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Answering yesterday’s question
✴What are the 10 parameters used to model the 
maximum-mass investigation?

ratio of masses along critical line; fraction of the HMNS 
rest-mass contained in the uniformly rotating core; ratio 
between baryon and gravitational mass; mass lost in 
GWs in the inspiral; mass ejected leading to blue 
kilonova; mass ejected leading to red kilonova; maximum 
mass; symmetric mass ratio; fraction of the disk baryon 
mass leading to a red kilonova; fraction of HMNS 
angular momentum not contained in the formed BH.

Nathanail, Most, LR (ApJL 908, 2, 2021)



Threshold Mass to 
prompt collapse



Remember this diagram?

✴If mass sufficiently large, no HMNS and the merger 
“promptly” leads to a black-hole formation.
✴The threshold mass marks the separation from the 
two scenarios.



✴ The problem is less simple than it may appear at first sight; 
definition of  “prompt” collapse can be rather vague.

✴ Generic collapse depends on angular momentum of the 
star, e.g. rotating or nonrotating.

✴ Generic collapse depends on EOS.

✴ Prompt collapse is essentially insensitive: gravity prevails!

Some things to ponder about “prompt” collapse

If rigorous definitions are made (not everybody does!), 
possible to obtain quasi-universal behaviour.

What to expect is clear : the HMNS will survive less and less 
as the threshold is reached

⌧
HMNS

! 0 for M ! Mth
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1. Select useful EOSs that self-consistently incorporate 
finite-temperature effects.



2. Determine rigorous definition of  ”prompt” collapse 
and produce dimensionless quantity

tmerg : min(↵) = ↵merg := 0.35 ,

t
BH

: min(↵) = ↵
BH

:= 0.2 .
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extremely robust and 
EOS independent

tcoll := t
BH

� tmerg
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Define        as the time between the merger and the 
appearance of a black hole.

tcoll := t
BH

� tmerg
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⌧↵(M,R) :=
⇡

2

r
R3

2M
.
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free-fall timescale in Oppenheimer 
-Snyder collapse (no EOS!)

Compare        with the free-fall timescaletcoll := t
BH

� tmerg
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3. Express measured values in terms of dimensionless 
collapse time.

Mth

M
TOV

⇡ 1.415 ,
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first rough estimate

Fit behaviour and extrapolate to the limit of free-fall
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4. Seek universal behaviour in terms of maximum 
compactness C

TOV
:= (M/R)

TOV
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,

<latexit sha1_base64="G8m8m5QhFkOpgTr9obO+Q9oD2ng="></latexit>

Mth/MTOV
! 0 for C

TOV
! 1/2
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Mth/MTOV
! 0 for C

TOV
! 1/2
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Mth/MTOV
! 0 for C

TOV
! 1/2
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requiring that 

Overall, given reasonable values for the compactness, 
the threshold mass is Mth/MTOV

' 1.3� 1.5
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Mtot = 2.74+0.04
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GW170817

so that

5. Since                                   , for any value of         
and       there and will be a corresponding value of 

Mth = Mth(RTOV
,M

TOV
)
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Since mass of GW170817 is known and did not lead 
to a prompt collapse: constraint on         from belowMth = Mth(RTOV

,M
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Tighter constraint than Bauswein+ 2017: R
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6. The same logic can be applied for any compactness, 
i.e.,                   and obtain a minimum radius as a 
function of the mass

Rx = �0.88M2 + 2.66M + 8.91
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R1.4 � 10.92 km
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R1.6 � 10.90 km

<latexit sha1_base64="nZIGzFWOXh8fk7miCmQtPABXz7g=">AAACBXicdVDLSsNAFJ3UV62vqEtdDBbBhYRE6qO7ohuXVewDmhAm00k7dCaJMxOhhGzc+CtuXCji1n9w5984fQg+D1w4nHMv994TJIxKZdvvRmFmdm5+obhYWlpeWV0z1zeaMk4FJg0cs1i0AyQJoxFpKKoYaSeCIB4w0goGZyO/dUOEpHF0pYYJ8TjqRTSkGCkt+eb2pZ851lEO3R65ho5tVW13P3MFhwOe+2ZZC1VbA/4mjmWPUQZT1H3zze3GOOUkUpghKTuOnSgvQ0JRzEheclNJEoQHqEc6mkaIE+ll4y9yuKuVLgxjoStScKx+ncgQl3LIA93JkerLn95I/MvrpCo88TIaJakiEZ4sClMGVQxHkcAuFQQrNtQEYUH1rRD3kUBY6eBKOoTPT+H/pHlgORXr8KJSrp1O4yiCLbAD9oADjkENnIM6aAAMbsE9eARPxp3xYDwbL5PWgjGd2QTfYLx+AJoclsM=</latexit>

Example:
R1.6 � 10.30 km



When did the merger of 
GW170817 collapse to a BH?

Gill, Nathanail, LR (2019)




Why is this important?

•If it collapsed too early it would have not 
ejected the matter that we can deduce 
from the kilonova emission.


•If it collapsed too late it would have not 
produced the delay we have observed of.


•The more the mass ejected, the longer for 
the jet to bore its way and breakout.

Conservative assumption: the remnant of GW170817 
collapsed to a BH. GRB observed at tdel = 1.74± 0.05 s

<latexit sha1_base64="Vbr30BZrJOXY40/D8e0JWKEd7BE=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPMhoZTIvwtCLxwnuBdZS0jTdwpK2JKkwSq9e/CpePCji1W/gzW9j1vWgm38I/PJ/nofk+fsJo1JZ1rdRWVldW9+obta2tnd298z9g56MU4FJF8csFgMfScJoRLqKKkYGiSCI+4z0/cnNrN5/IELSOLpX04S4HI0iGlKMlLY8EyovcwSHAWH5ld1oNZ2EWw3rwjkrbJl7Zl3fC8FlsEuog1Idz/xyghinnEQKMyTl0LYS5WZIKIoZyWtOKkmC8ASNyFBjhDiRblZsksMT7QQwjIU+kYKF+3siQ1zKKfd1J0dqLBdrM/O/2jBV4aWb0ShJFYnw/KEwZVDFcBYLDKggWLGpBoQF1X+FeIwEwkqHV9Mh2IsrL0PvvGFrvmvW29dlHFVwBI7BKbBBC7TBLeiALsDgETyDV/BmPBkvxrvxMW+tGOXMIfgj4/MH/LuYlw==</latexit><latexit sha1_base64="Vbr30BZrJOXY40/D8e0JWKEd7BE=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPMhoZTIvwtCLxwnuBdZS0jTdwpK2JKkwSq9e/CpePCji1W/gzW9j1vWgm38I/PJ/nofk+fsJo1JZ1rdRWVldW9+obta2tnd298z9g56MU4FJF8csFgMfScJoRLqKKkYGiSCI+4z0/cnNrN5/IELSOLpX04S4HI0iGlKMlLY8EyovcwSHAWH5ld1oNZ2EWw3rwjkrbJl7Zl3fC8FlsEuog1Idz/xyghinnEQKMyTl0LYS5WZIKIoZyWtOKkmC8ASNyFBjhDiRblZsksMT7QQwjIU+kYKF+3siQ1zKKfd1J0dqLBdrM/O/2jBV4aWb0ShJFYnw/KEwZVDFcBYLDKggWLGpBoQF1X+FeIwEwkqHV9Mh2IsrL0PvvGFrvmvW29dlHFVwBI7BKbBBC7TBLeiALsDgETyDV/BmPBkvxrvxMW+tGOXMIfgj4/MH/LuYlw==</latexit><latexit sha1_base64="Vbr30BZrJOXY40/D8e0JWKEd7BE=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPMhoZTIvwtCLxwnuBdZS0jTdwpK2JKkwSq9e/CpePCji1W/gzW9j1vWgm38I/PJ/nofk+fsJo1JZ1rdRWVldW9+obta2tnd298z9g56MU4FJF8csFgMfScJoRLqKKkYGiSCI+4z0/cnNrN5/IELSOLpX04S4HI0iGlKMlLY8EyovcwSHAWH5ld1oNZ2EWw3rwjkrbJl7Zl3fC8FlsEuog1Idz/xyghinnEQKMyTl0LYS5WZIKIoZyWtOKkmC8ASNyFBjhDiRblZsksMT7QQwjIU+kYKF+3siQ1zKKfd1J0dqLBdrM/O/2jBV4aWb0ShJFYnw/KEwZVDFcBYLDKggWLGpBoQF1X+FeIwEwkqHV9Mh2IsrL0PvvGFrvmvW29dlHFVwBI7BKbBBC7TBLeiALsDgETyDV/BmPBkvxrvxMW+tGOXMIfgj4/MH/LuYlw==</latexit><latexit sha1_base64="Vbr30BZrJOXY40/D8e0JWKEd7BE=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPMhoZTIvwtCLxwnuBdZS0jTdwpK2JKkwSq9e/CpePCji1W/gzW9j1vWgm38I/PJ/nofk+fsJo1JZ1rdRWVldW9+obta2tnd298z9g56MU4FJF8csFgMfScJoRLqKKkYGiSCI+4z0/cnNrN5/IELSOLpX04S4HI0iGlKMlLY8EyovcwSHAWH5ld1oNZ2EWw3rwjkrbJl7Zl3fC8FlsEuog1Idz/xyghinnEQKMyTl0LYS5WZIKIoZyWtOKkmC8ASNyFBjhDiRblZsksMT7QQwjIU+kYKF+3siQ1zKKfd1J0dqLBdrM/O/2jBV4aWb0ShJFYnw/KEwZVDFcBYLDKggWLGpBoQF1X+FeIwEwkqHV9Mh2IsrL0PvvGFrvmvW29dlHFVwBI7BKbBBC7TBLeiALsDgETyDV/BmPBkvxrvxMW+tGOXMIfgj4/MH/LuYlw==</latexit>

However, when did it actually collapse?



Ejection of mass
•After merger mass is lost in many different channels 
(shock heating, neutrino or magnetic-driven winds) and on 
very different timescales (dynamical and secular).

0.2 . Ye . 0.3
<latexit sha1_base64="sjXz8dMUQgLh6FBn3WehNfz1MMA=">AAACBnicdVBLS4JBFL1fT7OXFbSJYEiCVjKaUO6kNi0V8hEqNt941cH5HszMF4i4atNfadOiiLb9hnZt+i2Nj8iiDlw4c869zL3HDaXQhtJ3Z25+YXFpObYSX11b39hMbG2XdRApjiUeyEBVXaZRCh9LRhiJ1VAh81yJFbd3PvIrN6i0CPxL0w+x4bGOL9qCM2OlZmKfpjKkLlFrLTxy1cTvB00dNxNJmqJjkBmSy+ZolpL0VEnmd4sf1wBQaCbe6q2ARx76hkumdS1NQ9MYMGUElziM1yONIeM91sGapT7zUDcG4zOG5NAqLdIOlC3fkLE6OzFgntZ9z7WdHjNd/dsbiX95tci0TxsD4YeRQZ9PPmpHkpiAjDIhLaGQG9m3hHEl7K6Ed5li3Njk4jaEr0vJ/6ScSaUtL9o0zmCCGOzBARxBGk4gDxdQgBJwuIV7eIQn5855cJ6dl0nrnDOd2YEfcF4/AUOYmT4=</latexit><latexit sha1_base64="U8CbIQQFfxQjZp7Y3Zb4HV7jvMI=">AAACBnicdVC7SgNBFJ31GeNrVbARYTAIVmESA5ouxMYyAfOQZAmzk5tkyOyDmVkhLKls/BULLRSxtfAL7Gz8FicPMYoeuHDmnHuZe48bCq40Ie/W3PzC4tJyYiW5ura+sWlvbVdVEEkGFRaIQNZdqkBwHyqaawH1UAL1XAE1t3828mtXIBUP/As9CMHxaNfnHc6oNlLL3ifpLG4KUEpxD1+24PtB0sctO0XSZAw8Q/K5PMkRnJkqqcJu+YPfFV9LLfut2Q5Y5IGvmaBKNTIk1E5MpeZMwDDZjBSElPVpFxqG+tQD5cTjM4b40Cht3AmkKV/jsTo7EVNPqYHnmk6P6p767Y3Ev7xGpDunTsz9MNLgs8lHnUhgHeBRJrjNJTAtBoZQJrnZFbMelZRpk1zShPB1Kf6fVLPpjOFlk0YRTZBAe+gAHaEMOkEFdI5KqIIYuka36AE9WjfWvfVkPU9a56zpzA76AevlE5TZmvo=</latexit><latexit sha1_base64="U8CbIQQFfxQjZp7Y3Zb4HV7jvMI=">AAACBnicdVC7SgNBFJ31GeNrVbARYTAIVmESA5ouxMYyAfOQZAmzk5tkyOyDmVkhLKls/BULLRSxtfAL7Gz8FicPMYoeuHDmnHuZe48bCq40Ie/W3PzC4tJyYiW5ura+sWlvbVdVEEkGFRaIQNZdqkBwHyqaawH1UAL1XAE1t3828mtXIBUP/As9CMHxaNfnHc6oNlLL3ifpLG4KUEpxD1+24PtB0sctO0XSZAw8Q/K5PMkRnJkqqcJu+YPfFV9LLfut2Q5Y5IGvmaBKNTIk1E5MpeZMwDDZjBSElPVpFxqG+tQD5cTjM4b40Cht3AmkKV/jsTo7EVNPqYHnmk6P6p767Y3Ev7xGpDunTsz9MNLgs8lHnUhgHeBRJrjNJTAtBoZQJrnZFbMelZRpk1zShPB1Kf6fVLPpjOFlk0YRTZBAe+gAHaEMOkEFdI5KqIIYuka36AE9WjfWvfVkPU9a56zpzA76AevlE5TZmvo=</latexit><latexit sha1_base64="nKoUfg6YVbl9YB5Jl43rvXH1m5w=">AAACBnicdVDLSgMxFM34rPU16lKEYBFclbQWtLuiG5cV7EPaYcikt21oMjMkGaGUrtz4K25cKOLWb3Dn35i2I1bRAxdOzrmX3HuCWHBtCPlwFhaXlldWM2vZ9Y3NrW13Z7euo0QxqLFIRKoZUA2Ch1Az3AhoxgqoDAQ0gsHFxG/cgtI8Cq/NMAZP0l7Iu5xRYyXfPSD5Im4L0FpziW98+H6Q/Inv5kieTIHnSLlUJiWCC6mSQymqvvve7kQskRAaJqjWrQKJjTeiynAmYJxtJxpiyga0By1LQypBe6PpGWN8ZJUO7kbKVmjwVJ2fGFGp9VAGtlNS09e/vYn4l9dKTPfMG/EwTgyEbPZRNxHYRHiSCe5wBcyIoSWUKW53xaxPFWXGJpe1IXxdiv8n9WK+YPkVyVXO0zgyaB8domNUQKeogi5RFdUQQ3foAT2hZ+feeXRenNdZ64KTzuyhH3DePgG08ZdZ</latexit>

Ye . 0.2
<latexit sha1_base64="tpAdjOGClkbup6TTZz2IildqZcs=">AAAB+XicdVDLSgNBEOyNrxhfq4IXL4MieAo7UckeRS8eEzA+SJY4O+nokNkHM7NCWPInXjwo4tU/8ebFb3E2UVDRgoaaqm6mu8JUCm08780pTU3PzM6V5ysLi0vLK+7q2plOMsWxxROZqIuQaZQixpYRRuJFqpBFocTzcHBc+Oe3qLRI4lMzTDGI2HUs+oIzY6Wu6152kXQkaq1FRLxqretue1Xfp7V9WjxrB3vULwilnl8ntOqNsX240Xy/AoBG133t9BKeRRgbLpnWbeqlJsiZMoJLHFU6mcaU8QG7xralMYtQB/l48xHZsUqP9BNlKzZkrH6fyFmk9TAKbWfEzI3+7RXiX147M30/yEWcZgZjPvmon0liElLEQHpCITdyaAnjSthdCb9hinFjw6rYEL4uJf+Ts1qVWt60aRzBBGXYhC3YBQp1OIQTaEALONzCHTzAo5M7986T8zxpLTmfM+vwA87LB+qglLU=</latexit><latexit sha1_base64="ldfGoCDN0qEZXw+RXZmJHCG2GMo=">AAAB+XicdVDLSgMxFM3UV62vUcGNm2ARXJVJVTrLUjcuW7APaUvJpLdtaOZBkimUoX/ixoUigit/wS9w58ZvMdMqqOiBCyfn3EvuPV4kuNKO82ZllpZXVtey67mNza3tHXt3r6HCWDKos1CEsuVRBYIHUNdcC2hFEqjvCWh644vUb05AKh4GV3oaQdenw4APOKPaSD3bvu4B7ghQSnEfO4Viz847BdclxTOSPovnp8RNCSGOW8Kk4MyRLx/U3vlT5aXas187/ZDFPgSaCapUmziR7iZUas4EzHKdWEFE2ZgOoW1oQH1Q3WS++QwfG6WPB6E0FWg8V79PJNRXaup7ptOneqR+e6n4l9eO9cDtJjyIYg0BW3w0iAXWIU5jwH0ugWkxNYQyyc2umI2opEybsHImhK9L8f+kUSwQw2smjQpaIIsO0RE6QQSVUBldoiqqI4Ym6AbdoXsrsW6tB+tx0ZqxPmf20Q9Yzx878JZx</latexit><latexit sha1_base64="ldfGoCDN0qEZXw+RXZmJHCG2GMo=">AAAB+XicdVDLSgMxFM3UV62vUcGNm2ARXJVJVTrLUjcuW7APaUvJpLdtaOZBkimUoX/ixoUigit/wS9w58ZvMdMqqOiBCyfn3EvuPV4kuNKO82ZllpZXVtey67mNza3tHXt3r6HCWDKos1CEsuVRBYIHUNdcC2hFEqjvCWh644vUb05AKh4GV3oaQdenw4APOKPaSD3bvu4B7ghQSnEfO4Viz847BdclxTOSPovnp8RNCSGOW8Kk4MyRLx/U3vlT5aXas187/ZDFPgSaCapUmziR7iZUas4EzHKdWEFE2ZgOoW1oQH1Q3WS++QwfG6WPB6E0FWg8V79PJNRXaup7ptOneqR+e6n4l9eO9cDtJjyIYg0BW3w0iAXWIU5jwH0ugWkxNYQyyc2umI2opEybsHImhK9L8f+kUSwQw2smjQpaIIsO0RE6QQSVUBldoiqqI4Ym6AbdoXsrsW6tB+tx0ZqxPmf20Q9Yzx878JZx</latexit><latexit sha1_base64="1aLCGisBEC2k7zpx4kMV5SJ/nEY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwVSaj0lkW3bisYGulHUomvdOGZh4kmUIZ+iduXCji1j9x59+YaSuo6IELJ+fcS+49QSq40o7zYZVWVtfWN8qbla3tnd09e/+grZJMMmixRCSyE1AFgsfQ0lwL6KQSaBQIuAvGV4V/NwGpeBLf6mkKfkSHMQ85o9pIfdu+7wPuCVBK8Qg7NbdvV52a5xH3nBRP9+KMeAUhxPHqmNScOapoiWbffu8NEpZFEGsmqFJd4qTaz6nUnAmYVXqZgpSyMR1C19CYRqD8fL75DJ8YZYDDRJqKNZ6r3ydyGik1jQLTGVE9Ur+9QvzL62Y69Pycx2mmIWaLj8JMYJ3gIgY84BKYFlNDKJPc7IrZiErKtAmrYkL4uhT/T9pujRh+41Qbl8s4yugIHaNTRFAdNdA1aqIWYmiCHtATerZy69F6sV4XrSVrOXOIfsB6+wRcCJLQ</latexit>
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Ejection of mass
•Shown are the mass-ejection rates  
deduced from numerical simulations.


•        : matter ejected dynamically


•       : matter ejected via neutrino-
driven winds


•      : matter ejected via magnetically 
driven winds

Mdyn
<latexit sha1_base64="tNGNSg6JKipG3idzo6PwERsq7CI=">AAAB8nicbZDLSsNAFIYn9VbrrerSzWARXJVEBF0W3bgRKtgLpKFMJpN26MwkzJwIIfQx3LhQxK1P4863cdpmoa0/DHz85xzmnD9MBTfgut9OZW19Y3Orul3b2d3bP6gfHnVNkmnKOjQRie6HxDDBFesAB8H6qWZEhoL1wsntrN57YtrwRD1CnrJAkpHiMacErOXfD4uBljjK1XRYb7hNdy68Cl4JDVSqPax/DaKEZpIpoIIY43tuCkFBNHAq2LQ2yAxLCZ2QEfMtKiKZCYr5ylN8Zp0Ix4m2TwGeu78nCiKNyWVoOyWBsVmuzcz/an4G8XVQcJVmwBRdfBRnAkOCZ/fjiGtGQeQWCNXc7orpmGhCwaZUsyF4yyevQvei6Vl+uGy0bso4qugEnaJz5KEr1EJ3qI06iKIEPaNX9OaA8+K8Ox+L1opTzhyjP3I+fwA2y5Ey</latexit><latexit sha1_base64="tNGNSg6JKipG3idzo6PwERsq7CI=">AAAB8nicbZDLSsNAFIYn9VbrrerSzWARXJVEBF0W3bgRKtgLpKFMJpN26MwkzJwIIfQx3LhQxK1P4863cdpmoa0/DHz85xzmnD9MBTfgut9OZW19Y3Orul3b2d3bP6gfHnVNkmnKOjQRie6HxDDBFesAB8H6qWZEhoL1wsntrN57YtrwRD1CnrJAkpHiMacErOXfD4uBljjK1XRYb7hNdy68Cl4JDVSqPax/DaKEZpIpoIIY43tuCkFBNHAq2LQ2yAxLCZ2QEfMtKiKZCYr5ylN8Zp0Ix4m2TwGeu78nCiKNyWVoOyWBsVmuzcz/an4G8XVQcJVmwBRdfBRnAkOCZ/fjiGtGQeQWCNXc7orpmGhCwaZUsyF4yyevQvei6Vl+uGy0bso4qugEnaJz5KEr1EJ3qI06iKIEPaNX9OaA8+K8Ox+L1opTzhyjP3I+fwA2y5Ey</latexit><latexit sha1_base64="tNGNSg6JKipG3idzo6PwERsq7CI=">AAAB8nicbZDLSsNAFIYn9VbrrerSzWARXJVEBF0W3bgRKtgLpKFMJpN26MwkzJwIIfQx3LhQxK1P4863cdpmoa0/DHz85xzmnD9MBTfgut9OZW19Y3Orul3b2d3bP6gfHnVNkmnKOjQRie6HxDDBFesAB8H6qWZEhoL1wsntrN57YtrwRD1CnrJAkpHiMacErOXfD4uBljjK1XRYb7hNdy68Cl4JDVSqPax/DaKEZpIpoIIY43tuCkFBNHAq2LQ2yAxLCZ2QEfMtKiKZCYr5ylN8Zp0Ix4m2TwGeu78nCiKNyWVoOyWBsVmuzcz/an4G8XVQcJVmwBRdfBRnAkOCZ/fjiGtGQeQWCNXc7orpmGhCwaZUsyF4yyevQvei6Vl+uGy0bso4qugEnaJz5KEr1EJ3qI06iKIEPaNX9OaA8+K8Ox+L1opTzhyjP3I+fwA2y5Ey</latexit><latexit sha1_base64="tNGNSg6JKipG3idzo6PwERsq7CI=">AAAB8nicbZDLSsNAFIYn9VbrrerSzWARXJVEBF0W3bgRKtgLpKFMJpN26MwkzJwIIfQx3LhQxK1P4863cdpmoa0/DHz85xzmnD9MBTfgut9OZW19Y3Orul3b2d3bP6gfHnVNkmnKOjQRie6HxDDBFesAB8H6qWZEhoL1wsntrN57YtrwRD1CnrJAkpHiMacErOXfD4uBljjK1XRYb7hNdy68Cl4JDVSqPax/DaKEZpIpoIIY43tuCkFBNHAq2LQ2yAxLCZ2QEfMtKiKZCYr5ylN8Zp0Ix4m2TwGeu78nCiKNyWVoOyWBsVmuzcz/an4G8XVQcJVmwBRdfBRnAkOCZ/fjiGtGQeQWCNXc7orpmGhCwaZUsyF4yyevQvei6Vl+uGy0bso4qugEnaJz5KEr1EJ3qI06iKIEPaNX9OaA8+K8Ox+L1opTzhyjP3I+fwA2y5Ey</latexit>

M⌫
<latexit sha1_base64="P58RK+5DXbO9E0HJ3mhwtwBxp5U=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OJFqGA/oA1ls920SzebsDsRSuiP8OJBEa/+Hm/+G7dtDtr6wsLDOzPszBumUhj0vG+ntLa+sblV3q7s7O7tH7iHRy2TZJrxJktkojshNVwKxZsoUPJOqjmNQ8nb4fh2Vm8/cW1Eoh5xkvIgpkMlIsEoWqt93897Kpv23apX8+Yiq+AXUIVCjb771RskLIu5QiapMV3fSzHIqUbBJJ9WepnhKWVjOuRdi4rG3AT5fN0pObPOgESJtk8hmbu/J3IaGzOJQ9sZUxyZ5drM/K/WzTC6DnKh0gy5YouPokwSTMjsdjIQmjOUEwuUaWF3JWxENWVoE6rYEPzlk1ehdVHzLT9cVus3RRxlOIFTOAcfrqAOd9CAJjAYwzO8wpuTOi/Ou/OxaC05xcwx/JHz+QN2Io+j</latexit><latexit sha1_base64="P58RK+5DXbO9E0HJ3mhwtwBxp5U=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OJFqGA/oA1ls920SzebsDsRSuiP8OJBEa/+Hm/+G7dtDtr6wsLDOzPszBumUhj0vG+ntLa+sblV3q7s7O7tH7iHRy2TZJrxJktkojshNVwKxZsoUPJOqjmNQ8nb4fh2Vm8/cW1Eoh5xkvIgpkMlIsEoWqt93897Kpv23apX8+Yiq+AXUIVCjb771RskLIu5QiapMV3fSzHIqUbBJJ9WepnhKWVjOuRdi4rG3AT5fN0pObPOgESJtk8hmbu/J3IaGzOJQ9sZUxyZ5drM/K/WzTC6DnKh0gy5YouPokwSTMjsdjIQmjOUEwuUaWF3JWxENWVoE6rYEPzlk1ehdVHzLT9cVus3RRxlOIFTOAcfrqAOd9CAJjAYwzO8wpuTOi/Ou/OxaC05xcwx/JHz+QN2Io+j</latexit><latexit sha1_base64="P58RK+5DXbO9E0HJ3mhwtwBxp5U=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OJFqGA/oA1ls920SzebsDsRSuiP8OJBEa/+Hm/+G7dtDtr6wsLDOzPszBumUhj0vG+ntLa+sblV3q7s7O7tH7iHRy2TZJrxJktkojshNVwKxZsoUPJOqjmNQ8nb4fh2Vm8/cW1Eoh5xkvIgpkMlIsEoWqt93897Kpv23apX8+Yiq+AXUIVCjb771RskLIu5QiapMV3fSzHIqUbBJJ9WepnhKWVjOuRdi4rG3AT5fN0pObPOgESJtk8hmbu/J3IaGzOJQ9sZUxyZ5drM/K/WzTC6DnKh0gy5YouPokwSTMjsdjIQmjOUEwuUaWF3JWxENWVoE6rYEPzlk1ehdVHzLT9cVus3RRxlOIFTOAcfrqAOd9CAJjAYwzO8wpuTOi/Ou/OxaC05xcwx/JHz+QN2Io+j</latexit><latexit sha1_base64="P58RK+5DXbO9E0HJ3mhwtwBxp5U=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OJFqGA/oA1ls920SzebsDsRSuiP8OJBEa/+Hm/+G7dtDtr6wsLDOzPszBumUhj0vG+ntLa+sblV3q7s7O7tH7iHRy2TZJrxJktkojshNVwKxZsoUPJOqjmNQ8nb4fh2Vm8/cW1Eoh5xkvIgpkMlIsEoWqt93897Kpv23apX8+Yiq+AXUIVCjb771RskLIu5QiapMV3fSzHIqUbBJJ9WepnhKWVjOuRdi4rG3AT5fN0pObPOgESJtk8hmbu/J3IaGzOJQ9sZUxyZ5drM/K/WzTC6DnKh0gy5YouPokwSTMjsdjIQmjOUEwuUaWF3JWxENWVoE6rYEPzlk1ehdVHzLT9cVus3RRxlOIFTOAcfrqAOd9CAJjAYwzO8wpuTOi/Ou/OxaC05xcwx/JHz+QN2Io+j</latexit>

MB
<latexit sha1_base64="yDKt+QroQomKjbp97ytViAcq8Fw=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy1I0boYK9SDuUTJppQ3MZkoxQhj6FGxeKuPVx3Pk2pu0stPWHwMd/ziHn/FHCmbG+/+0V1tY3NreK26Wd3b39g/LhUcuoVBPaJIor3YmwoZxJ2rTMctpJNMUi4rQdjW9m9fYT1YYp+WAnCQ0FHkoWM4Ktsx7v+llPC1Sf9ssVv+rPhVYhyKECuRr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7TqUWFATZvOFp+jMOQMUK+2etGju/p7IsDBmIiLXKbAdmeXazPyv1k1tfB1mTCappZIsPopTjqxCs+vRgGlKLJ84wEQztysiI6wxsS6jkgshWD55FVoX1cDx/WWlVs/jKMIJnMI5BHAFNbiFBjSBgIBneIU3T3sv3rv3sWgtePnMMfyR9/kDU9GQFQ==</latexit><latexit sha1_base64="yDKt+QroQomKjbp97ytViAcq8Fw=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy1I0boYK9SDuUTJppQ3MZkoxQhj6FGxeKuPVx3Pk2pu0stPWHwMd/ziHn/FHCmbG+/+0V1tY3NreK26Wd3b39g/LhUcuoVBPaJIor3YmwoZxJ2rTMctpJNMUi4rQdjW9m9fYT1YYp+WAnCQ0FHkoWM4Ktsx7v+llPC1Sf9ssVv+rPhVYhyKECuRr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7TqUWFATZvOFp+jMOQMUK+2etGju/p7IsDBmIiLXKbAdmeXazPyv1k1tfB1mTCappZIsPopTjqxCs+vRgGlKLJ84wEQztysiI6wxsS6jkgshWD55FVoX1cDx/WWlVs/jKMIJnMI5BHAFNbiFBjSBgIBneIU3T3sv3rv3sWgtePnMMfyR9/kDU9GQFQ==</latexit><latexit sha1_base64="yDKt+QroQomKjbp97ytViAcq8Fw=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy1I0boYK9SDuUTJppQ3MZkoxQhj6FGxeKuPVx3Pk2pu0stPWHwMd/ziHn/FHCmbG+/+0V1tY3NreK26Wd3b39g/LhUcuoVBPaJIor3YmwoZxJ2rTMctpJNMUi4rQdjW9m9fYT1YYp+WAnCQ0FHkoWM4Ktsx7v+llPC1Sf9ssVv+rPhVYhyKECuRr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7TqUWFATZvOFp+jMOQMUK+2etGju/p7IsDBmIiLXKbAdmeXazPyv1k1tfB1mTCappZIsPopTjqxCs+vRgGlKLJ84wEQztysiI6wxsS6jkgshWD55FVoX1cDx/WWlVs/jKMIJnMI5BHAFNbiFBjSBgIBneIU3T3sv3rv3sWgtePnMMfyR9/kDU9GQFQ==</latexit><latexit sha1_base64="yDKt+QroQomKjbp97ytViAcq8Fw=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy1I0boYK9SDuUTJppQ3MZkoxQhj6FGxeKuPVx3Pk2pu0stPWHwMd/ziHn/FHCmbG+/+0V1tY3NreK26Wd3b39g/LhUcuoVBPaJIor3YmwoZxJ2rTMctpJNMUi4rQdjW9m9fYT1YYp+WAnCQ0FHkoWM4Ktsx7v+llPC1Sf9ssVv+rPhVYhyKECuRr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7TqUWFATZvOFp+jMOQMUK+2etGju/p7IsDBmIiLXKbAdmeXazPyv1k1tfB1mTCappZIsPopTjqxCs+vRgGlKLJ84wEQztysiI6wxsS6jkgshWD55FVoX1cDx/WWlVs/jKMIJnMI5BHAFNbiFBjSBgIBneIU3T3sv3rv3sWgtePnMMfyR9/kDU9GQFQ==</latexit>

All channels have contribution from 
the central object and the disk.

All channels provide both blue or 
red ejecta in different amounts

from simulations
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•Shown are the mass contributions (blue/red) on “long” timescales.

•Blue ejecta essentially stops after collapse and constraints collapse 
time from mass ejection to be 

tcoll = 1.14+0.60
�0.50 s

<latexit sha1_base64="XZxcbTRY4Cxyxa5M8YBmH5RtF8w=">AAACFXicbVBLSwMxGMzWV62vVY9egkUQrEtW6uMiFL14rGAf0K1LNk3b0OyDJCuUZf+EF/+KFw+KeBW8+W9Mt3vQ1oHAMDNfkm+8iDOpEPo2CguLS8srxdXS2vrG5pa5vdOUYSwIbZCQh6LtYUk5C2hDMcVpOxIU+x6nLW90PfFbD1RIFgZ3ahzRro8HAeszgpWWXLOi3MQRPtQ38fTStuzqfXKErDOUuskxsk5R6kCnkkVk6pplZKEMcJ7YOSmDHHXX/HJ6IYl9GijCsZQdG0Wqm2ChGOE0LTmxpBEmIzygHU0D7FPZTbKtUniglR7sh0KfQMFM/T2RYF/Kse/ppI/VUM56E/E/rxOr/kU3YUEUKxqQ6UP9mEMVwklFsMcEJYqPNcFEMP1XSIZYYKJ0kSVdgj278jxpnli25rfVcu0qr6MI9sA+OAQ2OAc1cAPqoAEIeATP4BW8GU/Gi/FufEyjBSOf2QV/YHz+AJESnIo=</latexit><latexit sha1_base64="XZxcbTRY4Cxyxa5M8YBmH5RtF8w=">AAACFXicbVBLSwMxGMzWV62vVY9egkUQrEtW6uMiFL14rGAf0K1LNk3b0OyDJCuUZf+EF/+KFw+KeBW8+W9Mt3vQ1oHAMDNfkm+8iDOpEPo2CguLS8srxdXS2vrG5pa5vdOUYSwIbZCQh6LtYUk5C2hDMcVpOxIU+x6nLW90PfFbD1RIFgZ3ahzRro8HAeszgpWWXLOi3MQRPtQ38fTStuzqfXKErDOUuskxsk5R6kCnkkVk6pplZKEMcJ7YOSmDHHXX/HJ6IYl9GijCsZQdG0Wqm2ChGOE0LTmxpBEmIzygHU0D7FPZTbKtUniglR7sh0KfQMFM/T2RYF/Kse/ppI/VUM56E/E/rxOr/kU3YUEUKxqQ6UP9mEMVwklFsMcEJYqPNcFEMP1XSIZYYKJ0kSVdgj278jxpnli25rfVcu0qr6MI9sA+OAQ2OAc1cAPqoAEIeATP4BW8GU/Gi/FufEyjBSOf2QV/YHz+AJESnIo=</latexit><latexit sha1_base64="XZxcbTRY4Cxyxa5M8YBmH5RtF8w=">AAACFXicbVBLSwMxGMzWV62vVY9egkUQrEtW6uMiFL14rGAf0K1LNk3b0OyDJCuUZf+EF/+KFw+KeBW8+W9Mt3vQ1oHAMDNfkm+8iDOpEPo2CguLS8srxdXS2vrG5pa5vdOUYSwIbZCQh6LtYUk5C2hDMcVpOxIU+x6nLW90PfFbD1RIFgZ3ahzRro8HAeszgpWWXLOi3MQRPtQ38fTStuzqfXKErDOUuskxsk5R6kCnkkVk6pplZKEMcJ7YOSmDHHXX/HJ6IYl9GijCsZQdG0Wqm2ChGOE0LTmxpBEmIzygHU0D7FPZTbKtUniglR7sh0KfQMFM/T2RYF/Kse/ppI/VUM56E/E/rxOr/kU3YUEUKxqQ6UP9mEMVwklFsMcEJYqPNcFEMP1XSIZYYKJ0kSVdgj278jxpnli25rfVcu0qr6MI9sA+OAQ2OAc1cAPqoAEIeATP4BW8GU/Gi/FufEyjBSOf2QV/YHz+AJESnIo=</latexit><latexit sha1_base64="XZxcbTRY4Cxyxa5M8YBmH5RtF8w=">AAACFXicbVBLSwMxGMzWV62vVY9egkUQrEtW6uMiFL14rGAf0K1LNk3b0OyDJCuUZf+EF/+KFw+KeBW8+W9Mt3vQ1oHAMDNfkm+8iDOpEPo2CguLS8srxdXS2vrG5pa5vdOUYSwIbZCQh6LtYUk5C2hDMcVpOxIU+x6nLW90PfFbD1RIFgZ3ahzRro8HAeszgpWWXLOi3MQRPtQ38fTStuzqfXKErDOUuskxsk5R6kCnkkVk6pplZKEMcJ7YOSmDHHXX/HJ6IYl9GijCsZQdG0Wqm2ChGOE0LTmxpBEmIzygHU0D7FPZTbKtUniglR7sh0KfQMFM/T2RYF/Kse/ppI/VUM56E/E/rxOr/kU3YUEUKxqQ6UP9mEMVwklFsMcEJYqPNcFEMP1XSIZYYKJ0kSVdgj278jxpnli25rfVcu0qr6MI9sA+OAQ2OAc1cAPqoAEIeATP4BW8GU/Gi/FufEyjBSOf2QV/YHz+AJESnIo=</latexit>

Constraints from mass ejection 
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•Breakout time depends on 
collapse time, speed of ejecta 
jet opening angle, and energy 
injected (more and faster 
ejecta, longer to escape).

Constraints from breakout 
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•Given measured        we can 
constrain collapse time from 
breakout to be

tdel
<latexit sha1_base64="6xtfpaQMYdkZIpzjbOs4Sf8lQps=">AAAB8nicbZDLSsNAFIYn9VbrrerSzWARXJVEBF0W3bisYGshDWUymbRD5xJmToQS+hhuXCji1qdx59s4bbPQ1h8GPv5zDnPOH2eCW/D9b6+ytr6xuVXdru3s7u0f1A+PulbnhrIO1UKbXkwsE1yxDnAQrJcZRmQs2GM8vp3VH5+YsVyrB5hkLJJkqHjKKQFnhTAo+kbihInpoN7wm/5ceBWCEhqoVHtQ/+onmuaSKaCCWBsGfgZRQQxwKti01s8tywgdkyELHSoimY2K+cpTfOacBKfauKcAz93fEwWR1k5k7DolgZFdrs3M/2phDul1VHCV5cAUXXyU5gKDxrP7ccINoyAmDgg13O2K6YgYQsGlVHMhBMsnr0L3ohk4vr9stG7KOKroBJ2icxSgK9RCd6iNOogijZ7RK3rzwHvx3r2PRWvFK2eO0R95nz9R65FD</latexit><latexit sha1_base64="6xtfpaQMYdkZIpzjbOs4Sf8lQps=">AAAB8nicbZDLSsNAFIYn9VbrrerSzWARXJVEBF0W3bisYGshDWUymbRD5xJmToQS+hhuXCji1qdx59s4bbPQ1h8GPv5zDnPOH2eCW/D9b6+ytr6xuVXdru3s7u0f1A+PulbnhrIO1UKbXkwsE1yxDnAQrJcZRmQs2GM8vp3VH5+YsVyrB5hkLJJkqHjKKQFnhTAo+kbihInpoN7wm/5ceBWCEhqoVHtQ/+onmuaSKaCCWBsGfgZRQQxwKti01s8tywgdkyELHSoimY2K+cpTfOacBKfauKcAz93fEwWR1k5k7DolgZFdrs3M/2phDul1VHCV5cAUXXyU5gKDxrP7ccINoyAmDgg13O2K6YgYQsGlVHMhBMsnr0L3ohk4vr9stG7KOKroBJ2icxSgK9RCd6iNOogijZ7RK3rzwHvx3r2PRWvFK2eO0R95nz9R65FD</latexit><latexit sha1_base64="6xtfpaQMYdkZIpzjbOs4Sf8lQps=">AAAB8nicbZDLSsNAFIYn9VbrrerSzWARXJVEBF0W3bisYGshDWUymbRD5xJmToQS+hhuXCji1qdx59s4bbPQ1h8GPv5zDnPOH2eCW/D9b6+ytr6xuVXdru3s7u0f1A+PulbnhrIO1UKbXkwsE1yxDnAQrJcZRmQs2GM8vp3VH5+YsVyrB5hkLJJkqHjKKQFnhTAo+kbihInpoN7wm/5ceBWCEhqoVHtQ/+onmuaSKaCCWBsGfgZRQQxwKti01s8tywgdkyELHSoimY2K+cpTfOacBKfauKcAz93fEwWR1k5k7DolgZFdrs3M/2phDul1VHCV5cAUXXyU5gKDxrP7ccINoyAmDgg13O2K6YgYQsGlVHMhBMsnr0L3ohk4vr9stG7KOKroBJ2icxSgK9RCd6iNOogijZ7RK3rzwHvx3r2PRWvFK2eO0R95nz9R65FD</latexit><latexit sha1_base64="6xtfpaQMYdkZIpzjbOs4Sf8lQps=">AAAB8nicbZDLSsNAFIYn9VbrrerSzWARXJVEBF0W3bisYGshDWUymbRD5xJmToQS+hhuXCji1qdx59s4bbPQ1h8GPv5zDnPOH2eCW/D9b6+ytr6xuVXdru3s7u0f1A+PulbnhrIO1UKbXkwsE1yxDnAQrJcZRmQs2GM8vp3VH5+YsVyrB5hkLJJkqHjKKQFnhTAo+kbihInpoN7wm/5ceBWCEhqoVHtQ/+onmuaSKaCCWBsGfgZRQQxwKti01s8tywgdkyELHSoimY2K+cpTfOacBKfauKcAz93fEwWR1k5k7DolgZFdrs3M/2phDul1VHCV5cAUXXyU5gKDxrP7ccINoyAmDgg13O2K6YgYQsGlVHMhBMsnr0L3ohk4vr9stG7KOKroBJ2icxSgK9RCd6iNOogijZ7RK3rzwHvx3r2PRWvFK2eO0R95nz9R65FD</latexit>

tcoll = 0.82± 0.15 s
<latexit sha1_base64="R3zEzci6OTLWlxK5L9wK9yASR9E=">AAACDXicbZBNS8MwGMdTX+d8q3r0EpyCByntUNxFGHrxOMG9wFpKmqVbWNKWJBVG6Rfw4lfx4kERr969+W3Muh5084HAj///eZI8/yBhVCrb/jaWlldW19YrG9XNre2dXXNvvyPjVGDSxjGLRS9AkjAakbaiipFeIgjiASPdYHwz9bsPREgaR/dqkhCPo2FEQ4qR0pJvHis/cwWH+iaWX9lWo+4mHNqWc+FC96ywZO6bNduyi4KL4JRQA2W1fPPLHcQ45SRSmCEp+46dKC9DQlHMSF51U0kShMdoSPoaI8SJ9LJimxyeaGUAw1joEylYqL8nMsSlnPBAd3KkRnLem4r/ef1UhQ0vo1GSKhLh2UNhyqCK4TQaOKCCYMUmGhAWVP8V4hESCCsdYFWH4MyvvAiduuVovjuvNa/LOCrgEByBU+CAS9AEt6AF2gCDR/AMXsGb8WS8GO/Gx6x1yShnDsCfMj5/AFlnmc8=</latexit><latexit sha1_base64="R3zEzci6OTLWlxK5L9wK9yASR9E=">AAACDXicbZBNS8MwGMdTX+d8q3r0EpyCByntUNxFGHrxOMG9wFpKmqVbWNKWJBVG6Rfw4lfx4kERr969+W3Muh5084HAj///eZI8/yBhVCrb/jaWlldW19YrG9XNre2dXXNvvyPjVGDSxjGLRS9AkjAakbaiipFeIgjiASPdYHwz9bsPREgaR/dqkhCPo2FEQ4qR0pJvHis/cwWH+iaWX9lWo+4mHNqWc+FC96ywZO6bNduyi4KL4JRQA2W1fPPLHcQ45SRSmCEp+46dKC9DQlHMSF51U0kShMdoSPoaI8SJ9LJimxyeaGUAw1joEylYqL8nMsSlnPBAd3KkRnLem4r/ef1UhQ0vo1GSKhLh2UNhyqCK4TQaOKCCYMUmGhAWVP8V4hESCCsdYFWH4MyvvAiduuVovjuvNa/LOCrgEByBU+CAS9AEt6AF2gCDR/AMXsGb8WS8GO/Gx6x1yShnDsCfMj5/AFlnmc8=</latexit><latexit sha1_base64="R3zEzci6OTLWlxK5L9wK9yASR9E=">AAACDXicbZBNS8MwGMdTX+d8q3r0EpyCByntUNxFGHrxOMG9wFpKmqVbWNKWJBVG6Rfw4lfx4kERr969+W3Muh5084HAj///eZI8/yBhVCrb/jaWlldW19YrG9XNre2dXXNvvyPjVGDSxjGLRS9AkjAakbaiipFeIgjiASPdYHwz9bsPREgaR/dqkhCPo2FEQ4qR0pJvHis/cwWH+iaWX9lWo+4mHNqWc+FC96ywZO6bNduyi4KL4JRQA2W1fPPLHcQ45SRSmCEp+46dKC9DQlHMSF51U0kShMdoSPoaI8SJ9LJimxyeaGUAw1joEylYqL8nMsSlnPBAd3KkRnLem4r/ef1UhQ0vo1GSKhLh2UNhyqCK4TQaOKCCYMUmGhAWVP8V4hESCCsdYFWH4MyvvAiduuVovjuvNa/LOCrgEByBU+CAS9AEt6AF2gCDR/AMXsGb8WS8GO/Gx6x1yShnDsCfMj5/AFlnmc8=</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="7uIIdvnv0w6mKiTO5CoRDWn0seM=">AAACAnicbZDLSsNAGIX/eK21anXrZrAKLiQkBbEbQXDjsoK9QBPCZDpph84kYWYilJAXcOOruHGhiA/hzrdxmnahrQcGPs6Z23/ClDOlHefbWlvf2NzaruxUd2t7+wf1w1pXJZkktEMSnsh+iBXlLKYdzTSn/VRSLEJOe+Hkdpb3HqlULIkf9DSlvsCjmEWMYG2soH6qg9yTApmbeHHt2K2mlwrk2O6lh7yLMlJFUG84tlMKrYK7gAYs1A7qX94wIZmgsSYcKzVwnVT7OZaaEU6LqpcpmmIywSM6MBhjQZWfl9MU6Mw4QxQl0qxYo9L9fSLHQqmpCM1OgfVYLWcz879skOmo5ecsTjNNYzJ/KMo40gmaVYOGTFKi+dQAJpKZvyIyxhITbQqsmhLc5ZFXodu0XcP3DlTgGE7gHFy4ghu4gzZ0gMATvMAbvFvP1qv1Ma9rzVr0dgR/ZH3+AL5HmFc=</latexit><latexit sha1_base64="7uIIdvnv0w6mKiTO5CoRDWn0seM=">AAACAnicbZDLSsNAGIX/eK21anXrZrAKLiQkBbEbQXDjsoK9QBPCZDpph84kYWYilJAXcOOruHGhiA/hzrdxmnahrQcGPs6Z23/ClDOlHefbWlvf2NzaruxUd2t7+wf1w1pXJZkktEMSnsh+iBXlLKYdzTSn/VRSLEJOe+Hkdpb3HqlULIkf9DSlvsCjmEWMYG2soH6qg9yTApmbeHHt2K2mlwrk2O6lh7yLMlJFUG84tlMKrYK7gAYs1A7qX94wIZmgsSYcKzVwnVT7OZaaEU6LqpcpmmIywSM6MBhjQZWfl9MU6Mw4QxQl0qxYo9L9fSLHQqmpCM1OgfVYLWcz879skOmo5ecsTjNNYzJ/KMo40gmaVYOGTFKi+dQAJpKZvyIyxhITbQqsmhLc5ZFXodu0XcP3DlTgGE7gHFy4ghu4gzZ0gMATvMAbvFvP1qv1Ma9rzVr0dgR/ZH3+AL5HmFc=</latexit><latexit sha1_base64="/nePgwwfwnyQjrYxSE8sQxwPncc=">AAACDXicbZBNS8MwGMfT+TbnW9Wjl+AUPEhpB+IuwtCLxwnuBdZS0izdwpK2JKkwSr+AF7+KFw+KePXuzW9j1vWgmw8Efvz/z5Pk+QcJo1LZ9rdRWVldW9+obta2tnd298z9g66MU4FJB8csFv0AScJoRDqKKkb6iSCIB4z0gsnNzO89ECFpHN2raUI8jkYRDSlGSku+eaL8zBUc6ptYfmVbzYabcGhbzoUL3fPCkrlv1m3LLgoug1NCHZTV9s0vdxjjlJNIYYakHDh2orwMCUUxI3nNTSVJEJ6gERlojBAn0suKbXJ4qpUhDGOhT6Rgof6eyBCXcsoD3cmRGstFbyb+5w1SFTa9jEZJqkiE5w+FKYMqhrNo4JAKghWbakBYUP1XiMdIIKx0gDUdgrO48jJ0G5aj+c6ut67LOKrgCByDM+CAS9ACt6ANOgCDR/AMXsGb8WS8GO/Gx7y1YpQzh+BPGZ8/WCeZyw==</latexit><latexit sha1_base64="R3zEzci6OTLWlxK5L9wK9yASR9E=">AAACDXicbZBNS8MwGMdTX+d8q3r0EpyCByntUNxFGHrxOMG9wFpKmqVbWNKWJBVG6Rfw4lfx4kERr969+W3Muh5084HAj///eZI8/yBhVCrb/jaWlldW19YrG9XNre2dXXNvvyPjVGDSxjGLRS9AkjAakbaiipFeIgjiASPdYHwz9bsPREgaR/dqkhCPo2FEQ4qR0pJvHis/cwWH+iaWX9lWo+4mHNqWc+FC96ywZO6bNduyi4KL4JRQA2W1fPPLHcQ45SRSmCEp+46dKC9DQlHMSF51U0kShMdoSPoaI8SJ9LJimxyeaGUAw1joEylYqL8nMsSlnPBAd3KkRnLem4r/ef1UhQ0vo1GSKhLh2UNhyqCK4TQaOKCCYMUmGhAWVP8V4hESCCsdYFWH4MyvvAiduuVovjuvNa/LOCrgEByBU+CAS9AEt6AF2gCDR/AMXsGb8WS8GO/Gx6x1yShnDsCfMj5/AFlnmc8=</latexit><latexit sha1_base64="R3zEzci6OTLWlxK5L9wK9yASR9E=">AAACDXicbZBNS8MwGMdTX+d8q3r0EpyCByntUNxFGHrxOMG9wFpKmqVbWNKWJBVG6Rfw4lfx4kERr969+W3Muh5084HAj///eZI8/yBhVCrb/jaWlldW19YrG9XNre2dXXNvvyPjVGDSxjGLRS9AkjAakbaiipFeIgjiASPdYHwz9bsPREgaR/dqkhCPo2FEQ4qR0pJvHis/cwWH+iaWX9lWo+4mHNqWc+FC96ywZO6bNduyi4KL4JRQA2W1fPPLHcQ45SRSmCEp+46dKC9DQlHMSF51U0kShMdoSPoaI8SJ9LJimxyeaGUAw1joEylYqL8nMsSlnPBAd3KkRnLem4r/ef1UhQ0vo1GSKhLh2UNhyqCK4TQaOKCCYMUmGhAWVP8V4hESCCsdYFWH4MyvvAiduuVovjuvNa/LOCrgEByBU+CAS9AEt6AF2gCDR/AMXsGb8WS8GO/Gx6x1yShnDsCfMj5/AFlnmc8=</latexit><latexit sha1_base64="R3zEzci6OTLWlxK5L9wK9yASR9E=">AAACDXicbZBNS8MwGMdTX+d8q3r0EpyCByntUNxFGHrxOMG9wFpKmqVbWNKWJBVG6Rfw4lfx4kERr969+W3Muh5084HAj///eZI8/yBhVCrb/jaWlldW19YrG9XNre2dXXNvvyPjVGDSxjGLRS9AkjAakbaiipFeIgjiASPdYHwz9bsPREgaR/dqkhCPo2FEQ4qR0pJvHis/cwWH+iaWX9lWo+4mHNqWc+FC96ywZO6bNduyi4KL4JRQA2W1fPPLHcQ45SRSmCEp+46dKC9DQlHMSF51U0kShMdoSPoaI8SJ9LJimxyeaGUAw1joEylYqL8nMsSlnPBAd3KkRnLem4r/ef1UhQ0vo1GSKhLh2UNhyqCK4TQaOKCCYMUmGhAWVP8V4hESCCsdYFWH4MyvvAiduuVovjuvNa/LOCrgEByBU+CAS9AEt6AF2gCDR/AMXsGb8WS8GO/Gx6x1yShnDsCfMj5/AFlnmc8=</latexit><latexit sha1_base64="R3zEzci6OTLWlxK5L9wK9yASR9E=">AAACDXicbZBNS8MwGMdTX+d8q3r0EpyCByntUNxFGHrxOMG9wFpKmqVbWNKWJBVG6Rfw4lfx4kERr969+W3Muh5084HAj///eZI8/yBhVCrb/jaWlldW19YrG9XNre2dXXNvvyPjVGDSxjGLRS9AkjAakbaiipFeIgjiASPdYHwz9bsPREgaR/dqkhCPo2FEQ4qR0pJvHis/cwWH+iaWX9lWo+4mHNqWc+FC96ywZO6bNduyi4KL4JRQA2W1fPPLHcQ45SRSmCEp+46dKC9DQlHMSF51U0kShMdoSPoaI8SJ9LJimxyeaGUAw1joEylYqL8nMsSlnPBAd3KkRnLem4r/ef1UhQ0vo1GSKhLh2UNhyqCK4TQaOKCCYMUmGhAWVP8V4hESCCsdYFWH4MyvvAiduuVovjuvNa/LOCrgEByBU+CAS9AEt6AF2gCDR/AMXsGb8WS8GO/Gx6x1yShnDsCfMj5/AFlnmc8=</latexit><latexit sha1_base64="R3zEzci6OTLWlxK5L9wK9yASR9E=">AAACDXicbZBNS8MwGMdTX+d8q3r0EpyCByntUNxFGHrxOMG9wFpKmqVbWNKWJBVG6Rfw4lfx4kERr969+W3Muh5084HAj///eZI8/yBhVCrb/jaWlldW19YrG9XNre2dXXNvvyPjVGDSxjGLRS9AkjAakbaiipFeIgjiASPdYHwz9bsPREgaR/dqkhCPo2FEQ4qR0pJvHis/cwWH+iaWX9lWo+4mHNqWc+FC96ywZO6bNduyi4KL4JRQA2W1fPPLHcQ45SRSmCEp+46dKC9DQlHMSF51U0kShMdoSPoaI8SJ9LJimxyeaGUAw1joEylYqL8nMsSlnPBAd3KkRnLem4r/ef1UhQ0vo1GSKhLh2UNhyqCK4TQaOKCCYMUmGhAWVP8V4hESCCsdYFWH4MyvvAiduuVovjuvNa/LOCrgEByBU+CAS9AEt6AF2gCDR/AMXsGb8WS8GO/Gx6x1yShnDsCfMj5/AFlnmc8=</latexit><latexit sha1_base64="R3zEzci6OTLWlxK5L9wK9yASR9E=">AAACDXicbZBNS8MwGMdTX+d8q3r0EpyCByntUNxFGHrxOMG9wFpKmqVbWNKWJBVG6Rfw4lfx4kERr969+W3Muh5084HAj///eZI8/yBhVCrb/jaWlldW19YrG9XNre2dXXNvvyPjVGDSxjGLRS9AkjAakbaiipFeIgjiASPdYHwz9bsPREgaR/dqkhCPo2FEQ4qR0pJvHis/cwWH+iaWX9lWo+4mHNqWc+FC96ywZO6bNduyi4KL4JRQA2W1fPPLHcQ45SRSmCEp+46dKC9DQlHMSF51U0kShMdoSPoaI8SJ9LJimxyeaGUAw1joEylYqL8nMsSlnPBAd3KkRnLem4r/ef1UhQ0vo1GSKhLh2UNhyqCK4TQaOKCCYMUmGhAWVP8V4hESCCsdYFWH4MyvvAiduuVovjuvNa/LOCrgEByBU+CAS9AEt6AF2gCDR/AMXsGb8WS8GO/Gx6x1yShnDsCfMj5/AFlnmc8=</latexit>

tdel = 1.74± 0.05 s = tcoll + tbr(tcoll) + tR
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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tdel from GRB 170817A

•Can combine two constraints 
and their uncertainties to 
obtain a single estimate

tcoll = 0.98+0.31
�0.26 s

<latexit sha1_base64="w+BuKS4OS9KD6V5KruZb9Vx4qP8=">AAACFXicbVBLSwMxGMzWV62vVY9egkUQrMtuFa0HoejFYwX7gO66ZNO0Dc0+SLJCWfZPePGvePGgiFfBm//GdLsHbR0IDDPzJfnGixgV0jS/tcLC4tLySnG1tLa+sbmlb++0RBhzTJo4ZCHveEgQRgPSlFQy0ok4Qb7HSNsbXU/89gPhgobBnRxHxPHRIKB9ipFUkqtXpJvY3IfqJpZemsZF7T45Mo0TK3WTY9OonqU2tCtZRKSuXjYNMwOcJ1ZOyiBHw9W/7F6IY58EEjMkRNcyI+kkiEuKGUlLdixIhPAIDUhX0QD5RDhJtlUKD5TSg/2QqxNImKm/JxLkCzH2PZX0kRyKWW8i/ud1Y9mvOQkNoliSAE8f6scMyhBOKoI9ygmWbKwIwpyqv0I8RBxhqYosqRKs2ZXnSatqWIrfnpbrV3kdRbAH9sEhsMA5qIMb0ABNgMEjeAav4E170l60d+1jGi1o+cwu+APt8wekZpyW</latexit><latexit sha1_base64="w+BuKS4OS9KD6V5KruZb9Vx4qP8=">AAACFXicbVBLSwMxGMzWV62vVY9egkUQrMtuFa0HoejFYwX7gO66ZNO0Dc0+SLJCWfZPePGvePGgiFfBm//GdLsHbR0IDDPzJfnGixgV0jS/tcLC4tLySnG1tLa+sbmlb++0RBhzTJo4ZCHveEgQRgPSlFQy0ok4Qb7HSNsbXU/89gPhgobBnRxHxPHRIKB9ipFUkqtXpJvY3IfqJpZemsZF7T45Mo0TK3WTY9OonqU2tCtZRKSuXjYNMwOcJ1ZOyiBHw9W/7F6IY58EEjMkRNcyI+kkiEuKGUlLdixIhPAIDUhX0QD5RDhJtlUKD5TSg/2QqxNImKm/JxLkCzH2PZX0kRyKWW8i/ud1Y9mvOQkNoliSAE8f6scMyhBOKoI9ygmWbKwIwpyqv0I8RBxhqYosqRKs2ZXnSatqWIrfnpbrV3kdRbAH9sEhsMA5qIMb0ABNgMEjeAav4E170l60d+1jGi1o+cwu+APt8wekZpyW</latexit><latexit sha1_base64="w+BuKS4OS9KD6V5KruZb9Vx4qP8=">AAACFXicbVBLSwMxGMzWV62vVY9egkUQrMtuFa0HoejFYwX7gO66ZNO0Dc0+SLJCWfZPePGvePGgiFfBm//GdLsHbR0IDDPzJfnGixgV0jS/tcLC4tLySnG1tLa+sbmlb++0RBhzTJo4ZCHveEgQRgPSlFQy0ok4Qb7HSNsbXU/89gPhgobBnRxHxPHRIKB9ipFUkqtXpJvY3IfqJpZemsZF7T45Mo0TK3WTY9OonqU2tCtZRKSuXjYNMwOcJ1ZOyiBHw9W/7F6IY58EEjMkRNcyI+kkiEuKGUlLdixIhPAIDUhX0QD5RDhJtlUKD5TSg/2QqxNImKm/JxLkCzH2PZX0kRyKWW8i/ud1Y9mvOQkNoliSAE8f6scMyhBOKoI9ygmWbKwIwpyqv0I8RBxhqYosqRKs2ZXnSatqWIrfnpbrV3kdRbAH9sEhsMA5qIMb0ABNgMEjeAav4E170l60d+1jGi1o+cwu+APt8wekZpyW</latexit><latexit sha1_base64="w+BuKS4OS9KD6V5KruZb9Vx4qP8=">AAACFXicbVBLSwMxGMzWV62vVY9egkUQrMtuFa0HoejFYwX7gO66ZNO0Dc0+SLJCWfZPePGvePGgiFfBm//GdLsHbR0IDDPzJfnGixgV0jS/tcLC4tLySnG1tLa+sbmlb++0RBhzTJo4ZCHveEgQRgPSlFQy0ok4Qb7HSNsbXU/89gPhgobBnRxHxPHRIKB9ipFUkqtXpJvY3IfqJpZemsZF7T45Mo0TK3WTY9OonqU2tCtZRKSuXjYNMwOcJ1ZOyiBHw9W/7F6IY58EEjMkRNcyI+kkiEuKGUlLdixIhPAIDUhX0QD5RDhJtlUKD5TSg/2QqxNImKm/JxLkCzH2PZX0kRyKWW8i/ud1Y9mvOQkNoliSAE8f6scMyhBOKoI9ygmWbKwIwpyqv0I8RBxhqYosqRKs2ZXnSatqWIrfnpbrV3kdRbAH9sEhsMA5qIMb0ABNgMEjeAav4E170l60d+1jGi1o+cwu+APt8wekZpyW</latexit>

Putting things together

✴this implies                  need to be produced after merger.

•What are the implications?
✴correlates              and        : 
to be tested new detections


✴much longer than what can be 
simulated accurately (~0.1 s)

tcoll
<latexit sha1_base64="6J7NaN+rnDgb5x15FtwcWGJhv5Q=">AAAB83icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXFWwtdIaSSdM2NMkMyR2hDH0NNy4UcevLuPNtTNtZaOuFwMc59yY3J06lsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6cTUcik0b6FAyTup4VTFkj/G49uZ//jEjRWJfsBJyiNFh1oMBKPopBB7eWgUcffIaa9a8+v+vMgqBAXUoKhmr/oV9hOWKa6RSWptN/BTjHJqUDDJp5UwszylbEyHvOtQU8VtlM93npIzp/TJIDHuaCRz9fdETpW1ExW7TkVxZJe9mfif181wcB3lQqcZcs0WDw0ySTAhswBIXxjOUE4cUGaE25WwETWUoYup4kIIlr+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAQQrP8ApvXua9eO/ex6K15BUzx/CnvM8fLKqRwg==</latexit><latexit sha1_base64="6J7NaN+rnDgb5x15FtwcWGJhv5Q=">AAAB83icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXFWwtdIaSSdM2NMkMyR2hDH0NNy4UcevLuPNtTNtZaOuFwMc59yY3J06lsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6cTUcik0b6FAyTup4VTFkj/G49uZ//jEjRWJfsBJyiNFh1oMBKPopBB7eWgUcffIaa9a8+v+vMgqBAXUoKhmr/oV9hOWKa6RSWptN/BTjHJqUDDJp5UwszylbEyHvOtQU8VtlM93npIzp/TJIDHuaCRz9fdETpW1ExW7TkVxZJe9mfif181wcB3lQqcZcs0WDw0ySTAhswBIXxjOUE4cUGaE25WwETWUoYup4kIIlr+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAQQrP8ApvXua9eO/ex6K15BUzx/CnvM8fLKqRwg==</latexit><latexit sha1_base64="6J7NaN+rnDgb5x15FtwcWGJhv5Q=">AAAB83icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXFWwtdIaSSdM2NMkMyR2hDH0NNy4UcevLuPNtTNtZaOuFwMc59yY3J06lsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6cTUcik0b6FAyTup4VTFkj/G49uZ//jEjRWJfsBJyiNFh1oMBKPopBB7eWgUcffIaa9a8+v+vMgqBAXUoKhmr/oV9hOWKa6RSWptN/BTjHJqUDDJp5UwszylbEyHvOtQU8VtlM93npIzp/TJIDHuaCRz9fdETpW1ExW7TkVxZJe9mfif181wcB3lQqcZcs0WDw0ySTAhswBIXxjOUE4cUGaE25WwETWUoYup4kIIlr+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAQQrP8ApvXua9eO/ex6K15BUzx/CnvM8fLKqRwg==</latexit><latexit sha1_base64="6J7NaN+rnDgb5x15FtwcWGJhv5Q=">AAAB83icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXFWwtdIaSSdM2NMkMyR2hDH0NNy4UcevLuPNtTNtZaOuFwMc59yY3J06lsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6cTUcik0b6FAyTup4VTFkj/G49uZ//jEjRWJfsBJyiNFh1oMBKPopBB7eWgUcffIaa9a8+v+vMgqBAXUoKhmr/oV9hOWKa6RSWptN/BTjHJqUDDJp5UwszylbEyHvOtQU8VtlM93npIzp/TJIDHuaCRz9fdETpW1ExW7TkVxZJe9mfif181wcB3lQqcZcs0WDw0ySTAhswBIXxjOUE4cUGaE25WwETWUoYup4kIIlr+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAQQrP8ApvXua9eO/ex6K15BUzx/CnvM8fLKqRwg==</latexit>

Mej,blue
<latexit sha1_base64="pPdE5Ch/PKt/oCd4mRTMuf3CZas=">AAAB+HicbZDLSsNAFIYn9VbrpVWXbgaL4EJKIoIui27cCBXsBdoQJtOTduxMEuYi1NAnceNCEbc+ijvfxmmbhbb+MPDxn3M4Z/4w5Uxp1/12Ciura+sbxc3S1vbObrmyt99SiZEUmjThieyERAFnMTQ10xw6qQQiQg7tcHQ9rbcfQSqWxPd6nIIvyCBmEaNEWyuolG+DrCcFhofTkBuYBJWqW3Nnwsvg5VBFuRpB5avXT6gREGvKiVJdz021nxGpGeUwKfWMgpTQERlA12JMBCg/mx0+wcfW6eMokfbFGs/c3xMZEUqNRWg7BdFDtVibmv/VukZHl37G4tRoiOl8UWQ41gmepoD7TALVfGyBUMnsrZgOiSRU26xKNgRv8cvL0DqreZbvzqv1qzyOIjpER+gEeegC1dENaqAmosigZ/SK3pwn58V5dz7mrQUnnzlAf+R8/gBdq5Lj</latexit><latexit sha1_base64="pPdE5Ch/PKt/oCd4mRTMuf3CZas=">AAAB+HicbZDLSsNAFIYn9VbrpVWXbgaL4EJKIoIui27cCBXsBdoQJtOTduxMEuYi1NAnceNCEbc+ijvfxmmbhbb+MPDxn3M4Z/4w5Uxp1/12Ciura+sbxc3S1vbObrmyt99SiZEUmjThieyERAFnMTQ10xw6qQQiQg7tcHQ9rbcfQSqWxPd6nIIvyCBmEaNEWyuolG+DrCcFhofTkBuYBJWqW3Nnwsvg5VBFuRpB5avXT6gREGvKiVJdz021nxGpGeUwKfWMgpTQERlA12JMBCg/mx0+wcfW6eMokfbFGs/c3xMZEUqNRWg7BdFDtVibmv/VukZHl37G4tRoiOl8UWQ41gmepoD7TALVfGyBUMnsrZgOiSRU26xKNgRv8cvL0DqreZbvzqv1qzyOIjpER+gEeegC1dENaqAmosigZ/SK3pwn58V5dz7mrQUnnzlAf+R8/gBdq5Lj</latexit><latexit sha1_base64="pPdE5Ch/PKt/oCd4mRTMuf3CZas=">AAAB+HicbZDLSsNAFIYn9VbrpVWXbgaL4EJKIoIui27cCBXsBdoQJtOTduxMEuYi1NAnceNCEbc+ijvfxmmbhbb+MPDxn3M4Z/4w5Uxp1/12Ciura+sbxc3S1vbObrmyt99SiZEUmjThieyERAFnMTQ10xw6qQQiQg7tcHQ9rbcfQSqWxPd6nIIvyCBmEaNEWyuolG+DrCcFhofTkBuYBJWqW3Nnwsvg5VBFuRpB5avXT6gREGvKiVJdz021nxGpGeUwKfWMgpTQERlA12JMBCg/mx0+wcfW6eMokfbFGs/c3xMZEUqNRWg7BdFDtVibmv/VukZHl37G4tRoiOl8UWQ41gmepoD7TALVfGyBUMnsrZgOiSRU26xKNgRv8cvL0DqreZbvzqv1qzyOIjpER+gEeegC1dENaqAmosigZ/SK3pwn58V5dz7mrQUnnzlAf+R8/gBdq5Lj</latexit><latexit sha1_base64="pPdE5Ch/PKt/oCd4mRTMuf3CZas=">AAAB+HicbZDLSsNAFIYn9VbrpVWXbgaL4EJKIoIui27cCBXsBdoQJtOTduxMEuYi1NAnceNCEbc+ijvfxmmbhbb+MPDxn3M4Z/4w5Uxp1/12Ciura+sbxc3S1vbObrmyt99SiZEUmjThieyERAFnMTQ10xw6qQQiQg7tcHQ9rbcfQSqWxPd6nIIvyCBmEaNEWyuolG+DrCcFhofTkBuYBJWqW3Nnwsvg5VBFuRpB5avXT6gREGvKiVJdz021nxGpGeUwKfWMgpTQERlA12JMBCg/mx0+wcfW6eMokfbFGs/c3xMZEUqNRWg7BdFDtVibmv/VukZHl37G4tRoiOl8UWQ41gmepoD7TALVfGyBUMnsrZgOiSRU26xKNgRv8cvL0DqreZbvzqv1qzyOIjpER+gEeegC1dENaqAmosigZ/SK3pwn58V5dz7mrQUnnzlAf+R8/gBdq5Lj</latexit>

✴mechanisms other than GWs for loss of angular momentum: 
spin down due to dipolar EM radiation appears reasonable 

B & 1016 G
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Electromagnetic 
counterparts



Electromagnetic counterparts
•Since 70’s we have observed flashes of gamma rays 
with enormous energies 1050-53 erg: gamma-ray bursts.


•There are two families of bursts: “long” and “short”.

•The first ones last tens or more of seconds and could 
to be due to the collapse of very massive stars.


•The second ones last less than a second.

NASA

•Merging neutron stars most 
reasonable explanation but 
how do you produce a jet? 



B-fields essential for EMCs. Most simulations use ideal MHD: 
(infinite conductivity, B-field advected). Simple questions:

Electromagnetic counterparts (B-field)

•can B-fields be measured during the inspiral?

Last two questions are incredibly hard to answer; may 
require far more sophisticated numerics and microphysics

•is EMC produced before merger?

•do B-fields grow after merger and yield EMC?

•does jet appear after BH formation and yield EMC?



B-fields essential for EMCs. Most simulations use ideal MHD: 
(infinite conductivity, B-field advected). Simple questions to ask:

Electromagnetic counterpart (EMC)

•can B-fields be measured during the inspiral?

•is EMC produced before merger?

•do B-fields grow after merger and yield EMC?

•does jet appear after BH formation and yield EMC?

✅
NO!

?
Maybe. Luminosity is however low.

!?
Certainly but unclear how much: 20-103 amplification?

!!?
YES (jet structure and outflow).  Unclear how to 
produce ultrarelativistic outflow.



What happens when magnetised stars collide?

Need to solve equations of 
magnetohydrodynamics in addition to the 

Einstein equations

Presence of a jet immediately implies presence 
of large-scale magnetic fields

Tµ⌫ = (e+ p)uµu⌫ + pgµ⌫ + Fµ
�F⌫� � 1

4
gµ⌫ F�↵F�↵,

r⌫(F
µ⌫ + gµ⌫ ) = Iµ � nµ , r⌫(

⇤Fµ⌫ + gµ⌫�) = �nµ�,

r⌫Tµ⌫ = 0



Compare B/no-B field:


•inspiral waveform is different 
but for unrealistic B-fields (i.e. 
B~1017 G).


•post-merger waveform is 
different for all masses; strong B-
fields delay the collapse to BH 

Influence of B-fields on 
inspiral is unlikely to be 
detected for realistic fields

Can we detect B-fields in the inspiral?



O[hB1 , hB2 ] �
⇤hB1 |hB2⌅�

⇤hB1 |hB1⌅⇤hB2 |hB2⌅

⇤hB1 |hB2⌅ � 4⇥
� ⇥

0
df

h̃B1(f)h̃�
B2

(f)
Sh(f)

To quantify the differences and determine whether detectors 
will see a difference in the inspiral, we calculate the overlap

where the scalar product is

In essence, at these res:
O[hB0 , hB ] � 0.999

B � 1017 Gfor

Influence of B-fields on inspiral 
is unlikely to be detected

Can we detect B-fields in the inspiral?



What happens when magnetised stars collide?

Need to solve equations of 
magnetohydrodynamics in addition to the 

Einstein equations

Presence of a jet immediately implies presence 
of large-scale magnetic fields



Animations:, LR, Koppitz

M = 1.5M�, B0 = 1012 G

If magnetic fields cannot be measured in 
the inspiral, what happens after merger?



Magnetic fields in the HMNS have complex 
topology: dipolar fields are destroyed.

What happens when magnetised stars collide?



t ~15ms



J/M2 = 0.83 Mtor = 0.063M� taccr ' Mtor/Ṁ ' 0.3 s

LR+ 2011

These simulations have shown that the merger of a 
magnetised binary has all the basic features behind SGRBs



t ~27mst ~21ms

t ~15mst ~13ms



Figure 2 plots the magnetic-field energy as a function
of time for H4B15 runs, H4B14d70, and H4B16d70. Soon
after the onset of the merger, the magnetic-field energy is
steeply amplified because the KH vortices develop in

the shear layer. The growth rate is higher for the higher-
resolution runs, because the growth rate of the KH
instability is proportional to the wave number and hence
the smaller-scale vortices have the larger growth rate. We
analyze the maximum magnetic-field strength and plot the
amplification factor in the merger as a function of Δx7 in
the lower panel of Fig. 2. This clearly shows that the
amplification factor depends on the grid resolution but not
on the initial magnetic-field strength. This is consistent
with the amplification mechanism due to the KH vortices
and qualitatively consistent with the local shearing-box
simulation in Ref. [22]. The magnetic-field energy at
t − tmrg ≈ 5 ms in the high-resolution run is 40–50 times
as large as that of the low-resolution run.
In the HMNS stage, the magnetic-field strength grows

significantly in the high- and middle-resolution runs but not
in the low-resolution run. We analyze the field amplifica-
tion by foliating the HMNS in terms of the rest-mass
density, i.e., calculating the magnetic-field energy for ρ1 ≤
ρ ≤ ρ2 varying ρ1 and ρ2. The left panel of Fig. 3 plots
magnetic-field energy of a radial component for H4B15
runs with ρ1 ¼ 1011 g=cm3 and ρ2 ¼ 1012 g=cm3. We find
that it grows in the middle- and high-resolution runs but
not significantly in the low-resolution run. We also find
the high- and middle-resolution runs satisfy the criterion
λφMRI=Δx7 ≥ 10 where λφMRI is the MRI wavelength of the
fastest growing mode for the toroidal magnetic field,
whereas the low-resolution run does not satisfy this
criterion.
We fit the growth rate of the magnetic-field energy by

∝ e2σðt−tmrgÞ for 8≲ t − tmrg ≲ 14ms for the high-resolution
run and find that σ ≈ 140 Hz (for the middle-resolution run,
it is ≈130 Hz for 8≲ t − tmrg ≲ 16 ms) which is several
percents of the rotational frequency. This frequency agrees
approximately with that of the nonaxisymmetric MRI [23].
The right panel of Fig. 3 plots the magnetic-field energy

FIG. 1 (color online). Snapshots of the density, magnetic-field strength and magnetic-field lines for H4B15d70 at t − tmrg ≈ 0.0 ms
(left panel), at t − tmrg ≈ 5.5 ms (middle panel), and at t − tmrg ≈ 38.8 ms (right panel). tmrg is a time when the amplitude of the
gravitational waves becomes maximum. The left, middle, and right panels show the configuration just after the onset of the merger, for
the HMNS phase, and for a BH surrounded by an accretion torus, respectively. In each panel, the white curves are the magnetic-field
lines. In the left panel, the cyan represents the magnetic fields stronger than 1015.6 G. In the middle panel, the yellow, green, and dark
blue represent the density iso-surface of 1014, 1012, and 1010 g=cm3, respectively. In the right panel, the light and dark blue are the
density iso-surface of 1010.5 and 1010 g=cm3, respectively.
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FIG. 2 (color online). (Top) The total magnetic-field energies as
a function of time for H4B15 runs with three grid resolutions
(B15-70m, B15-110m, B15-150m), for H4B14d70 (B14-70m),
and for H4B16d70 (B16-70m). The thin vertical lines denote the
formation time of the BH. EB is calculated by a volume integral
only outside the BH horizon. (Bottom) The dependence of the
amplification factor of the maximum toroidal magnetic field in
the merger on the grid resolution for all the models.

HIGH RESOLUTION NUMERICAL RELATIVITY … PHYSICAL REVIEW D 90, 041502(R) (2014)

041502-3

RAPID COMMUNICATIONS

Kiuchi+ 2014

With due differences, other groups confirm this picture

Kawamura+2016

Ruiz+ 2016
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RMHD



•Ideal MHD is a good approximation in the inspiral, but not 
after the merger; match to electro-vacuum not possible.


•Main difference in resistive regime is the current, which is 
dictated by Ohm’s law but microphysics is poorly known. 


• We know conductivity    is a tensor but hardly know it as a 
scalar (prop. to density and inversely prop. to temperature).

� ! 1 ideal-MHD (IMHD)

� ! 0 electrovacuum
� 6= 0 resistive-MHD (RMHD)

Dionysopoulou, Alic, LR (2015)

�

J i = qvi +W�[Ei + ✏ijkvjBk � (vkE
k)vi] ,

• A simple prescription with scalar (isotropic) conductivity:

Beyond IMHD: Resistive Magnetohydrodynamics

phenomenological prescription 

� = f(⇢, ⇢min)



Dionysopoulou, LR



RMHDIMHD



NOTE: the magnetic jet structure is not an outflow. It’s a 
plasma-confining structure.
In IMHD the magnetic jet structure is present but less regular.

In RMHD it is more regular at all scales.

IMHD RMHD
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The magnetic 
jet structure 
maintains its 
coherence up 
to the largest 
scale of the 
system.

RMHD



Ejected matter and 
nucleosynthesis

Bovard+ (2017)



Nucleosynthesis
•Already in the 50’s, nuclear physicists had tracked the 
production of elements in stars via nuclear fusion.

A & 56•Heavy elements (          ) cannot be produced in stellar 
interiors but can be synthesised during a supernova.

•To produce such elements very high temperatures 
and “neutron-rich” material is needed. 

•Neutron-star mergers seem perfect 
candidates for this process!

•SN simulations have shown that temperatures/energies 
not enough to produce “very heavy” elements (           ).A & 120



L. Bovard, LR



•Abundances for A>120 good agreement with solar. robust for 
different EOSs, masses, nuclear reactions and merger type

•Even tiny amounts of ejected matter (            ) sufficient to 
explain observed abundances.

0.01M�

Relative abundances
•Mass ejection can either be dynamical (shocks; 100 ms) or 
secular (magnetic or neutrino-driven winds; 1-10 s).



Relative abundances

•Abundances for A>120 good agreement with solar. robust for 
different EOSs, masses, nuclear reactions and merger type

•Even tiny amounts of ejected matter (            ) sufficient to 
explain observed abundances.

0.01M�

•Mass ejection can either be dynamical (shocks; 100 ms) or 
secular (magnetic or neutrino-driven winds; 1-10 s).



•Mass ejection can either be dynamical (shocks; 100 ms) or 
secular (magnetic or neutrino-driven winds; 1-10 s).

•Abundances for A>120 good agreement with solar. robust for 
different EOSs, masses, nuclear reactions and merger type

•Even tiny amounts of ejected matter (            ) sufficient to 
explain observed abundances.

0.01M�

Relative abundances

•We are not only stellar 
dust but also neutron-
star dust!

•GW170817 produced  
total of 16,000 times the 
mass of the Earth in 
heavy elements (10 Earth 
masses in gold/platinum)



Bovard+ 17Spatial distributions: Mej

BH

Spatial distribution of Mej impacts detectability of EM counterpart: 

★ most of Mej lost at low latitudes; 

★ depending on EOS/mass, contamination also in polar regions



Spatial distributions: Ye

Spatial distribution of Ye impacts detectability of EM counterpart: 

★ high Ye in polar regions: blue (optical) macronova

★ low Ye in equatorial regions: red (FIR) macronova

Bovard+ 17

BH



Kilonova emission
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GW170817

•Astronomical observations of GW170817 show kilonova 
emission: evidence connection GRBs and binary neutron stars!

•Ejected matter undergoes nucleosynthesis as expands and cools.

•When critical densities and temperatures are reached, matter 
undergoes radioactive decay emitting light (optical/infrared): 
kilonova/macronova (Li & Paczynski ’98).



Recap
Mergers lead naturally to EM counterparts (GRB, kilonova).

Magnetic fields unlikely to be detected during the inspiral but 
important after the merger: instabilities and EM counterparts.

Electromagnetic counterparts and a jet are likely to be 
produced but the details of this picture are still far from clear. 
Mergers lead to tiny but important ejected matter and 
macronova emission.

“high-A” nucleosynthesis very robust (little dependence on EOS 
and mass ratio) and good agreement with solar abundances.

First constraints on lifetime of  GW170817 remnant
tcoll = 0.98+0.31

�0.26 s
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