oYVQbz/t2Ciura+sbxc3S1vbO7p5b3m9pmSpMmlgyqToR0oRRQZqGGkY6iSKIR4y0o9H11G8/EKWpFPdmnJCAo4GgfYqRsVLolnnon/KwdnkbZj0ZSzMJ3YpX9WaAy8TPSQXkaITuVy+WOOVEGMyQ1l3fS0yQIWUoZmRS6qWaJAiP0IB0LRWIEx1ks9Mn8NgqMexLZUsYOFN/T2SIaz3mke3kyAz1ojcV//O6qelfBBkVSWqIwPNF/ZRBI+E0BxhTRbBhY0sQVtTeCvEQKYSNTatkQ/AXX14mrVrV96r+3VmlfpXHUQSH4AicAB+cgzq4AQ3QBBg8gmfwCt6cJ+fFeXc+5q0FJ585AH/gfP4AYomTbg==</latexit>

m1 < M�

m2 > M�
<latexit sha1_base64="7zdK837Msmntsi6m6kjUkX4yVs0=">AAACBnicbVDLSsNAFJ34rPEVdSlCsAiuSlIEXYgU3bgRKtgHNCFMJtN26DzCzEQooSs3/oobF4q49Rvc+TdO2yDaeuDCmXPuZe49cUqJ0p73ZS0sLi2vrJbW7PWNza1tZ2e3qUQmEW4gQYVsx1BhSjhuaKIpbqcSQxZT3IoHV2O/dY+lIoLf6WGKQwZ7nHQJgtpIkXPAIv/8JsoDkQg9CgKbRdWLn3fklL2KN4E7T/yClEGBeuR8BolAGcNcIwqV6vheqsMcSk0QxSM7yBROIRrAHu4YyiHDKswnZ4zcI6MkbldIU1y7E/X3RA6ZUkMWm04GdV/NemPxP6+T6e5ZmBOeZhpzNP2om1FXC3eciZsQiZGmQ0MgksTs6qI+lBBpk5xtQvBnT54nzWrF9yr+7Um5dlnEUQL74BAcAx+cghq4BnXQAAg8gCfwAl6tR+vZerPep60LVjGzB/7A+vgGZiWYcA==</latexit><latexit sha1_base64="7zdK837Msmntsi6m6kjUkX4yVs0=">AAACBnicbVDLSsNAFJ34rPEVdSlCsAiuSlIEXYgU3bgRKtgHNCFMJtN26DzCzEQooSs3/oobF4q49Rvc+TdO2yDaeuDCmXPuZe49cUqJ0p73ZS0sLi2vrJbW7PWNza1tZ2e3qUQmEW4gQYVsx1BhSjhuaKIpbqcSQxZT3IoHV2O/dY+lIoLf6WGKQwZ7nHQJgtpIkXPAIv/8JsoDkQg9CgKbRdWLn3fklL2KN4E7T/yClEGBeuR8BolAGcNcIwqV6vheqsMcSk0QxSM7yBROIRrAHu4YyiHDKswnZ4zcI6MkbldIU1y7E/X3RA6ZUkMWm04GdV/NemPxP6+T6e5ZmBOeZhpzNP2om1FXC3eciZsQiZGmQ0MgksTs6qI+lBBpk5xtQvBnT54nzWrF9yr+7Um5dlnEUQL74BAcAx+cghq4BnXQAAg8gCfwAl6tR+vZerPep60LVjGzB/7A+vgGZiWYcA==</latexit><latexit sha1_base64="7zdK837Msmntsi6m6kjUkX4yVs0=">AAACBnicbVDLSsNAFJ34rPEVdSlCsAiuSlIEXYgU3bgRKtgHNCFMJtN26DzCzEQooSs3/oobF4q49Rvc+TdO2yDaeuDCmXPuZe49cUqJ0p73ZS0sLi2vrJbW7PWNza1tZ2e3qUQmEW4gQYVsx1BhSjhuaKIpbqcSQxZT3IoHV2O/dY+lIoLf6WGKQwZ7nHQJgtpIkXPAIv/8JsoDkQg9CgKbRdWLn3fklL2KN4E7T/yClEGBeuR8BolAGcNcIwqV6vheqsMcSk0QxSM7yBROIRrAHu4YyiHDKswnZ4zcI6MkbldIU1y7E/X3RA6ZUkMWm04GdV/NemPxP6+T6e5ZmBOeZhpzNP2om1FXC3eciZsQiZGmQ0MgksTs6qI+lBBpk5xtQvBnT54nzWrF9yr+7Um5dlnEUQL74BAcAx+cghq4BnXQAAg8gCfwAl6tR+vZerPep60LVjGzB/7A+vgGZiWYcA==</latexit><latexit sha1_base64="7zdK837Msmntsi6m6kjUkX4yVs0=">AAACBnicbVDLSsNAFJ34rPEVdSlCsAiuSlIEXYgU3bgRKtgHNCFMJtN26DzCzEQooSs3/oobF4q49Rvc+TdO2yDaeuDCmXPuZe49cUqJ0p73ZS0sLi2vrJbW7PWNza1tZ2e3qUQmEW4gQYVsx1BhSjhuaKIpbqcSQxZT3IoHV2O/dY+lIoLf6WGKQwZ7nHQJgtpIkXPAIv/8JsoDkQg9CgKbRdWLn3fklL2KN4E7T/yClEGBeuR8BolAGcNcIwqV6vheqsMcSk0QxSM7yBROIRrAHu4YyiHDKswnZ4zcI6MkbldIU1y7E/X3RA6ZUkMWm04GdV/NemPxP6+T6e5ZmBOeZhpzNP2om1FXC3eciZsQiZGmQ0MgksTs6qI+lBBpk5xtQvBnT54nzWrF9yr+7Um5dlnEUQL74BAcAx+cghq4BnXQAAg8gCfwAl6tR+vZerPep60LVjGzB/7A+vgGZiWYcA==</latexit>

first few 
events

M =
(m1m2)3/5

(m1 +m2)1/5
<latexit sha1_base64="R8neVsI3VGtsFUTb0lH4Bc/ltdg=">AAACG3icbVDNS8MwHE3n15xfVY9eikOYCLOdil6EoRcvwgT3AWstaZZuYUlbklQYpf+HF/8VLx4U8SR48L8x7XrQ6YPAy3u/H8l7XkSJkKb5pZXm5hcWl8rLlZXVtfUNfXOrI8KYI9xGIQ15z4MCUxLgtiSS4l7EMWQexV1vfJn53XvMBQmDWzmJsMPgMCA+QVAqydUbNoNyhCBNrtNz2+cQJTXmWsxt7N8lR4cnaZrfD6aClQmuXjXrZg7jL7EKUgUFWq7+YQ9CFDMcSEShEH3LjKSTQC4Jojit2LHAEURjOMR9RQPIsHCSPFtq7CllYPghVyeQRq7+3EggE2LCPDWZJRGzXib+5/Vj6Z85CQmiWOIATR/yY2rI0MiKMgaEYyTpRBGIOFF/NdAIqoKkqrOiSrBmI/8lnUbdUvzmuNq8KOoogx2wC2rAAqegCa5AC7QBAg/gCbyAV+1Re9betPfpaEkrdrbBL2if36BBn9o=</latexit><latexit sha1_base64="R8neVsI3VGtsFUTb0lH4Bc/ltdg=">AAACG3icbVDNS8MwHE3n15xfVY9eikOYCLOdil6EoRcvwgT3AWstaZZuYUlbklQYpf+HF/8VLx4U8SR48L8x7XrQ6YPAy3u/H8l7XkSJkKb5pZXm5hcWl8rLlZXVtfUNfXOrI8KYI9xGIQ15z4MCUxLgtiSS4l7EMWQexV1vfJn53XvMBQmDWzmJsMPgMCA+QVAqydUbNoNyhCBNrtNz2+cQJTXmWsxt7N8lR4cnaZrfD6aClQmuXjXrZg7jL7EKUgUFWq7+YQ9CFDMcSEShEH3LjKSTQC4Jojit2LHAEURjOMR9RQPIsHCSPFtq7CllYPghVyeQRq7+3EggE2LCPDWZJRGzXib+5/Vj6Z85CQmiWOIATR/yY2rI0MiKMgaEYyTpRBGIOFF/NdAIqoKkqrOiSrBmI/8lnUbdUvzmuNq8KOoogx2wC2rAAqegCa5AC7QBAg/gCbyAV+1Re9betPfpaEkrdrbBL2if36BBn9o=</latexit><latexit sha1_base64="R8neVsI3VGtsFUTb0lH4Bc/ltdg=">AAACG3icbVDNS8MwHE3n15xfVY9eikOYCLOdil6EoRcvwgT3AWstaZZuYUlbklQYpf+HF/8VLx4U8SR48L8x7XrQ6YPAy3u/H8l7XkSJkKb5pZXm5hcWl8rLlZXVtfUNfXOrI8KYI9xGIQ15z4MCUxLgtiSS4l7EMWQexV1vfJn53XvMBQmDWzmJsMPgMCA+QVAqydUbNoNyhCBNrtNz2+cQJTXmWsxt7N8lR4cnaZrfD6aClQmuXjXrZg7jL7EKUgUFWq7+YQ9CFDMcSEShEH3LjKSTQC4Jojit2LHAEURjOMR9RQPIsHCSPFtq7CllYPghVyeQRq7+3EggE2LCPDWZJRGzXib+5/Vj6Z85CQmiWOIATR/yY2rI0MiKMgaEYyTpRBGIOFF/NdAIqoKkqrOiSrBmI/8lnUbdUvzmuNq8KOoogx2wC2rAAqegCa5AC7QBAg/gCbyAV+1Re9betPfpaEkrdrbBL2if36BBn9o=</latexit><latexit sha1_base64="R8neVsI3VGtsFUTb0lH4Bc/ltdg=">AAACG3icbVDNS8MwHE3n15xfVY9eikOYCLOdil6EoRcvwgT3AWstaZZuYUlbklQYpf+HF/8VLx4U8SR48L8x7XrQ6YPAy3u/H8l7XkSJkKb5pZXm5hcWl8rLlZXVtfUNfXOrI8KYI9xGIQ15z4MCUxLgtiSS4l7EMWQexV1vfJn53XvMBQmDWzmJsMPgMCA+QVAqydUbNoNyhCBNrtNz2+cQJTXmWsxt7N8lR4cnaZrfD6aClQmuXjXrZg7jL7EKUgUFWq7+YQ9CFDMcSEShEH3LjKSTQC4Jojit2LHAEURjOMR9RQPIsHCSPFtq7CllYPghVyeQRq7+3EggE2LCPDWZJRGzXib+5/Vj6Z85CQmiWOIATR/yY2rI0MiKMgaEYyTpRBGIOFF/NdAIqoKkqrOiSrBmI/8lnUbdUvzmuNq8KOoogx2wC2rAAqegCa5AC7QBAg/gCbyAV+1Re9betPfpaEkrdrbBL2if36BBn9o=</latexit>
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first few 
events

M =
(m1m2)3/5

(m1 +m2)1/5
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Could there be something there?

??

Data exists….doing the search takes time and resources
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LIGO and Dark Matter
Detections do not 
depend on particle 
physics 

Existence of the 
objects does 

No background/
foreground/
systematics

figure by Ryan Magee
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Sub-solar mass search

LIGO Scientific Collaboration, Virgo Collaboration and S. Shandera; (1904.08976 PRL 123, 2019) 

R. Magee, A.S. Deutsch, P. McClincy, C. Horst, D. Meacher, C. Messick, S. Shandera, M. Wade 
(1808.04772, PRD 98, 2018) 
(Chad Hanna’s PSU group) 

PBH following Nakamura et al 1997Data
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So why do astrophysical 
black holes form?

Gravitational collapse has to be able to win over all 
sources of pressure
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When does gravity win?

Chandrasekhar relation: 

Minimal pressure is electron degeneracy pressure:

M & 1.4M�
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Okay, but 
 astrophysical black holes:

NASA and Night Sky Network
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Hmmm, nuclear physics is too 
complicated…. 

…let’s get rid of it

Primary obstacle to forming black holes from dark matter: it’s 
zipping around in high virial temperature halos
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(1) A dark matter scenario
Dark “electron

Dark “proton” (a fundamental particle)

Dark “photon”

Dark fine structure constant

⇠ =
T�̃

T�,CMB
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<latexit sha1_base64="jc5o+IMCsRz6QvkzuPCRDDFvob8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ5lsN+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epoqxBYxGrdoCaCS5Zw3AjWDtRDKNAsFYwup35rSemNI/lo5kkzI9wIHnIKRortbsokiH27nrlilt15yCrxMtJBXLUe+Wvbj+macSkoQK17nhuYvwMleFUsGmpm2qWIB3hgHUslRgx7Wfze6fkzCp9EsbKljRkrv6eyDDSehIFtjNCM9TL3kz8z+ukJrz2My6T1DBJF4vCVBATk9nzpM8Vo0ZMLEGquL2V0CEqpMZGVLIheMsvr5LmRdVzq97DZaV2k8dRhBM4hXPw4ApqcA91aAAFAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx/RnY/P</latexit><latexit sha1_base64="jc5o+IMCsRz6QvkzuPCRDDFvob8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ5lsN+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epoqxBYxGrdoCaCS5Zw3AjWDtRDKNAsFYwup35rSemNI/lo5kkzI9wIHnIKRortbsokiH27nrlilt15yCrxMtJBXLUe+Wvbj+macSkoQK17nhuYvwMleFUsGmpm2qWIB3hgHUslRgx7Wfze6fkzCp9EsbKljRkrv6eyDDSehIFtjNCM9TL3kz8z+ukJrz2My6T1DBJF4vCVBATk9nzpM8Vo0ZMLEGquL2V0CEqpMZGVLIheMsvr5LmRdVzq97DZaV2k8dRhBM4hXPw4ApqcA91aAAFAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx/RnY/P</latexit><latexit sha1_base64="jc5o+IMCsRz6QvkzuPCRDDFvob8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ5lsN+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epoqxBYxGrdoCaCS5Zw3AjWDtRDKNAsFYwup35rSemNI/lo5kkzI9wIHnIKRortbsokiH27nrlilt15yCrxMtJBXLUe+Wvbj+macSkoQK17nhuYvwMleFUsGmpm2qWIB3hgHUslRgx7Wfze6fkzCp9EsbKljRkrv6eyDDSehIFtjNCM9TL3kz8z+ukJrz2My6T1DBJF4vCVBATk9nzpM8Vo0ZMLEGquL2V0CEqpMZGVLIheMsvr5LmRdVzq97DZaV2k8dRhBM4hXPw4ApqcA91aAAFAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx/RnY/P</latexit><latexit sha1_base64="jc5o+IMCsRz6QvkzuPCRDDFvob8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ5lsN+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epoqxBYxGrdoCaCS5Zw3AjWDtRDKNAsFYwup35rSemNI/lo5kkzI9wIHnIKRortbsokiH27nrlilt15yCrxMtJBXLUe+Wvbj+macSkoQK17nhuYvwMleFUsGmpm2qWIB3hgHUslRgx7Wfze6fkzCp9EsbKljRkrv6eyDDSehIFtjNCM9TL3kz8z+ukJrz2My6T1DBJF4vCVBATk9nzpM8Vo0ZMLEGquL2V0CEqpMZGVLIheMsvr5LmRdVzq97DZaV2k8dRhBM4hXPw4ApqcA91aAAFAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx/RnY/P</latexit>

mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mL
<latexit sha1_base64="WfCGrRiIt6v/GwGnR/Xw2vOLs28=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxYOHiOYByRJmJ7PJkHksM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dUcKZsb7/7a2srq1vbBa2its7u3v7pYPDplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsa3Uz91hPVhin5aMcJDQUeSBYzgq2THkTvrlcq+xV/BrRMgpyUIUe9V/rq9hVJBZWWcGxMJ/ATG2ZYW0Y4nRS7qaEJJiM8oB1HJRbUhNns1Ak6dUofxUq7khbN1N8TGRbGjEXkOgW2Q7PoTcX/vE5q46swYzJJLZVkvihOObIKTf9GfaYpsXzsCCaauVsRGWKNiXXpFF0IweLLy6RZrQTnler9Rbl2ncdRgGM4gTMI4BJqcAt1aACBATzDK7x53Hvx3r2PeeuKl88cwR94nz8lKI20</latexit>



Shandera, KITP, Feb 6 2020

(1) A dark matter scenario
Dark “electron

Dark “proton” (a fundamental particle)

Dark “photon”

Dark fine structure constant

⇠ =
T�̃

T�,CMB
<latexit sha1_base64="dUTGkGEDYcK5znqDb3kFytNiak8=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4kGFGBN0Ipd24ESr0BZ1SMplMG5pkhiQjlmH+wo2/4saFIm5159+YTrvQ1gMXTs65l9x7/JhRpR3n2yqsrK6tbxQ3S1vbO7t75f2DtooSiUkLRyySXR8pwqggLU01I91YEsR9Rjr+uD71O/dEKhqJpp7EpM/RUNCQYqSNNCjb3gO99kKJcNocpJ6mLCCpN0ScoyzLci1/nMH6bS3LBuWKYzs54DJx56QC5mgMyl9eEOGEE6ExQ0r1XCfW/RRJTTEjWclLFIkRHqMh6RkqECeqn+Z3ZfDEKAEMI2lKaJirvydSxJWacN90cqRHatGbiv95vUSHV/2UijjRRODZR2HCoI7gNCQYUEmwZhNDEJbU7ArxCJmQtImyZEJwF09eJu1z23Vs9+6iUq3N4yiCI3AMToELLkEV3IAGaAEMHsEzeAVv1pP1Yr1bH7PWgjWfOQR/YH3+AA3voHE=</latexit><latexit sha1_base64="dUTGkGEDYcK5znqDb3kFytNiak8=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4kGFGBN0Ipd24ESr0BZ1SMplMG5pkhiQjlmH+wo2/4saFIm5159+YTrvQ1gMXTs65l9x7/JhRpR3n2yqsrK6tbxQ3S1vbO7t75f2DtooSiUkLRyySXR8pwqggLU01I91YEsR9Rjr+uD71O/dEKhqJpp7EpM/RUNCQYqSNNCjb3gO99kKJcNocpJ6mLCCpN0ScoyzLci1/nMH6bS3LBuWKYzs54DJx56QC5mgMyl9eEOGEE6ExQ0r1XCfW/RRJTTEjWclLFIkRHqMh6RkqECeqn+Z3ZfDEKAEMI2lKaJirvydSxJWacN90cqRHatGbiv95vUSHV/2UijjRRODZR2HCoI7gNCQYUEmwZhNDEJbU7ArxCJmQtImyZEJwF09eJu1z23Vs9+6iUq3N4yiCI3AMToELLkEV3IAGaAEMHsEzeAVv1pP1Yr1bH7PWgjWfOQR/YH3+AA3voHE=</latexit><latexit sha1_base64="dUTGkGEDYcK5znqDb3kFytNiak8=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4kGFGBN0Ipd24ESr0BZ1SMplMG5pkhiQjlmH+wo2/4saFIm5159+YTrvQ1gMXTs65l9x7/JhRpR3n2yqsrK6tbxQ3S1vbO7t75f2DtooSiUkLRyySXR8pwqggLU01I91YEsR9Rjr+uD71O/dEKhqJpp7EpM/RUNCQYqSNNCjb3gO99kKJcNocpJ6mLCCpN0ScoyzLci1/nMH6bS3LBuWKYzs54DJx56QC5mgMyl9eEOGEE6ExQ0r1XCfW/RRJTTEjWclLFIkRHqMh6RkqECeqn+Z3ZfDEKAEMI2lKaJirvydSxJWacN90cqRHatGbiv95vUSHV/2UijjRRODZR2HCoI7gNCQYUEmwZhNDEJbU7ArxCJmQtImyZEJwF09eJu1z23Vs9+6iUq3N4yiCI3AMToELLkEV3IAGaAEMHsEzeAVv1pP1Yr1bH7PWgjWfOQR/YH3+AA3voHE=</latexit><latexit sha1_base64="dUTGkGEDYcK5znqDb3kFytNiak8=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4kGFGBN0Ipd24ESr0BZ1SMplMG5pkhiQjlmH+wo2/4saFIm5159+YTrvQ1gMXTs65l9x7/JhRpR3n2yqsrK6tbxQ3S1vbO7t75f2DtooSiUkLRyySXR8pwqggLU01I91YEsR9Rjr+uD71O/dEKhqJpp7EpM/RUNCQYqSNNCjb3gO99kKJcNocpJ6mLCCpN0ScoyzLci1/nMH6bS3LBuWKYzs54DJx56QC5mgMyl9eEOGEE6ExQ0r1XCfW/RRJTTEjWclLFIkRHqMh6RkqECeqn+Z3ZfDEKAEMI2lKaJirvydSxJWacN90cqRHatGbiv95vUSHV/2UijjRRODZR2HCoI7gNCQYUEmwZhNDEJbU7ArxCJmQtImyZEJwF09eJu1z23Vs9+6iUq3N4yiCI3AMToELLkEV3IAGaAEMHsEzeAVv1pP1Yr1bH7PWgjWfOQR/YH3+AA3voHE=</latexit>

↵D
<latexit sha1_base64="jc5o+IMCsRz6QvkzuPCRDDFvob8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ5lsN+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epoqxBYxGrdoCaCS5Zw3AjWDtRDKNAsFYwup35rSemNI/lo5kkzI9wIHnIKRortbsokiH27nrlilt15yCrxMtJBXLUe+Wvbj+macSkoQK17nhuYvwMleFUsGmpm2qWIB3hgHUslRgx7Wfze6fkzCp9EsbKljRkrv6eyDDSehIFtjNCM9TL3kz8z+ukJrz2My6T1DBJF4vCVBATk9nzpM8Vo0ZMLEGquL2V0CEqpMZGVLIheMsvr5LmRdVzq97DZaV2k8dRhBM4hXPw4ApqcA91aAAFAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx/RnY/P</latexit><latexit sha1_base64="jc5o+IMCsRz6QvkzuPCRDDFvob8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ5lsN+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epoqxBYxGrdoCaCS5Zw3AjWDtRDKNAsFYwup35rSemNI/lo5kkzI9wIHnIKRortbsokiH27nrlilt15yCrxMtJBXLUe+Wvbj+macSkoQK17nhuYvwMleFUsGmpm2qWIB3hgHUslRgx7Wfze6fkzCp9EsbKljRkrv6eyDDSehIFtjNCM9TL3kz8z+ukJrz2My6T1DBJF4vCVBATk9nzpM8Vo0ZMLEGquL2V0CEqpMZGVLIheMsvr5LmRdVzq97DZaV2k8dRhBM4hXPw4ApqcA91aAAFAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx/RnY/P</latexit><latexit sha1_base64="jc5o+IMCsRz6QvkzuPCRDDFvob8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ5lsN+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epoqxBYxGrdoCaCS5Zw3AjWDtRDKNAsFYwup35rSemNI/lo5kkzI9wIHnIKRortbsokiH27nrlilt15yCrxMtJBXLUe+Wvbj+macSkoQK17nhuYvwMleFUsGmpm2qWIB3hgHUslRgx7Wfze6fkzCp9EsbKljRkrv6eyDDSehIFtjNCM9TL3kz8z+ukJrz2My6T1DBJF4vCVBATk9nzpM8Vo0ZMLEGquL2V0CEqpMZGVLIheMsvr5LmRdVzq97DZaV2k8dRhBM4hXPw4ApqcA91aAAFAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx/RnY/P</latexit><latexit sha1_base64="jc5o+IMCsRz6QvkzuPCRDDFvob8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ5lsN+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epoqxBYxGrdoCaCS5Zw3AjWDtRDKNAsFYwup35rSemNI/lo5kkzI9wIHnIKRortbsokiH27nrlilt15yCrxMtJBXLUe+Wvbj+macSkoQK17nhuYvwMleFUsGmpm2qWIB3hgHUslRgx7Wfze6fkzCp9EsbKljRkrv6eyDDSehIFtjNCM9TL3kz8z+ukJrz2My6T1DBJF4vCVBATk9nzpM8Vo0ZMLEGquL2V0CEqpMZGVLIheMsvr5LmRdVzq97DZaV2k8dRhBM4hXPw4ApqcA91aAAFAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx/RnY/P</latexit>

mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mL
<latexit sha1_base64="WfCGrRiIt6v/GwGnR/Xw2vOLs28=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxYOHiOYByRJmJ7PJkHksM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dUcKZsb7/7a2srq1vbBa2its7u3v7pYPDplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsa3Uz91hPVhin5aMcJDQUeSBYzgq2THkTvrlcq+xV/BrRMgpyUIUe9V/rq9hVJBZWWcGxMJ/ATG2ZYW0Y4nRS7qaEJJiM8oB1HJRbUhNns1Ak6dUofxUq7khbN1N8TGRbGjEXkOgW2Q7PoTcX/vE5q46swYzJJLZVkvihOObIKTf9GfaYpsXzsCCaauVsRGWKNiXXpFF0IweLLy6RZrQTnler9Rbl2ncdRgGM4gTMI4BJqcAt1aACBATzDK7x53Hvx3r2PeeuKl88cwR94nz8lKI20</latexit>

“atomic dark matter” 
- Ackerman et al 0810.5126 
- Feng et al 0905.3039 

    - Kaplan et al 0909.0753, 1105.2073 
    - Fan et al 1303.1521,1303.3271 
    - Cyr-Racine et al 1209.5752, 1310.3278
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The minimum dark BH mass is

mp = 0.938 GeV
<latexit sha1_base64="G4hXx7QzyGMBGvn4Ffc49AOnsTo=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgKiQqWBGh6EKXFewDmhAm00k7dGYSZiZCCQV/xY0LRdz6He78G6dtFtp64MLhnHu5954oZVRp1/22FhaXlldWS2vl9Y3NrW17Z7epkkxi0sAJS2Q7QoowKkhDU81IO5UE8YiRVjS4GfutRyIVTcSDHqYk4KgnaEwx0kYK7X0epleuc3Fa9S9h7ksOb0lzFNoV13EngPPEK0gFFKiH9pffTXDGidCYIaU6npvqIEdSU8zIqOxniqQID1CPdAwViBMV5JPzR/DIKF0YJ9KU0HCi/p7IEVdqyCPTyZHuq1lvLP7ndTIdV4OcijTTRODpojhjUCdwnAXsUkmwZkNDEJbU3ApxH0mEtUmsbELwZl+eJ80Tx3Md7/6sUrsu4iiBA3AIjoEHzkEN3IE6aAAMcvAMXsGb9WS9WO/Wx7R1wSpm9sAfWJ8/r/iUBA==</latexit><latexit sha1_base64="G4hXx7QzyGMBGvn4Ffc49AOnsTo=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgKiQqWBGh6EKXFewDmhAm00k7dGYSZiZCCQV/xY0LRdz6He78G6dtFtp64MLhnHu5954oZVRp1/22FhaXlldWS2vl9Y3NrW17Z7epkkxi0sAJS2Q7QoowKkhDU81IO5UE8YiRVjS4GfutRyIVTcSDHqYk4KgnaEwx0kYK7X0epleuc3Fa9S9h7ksOb0lzFNoV13EngPPEK0gFFKiH9pffTXDGidCYIaU6npvqIEdSU8zIqOxniqQID1CPdAwViBMV5JPzR/DIKF0YJ9KU0HCi/p7IEVdqyCPTyZHuq1lvLP7ndTIdV4OcijTTRODpojhjUCdwnAXsUkmwZkNDEJbU3ApxH0mEtUmsbELwZl+eJ80Tx3Md7/6sUrsu4iiBA3AIjoEHzkEN3IE6aAAMcvAMXsGb9WS9WO/Wx7R1wSpm9sAfWJ8/r/iUBA==</latexit><latexit sha1_base64="G4hXx7QzyGMBGvn4Ffc49AOnsTo=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgKiQqWBGh6EKXFewDmhAm00k7dGYSZiZCCQV/xY0LRdz6He78G6dtFtp64MLhnHu5954oZVRp1/22FhaXlldWS2vl9Y3NrW17Z7epkkxi0sAJS2Q7QoowKkhDU81IO5UE8YiRVjS4GfutRyIVTcSDHqYk4KgnaEwx0kYK7X0epleuc3Fa9S9h7ksOb0lzFNoV13EngPPEK0gFFKiH9pffTXDGidCYIaU6npvqIEdSU8zIqOxniqQID1CPdAwViBMV5JPzR/DIKF0YJ9KU0HCi/p7IEVdqyCPTyZHuq1lvLP7ndTIdV4OcijTTRODpojhjUCdwnAXsUkmwZkNDEJbU3ApxH0mEtUmsbELwZl+eJ80Tx3Md7/6sUrsu4iiBA3AIjoEHzkEN3IE6aAAMcvAMXsGb9WS9WO/Wx7R1wSpm9sAfWJ8/r/iUBA==</latexit><latexit sha1_base64="G4hXx7QzyGMBGvn4Ffc49AOnsTo=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgKiQqWBGh6EKXFewDmhAm00k7dGYSZiZCCQV/xY0LRdz6He78G6dtFtp64MLhnHu5954oZVRp1/22FhaXlldWS2vl9Y3NrW17Z7epkkxi0sAJS2Q7QoowKkhDU81IO5UE8YiRVjS4GfutRyIVTcSDHqYk4KgnaEwx0kYK7X0epleuc3Fa9S9h7ksOb0lzFNoV13EngPPEK0gFFKiH9pffTXDGidCYIaU6npvqIEdSU8zIqOxniqQID1CPdAwViBMV5JPzR/DIKF0YJ9KU0HCi/p7IEVdqyCPTyZHuq1lvLP7ndTIdV4OcijTTRODpojhjUCdwnAXsUkmwZkNDEJbU3ApxH0mEtUmsbELwZl+eJ80Tx3Md7/6sUrsu4iiBA3AIjoEHzkEN3IE6aAAMcvAMXsGb9WS9WO/Wx7R1wSpm9sAfWJ8/r/iUBA==</latexit>

(while                    )

MDark
Chand. ⇡ 1.4M�

✓
mp

mH

◆2

<latexit sha1_base64="7S4jbbj8n5dAtzwYX0wk5mY/J9E="></latexit>

mH � mL
<latexit sha1_base64="Nxb5EVFIziZbmamZ6mI9KKktW2o=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXQJoVFBPOByXHsbfYuS3b3jt09IYT8CxsLRWz9N3b+GzfJFZr4YODx3gwz88KUM21c99sprK1vbG4Vt0s7u3v7B+XDo7ZOMkVoiyQ8Ud0Qa8qZpC3DDKfdVFEsQk474eh25neeqNIskQ9mnFJf4FiyiBFsrPQogkY/jpEI7oJyxa26c6BV4uWkAjmaQfmrP0hIJqg0hGOte56bGn+ClWGE02mpn2maYjLCMe1ZKrGg2p/ML56iM6sMUJQoW9Kgufp7YoKF1mMR2k6BzVAvezPxP6+XmejanzCZZoZKslgUZRyZBM3eRwOmKDF8bAkmitlbERlihYmxIZVsCN7yy6ukXat6F9Xa/WWlfpPHUYQTOIVz8OAK6tCAJrSAgIRneIU3RzsvzrvzsWgtOPnMMfyB8/kDzUqQWA==</latexit>
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Constraints on parameter space?

Boddy, Kaplinghat, Kwa, Peter, 1609.03592 
also: Agrawal et al 1610.04611, etc 
talk by Hai-bo You

,   But maybe             helps with halo 
structure (cusp/core problem)

�

m
. 0.5� 1 cm2/g

<latexit sha1_base64="e1A4Efo5T0pjmtH1P6N+g12FCiA=">AAACGHicbVDLSsNAFJ34rPUVdelmsAhuTJOqKLgpunFZwT6giWUynaRDZ5IwMxFKyGe48VfcuFDEbXf+jdM2C209cOFwzr3ce4+fMCqVbX8bS8srq2vrpY3y5tb2zq65t9+ScSowaeKYxaLjI0kYjUhTUcVIJxEEcZ+Rtj+8nfjtJyIkjaMHNUqIx1EY0YBipLTUM6tuIBDOXElDjvKM5y4jUkrKoW1dwFPouNcwcwWHmD/WqmHeMyu2ZU8BF4lTkAoo0OiZY7cf45STSGGGpOw6dqK8DAlFMSN52U0lSRAeopB0NY0QJ9LLpo/l8FgrfRjEQlek4FT9PZEhLuWI+7qTIzWQ895E/M/rpiq48jIaJakiEZ4tClIGVQwnKcE+FQQrNtIEYUH1rRAPkE5K6SzLOgRn/uVF0qpZzplVuz+v1G+KOErgEByBE+CAS1AHd6ABmgCDZ/AK3sGH8WK8GZ/G16x1yShmDsAfGOMf1fSe9A==</latexit>
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m
6= 0

<latexit sha1_base64="igfjHTtGHyEaCjHawNTF/0DPTjQ=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2E3CnoMevEYwTwgu4TZSW8yZGZ2nZkVwroHf8WLB0W8+hve/Bsnj4MmFjQUVd10d4UJZ9q47reztLyyurZe2Chubm3v7Jb29ps6ThWFBo15rNoh0cCZhIZhhkM7UUBEyKEVDq/HfusBlGaxvDOjBAJB+pJFjBJjpW7p0I8UoZmvWV+QPBO5L+Eeu91S2a24E+BF4s1IGc1Q75a+/F5MUwHSUE607nhuYoKMKMMoh7zopxoSQoekDx1LJRGgg2xyf45PrNLDUaxsSYMn6u+JjAitRyK0nYKYgZ73xuJ/Xic10WWQMZmkBiSdLopSjk2Mx2HgHlNADR9ZQqhi9lZMB8QGYmxkRRuCN//yImlWK95ZpXp7Xq5dzeIooCN0jE6Rhy5QDd2gOmogih7RM3pFb86T8+K8Ox/T1iVnNnOA/sD5/AFAjpY9</latexit>
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(assumes             )⇠ = 0.6
<latexit sha1_base64="TWg6xS/LNijhlSU5fEn+3QFzE8E=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbB07JbRb0IRS8eK9gPaJeSTbNtaDZZkqxYlv4ILx4U8erv8ea/MW33oK0PBh7vzTAzL0w408bzvp3Cyura+kZxs7S1vbO7V94/aGqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2Fo9up33qkSjMpHsw4oUGMB4JFjGBjpVb3iV177kWvXPFcbwa0TPycVCBHvVf+6vYlSWMqDOFY647vJSbIsDKMcDopdVNNE0xGeEA7lgocUx1ks3Mn6MQqfRRJZUsYNFN/T2Q41noch7YzxmaoF72p+J/XSU10FWRMJKmhgswXRSlHRqLp76jPFCWGjy3BRDF7KyJDrDAxNqGSDcFffHmZNKuuf+ZW788rtZs8jiIcwTGcgg+XUIM7qEMDCIzgGV7hzUmcF+fd+Zi3Fpx85hD+wPn8ATP6jtI=</latexit>
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�

m
6= 0

<latexit sha1_base64="igfjHTtGHyEaCjHawNTF/0DPTjQ=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2E3CnoMevEYwTwgu4TZSW8yZGZ2nZkVwroHf8WLB0W8+hve/Bsnj4MmFjQUVd10d4UJZ9q47reztLyyurZe2Chubm3v7Jb29ps6ThWFBo15rNoh0cCZhIZhhkM7UUBEyKEVDq/HfusBlGaxvDOjBAJB+pJFjBJjpW7p0I8UoZmvWV+QPBO5L+Eeu91S2a24E+BF4s1IGc1Q75a+/F5MUwHSUE607nhuYoKMKMMoh7zopxoSQoekDx1LJRGgg2xyf45PrNLDUaxsSYMn6u+JjAitRyK0nYKYgZ73xuJ/Xic10WWQMZmkBiSdLopSjk2Mx2HgHlNADR9ZQqhi9lZMB8QGYmxkRRuCN//yImlWK95ZpXp7Xq5dzeIooCN0jE6Rhy5QDd2gOmogih7RM3pFb86T8+K8Ox/T1iVnNnOA/sD5/AFAjpY9</latexit>
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Best for cores in low-
mass halos
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Our benchmark model
Dark “electron”

Dark “proton”

Dark “photon”

Dark fine structure constant

⇠ =
T�̃

T�,CMB
= 0.02

<latexit sha1_base64="xQc0aVbhZI/XikEzXU4nQs3C8W8=">AAACIXicbVDLSgMxFM3UV62vUZdugkVwIWWmCnZTKO3GjVChL+iUkkkzbWgyMyQZsQzzK278FTcuFOlO/BnT6Sy09UDIyTn3cnOPGzIqlWV9GbmNza3tnfxuYW//4PDIPD7pyCASmLRxwALRc5EkjPqkrahipBcKgrjLSNedNhZ+95EISQO/pWYhGXA09qlHMVJaGpoV54lWHU8gHLeGsaMoG5HYGSPOUZIkqZY+rmJHcNi4r2u1apWs8tAs6isFXCd2RoogQ3Nozp1RgCNOfIUZkrJvW6EaxEgoihlJCk4kSYjwFI1JX1MfcSIHcbphAi+0MoJeIPTxFUzV3x0x4lLOuKsrOVITueotxP+8fqS8yiCmfhgp4uPlIC9iUAVwERccUUGwYjNNEBZU/xXiCdJxKR1qQYdgr668Tjrlkn1dKj/cFGv1LI48OAPn4BLY4BbUwB1ogjbA4Bm8gnfwYbwYb8anMV+W5oys5xT8gfH9AyIapAk=</latexit>

mH ⇠ 10� 100 GeV
<latexit sha1_base64="mwrL5kUrFKvTx5r9W0dHj+Z6AeY=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBjWWmCgpuii7ssoJ9QGcYMmmmDU0yQ5IRytCNG3/FjQtF3PoP7vwb03YW2nrgXg7n3EtyT5gwqrTjfFuFpeWV1bXiemljc2t7x97da6k4lZg0ccxi2QmRIowK0tRUM9JJJEE8ZKQdDm8mfvuBSEVjca9HCfE56gsaUYy0kQL7kAd1T1EOXQeemuZA7yrzJIe3pDUO7LJTcaaAi8TNSRnkaAT2l9eLccqJ0Jghpbquk2g/Q1JTzMi45KWKJAgPUZ90DRWIE+Vn0yvG8NgoPRjF0pTQcKr+3sgQV2rEQzPJkR6oeW8i/ud1Ux1d+hkVSaqJwLOHopRBHcNJJLBHJcGajQxBWFLzV4gHSCKsTXAlE4I7f/IiaVUr7lmlenderl3ncRTBATgCJ8AFF6AG6qABmgCDR/AMXsGb9WS9WO/Wx2y0YOU7++APrM8fhzuWCw==</latexit>

mL ⇠ 30� 150 keV
<latexit sha1_base64="I/51e0/h8M3JqoGmSNm4xNY7D4M=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4sSStouCm6MaFiwr2AU0Ik+mkHTozCTMToYRu3Pgrblwo4tZ/cOffOG2z0NYDFw7n3Mu994QJo0o7zre1sLi0vLJaWCuub2xubds7u00VpxKTBo5ZLNshUoRRQRqaakbaiSSIh4y0wsH12G89EKloLO71MCE+Rz1BI4qRNlJgH/Dg1lOUw6oDT6B75kDvMvMkhwPSHAV2ySk7E8B54uakBHLUA/vL68Y45URozJBSHddJtJ8hqSlmZFT0UkUShAeoRzqGCsSJ8rPJFyN4ZJQujGJpSmg4UX9PZIgrNeSh6eRI99WsNxb/8zqpji78jIok1UTg6aIoZVDHcBwJ7FJJsGZDQxCW1NwKcR9JhLUJrmhCcGdfnifNStmtlit3p6XaVR5HAeyDQ3AMXHAOauAG1EEDYPAInsEreLOerBfr3fqYti5Y+cwe+APr8wfPrpY6</latexit>

↵D = 0.01
<latexit sha1_base64="sW25BaRBYE2JArkIhuPNsmW7Kww=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtV0ItQ1IPHCvYD2qXMptk2NJtdk2yhlP4OLx4U8eqP8ea/MW33oK0Phnm8N0MmL0gE18Z1v52V1bX1jc3cVn57Z3dvv3BwWNdxqiir0VjEqhmgZoJLVjPcCNZMFMMoEKwRDG6nfmPIlOaxfDSjhPkR9iQPOUVjJb+NIulj5+7aLblep1C0bQayTLyMFCFDtVP4andjmkZMGipQ65bnJsYfozKcCjbJt1PNEqQD7LGWpRIjpv3x7OgJObVKl4SxsiUNmam/N8YYaT2KAjsZoenrRW8q/ue1UhNe+WMuk9QwSecPhakgJibTBEiXK0aNGFmCVHF7K6F9VEiNzSlvQ/AWv7xM6uWSd14qP1wUKzdZHDk4hhM4Aw8uoQL3UIUaUHiCZ3iFN2fovDjvzsd8dMXJdo7gD5zPHxr/kQE=</latexit>

These numbers come from considerations independent of 
the previous slide! Intriguing overlap…
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Dark “photon”
Dark fine structure constant

Interesting BH 
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A non-minimal dark matter 
scenario with distinct black holes

Dark “electron”

Dark “proton”

Dark “photon”
Dark fine structure constant

Interesting BH 
masses

Dark “hydrogen” 
Cooling channels 

Allows BHs to 
form 

dynamically 
from dark matter
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1. The dark sector is very cold: how did it get that way? 

2. No comment about relic abundance (but asymmetric 
dark matter has always been a good idea) 

3. No comment about couplings to the standard model 
(maybe none?) 

4. Particle content is designer to make calculations easy.

Please Note:

⇠ =
T�̃

T�,CMB
= 0.02

<latexit sha1_base64="xQc0aVbhZI/XikEzXU4nQs3C8W8=">AAACIXicbVDLSgMxFM3UV62vUZdugkVwIWWmCnZTKO3GjVChL+iUkkkzbWgyMyQZsQzzK278FTcuFOlO/BnT6Sy09UDIyTn3cnOPGzIqlWV9GbmNza3tnfxuYW//4PDIPD7pyCASmLRxwALRc5EkjPqkrahipBcKgrjLSNedNhZ+95EISQO/pWYhGXA09qlHMVJaGpoV54lWHU8gHLeGsaMoG5HYGSPOUZIkqZY+rmJHcNi4r2u1apWs8tAs6isFXCd2RoogQ3Nozp1RgCNOfIUZkrJvW6EaxEgoihlJCk4kSYjwFI1JX1MfcSIHcbphAi+0MoJeIPTxFUzV3x0x4lLOuKsrOVITueotxP+8fqS8yiCmfhgp4uPlIC9iUAVwERccUUGwYjNNEBZU/xXiCdJxKR1qQYdgr668Tjrlkn1dKj/cFGv1LI48OAPn4BLY4BbUwB1ogjbA4Bm8gnfwYbwYb8anMV+W5oys5xT8gfH9AyIapAk=</latexit>

Related/contrasting ideas: talks by 
Heckman, Long, Shelton….work by 
Adshead, Cui, Shelton; Pearce,… ….
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A non-minimal dark matter 
scenario with distinct black holes

Dark “electron”

Dark “proton”

Dark “photon”
Dark fine structure constant

Interesting BH 
masses

Dark “hydrogen” 
Cooling channels 

Allows BHs to 
form 

dynamically 
from dark matter



Shandera, KITP, Feb 6 2020

Still, can we form enough dark 
BHs for this to be interesting?

• Can dark matter cool 
sufficiently to collapse into 
black holes?

We need to check: 
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Still, can we form enough dark 
BHs for this to be interesting?

• Can dark matter cool 
sufficiently to collapse into 
black holes?

• What are the masses of those 
black holes?

• How many of those black 
holes are in binaries?

• What is the merger rate today, 
detectable by LIGO?

We need to check: 
Rosenberg and Fan, 

1705.10341; Buckley and 
DiFranzo, 1707.03829 

opacity limit arguments from 
1970’s 

+ 
Pop III star literature;}
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Parameterizing the 
coalescence rate

/
<latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit><latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit><latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit><latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit>
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<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

(merger rate of those binaries today)
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Parameterizing the 
coalescence rate
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<latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit><latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit><latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit><latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit>
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(number of black holes) (fraction in binaries)⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>
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How much dark matter can 
cool?

Detailed rates calculated by Rosenberg and Fan, 1705.10341;  
BUT: molecular cooling should set minimum temperature of gas

Why is it cooling? Example: collisional excitation
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How much dark matter can 
cool?

Detailed rates calculated by Rosenberg and Fan, 1705.10341;  
BUT: molecular cooling should set minimum temperature of gas
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How much dark matter can 
cool?

Buckley and DiFranzo, 1707.03829 

Cooling is more efficient for smaller dark matter halos: 
can maintain “cold dark matter” success on large scales

(cooling processes) >       (kinematics in gravitational well)
dT

dt
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How much dark matter can cool?
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Cooling dark matter

fcool ⇠ 0.01
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How much of the dark matter that 
can cool ends up in black holes?
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How much of the dark matter that 
can cool ends up in black holes?

Star-to-gas ratio for Coma:
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How much of the dark matter that 
can cool ends up in black holes?

~2% of mass in stars ~10% of mass in gas

Star-to-gas ratio for Coma:
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How much of the dark matter that 
can cool ends up in black holes?

Or, from literature on formation of first stars (in 
hydrogen gas, with a bit of helium): 

fform. e↵. ⇠ 10�3
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<latexit sha1_base64="uVolRBWGiuDq1cJ2VuMmMft3maI=">AAACHHicbVDLSgMxFM34rPU16tJNsAgudJjxgS6LblxWsA/ojCWTZtrQZDIkGaEM8yFu/BU3LhRx40Lwb0zbEbT1QOBwzr3k3BMmjCrtul/W3PzC4tJyaaW8ura+sWlvbTeUSCUmdSyYkK0QKcJoTOqaakZaiSSIh4w0w8HVyG/eE6moiG/1MCEBR72YRhQjbaSOfQKjTuZLDrEQLPc15UT9SJGQ3IH+IYkiJ/cV5Z57lx2d5R274jruGHCWeAWpgAK1jv3hdwVOOYk1ZkiptucmOsiQ1BQzkpf9VJEE4QHqkbahMTIhgmx8XA73jdIdZTEv1nCs/t7IEFdqyEMzyZHuq2lvJP7ntVMdXQQZjZNUkxhPPopSBrWAo6Zgl0qCNRsagrCkJivEfSQR1qbPsinBmz55ljSOHc91vJvTSvWyqKMEdsEeOAAeOAdVcA1qoA4weABP4AW8Wo/Ws/VmvU9G56xiZwf8gfX5DW19oOs=</latexit><latexit sha1_base64="uVolRBWGiuDq1cJ2VuMmMft3maI=">AAACHHicbVDLSgMxFM34rPU16tJNsAgudJjxgS6LblxWsA/ojCWTZtrQZDIkGaEM8yFu/BU3LhRx40Lwb0zbEbT1QOBwzr3k3BMmjCrtul/W3PzC4tJyaaW8ura+sWlvbTeUSCUmdSyYkK0QKcJoTOqaakZaiSSIh4w0w8HVyG/eE6moiG/1MCEBR72YRhQjbaSOfQKjTuZLDrEQLPc15UT9SJGQ3IH+IYkiJ/cV5Z57lx2d5R274jruGHCWeAWpgAK1jv3hdwVOOYk1ZkiptucmOsiQ1BQzkpf9VJEE4QHqkbahMTIhgmx8XA73jdIdZTEv1nCs/t7IEFdqyEMzyZHuq2lvJP7ntVMdXQQZjZNUkxhPPopSBrWAo6Zgl0qCNRsagrCkJivEfSQR1qbPsinBmz55ljSOHc91vJvTSvWyqKMEdsEeOAAeOAdVcA1qoA4weABP4AW8Wo/Ws/VmvU9G56xiZwf8gfX5DW19oOs=</latexit><latexit sha1_base64="uVolRBWGiuDq1cJ2VuMmMft3maI=">AAACHHicbVDLSgMxFM34rPU16tJNsAgudJjxgS6LblxWsA/ojCWTZtrQZDIkGaEM8yFu/BU3LhRx40Lwb0zbEbT1QOBwzr3k3BMmjCrtul/W3PzC4tJyaaW8ura+sWlvbTeUSCUmdSyYkK0QKcJoTOqaakZaiSSIh4w0w8HVyG/eE6moiG/1MCEBR72YRhQjbaSOfQKjTuZLDrEQLPc15UT9SJGQ3IH+IYkiJ/cV5Z57lx2d5R274jruGHCWeAWpgAK1jv3hdwVOOYk1ZkiptucmOsiQ1BQzkpf9VJEE4QHqkbahMTIhgmx8XA73jdIdZTEv1nCs/t7IEFdqyEMzyZHuq2lvJP7ntVMdXQQZjZNUkxhPPopSBrWAo6Zgl0qCNRsagrCkJivEfSQR1qbPsinBmz55ljSOHc91vJvTSvWyqKMEdsEeOAAeOAdVcA1qoA4weABP4AW8Wo/Ws/VmvU9G56xiZwf8gfX5DW19oOs=</latexit><latexit sha1_base64="uVolRBWGiuDq1cJ2VuMmMft3maI=">AAACHHicbVDLSgMxFM34rPU16tJNsAgudJjxgS6LblxWsA/ojCWTZtrQZDIkGaEM8yFu/BU3LhRx40Lwb0zbEbT1QOBwzr3k3BMmjCrtul/W3PzC4tJyaaW8ura+sWlvbTeUSCUmdSyYkK0QKcJoTOqaakZaiSSIh4w0w8HVyG/eE6moiG/1MCEBR72YRhQjbaSOfQKjTuZLDrEQLPc15UT9SJGQ3IH+IYkiJ/cV5Z57lx2d5R274jruGHCWeAWpgAK1jv3hdwVOOYk1ZkiptucmOsiQ1BQzkpf9VJEE4QHqkbahMTIhgmx8XA73jdIdZTEv1nCs/t7IEFdqyEMzyZHuq2lvJP7ntVMdXQQZjZNUkxhPPopSBrWAo6Zgl0qCNRsagrCkJivEfSQR1qbPsinBmz55ljSOHc91vJvTSvWyqKMEdsEeOAAeOAdVcA1qoA4weABP4AW8Wo/Ws/VmvU9G56xiZwf8gfX5DW19oOs=</latexit>

fcool ⇥ fform. e↵. ⇠ 10�3
<latexit sha1_base64="ehJeV8JcXr/ByhdtxkfE+yFakew=">AAACHHicbVBPS8MwHE3nvzn/VT16CQ7Bg5bWCXocevE4wc3BOkeapVtY0pQkFUbpB/HiV/HiQREvHgS/jelWQTcfBB7v/X7k/V4QM6q0635ZpYXFpeWV8mplbX1jc8ve3mkpkUhMmlgwIdsBUoTRiDQ11Yy0Y0kQDxi5DUaXuX97T6SiIrrR45h0ORpENKQYaSP17BoMe6kvOcRCsMzXlBP1I4VCcgf6RyQMncxXlHvuXXpcy3p21XXcCeA88QpSBQUaPfvD7wuccBJpzJBSHc+NdTdFUlPMSFbxE0VihEdoQDqGRsiE6KaT4zJ4YJR+nsW8SMOJ+nsjRVypMQ/MJEd6qGa9XPzP6yQ6PO+mNIoTTSI8/ShMGNQC5k3BPpUEazY2BGFJTVaIh0girE2fFVOCN3vyPGmdOJ7reNen1fpFUUcZ7IF9cAg8cAbq4Ao0QBNg8ACewAt4tR6tZ+vNep+OlqxiZxf8gfX5DWpzoOk=</latexit><latexit sha1_base64="ehJeV8JcXr/ByhdtxkfE+yFakew=">AAACHHicbVBPS8MwHE3nvzn/VT16CQ7Bg5bWCXocevE4wc3BOkeapVtY0pQkFUbpB/HiV/HiQREvHgS/jelWQTcfBB7v/X7k/V4QM6q0635ZpYXFpeWV8mplbX1jc8ve3mkpkUhMmlgwIdsBUoTRiDQ11Yy0Y0kQDxi5DUaXuX97T6SiIrrR45h0ORpENKQYaSP17BoMe6kvOcRCsMzXlBP1I4VCcgf6RyQMncxXlHvuXXpcy3p21XXcCeA88QpSBQUaPfvD7wuccBJpzJBSHc+NdTdFUlPMSFbxE0VihEdoQDqGRsiE6KaT4zJ4YJR+nsW8SMOJ+nsjRVypMQ/MJEd6qGa9XPzP6yQ6PO+mNIoTTSI8/ShMGNQC5k3BPpUEazY2BGFJTVaIh0girE2fFVOCN3vyPGmdOJ7reNen1fpFUUcZ7IF9cAg8cAbq4Ao0QBNg8ACewAt4tR6tZ+vNep+OlqxiZxf8gfX5DWpzoOk=</latexit><latexit sha1_base64="ehJeV8JcXr/ByhdtxkfE+yFakew=">AAACHHicbVBPS8MwHE3nvzn/VT16CQ7Bg5bWCXocevE4wc3BOkeapVtY0pQkFUbpB/HiV/HiQREvHgS/jelWQTcfBB7v/X7k/V4QM6q0635ZpYXFpeWV8mplbX1jc8ve3mkpkUhMmlgwIdsBUoTRiDQ11Yy0Y0kQDxi5DUaXuX97T6SiIrrR45h0ORpENKQYaSP17BoMe6kvOcRCsMzXlBP1I4VCcgf6RyQMncxXlHvuXXpcy3p21XXcCeA88QpSBQUaPfvD7wuccBJpzJBSHc+NdTdFUlPMSFbxE0VihEdoQDqGRsiE6KaT4zJ4YJR+nsW8SMOJ+nsjRVypMQ/MJEd6qGa9XPzP6yQ6PO+mNIoTTSI8/ShMGNQC5k3BPpUEazY2BGFJTVaIh0girE2fFVOCN3vyPGmdOJ7reNen1fpFUUcZ7IF9cAg8cAbq4Ao0QBNg8ACewAt4tR6tZ+vNep+OlqxiZxf8gfX5DWpzoOk=</latexit><latexit sha1_base64="ehJeV8JcXr/ByhdtxkfE+yFakew=">AAACHHicbVBPS8MwHE3nvzn/VT16CQ7Bg5bWCXocevE4wc3BOkeapVtY0pQkFUbpB/HiV/HiQREvHgS/jelWQTcfBB7v/X7k/V4QM6q0635ZpYXFpeWV8mplbX1jc8ve3mkpkUhMmlgwIdsBUoTRiDQ11Yy0Y0kQDxi5DUaXuX97T6SiIrrR45h0ORpENKQYaSP17BoMe6kvOcRCsMzXlBP1I4VCcgf6RyQMncxXlHvuXXpcy3p21XXcCeA88QpSBQUaPfvD7wuccBJpzJBSHc+NdTdFUlPMSFbxE0VihEdoQDqGRsiE6KaT4zJ4YJR+nsW8SMOJ+nsjRVypMQ/MJEd6qGa9XPzP6yQ6PO+mNIoTTSI8/ShMGNQC5k3BPpUEazY2BGFJTVaIh0girE2fFVOCN3vyPGmdOJ7reNen1fpFUUcZ7IF9cAg8cAbq4Ao0QBNg8ACewAt4tR6tZ+vNep+OlqxiZxf8gfX5DWpzoOk=</latexit>

Optimistic:

Fraction of 
dark matter 

in black 
holes}



Shandera, KITP, Feb 6 2020

What is the mass of black holes formed 
by collapse of “atomic” dark matter?

“opacity limit” argument (Rees; Lynden-Bell, 1976) 

Coefficient? Pop III star literature for proto-star masses:

MJ,min /
✓

mp

mH

◆9/4 ✓ T

103K

◆1/4

M�
<latexit sha1_base64="pWDEFP9DzYnARbbp+BLMib/9bf8="></latexit>

MDBH,min ⇠
✓

mp

mH

◆9/4 ✓ T

103K

◆1/4

103M�
<latexit sha1_base64="eCtziwxdJevzLxt6hrwVlPo+fso="></latexit>



Shandera, KITP, Feb 6 2020

What is the spectrum of birth masses 
of these black holes?

dPm / m�b
<latexit sha1_base64="bXxixLCNad7E6yUwzDTXj8M9GK4=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHcWGZE0GXRjcsK9gHtOGQymTY0mYQkI5ZhfsWNC0Xc+iPu/BvTdhbaeuDC4Zx7ufeeSDKqjed9Oyura+sbm5Wt6vbO7t6+e1DraJEpTNpYMKF6EdKE0ZS0DTWM9KQiiEeMdKPxzdTvPhKlqUjvzUSSgKNhShOKkbFS6NbiVsgHUglpBOQP+VlUhG7da3gzwGXil6QOSrRC92sQC5xxkhrMkNZ935MmyJEyFDNSVAeZJhLhMRqSvqUp4kQH+ez2Ap5YJYaJULZSA2fq74kcca0nPLKdHJmRXvSm4n9ePzPJVZDTVGaGpHi+KMkYtH9Og4AxVQQbNrEEYUXtrRCPkELY2LiqNgR/8eVl0jlv+F7Dv7uoN6/LOCrgCByDU+CDS9AEt6AF2gCDJ/AMXsGbUzgvzrvzMW9dccqZQ/AHzucP35yUUQ==</latexit><latexit sha1_base64="bXxixLCNad7E6yUwzDTXj8M9GK4=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHcWGZE0GXRjcsK9gHtOGQymTY0mYQkI5ZhfsWNC0Xc+iPu/BvTdhbaeuDC4Zx7ufeeSDKqjed9Oyura+sbm5Wt6vbO7t6+e1DraJEpTNpYMKF6EdKE0ZS0DTWM9KQiiEeMdKPxzdTvPhKlqUjvzUSSgKNhShOKkbFS6NbiVsgHUglpBOQP+VlUhG7da3gzwGXil6QOSrRC92sQC5xxkhrMkNZ935MmyJEyFDNSVAeZJhLhMRqSvqUp4kQH+ez2Ap5YJYaJULZSA2fq74kcca0nPLKdHJmRXvSm4n9ePzPJVZDTVGaGpHi+KMkYtH9Og4AxVQQbNrEEYUXtrRCPkELY2LiqNgR/8eVl0jlv+F7Dv7uoN6/LOCrgCByDU+CDS9AEt6AF2gCDJ/AMXsGbUzgvzrvzMW9dccqZQ/AHzucP35yUUQ==</latexit><latexit sha1_base64="bXxixLCNad7E6yUwzDTXj8M9GK4=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHcWGZE0GXRjcsK9gHtOGQymTY0mYQkI5ZhfsWNC0Xc+iPu/BvTdhbaeuDC4Zx7ufeeSDKqjed9Oyura+sbm5Wt6vbO7t6+e1DraJEpTNpYMKF6EdKE0ZS0DTWM9KQiiEeMdKPxzdTvPhKlqUjvzUSSgKNhShOKkbFS6NbiVsgHUglpBOQP+VlUhG7da3gzwGXil6QOSrRC92sQC5xxkhrMkNZ935MmyJEyFDNSVAeZJhLhMRqSvqUp4kQH+ez2Ap5YJYaJULZSA2fq74kcca0nPLKdHJmRXvSm4n9ePzPJVZDTVGaGpHi+KMkYtH9Og4AxVQQbNrEEYUXtrRCPkELY2LiqNgR/8eVl0jlv+F7Dv7uoN6/LOCrgCByDU+CDS9AEt6AF2gCDJ/AMXsGbUzgvzrvzMW9dccqZQ/AHzucP35yUUQ==</latexit><latexit sha1_base64="bXxixLCNad7E6yUwzDTXj8M9GK4=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHcWGZE0GXRjcsK9gHtOGQymTY0mYQkI5ZhfsWNC0Xc+iPu/BvTdhbaeuDC4Zx7ufeeSDKqjed9Oyura+sbm5Wt6vbO7t6+e1DraJEpTNpYMKF6EdKE0ZS0DTWM9KQiiEeMdKPxzdTvPhKlqUjvzUSSgKNhShOKkbFS6NbiVsgHUglpBOQP+VlUhG7da3gzwGXil6QOSrRC92sQC5xxkhrMkNZ935MmyJEyFDNSVAeZJhLhMRqSvqUp4kQH+ez2Ap5YJYaJULZSA2fq74kcca0nPLKdHJmRXvSm4n9ePzPJVZDTVGaGpHi+KMkYtH9Og4AxVQQbNrEEYUXtrRCPkELY2LiqNgR/8eVl0jlv+F7Dv7uoN6/LOCrgCByDU+CDS9AEt6AF2gCDJ/AMXsGbUzgvzrvzMW9dccqZQ/AHzucP35yUUQ==</latexit>

b = 0.17
<latexit sha1_base64="/Uon0GiFBDVGLZZZ8dTsvwidZnU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEC9C0IvHCOYByRJmJ7PJmHksM7NCWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUE9okiivdibChnEnatMxy2kk0xSLitB2Nb2d++4lqw5R8sJOEhgIPJYsZwdZJrejarwa1frniV/050CoJclKBHI1++as3UCQVVFrCsTHdwE9smGFtGeF0WuqlhiaYjPGQdh2VWFATZvNrp+jMKQMUK+1KWjRXf09kWBgzEZHrFNiOzLI3E//zuqmNr8KMySS1VJLFojjlyCo0ex0NmKbE8okjmGjmbkVkhDUm1gVUciEEyy+vktZFNXCR3V9W6jd5HEU4gVM4hwBqUIc7aEATCDzCM7zCm6e8F+/d+1i0Frx85hj+wPv8AQodjhs=</latexit><latexit sha1_base64="/Uon0GiFBDVGLZZZ8dTsvwidZnU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEC9C0IvHCOYByRJmJ7PJmHksM7NCWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUE9okiivdibChnEnatMxy2kk0xSLitB2Nb2d++4lqw5R8sJOEhgIPJYsZwdZJrejarwa1frniV/050CoJclKBHI1++as3UCQVVFrCsTHdwE9smGFtGeF0WuqlhiaYjPGQdh2VWFATZvNrp+jMKQMUK+1KWjRXf09kWBgzEZHrFNiOzLI3E//zuqmNr8KMySS1VJLFojjlyCo0ex0NmKbE8okjmGjmbkVkhDUm1gVUciEEyy+vktZFNXCR3V9W6jd5HEU4gVM4hwBqUIc7aEATCDzCM7zCm6e8F+/d+1i0Frx85hj+wPv8AQodjhs=</latexit><latexit sha1_base64="/Uon0GiFBDVGLZZZ8dTsvwidZnU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEC9C0IvHCOYByRJmJ7PJmHksM7NCWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUE9okiivdibChnEnatMxy2kk0xSLitB2Nb2d++4lqw5R8sJOEhgIPJYsZwdZJrejarwa1frniV/050CoJclKBHI1++as3UCQVVFrCsTHdwE9smGFtGeF0WuqlhiaYjPGQdh2VWFATZvNrp+jMKQMUK+1KWjRXf09kWBgzEZHrFNiOzLI3E//zuqmNr8KMySS1VJLFojjlyCo0ex0NmKbE8okjmGjmbkVkhDUm1gVUciEEyy+vktZFNXCR3V9W6jd5HEU4gVM4hwBqUIc7aEATCDzCM7zCm6e8F+/d+1i0Frx85hj+wPv8AQodjhs=</latexit><latexit sha1_base64="/Uon0GiFBDVGLZZZ8dTsvwidZnU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEC9C0IvHCOYByRJmJ7PJmHksM7NCWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUE9okiivdibChnEnatMxy2kk0xSLitB2Nb2d++4lqw5R8sJOEhgIPJYsZwdZJrejarwa1frniV/050CoJclKBHI1++as3UCQVVFrCsTHdwE9smGFtGeF0WuqlhiaYjPGQdh2VWFATZvNrp+jMKQMUK+1KWjRXf09kWBgzEZHrFNiOzLI3E//zuqmNr8KMySS1VJLFojjlyCo0ex0NmKbE8okjmGjmbkVkhDUm1gVUciEEyy+vktZFNXCR3V9W6jd5HEU4gVM4hwBqUIc7aEATCDzCM7zCm6e8F+/d+1i0Frx85hj+wPv8AQodjhs=</latexit>

up to two orders of magnitude above the minimum: 
Stacey and Bromm, 2013
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mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>



Shandera, KITP, Feb 6 2020

What are the binary 
parameters?

fbinary = 0.26
<latexit sha1_base64="Iv1HsHab7BJAA2zV3O2FTyi1iD0=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5IUUS9C0YvHCvYD2hA22027dLMJuxshhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZKa+sbm1vl7crO7t7+gX141FFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLmd+d1HKhWLxYPOEupFeCRYyAjWRvLtaujnAxmhgAkss+m1U29c+HbNqTtzoFXiFqQGBVq+/TUYxiSNqNCEY6X6rpNoL8dSM8LptDJIFU0wmeAR7RsqcESVl8+Pn6JTowxRGEtTQqO5+nsix5FSWRSYzgjrsVr2ZuJ/Xj/V4ZWXM5GkmgqyWBSmHOkYzZJAQyYp0TwzBBPJzK2IjLHERJu8KiYEd/nlVdJp1F2n7t6f15o3RRxlOIYTOAMXLqEJd9CCNhDI4Ble4c16sl6sd+tj0Vqyipkq/IH1+QOOiJQJ</latexit><latexit sha1_base64="Iv1HsHab7BJAA2zV3O2FTyi1iD0=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5IUUS9C0YvHCvYD2hA22027dLMJuxshhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZKa+sbm1vl7crO7t7+gX141FFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLmd+d1HKhWLxYPOEupFeCRYyAjWRvLtaujnAxmhgAkss+m1U29c+HbNqTtzoFXiFqQGBVq+/TUYxiSNqNCEY6X6rpNoL8dSM8LptDJIFU0wmeAR7RsqcESVl8+Pn6JTowxRGEtTQqO5+nsix5FSWRSYzgjrsVr2ZuJ/Xj/V4ZWXM5GkmgqyWBSmHOkYzZJAQyYp0TwzBBPJzK2IjLHERJu8KiYEd/nlVdJp1F2n7t6f15o3RRxlOIYTOAMXLqEJd9CCNhDI4Ble4c16sl6sd+tj0Vqyipkq/IH1+QOOiJQJ</latexit><latexit sha1_base64="Iv1HsHab7BJAA2zV3O2FTyi1iD0=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5IUUS9C0YvHCvYD2hA22027dLMJuxshhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZKa+sbm1vl7crO7t7+gX141FFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLmd+d1HKhWLxYPOEupFeCRYyAjWRvLtaujnAxmhgAkss+m1U29c+HbNqTtzoFXiFqQGBVq+/TUYxiSNqNCEY6X6rpNoL8dSM8LptDJIFU0wmeAR7RsqcESVl8+Pn6JTowxRGEtTQqO5+nsix5FSWRSYzgjrsVr2ZuJ/Xj/V4ZWXM5GkmgqyWBSmHOkYzZJAQyYp0TwzBBPJzK2IjLHERJu8KiYEd/nlVdJp1F2n7t6f15o3RRxlOIYTOAMXLqEJd9CCNhDI4Ble4c16sl6sd+tj0Vqyipkq/IH1+QOOiJQJ</latexit><latexit sha1_base64="Iv1HsHab7BJAA2zV3O2FTyi1iD0=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5IUUS9C0YvHCvYD2hA22027dLMJuxshhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZKa+sbm1vl7crO7t7+gX141FFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLmd+d1HKhWLxYPOEupFeCRYyAjWRvLtaujnAxmhgAkss+m1U29c+HbNqTtzoFXiFqQGBVq+/TUYxiSNqNCEY6X6rpNoL8dSM8LptDJIFU0wmeAR7RsqcESVl8+Pn6JTowxRGEtTQqO5+nsix5FSWRSYzgjrsVr2ZuJ/Xj/V4ZWXM5GkmgqyWBSmHOkYzZJAQyYp0TwzBBPJzK2IjLHERJu8KiYEd/nlVdJp1F2n7t6f15o3RRxlOIYTOAMXLqEJd9CCNhDI4Ble4c16sl6sd+tj0Vqyipkq/IH1+QOOiJQJ</latexit>

q = mlight/mheavy
<latexit sha1_base64="77FAISBfJacUmSwhqhmtu+omx4I=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqs6IoBuh6MZlBfuAdhgyaaYNTTJjkikMw6zc+CtuXCji1m9w59+YtrPQ1gMXTs65l9x7gphRpR3n2yotLa+srpXXKxubW9s79u5eS0WJxKSJIxbJToAUYVSQpqaakU4sCeIBI+1gdDPx22MiFY3EvU5j4nE0EDSkGGkj+fbhwxX3s57kkNHBUOenxWtI0DjNfbvq1Jwp4CJxC1IFBRq+/dXrRzjhRGjMkFJd14m1lyGpKWYkr/QSRWKER2hAuoYKxInysukZOTw2Sh+GkTQlNJyqvycyxJVKeWA6OdJDNe9NxP+8bqLDSy+jIk40EXj2UZgwqCM4yQT2qSRYs9QQhCU1u0I8RBJhbZKrmBDc+ZMXSeus5jo19+68Wr8u4iiDA3AEToALLkAd3IIGaAIMHsEzeAVv1pP1Yr1bH7PWklXM7IM/sD5/AHfHmR0=</latexit><latexit sha1_base64="77FAISBfJacUmSwhqhmtu+omx4I=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqs6IoBuh6MZlBfuAdhgyaaYNTTJjkikMw6zc+CtuXCji1m9w59+YtrPQ1gMXTs65l9x7gphRpR3n2yotLa+srpXXKxubW9s79u5eS0WJxKSJIxbJToAUYVSQpqaakU4sCeIBI+1gdDPx22MiFY3EvU5j4nE0EDSkGGkj+fbhwxX3s57kkNHBUOenxWtI0DjNfbvq1Jwp4CJxC1IFBRq+/dXrRzjhRGjMkFJd14m1lyGpKWYkr/QSRWKER2hAuoYKxInysukZOTw2Sh+GkTQlNJyqvycyxJVKeWA6OdJDNe9NxP+8bqLDSy+jIk40EXj2UZgwqCM4yQT2qSRYs9QQhCU1u0I8RBJhbZKrmBDc+ZMXSeus5jo19+68Wr8u4iiDA3AEToALLkAd3IIGaAIMHsEzeAVv1pP1Yr1bH7PWklXM7IM/sD5/AHfHmR0=</latexit><latexit sha1_base64="77FAISBfJacUmSwhqhmtu+omx4I=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqs6IoBuh6MZlBfuAdhgyaaYNTTJjkikMw6zc+CtuXCji1m9w59+YtrPQ1gMXTs65l9x7gphRpR3n2yotLa+srpXXKxubW9s79u5eS0WJxKSJIxbJToAUYVSQpqaakU4sCeIBI+1gdDPx22MiFY3EvU5j4nE0EDSkGGkj+fbhwxX3s57kkNHBUOenxWtI0DjNfbvq1Jwp4CJxC1IFBRq+/dXrRzjhRGjMkFJd14m1lyGpKWYkr/QSRWKER2hAuoYKxInysukZOTw2Sh+GkTQlNJyqvycyxJVKeWA6OdJDNe9NxP+8bqLDSy+jIk40EXj2UZgwqCM4yQT2qSRYs9QQhCU1u0I8RBJhbZKrmBDc+ZMXSeus5jo19+68Wr8u4iiDA3AEToALLkAd3IIGaAIMHsEzeAVv1pP1Yr1bH7PWklXM7IM/sD5/AHfHmR0=</latexit><latexit sha1_base64="77FAISBfJacUmSwhqhmtu+omx4I=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqs6IoBuh6MZlBfuAdhgyaaYNTTJjkikMw6zc+CtuXCji1m9w59+YtrPQ1gMXTs65l9x7gphRpR3n2yotLa+srpXXKxubW9s79u5eS0WJxKSJIxbJToAUYVSQpqaakU4sCeIBI+1gdDPx22MiFY3EvU5j4nE0EDSkGGkj+fbhwxX3s57kkNHBUOenxWtI0DjNfbvq1Jwp4CJxC1IFBRq+/dXrRzjhRGjMkFJd14m1lyGpKWYkr/QSRWKER2hAuoYKxInysukZOTw2Sh+GkTQlNJyqvycyxJVKeWA6OdJDNe9NxP+8bqLDSy+jIk40EXj2UZgwqCM4yQT2qSRYs9QQhCU1u0I8RBJhbZKrmBDc+ZMXSeus5jo19+68Wr8u4iiDA3AEToALLkAd3IIGaAIMHsEzeAVv1pP1Yr1bH7PWklXM7IM/sD5/AHfHmR0=</latexit>

dPe / ede
<latexit sha1_base64="xnx67DtYVqDJIsPxioeQxnnlCoc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRi8cK9gPaEDabSbt0sxt2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8KONMG8/7diobm1vbO9Xd2t7+weGRe3zS0TJXFNpUcql6EdHAmYC2YYZDL1NA0ohDNxrfz/3uBJRmUjyZaQZBSoaCJYwSY6XQdeNWCINMycxIDDiG0K17DW8BvE78ktRRiVbofg1iSfMUhKGcaN33vcwEBVGGUQ6z2iDXkBE6JkPoWypICjooFpfP8IVVYpxIZUsYvFB/TxQk1XqaRrYzJWakV725+J/Xz01yGxRMZLkBQZeLkpxj++U8BhwzBdTwqSWEKmZvxXREFKHGhlWzIfirL6+TzlXD9xr+43W9eVfGUUVn6BxdIh/doCZ6QC3URhRN0DN6RW9O4bw4787HsrXilDOn6A+czx/xd5Mx</latexit><latexit sha1_base64="xnx67DtYVqDJIsPxioeQxnnlCoc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRi8cK9gPaEDabSbt0sxt2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8KONMG8/7diobm1vbO9Xd2t7+weGRe3zS0TJXFNpUcql6EdHAmYC2YYZDL1NA0ohDNxrfz/3uBJRmUjyZaQZBSoaCJYwSY6XQdeNWCINMycxIDDiG0K17DW8BvE78ktRRiVbofg1iSfMUhKGcaN33vcwEBVGGUQ6z2iDXkBE6JkPoWypICjooFpfP8IVVYpxIZUsYvFB/TxQk1XqaRrYzJWakV725+J/Xz01yGxRMZLkBQZeLkpxj++U8BhwzBdTwqSWEKmZvxXREFKHGhlWzIfirL6+TzlXD9xr+43W9eVfGUUVn6BxdIh/doCZ6QC3URhRN0DN6RW9O4bw4787HsrXilDOn6A+czx/xd5Mx</latexit><latexit sha1_base64="xnx67DtYVqDJIsPxioeQxnnlCoc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRi8cK9gPaEDabSbt0sxt2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8KONMG8/7diobm1vbO9Xd2t7+weGRe3zS0TJXFNpUcql6EdHAmYC2YYZDL1NA0ohDNxrfz/3uBJRmUjyZaQZBSoaCJYwSY6XQdeNWCINMycxIDDiG0K17DW8BvE78ktRRiVbofg1iSfMUhKGcaN33vcwEBVGGUQ6z2iDXkBE6JkPoWypICjooFpfP8IVVYpxIZUsYvFB/TxQk1XqaRrYzJWakV725+J/Xz01yGxRMZLkBQZeLkpxj++U8BhwzBdTwqSWEKmZvxXREFKHGhlWzIfirL6+TzlXD9xr+43W9eVfGUUVn6BxdIh/doCZ6QC3URhRN0DN6RW9O4bw4787HsrXilDOn6A+czx/xd5Mx</latexit><latexit sha1_base64="xnx67DtYVqDJIsPxioeQxnnlCoc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRi8cK9gPaEDabSbt0sxt2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8KONMG8/7diobm1vbO9Xd2t7+weGRe3zS0TJXFNpUcql6EdHAmYC2YYZDL1NA0ohDNxrfz/3uBJRmUjyZaQZBSoaCJYwSY6XQdeNWCINMycxIDDiG0K17DW8BvE78ktRRiVbofg1iSfMUhKGcaN33vcwEBVGGUQ6z2iDXkBE6JkPoWypICjooFpfP8IVVYpxIZUsYvFB/TxQk1XqaRrYzJWakV725+J/Xz01yGxRMZLkBQZeLkpxj++U8BhwzBdTwqSWEKmZvxXREFKHGhlWzIfirL6+TzlXD9xr+43W9eVfGUUVn6BxdIh/doCZ6QC3URhRN0DN6RW9O4bw4787HsrXilDOn6A+czx/xd5Mx</latexit>

Pq / q�0.55dq
<latexit sha1_base64="IDWq9sVha6xfNd6KiBnX9od7MBc=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR3BgSseiy6MZlBfuANobJZNIOncykMxOhxC78FTcuFHHrb7jzb5w+Ftp64MLhnHu5954wZVRp1/22CkvLK6trxfXSxubW9o69u9dQIpOY1LFgQrZCpAijnNQ11Yy0UklQEjLSDPvXY7/5QKSigt/pYUr8BHU5jSlG2kiBfVALBp1UilQLOLjPT12nUhlFg8Auu447AVwk3oyUwQy1wP7qRAJnCeEaM6RU23NT7edIaooZGZU6mSIpwn3UJW1DOUqI8vPJ/SN4bJQIxkKa4hpO1N8TOUqUGiah6UyQ7ql5byz+57UzHV/6OeVppgnH00VxxqB5dhwGjKgkWLOhIQhLam6FuIckwtpEVjIhePMvL5LGmeO5jnd7Xq5ezeIogkNwBE6ABy5AFdyAGqgDDB7BM3gFb9aT9WK9Wx/T1oI1m9kHf2B9/gDhBpVY</latexit><latexit sha1_base64="IDWq9sVha6xfNd6KiBnX9od7MBc=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR3BgSseiy6MZlBfuANobJZNIOncykMxOhxC78FTcuFHHrb7jzb5w+Ftp64MLhnHu5954wZVRp1/22CkvLK6trxfXSxubW9o69u9dQIpOY1LFgQrZCpAijnNQ11Yy0UklQEjLSDPvXY7/5QKSigt/pYUr8BHU5jSlG2kiBfVALBp1UilQLOLjPT12nUhlFg8Auu447AVwk3oyUwQy1wP7qRAJnCeEaM6RU23NT7edIaooZGZU6mSIpwn3UJW1DOUqI8vPJ/SN4bJQIxkKa4hpO1N8TOUqUGiah6UyQ7ql5byz+57UzHV/6OeVppgnH00VxxqB5dhwGjKgkWLOhIQhLam6FuIckwtpEVjIhePMvL5LGmeO5jnd7Xq5ezeIogkNwBE6ABy5AFdyAGqgDDB7BM3gFb9aT9WK9Wx/T1oI1m9kHf2B9/gDhBpVY</latexit><latexit sha1_base64="IDWq9sVha6xfNd6KiBnX9od7MBc=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR3BgSseiy6MZlBfuANobJZNIOncykMxOhxC78FTcuFHHrb7jzb5w+Ftp64MLhnHu5954wZVRp1/22CkvLK6trxfXSxubW9o69u9dQIpOY1LFgQrZCpAijnNQ11Yy0UklQEjLSDPvXY7/5QKSigt/pYUr8BHU5jSlG2kiBfVALBp1UilQLOLjPT12nUhlFg8Auu447AVwk3oyUwQy1wP7qRAJnCeEaM6RU23NT7edIaooZGZU6mSIpwn3UJW1DOUqI8vPJ/SN4bJQIxkKa4hpO1N8TOUqUGiah6UyQ7ql5byz+57UzHV/6OeVppgnH00VxxqB5dhwGjKgkWLOhIQhLam6FuIckwtpEVjIhePMvL5LGmeO5jnd7Xq5ezeIogkNwBE6ABy5AFdyAGqgDDB7BM3gFb9aT9WK9Wx/T1oI1m9kHf2B9/gDhBpVY</latexit><latexit sha1_base64="IDWq9sVha6xfNd6KiBnX9od7MBc=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR3BgSseiy6MZlBfuANobJZNIOncykMxOhxC78FTcuFHHrb7jzb5w+Ftp64MLhnHu5954wZVRp1/22CkvLK6trxfXSxubW9o69u9dQIpOY1LFgQrZCpAijnNQ11Yy0UklQEjLSDPvXY7/5QKSigt/pYUr8BHU5jSlG2kiBfVALBp1UilQLOLjPT12nUhlFg8Auu447AVwk3oyUwQy1wP7qRAJnCeEaM6RU23NT7edIaooZGZU6mSIpwn3UJW1DOUqI8vPJ/SN4bJQIxkKa4hpO1N8TOUqUGiah6UyQ7ql5byz+57UzHV/6OeVppgnH00VxxqB5dhwGjKgkWLOhIQhLam6FuIckwtpEVjIhePMvL5LGmeO5jnd7Xq5ezeIogkNwBE6ABy5AFdyAGqgDDB7BM3gFb9aT9WK9Wx/T1oI1m9kHf2B9/gDhBpVY</latexit>

0.1 < e < 1
<latexit sha1_base64="lejkLYY22KwwsDbVLTdIeT2SsSo=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiEWKoI1lBPMByRH2NnPJkr29Y3dPCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeUEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7u533lCpXksH800QT+iI8lDzqixUsetenWse4Nyxa26C5B14uWkAjmag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFuTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nvZMgVMiOmllCmuL2VsDFVlBmbUMmG4K2+vE7aV1XPpvZwXWnc5nEU4QzO4RI8qEED7qEJLWAwgWd4hTcncV6cd+dj2Vpw8plT+APn8weEdI5d</latexit><latexit sha1_base64="lejkLYY22KwwsDbVLTdIeT2SsSo=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiEWKoI1lBPMByRH2NnPJkr29Y3dPCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeUEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7u533lCpXksH800QT+iI8lDzqixUsetenWse4Nyxa26C5B14uWkAjmag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFuTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nvZMgVMiOmllCmuL2VsDFVlBmbUMmG4K2+vE7aV1XPpvZwXWnc5nEU4QzO4RI8qEED7qEJLWAwgWd4hTcncV6cd+dj2Vpw8plT+APn8weEdI5d</latexit><latexit sha1_base64="lejkLYY22KwwsDbVLTdIeT2SsSo=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiEWKoI1lBPMByRH2NnPJkr29Y3dPCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeUEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7u533lCpXksH800QT+iI8lDzqixUsetenWse4Nyxa26C5B14uWkAjmag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFuTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nvZMgVMiOmllCmuL2VsDFVlBmbUMmG4K2+vE7aV1XPpvZwXWnc5nEU4QzO4RI8qEED7qEJLWAwgWd4hTcncV6cd+dj2Vpw8plT+APn8weEdI5d</latexit><latexit sha1_base64="lejkLYY22KwwsDbVLTdIeT2SsSo=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiEWKoI1lBPMByRH2NnPJkr29Y3dPCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeUEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7u533lCpXksH800QT+iI8lDzqixUsetenWse4Nyxa26C5B14uWkAjmag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFuTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nvZMgVMiOmllCmuL2VsDFVlBmbUMmG4K2+vE7aV1XPpvZwXWnc5nEU4QzO4RI8qEED7qEJLWAwgWd4hTcncV6cd+dj2Vpw8plT+APn8weEdI5d</latexit>

dPa / x�1/2dx
<latexit sha1_base64="tG2CzFAZHwQcgiLyOiaHhE3fTo4=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqEkFRKMFSyMRaIPqQ2R4zitVSe2bAe1irLwKywMIMTKZ7DxN7htBigcydLROffq+pxAMKq043xZpaXlldW18nplY3Nre8fe3WsrnkpMWpgzLrsBUoTRhLQ01Yx0hSQoDhjpBKPrqd95IFJRntzpiSBejAYJjShG2ki+fRA2fdQXkgvN4fg+O3XP6jkMx75ddWrODPAvcQtSBQWavv3ZDzlOY5JozJBSPdcR2suQ1BQzklf6qSIC4REakJ6hCYqJ8rJZgBweGyWEEZfmJRrO1J8bGYqVmsSBmYyRHqpFbyr+5/VSHV16GU1EqkmC54eilEETdtoGDKkkWLOJIQhLav4K8RBJhLXprGJKcBcj/yXtes11au7tebVxVdRRBofgCJwAF1yABrgBTdACGOTgCbyAV+vRerberPf5aMkqdvbBL1gf34E9la4=</latexit><latexit sha1_base64="tG2CzFAZHwQcgiLyOiaHhE3fTo4=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqEkFRKMFSyMRaIPqQ2R4zitVSe2bAe1irLwKywMIMTKZ7DxN7htBigcydLROffq+pxAMKq043xZpaXlldW18nplY3Nre8fe3WsrnkpMWpgzLrsBUoTRhLQ01Yx0hSQoDhjpBKPrqd95IFJRntzpiSBejAYJjShG2ki+fRA2fdQXkgvN4fg+O3XP6jkMx75ddWrODPAvcQtSBQWavv3ZDzlOY5JozJBSPdcR2suQ1BQzklf6qSIC4REakJ6hCYqJ8rJZgBweGyWEEZfmJRrO1J8bGYqVmsSBmYyRHqpFbyr+5/VSHV16GU1EqkmC54eilEETdtoGDKkkWLOJIQhLav4K8RBJhLXprGJKcBcj/yXtes11au7tebVxVdRRBofgCJwAF1yABrgBTdACGOTgCbyAV+vRerberPf5aMkqdvbBL1gf34E9la4=</latexit><latexit sha1_base64="tG2CzFAZHwQcgiLyOiaHhE3fTo4=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqEkFRKMFSyMRaIPqQ2R4zitVSe2bAe1irLwKywMIMTKZ7DxN7htBigcydLROffq+pxAMKq043xZpaXlldW18nplY3Nre8fe3WsrnkpMWpgzLrsBUoTRhLQ01Yx0hSQoDhjpBKPrqd95IFJRntzpiSBejAYJjShG2ki+fRA2fdQXkgvN4fg+O3XP6jkMx75ddWrODPAvcQtSBQWavv3ZDzlOY5JozJBSPdcR2suQ1BQzklf6qSIC4REakJ6hCYqJ8rJZgBweGyWEEZfmJRrO1J8bGYqVmsSBmYyRHqpFbyr+5/VSHV16GU1EqkmC54eilEETdtoGDKkkWLOJIQhLav4K8RBJhLXprGJKcBcj/yXtes11au7tebVxVdRRBofgCJwAF1yABrgBTdACGOTgCbyAV+vRerberPf5aMkqdvbBL1gf34E9la4=</latexit><latexit sha1_base64="tG2CzFAZHwQcgiLyOiaHhE3fTo4=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqEkFRKMFSyMRaIPqQ2R4zitVSe2bAe1irLwKywMIMTKZ7DxN7htBigcydLROffq+pxAMKq043xZpaXlldW18nplY3Nre8fe3WsrnkpMWpgzLrsBUoTRhLQ01Yx0hSQoDhjpBKPrqd95IFJRntzpiSBejAYJjShG2ki+fRA2fdQXkgvN4fg+O3XP6jkMx75ddWrODPAvcQtSBQWavv3ZDzlOY5JozJBSPdcR2suQ1BQzklf6qSIC4REakJ6hCYqJ8rJZgBweGyWEEZfmJRrO1J8bGYqVmsSBmYyRHqpFbyr+5/VSHV16GU1EqkmC54eilEETdtoGDKkkWLOJIQhLav4K8RBJhLXprGJKcBcj/yXtes11au7tebVxVdRRBofgCJwAF1yABrgBTdACGOTgCbyAV+vRerberPf5aMkqdvbBL1gf34E9la4=</latexit>

x = Log10(a/a⇤)
<latexit sha1_base64="3mC1zGlKFCCriOhk5btMVfXMhik=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUF3URATdCEU3LlxUsA9oQ5hMJ+3QmUyYmYglZOOvuHGhiFs/w51/47TNQlsPXDiccy/33hPEjCrtON9WYWFxaXmluFpaW9/Y3LK3d5pKJBKTBhZMyHaAFGE0Ig1NNSPtWBLEA0ZawfB67LceiFRURPd6FBOPo35EQ4qRNpJv7z1epl3J4a3oZ37qOlkFnSD/+Mi3y07VmQDOEzcnZZCj7ttf3Z7ACSeRxgwp1XGdWHspkppiRrJSN1EkRniI+qRjaIQ4UV46eSCDh0bpwVBIU5GGE/X3RIq4UiMemE6O9EDNemPxP6+T6PDCS2kUJ5pEeLooTBjUAo7TgD0qCdZsZAjCkppbIR4gibA2mZVMCO7sy/OkeVp1nap7d1auXeVxFME+OAAV4IJzUAM3oA4aAIMMPINX8GY9WS/Wu/UxbS1Y+cwu+APr8wfVQ5U+</latexit><latexit sha1_base64="3mC1zGlKFCCriOhk5btMVfXMhik=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUF3URATdCEU3LlxUsA9oQ5hMJ+3QmUyYmYglZOOvuHGhiFs/w51/47TNQlsPXDiccy/33hPEjCrtON9WYWFxaXmluFpaW9/Y3LK3d5pKJBKTBhZMyHaAFGE0Ig1NNSPtWBLEA0ZawfB67LceiFRURPd6FBOPo35EQ4qRNpJv7z1epl3J4a3oZ37qOlkFnSD/+Mi3y07VmQDOEzcnZZCj7ttf3Z7ACSeRxgwp1XGdWHspkppiRrJSN1EkRniI+qRjaIQ4UV46eSCDh0bpwVBIU5GGE/X3RIq4UiMemE6O9EDNemPxP6+T6PDCS2kUJ5pEeLooTBjUAo7TgD0qCdZsZAjCkppbIR4gibA2mZVMCO7sy/OkeVp1nap7d1auXeVxFME+OAAV4IJzUAM3oA4aAIMMPINX8GY9WS/Wu/UxbS1Y+cwu+APr8wfVQ5U+</latexit><latexit sha1_base64="3mC1zGlKFCCriOhk5btMVfXMhik=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUF3URATdCEU3LlxUsA9oQ5hMJ+3QmUyYmYglZOOvuHGhiFs/w51/47TNQlsPXDiccy/33hPEjCrtON9WYWFxaXmluFpaW9/Y3LK3d5pKJBKTBhZMyHaAFGE0Ig1NNSPtWBLEA0ZawfB67LceiFRURPd6FBOPo35EQ4qRNpJv7z1epl3J4a3oZ37qOlkFnSD/+Mi3y07VmQDOEzcnZZCj7ttf3Z7ACSeRxgwp1XGdWHspkppiRrJSN1EkRniI+qRjaIQ4UV46eSCDh0bpwVBIU5GGE/X3RIq4UiMemE6O9EDNemPxP6+T6PDCS2kUJ5pEeLooTBjUAo7TgD0qCdZsZAjCkppbIR4gibA2mZVMCO7sy/OkeVp1nap7d1auXeVxFME+OAAV4IJzUAM3oA4aAIMMPINX8GY9WS/Wu/UxbS1Y+cwu+APr8wfVQ5U+</latexit><latexit sha1_base64="3mC1zGlKFCCriOhk5btMVfXMhik=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUF3URATdCEU3LlxUsA9oQ5hMJ+3QmUyYmYglZOOvuHGhiFs/w51/47TNQlsPXDiccy/33hPEjCrtON9WYWFxaXmluFpaW9/Y3LK3d5pKJBKTBhZMyHaAFGE0Ig1NNSPtWBLEA0ZawfB67LceiFRURPd6FBOPo35EQ4qRNpJv7z1epl3J4a3oZ37qOlkFnSD/+Mi3y07VmQDOEzcnZZCj7ttf3Z7ACSeRxgwp1XGdWHspkppiRrJSN1EkRniI+qRjaIQ4UV46eSCDh0bpwVBIU5GGE/X3RIq4UiMemE6O9EDNemPxP6+T6PDCS2kUJ5pEeLooTBjUAo7TgD0qCdZsZAjCkppbIR4gibA2mZVMCO7sy/OkeVp1nap7d1auXeVxFME+OAAV4IJzUAM3oA4aAIMMPINX8GY9WS/Wu/UxbS1Y+cwu+APr8wfVQ5U+</latexit>

0.06 < a < 2400 AU
<latexit sha1_base64="XNNsLTOLSPl4tG/q8pqg1H1LW8w=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZRMKSrYRdWNywpOW+gMJZNm2tBkZkgyQhkKbvwVNy4UcetPuPNvTB8LbT1w4XDOvdx7T5BwpjRC31ZuaXlldS2/XtjY3NresXf3GipOJaEuiXksWwFWlLOIupppTluJpFgEnDaDwc3Ybz5QqVgc3ethQn2BexELGcHaSB37AJXQGaziqncKyxWEvEuYeVLAK3fUsYvGnAAuEmdGimCGesf+8roxSQWNNOFYqbaDEu1nWGpGOB0VvFTRBJMB7tG2oREWVPnZ5IcRPDZKF4axNBVpOFF/T2RYKDUUgekUWPfVvDcW//PaqQ4v/IxFSappRKaLwpRDHcNxILDLJCWaDw3BRDJzKyR9LDHRJraCCcGZf3mRNMolB5Wcu0qxdj2LIw8OwRE4AQ44BzVwC+rABQQ8gmfwCt6sJ+vFerc+pq05azazD/7A+vwB3O2Ueg==</latexit><latexit sha1_base64="XNNsLTOLSPl4tG/q8pqg1H1LW8w=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZRMKSrYRdWNywpOW+gMJZNm2tBkZkgyQhkKbvwVNy4UcetPuPNvTB8LbT1w4XDOvdx7T5BwpjRC31ZuaXlldS2/XtjY3NresXf3GipOJaEuiXksWwFWlLOIupppTluJpFgEnDaDwc3Ybz5QqVgc3ethQn2BexELGcHaSB37AJXQGaziqncKyxWEvEuYeVLAK3fUsYvGnAAuEmdGimCGesf+8roxSQWNNOFYqbaDEu1nWGpGOB0VvFTRBJMB7tG2oREWVPnZ5IcRPDZKF4axNBVpOFF/T2RYKDUUgekUWPfVvDcW//PaqQ4v/IxFSappRKaLwpRDHcNxILDLJCWaDw3BRDJzKyR9LDHRJraCCcGZf3mRNMolB5Wcu0qxdj2LIw8OwRE4AQ44BzVwC+rABQQ8gmfwCt6sJ+vFerc+pq05azazD/7A+vwB3O2Ueg==</latexit><latexit sha1_base64="XNNsLTOLSPl4tG/q8pqg1H1LW8w=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZRMKSrYRdWNywpOW+gMJZNm2tBkZkgyQhkKbvwVNy4UcetPuPNvTB8LbT1w4XDOvdx7T5BwpjRC31ZuaXlldS2/XtjY3NresXf3GipOJaEuiXksWwFWlLOIupppTluJpFgEnDaDwc3Ybz5QqVgc3ethQn2BexELGcHaSB37AJXQGaziqncKyxWEvEuYeVLAK3fUsYvGnAAuEmdGimCGesf+8roxSQWNNOFYqbaDEu1nWGpGOB0VvFTRBJMB7tG2oREWVPnZ5IcRPDZKF4axNBVpOFF/T2RYKDUUgekUWPfVvDcW//PaqQ4v/IxFSappRKaLwpRDHcNxILDLJCWaDw3BRDJzKyR9LDHRJraCCcGZf3mRNMolB5Wcu0qxdj2LIw8OwRE4AQ44BzVwC+rABQQ8gmfwCt6sJ+vFerc+pq05azazD/7A+vwB3O2Ueg==</latexit><latexit sha1_base64="XNNsLTOLSPl4tG/q8pqg1H1LW8w=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZRMKSrYRdWNywpOW+gMJZNm2tBkZkgyQhkKbvwVNy4UcetPuPNvTB8LbT1w4XDOvdx7T5BwpjRC31ZuaXlldS2/XtjY3NresXf3GipOJaEuiXksWwFWlLOIupppTluJpFgEnDaDwc3Ybz5QqVgc3ethQn2BexELGcHaSB37AJXQGaziqncKyxWEvEuYeVLAK3fUsYvGnAAuEmdGimCGesf+8roxSQWNNOFYqbaDEu1nWGpGOB0VvFTRBJMB7tG2oREWVPnZ5IcRPDZKF4axNBVpOFF/T2RYKDUUgekUWPfVvDcW//PaqQ4v/IxFSappRKaLwpRDHcNxILDLJCWaDw3BRDJzKyR9LDHRJraCCcGZf3mRNMolB5Wcu0qxdj2LIw8OwRE4AQ44BzVwC+rABQQ8gmfwCt6sJ+vFerc+pq05azazD/7A+vwB3O2Ueg==</latexit>

Mmin = 0.054M�
<latexit sha1_base64="qxHWldV4QbPBKg/jKdMTEwsD9eg=">AAACBHicbVC7SgNBFJ2NrxhfUcs0g0GwkLArEW2EoI1NIIJ5QHZZZmcnyZB5LDOzQlhS2PgrNhaK2PoRdv6Nk0ehiQcuHM65l3vviRJGtXHdbye3srq2vpHfLGxt7+zuFfcPWlqmCpMmlkyqToQ0YVSQpqGGkU6iCOIRI+1oeDPx2w9EaSrFvRklJOCoL2iPYmSsFBZLsB5mvuKQUzG+civuedU/rYe+jKUJi2UrTAGXiTcnZTBHIyx++bHEKSfCYIa07npuYoIMKUMxI+OCn2qSIDxEfdK1VCBOdJBNnxjDY6vEsCeVLWHgVP09kSGu9YhHtpMjM9CL3kT8z+umpncZZFQkqSECzxb1UgaNhJNEYEwVwYaNLEFYUXsrxAOkEDY2t4INwVt8eZm0ziqeW/HuquXa9TyOPCiBI3ACPHABauAWNEATYPAInsEreHOenBfn3fmYteac+cwh+APn8wdMgZaW</latexit><latexit sha1_base64="qxHWldV4QbPBKg/jKdMTEwsD9eg=">AAACBHicbVC7SgNBFJ2NrxhfUcs0g0GwkLArEW2EoI1NIIJ5QHZZZmcnyZB5LDOzQlhS2PgrNhaK2PoRdv6Nk0ehiQcuHM65l3vviRJGtXHdbye3srq2vpHfLGxt7+zuFfcPWlqmCpMmlkyqToQ0YVSQpqGGkU6iCOIRI+1oeDPx2w9EaSrFvRklJOCoL2iPYmSsFBZLsB5mvuKQUzG+civuedU/rYe+jKUJi2UrTAGXiTcnZTBHIyx++bHEKSfCYIa07npuYoIMKUMxI+OCn2qSIDxEfdK1VCBOdJBNnxjDY6vEsCeVLWHgVP09kSGu9YhHtpMjM9CL3kT8z+umpncZZFQkqSECzxb1UgaNhJNEYEwVwYaNLEFYUXsrxAOkEDY2t4INwVt8eZm0ziqeW/HuquXa9TyOPCiBI3ACPHABauAWNEATYPAInsEreHOenBfn3fmYteac+cwh+APn8wdMgZaW</latexit><latexit sha1_base64="qxHWldV4QbPBKg/jKdMTEwsD9eg=">AAACBHicbVC7SgNBFJ2NrxhfUcs0g0GwkLArEW2EoI1NIIJ5QHZZZmcnyZB5LDOzQlhS2PgrNhaK2PoRdv6Nk0ehiQcuHM65l3vviRJGtXHdbye3srq2vpHfLGxt7+zuFfcPWlqmCpMmlkyqToQ0YVSQpqGGkU6iCOIRI+1oeDPx2w9EaSrFvRklJOCoL2iPYmSsFBZLsB5mvuKQUzG+civuedU/rYe+jKUJi2UrTAGXiTcnZTBHIyx++bHEKSfCYIa07npuYoIMKUMxI+OCn2qSIDxEfdK1VCBOdJBNnxjDY6vEsCeVLWHgVP09kSGu9YhHtpMjM9CL3kT8z+umpncZZFQkqSECzxb1UgaNhJNEYEwVwYaNLEFYUXsrxAOkEDY2t4INwVt8eZm0ziqeW/HuquXa9TyOPCiBI3ACPHABauAWNEATYPAInsEreHOenBfn3fmYteac+cwh+APn8wdMgZaW</latexit><latexit sha1_base64="qxHWldV4QbPBKg/jKdMTEwsD9eg=">AAACBHicbVC7SgNBFJ2NrxhfUcs0g0GwkLArEW2EoI1NIIJ5QHZZZmcnyZB5LDOzQlhS2PgrNhaK2PoRdv6Nk0ehiQcuHM65l3vviRJGtXHdbye3srq2vpHfLGxt7+zuFfcPWlqmCpMmlkyqToQ0YVSQpqGGkU6iCOIRI+1oeDPx2w9EaSrFvRklJOCoL2iPYmSsFBZLsB5mvuKQUzG+civuedU/rYe+jKUJi2UrTAGXiTcnZTBHIyx++bHEKSfCYIa07npuYoIMKUMxI+OCn2qSIDxEfdK1VCBOdJBNnxjDY6vEsCeVLWHgVP09kSGu9YhHtpMjM9CL3kT8z+umpncZZFQkqSECzxb1UgaNhJNEYEwVwYaNLEFYUXsrxAOkEDY2t4INwVt8eZm0ziqeW/HuquXa9TyOPCiBI3ACPHABauAWNEATYPAInsEreHOenBfn3fmYteac+cwh+APn8wdMgZaW</latexit>

Stacey and Bromm, 
2013

Hartwig et al, 2016

How many binaries?

Mass ratio in binaries?

Distribution of eccentricities?

Semi-major axis?

For example:
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Are these black holes merging 
today?

Tmerge =
(3⇥ 109yr)M3

�
m1m2(m1 +m2)

⇣ a

0.01 AU

⌘4
(1� e2)7/2

<latexit sha1_base64="vbvhE8tidLUs/P3sHQDJI8/Ae7c="></latexit><latexit sha1_base64="vbvhE8tidLUs/P3sHQDJI8/Ae7c="></latexit><latexit sha1_base64="vbvhE8tidLUs/P3sHQDJI8/Ae7c="></latexit><latexit sha1_base64="vbvhE8tidLUs/P3sHQDJI8/Ae7c="></latexit>

The spectrum of 
those that are:
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<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>
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Estimated LIGO rates
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<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mH
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To Do
1. Keep looking…(O3 results…) 
2. Improve the particle physics to black 

hole modeling (H2 cooling, KROME) 
3. Put existing results together for LIGO 

constrains 
4. Connect to larger-scale structure  
5. Explore particle models more broadly
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make significant 
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a simple example 
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cooling rate 
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• Enough DM to 
make significant 
number of objects 

• No obstruction for 
a simple example 

• LIGO constrains 
cooling rate 
(chemistry!) of 
dark sector
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Cosmology with extra cold dark matter
•Relativistic degrees of freedom not very constraining: 
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•Far fewer dark photons per dark baryon vs SM: 
⌘D,10 = 1010nDb/n�̃
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•Dark recombination and decoupling is early:

•Damping scale is larger than DAO scale:

X freeze
De ⇡ 5⇥ 10�8
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k�1

d
⇠ 0.24 Mpc > dDAO ⇡ 0.02 Mpc
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