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Observations of Gravitational Wave Sources
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Multi-messenger from neutron star merger

Relativistic jet
=> gamma-ray burst
(gamma)

neutron star (NS)

9 * % * ® NS or BH

9

mass ejection
+ r-process
=> "kilonova’
(optical, infrared)

Gravitational wave (GW) Electromagnetic (EM) wave




NS merger => dynamical mass ejection (< 0.1 sec)
=> “wind” from disk (~ 1 sec)

+ relativistic jets (=> gamma-ray burst)

Time: 7.52 ms Time: 7.52 ms
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Lattimer & Schramm 1974, Eichler et al. 1989,

Heavy element production in NS mergers Goriely et al. 2011, Korobkin et al. 2012
Bauswein et al. 2013, Wanajo et al. 2014, ...
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Possible origin of heavy elements (r-process elements)



The origin of elements In the

- Big bang

Universe
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First observations of neutron star merger (2017)

Optical and IR

1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)

Gamma-rays
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Utsumi+17

Gravitational-wave time-frequency map p

Gravitational
waves

Event rate (counts/s)

Frequency (Hz)

—4 —2 0
Time from merger (s)
Credit: LIGO/Virgo/NASA/Leo Singer (Milky Way image: Axel Mellinger)

Abbott+2017

The first “multi-messenger” observations



Spectroscopy => element identification eriote. MT 422

MT+23, Domoto+23
Watson+19, Domoto+21, Gillanders+22 Rahmouni+25
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Direct evidence of heavy element production ]O



Production rate of heavy elements
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Neutron star mergers can provide enough amount of heavy elements

5



Power of multi-messenger astronomy
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Observations of Gravitational Wave Sources




Status of GW observations

Updated O1 02 03 04 05

2025-07-16
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GW190425: 2nd NS merger event in O3

Total NS mass ~ 3.4 Msun

Y < 0.05
Galactic BNS
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Diversity in neutron star masses oAl e

=> diversity in mass ejection, r-process, and kilonova




Diversity in NS merger and kilonova Kawaguchi, Shibata, MT 2020
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Impact to the nucleosynthesis

Hypermassive NS 1 ~ 10 msec Long-lived NS (> 10 sec)

—— Dynamical : —— Dynamical
—— Post-merger .. —— Post-merger |
solar r-residual . solar r-residual 1

Fujibayashi+23
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No significant neutron star merger event after 2019...

BH-NS merger event ID: S2404226d

50% area: 72 deg®

(S240422ed) — comeise | Terrestrial

gh3o™ oo™ 8h30™ 00™ 7h30™ 00™
RA




Event rate of neutron star merger EBfEtEd ~ 100 Mpc
=> {K1EV ~ 4 x 108 Mpc3 = 4 x 10-3 Gpc3
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Observations of Gravitational Wave Sources




40 Mpc (GW170817)
20-30%F (1o
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100 Mpc
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150 Mpc
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200 Mpc
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Required survey for the events at 150 Mpc

Imaging depth
~ 20 mag

Survey area
LIGO x 2 : ~ 1000 deg?

LIGO x 2 + Virgo: ~100 deg?

Number of galaxies < 150 Mpc
1000 deg? => ~1000 galaxies

100 deg? => ~100 galaxies

Distance (Mpc)

BBH
NSBH
BNS

MassGap
Ter

10
100

Sasada+21
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S250818k: a possible NS merger event (~250 Mpc)

Gillanders+25

event ID: S250818k
instruments: H1, L1, V1
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Key: Long-term monitoring and spectroscopy
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Summary

® Multi-messenger observations of neutron star mergers

e Origin of heavy elements, Formation of relativistic jets

e No significant event after 2019: an estimated event rate is becoming lower
® Observational strategy

® (QObservations of the events at ~150 Mpc distance

* Survey depth: ~20 mag imaging
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