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Black-hole neutron-star mergers
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See Kyutoku, et al., LRR 24 (2021)



Neutron star merger

Inspiral Merger GW phase Viscous phase Spin down
~1 ms ~10-20 ms ~0.1-1s > 10 s

Black hole Stable NS

From Radice+, Ann. Rev. Nucl. Part. Sci. 70:95 (2020)
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Inspiral Dynamical Accretion Remnant
Short GRB
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Open questions

What is the nature of matter inside neutron stars?

What fraction of the r-process elements do neutron star mergers produce?
What binaries make GRBs? What type of GRBs?

Can we use compact binary mergers for cosmology?

Does general relativity break down in mergers?



Mass ejection and kilonovae
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Post-merger ejecta ™ Dynamical ejecta:

» Main heat source «  Fast (0.15—0.9¢)
* Slow (<0.15¢) . » r-process synthesis
* ¥=02-05 e + Y=0.05—0.5

From Shibata & Hotokezaka 2019
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Shocked ejecta
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Dynamic ejecta: NS+NS & BH+NS

This work, Mys = 1.2Mg, xes = 0.!
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NS+NS dynamical ejecta systematics

O MORefSet & LeakSet O MORefSet ‘& LeakSet
O MO/M1Set O NoNusSet ] MO/M1Set
10~} - 10~
0 9
= 102} $107% 0. @ 0
S ; 5 S . eg ¢ o
_.'__ O th} L_:; 0 0
= 0 O = oy 0 8@% 0
O dh-o 0 O @@ = 00
| Ao Un . o > ¢@§ O 800 &8 &%
10-3¢ 10-3¢ ® . % 0 0O
0 . 0 o O ‘“’%;}
b 4]
{53 dh
i 0 P B Blue kN Red kN O
10 01 0.2 03 0.1 0.5 10 0.05 010 015 020 02 030 035
(vej) [c] Y o)

NS+NS dynamical ejecta masses from Nedora+ 2022



x

|25 km

z

A

¥

———
—
——
-—
e m——
——
——
-

70

0.30 1
/
0.25 | /
'I
1
1
0.20 /
. 1
® I
= !
o 0.15 1 ] .
% ’l ............... .
2 ”l | BLh* g= 1.8 (SR)
0.10 i ---- BLh ¢=1.67 (LR)
1
i —— BLh¢=1(SR)
0.059 1 *
’, —— 1S220% ¢ =1 (SR)
— SLy¢=1(SR)
000 7 ’ r T T T !
0 10 20 30 40 50 60
¢t — ™€ [ms]

From Bernuzzi+ 2020




________
-

-

_______

—————

~

~
~
~e

0.30 1
0.25 1
'/

0.20 1

........ BLh* q= 1.8 (SR)

Mo

---- BLh ¢ = 1.67 (LR)

I al n Y

— 0.15 1

M disc

0.10 1

Kilonova 9 (NO prompt- coIIapse) OR (g < 0.75)
B y”

|25 km '

From Bernuzzi+ 2020

z

‘1‘\’

x



Remnant disks
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Neutrino driven winds: NS+NS
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Neutrino driven winds: BH+NS
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Spiral-wave wind

Wind cumulative mass
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Magnetized winds (l)
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Magnetized winds (Il)
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Disk recombination
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Open issues

Can we observe the fast shocked ejecta?

How do binary properties map to ejecta/disk properties?

What is the overall nucleosynthesis output of mergers?

What is the role of neutrino flavor transformation? Missing physics?

How can we test theory? Color light curves, spectra, r-process abundances
in metal poor stars, etc.
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Open questions

What is the central engine of GRBs?
Can mergers power both short- and long-GRBs?
What is the origin of precursors, tails seen in GRBs?

Joint constraints with GW+GRB data?



XG GW detectors
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Postmerger GW signal

Long-lived

— e Merger is at 1-2 kHz

A / il e Massive NS remnant signal 2-4 kHz
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. B e Higher frequency signal: BH
. formation (ring down)

e Large literature on these, but large

systematic errors in simulations
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See also Bauswein+ 2012, 2015, 2019; Takami+ 2014; Bernuzzi 2015,
Rezzolla+ 2016; Dietrich+ 2016; Radice+ 2017; Breschi+ 2019; ...
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QPOs from short GRBs?
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Measuring the disk mass with GWs
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We could measure the disk mass with a precision of ¥10% at SNR of 5!

From Dhani, arXiv:2507.14071



EM emission from binary BH mergers?

(a) Breakout
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EM emission from binary BH mergers?
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1881 e Black hole mergers in AGN disks o
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. e Super radiant instability?
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e Need better theory predictions!
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Conclusions - -
« We learned a lot about compact objects e ; ,,5"_24,,- oy
from multi-messenger observations, MASTER |[Fes Cumbres
theory, and simulations | g

e« There are many open questions left !
to be addressed W) w

e Both theory and observations
are needed!
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