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Multi-Messenger Astronomy of Neutron Star Merger

GW170817 (Abbott+17)
18 [IGO - Virgo - _ ‘Aug 17th 2017

N300
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1st GW-EM merger

‘ 1st direct observation of r-process

. R nucleosynthesis (Kilonova AT2017gfo)
neveenam o Relativistic jet'emerges

Only GW-EM merger as of Feb 2026

frequency (
o
o

of T
. -l‘ ] “ .‘ A‘A i -
ididdaaddddd Questions
J I 1 EER BEEN BEEE BT 0 I3 4

RE ; gg -“Which elements are produced?

B - How much?
FFrFFsPPPPPPPPPF - What is the merger remnant? Black hole
or hypermassive neutron star?

Merging Neutron 5tars

i ?
Dying Low Mass Stars  Exploding White Dwarfs Cosmic Ray Fissian When and how the Jets were launched:



GW170817, 40Mpc Events since GW1 /70817

Updated 05
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- In addition, black hole neutron star mergers (e.g. GW200105, GW2001 15) were detected.
- However, they are likely EM dark according to the mass and spin.



GW170817, 40Mpc Events since GW1 /7081 7
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. ZTF identified one kilonova candidate, AT2025ulz, for a sub-solar mass event S250818k

within 3 hr (Kasliwal+25).
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. ZTF identified one kilonova candidate, AT2025ulz, for a sub-solar mass event S250818k

within 3 hr (Kasliwal+25b).
- It turned out to be a supernova (Hall+25, Franz+25, Gillanders+25, Yang+20).
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between mergers and y-ray bursts?

Gamma-Ray Bursts (GRBs): The Long and Short of It

Long GRB  Short GRB

Arzd-giant .

star collapses \ T~
. ) onto its core... —. \
AL Acompart S
o b binary system \©
e 4 "« begin ta spiral
A, | | -
-
-bzzoming se W
dense thatit -
) | expels its outer @
nr
)/ 5u ~eventually _
| colliding. . ° -

The resulting torus
haz at its center

a powerful

black hole.

Gamma rays

*Fossibly neutron stars. © ESA

Kouveliotou+93, Nakar 07, Bromberg+12

T | nicture
Merger => Short GRB => Kilonova
Collapsar => Long GRB => Supernova

* Kilonovae in short GRBs:

e.g., GRB 050709, 060505, 060614,
080905A, 130603B, 150101B, 1608218,
200522A :

« ‘Short GRB’ in GW170817

~—



Connection between mergers and y-ray bursts?

Gamma-Ray Bursts (GRBs): The Long and Short of It The classical p|Cture:

Long GRB ShOrt GRB Merger => Short GRB => Kilonova

B e | AT T Collapsar => Long GRB => Supernova
- e Kilonovae in short GRBs:
_b::omlng 50
| \J //omme 1(” ;‘,‘, _ e.g., GRB 050709, 060505, 060614,
*_-: Aﬁ,‘f.; jon colicing. A 080905A, 130603B, 150101B, 1608218,
;. ’T?* by 200522A
Lk 7PN « ‘Short GRB’ in GW170817
et ot s comer
R, / e / e Kilonovae in long GRBs:
(= Cxricy GRB 190109A, 211211A, 230307A
Fiv. 7. What determines short or long?
Gamma rays
Toubagronaex S =S Do collapsars produce r-process?

(Surman+06, Siegel+19, Miller+20, Just+22,

Kouveliotou+93, Nakar 07, Bromberg+12 - . .
Fujibayashi+23, Shibata+25)



Variety of neutron star mergers?

Shibata & KH 19
prompt BH formation <—m > M

thr

max.spin

hydrodynamics / *

m=m, MmN, viscous evolution

BH+tine disk BH+disk BH+disk SMNS+disk

viscous evolution of disk *
disk matter infall/outflow

O
. spin down cool down

Isolated BII collapse

Higher total mass, m
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Variety of neutron star mergers?

Shibata & KH 19
prompt BH formation <—m > M

thr

max.spin

hydrodynamics / *

m=m, MmN, viscous evolution

BH+tine disk BH+disk BH+disk SMNS+disk

viscous evolution of disk *
disk matter infall/outflow
@ -

Spin down o cool down

Isolated Bl

Dark Kilonova Dim Kilonova Bright Kilonova Super-kilonova

Superluminous Super-kilonova ...



Variation in Abundance pattern

Fujibayashi+23

1.20+1.50 Mg,

—— Dynamical ] I —— Dynamical
—— Post-merger j A —— Post-merger _
solar r-residual ; 3 AT - solar r-residual ]

306l
< 107

10—7i

o1l |
100 200 107% 100 150

Atomic mass number Atomic mass number

T [ T T T 1 T T [ T T T T [ T T T T ]

T 1 . 1
= Bernuzzi+2024 e

-== BLh g=1.49
e  Solar

* The abundance pattern of outflows is
sensitive to the remnant neutron star’s
lifetime.

Perego+14, Wanajo+14, Sekiguchi+15, Shibata+17, Radice+18, Miller+19,
Combi & Siegel 23, Fahlman & Fernandez 22, Haddai+23,Just+23,
Fujibayashi+23, Bernuzzi+24. Kiuchi+24, Schianchi+24,

Rosswog+25,Jacobi+24 and more

Relative abundances
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s
= ‘
'

Lot I

50 100 150 200
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Outline

Introduction to Kilonova

Non-LTE Kilonova

Elemental identification in GW170817
Kilonova observed by JWST after a long GRB
Where are heavy elements? W, Pt, Os

Conclusion



Neutron Star Merger & Kilonova

Li & Paczynski 98, Kulkarni 05, Metzger+10, Barnes & Kasen 13, Tanaka & KH 13

R-process
nucleosynthesis
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Merger Post-merger
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MeV 0.1MeV



Neutron Star Merger & Kilonova

Li & Paczynski 98, Kulkarni 05, Metzger+10, Barnes & Kasen 13, Tanaka & KH 13

R-process Radioactive decay

Merger Post-merger :
J = 9 nucleosynthesis

O Photospheric
& (atomic opacity)
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Neutron Star Merger & Kilonova

Li & Paczynski 98, Kulkarni 05, Metzger+10, Barnes & Kasen 13, Tanaka & KH 13

Merger Post-merger R-process Radioactive decay

O Photospheric Nebular
\ (atomic opacity) (emission line)
S
» - a‘ed
» e
<
1£0) O<t<1s ~<1s 1day > 10day

MeV 0.1MeV 10eV 0.1eV



Neutron Star Merger & Kilonova

Li & Paczynski 98, Kulkarni 05, Metzger+10, Barnes & Kasen 13, Tanaka & KH 13

R-process Radioactive decay

Merger Post-merger :
J = 9 nucleosynthesis

O Photospheric Nebular
(atomic opacity) (em:ss:on line)

1£0) O<t<1s ~<1s 1day > 10day > 10 day

MeV 0.1MeV 10eV 0.1eV 10meV



Kilonova AT2017gfo in GW170817

Arcavi+17, see also, Coulter+17, Lipunov+17, Soares-Santos+17, Tanvir+17, Valenti+17,
Kasliwal+17,Drout+17, Evans+17, Utsumi+17
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* Kilonova is much fainter and evolve much faster than supernovae.
« GW observations greatly help to find kilonovae.



Observed Light curve & -decay

' I L |

-+ Heating rate (M¢; = 0. OSMO)

-« Kilonova model
® AT2017gfo
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KH & Nakar 20
See also Waxman+19
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- The light curve follows the radioactive heating of r-process nuclei.
0.05Msun of r-process is needed to explain the kilonova AT201 /7gfo.




Peak of Kilonova Light Curve
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The peak time of ~< 1day suggests k ~< 1 cm2/g




Efforts on Kilonova Study

GRRMHD simulations

Perego+14, Sekiguchi+15, ' — 'ieig-‘;f.; — =035
Shibata+17, Radice+18, — Ye=025 o Freiburghasu+99, Metzger+10,
Miller+19, Combi & Siegel

23, Fahlman & Fernandez 22,
Haddai+23,Just+23,
Fujibayashi+23,

Goriely+11, Korobkin+12, Surman+13,

Abundance

Wanajo+14, Eichler+15, Lippuner&
Roberts 15, Zhu+18,21, Wu+16, 19,
Barnes+21, Bulla 23, Ricigliano+24

150
Atomic mass number

0 1oloo zoloo 3(;00 4000 Bernuzzi+24. KiUChi+24,
x [km]
Schianchi+24,

Rosswog+25,Jacobi+24

Kenta Kiuchi talk

Atomic data Radiation Transfer/Plasma modeling Observation
Barnes & Kasen 13, Tanaka & KH 13, Wollaeger+18.21 T e

- Blackbody

NIST Atomic Spectra Dvabase Lovels Data

VN 255 Leyels Faore: MUIti-D

£ G Ta R se il semmyrn
Bulla+19,21,

COWNRN MM
S ‘ — Korobkin+21 ,Collins+23,24,

L L L
-l

1 Shrestha+23, Shingles+

. -

- [Element ID
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Can - O

Gillanders+22,24,25, Sneppen+,
Domoto+23, Tarumi+23, KH+23,24

2 31
erg s em? A7)

bw bw bw bw
Lo

Kasen+13, Tanaka+20, Gaigalas+19,

T T T T T T
4000 5500 7500 10500 14500 20000

Residual Fy, [10-17

Banerjee+2024, Fontes+20, Da Silva+22, NLTE/Non-thermal L

Domoto+23,25, Mulholland+24, Flors+25 oot | ‘Waxman+1 9, KH & Nakar 20,

McCann+25, Rahmouni+25 KH+21, Pognan+22, 23, 25,
Jerkstrand+25

e.g. Pian+17, Troja+17, Watson+19,
Levan+24, Gillanders & Smart 25




- Atomic codes must be tuned with

Efforts on Opacity data

Tanaka+20

- IR lines of heavy elements were largely. B (309

missing before 201 7. - 61

P (61
Sm (62
Eu (63)

ll

- Completeness matters for opacity, which
IS solved with atomic codes:

iy

NM. .| mn i

5000 10000 15000 200'30 25000
Wavelength (A)

Expansion opacity |jcrn2 g")

- Autostructure (e.g. Kasen+17)
- Hullac (e.g. Tanaka+20)
- GRASPZK (e.g. Gaigalas+19) _

Gillanders+25
- ATOMIC (e.g. Fontes+20) AT 2017kt (34 )
. F-AC (Flors+25) . — ‘(,cll_2022('1 3200‘K':2ms\n\
- HFR (e.g. Deprince+25) \

experimental data for high accuracy
(Domoto+23,25, Rahmouni+25.Flors+25).

- KN data => Xian IS ~0.1 X solar r-process T T

Rest wavelength (um)
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* Kilonova observed by JWST after a long GRB
 Where are heavy ones? W, Pt, Os

e Conclusion



What does non-LTE mean?

Non-LTE:
Any situation different from local thermodynamic
equilibrium (LTE).




What does non-LTE mean?

Non-LTE:
Any situation different from local thermodynamic
equilibrium (LTE).

TE:
_ocal thermodynamic equilibrium

Matter at a given location Is characterized
by a single local temperature T.




LT

LTE

- = Local Thermodynamics Equilibrium

For example, It many thermal’

X+i + 7 <—>X+i+1 1 e-

FHEN = er = X+

photons

exist and density Is high enough

(lonization) (recombination)
XH(E) + 7 «— X+ (Eu)
(excitation) (de-excitation)

—u) + e



LT

LTE

= Local Thermodynamics

(lonization)

(excitation)

onization: Saha equilibrium (T)
_evel: Boltzmann distribution (T)

—quilibrium

For example, It many thermal” photons
exist and density Is high enough

X+i + 7y «—> X+i+] 1 e-

(recombination)

XH(E) + 7 «— X+ (Eu)

(de-excitation)

XH(E) + e «—— X+ (Ey) + e

Particle motion: Maxwell-Boltzmann distribution (T)



Non-LTE: examples

For example, It photon and gas
densities are low

X+ y «—> X +i+1 4 e-

(lonization) (recombination)
XH(E) + 7 €= X+ (Eu)
(excitation) (de-excitation)

XH(E) + e X+ (Ey) + e

onization: Saha equilibrium (T)
_evel: Beltzmann cistricution (1)

Particle motion: Maxwell-Boltzmann distribution (T)




Non-LTE: examples

Level population

For example, It photon and gas density

@ NLTE
S| - are low
s Xt 4y «— X +itl 1o
o} e Ryl (1
8 (lonization) (recombination)
O S e
O XH(E) + 7y == X+ (Eu)
(excitation) (de-excitation)

XH(E) + ee=—= X+ (Eu) + e

onization: Saha equilibrium (T)
_evel: Beltzmann cistricution (1) each line Tuw.
Particle motion: Maxwell-Boltzmann distribution (T)




Non-LTE: examples

For example, radioactive (KN, SN)

Xt 46— Xt 2e-

(lonization) (recombination)
XH(E) + 7 €= X+ (Eu)
(excitation) (de-excitation)

XH(E) + e X+ (Ey) + e

onization: S2ha eguilibriyim (T
. Al+F=rA A A+l 1AL (T
_evel- BVItLI 11CGAL 111 \.JIIU-I\:I luutl\/l [ | \ [ | )

Particle motion: Mayewell Beltzmann districution (1)




Non-LTE: examples

For example, radioactive (KN, SN)

Electrons log scale

Xtli4e —p X Hi+14Pa-

~ axweII—Boltzmann

2 7/

E X+| + 7/' ................ > X+|+] _I_e-

_§ (|on|zatlon) (recombination)

| - — - ——

- XH(E) + 7y == X+ (Eu)
(excitation) (de-excitation)

XH(E) + ee=—= X+ (Eu) + e

onization: seRe=seietHaritia=ckL)
. A+~ A Aintrilai AN (T
_evel BVI-ICLI 1AL 11 1] \.JII\J-II:I IUMtIVI | \ | )

Particle motion: Mayewell Beltzmann districution (1)
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Non LTE: examples

Early phase [1.17 days|
T=4900 K

24 5¢4 1onisation

- 1545’5

21 4 1s3s'S

Is4p'F 1ss

o / | ' He+t0+e- —» He++2e-

Kilonova Helium problem (Tarumi,KH+23,
sSneppen+24, Chiba’s poster)

YA He+0 + y g Het+e-

(lonization) (recombination)

He+0(23S) + 7 =—= He+0 (23P)
(excitation) (de-excitation)

HetO(11S) + e-
Sneppen+24
'Trunsiliunrutc(S"Cm_“)‘ i He+o (238) + e_

Lilihrinim ()
SO S T 00

0.03 5.0 5000

D F S P D F i~tr-ilA iAW /T)
Singlet {para) Triplet (ortho) UL IDULIVLL

Particle motion: Mayewell Beltzmann districution (1)



Radioactive heating and thermalization

Metzger+10, Goriely+1 1, Korobkin+12, Barnes+16, Waxman+19, KH & Nakar 19,
KH+20, Kasen & Barnes 19

- = 0.02M,, 0.2¢
—— 0.05M,, 0.1c
. 0.05M,, 0.05¢

SN Ta, 5Ni % Co

101

Time since merger |day|



Radioactive heating and thermalization

KH + 20, Pognan+22

—— 0.02M,, 0.2¢ . 0.05M,, 0.05¢
—— 0.05Mg, 0.1c SN Ia, °°Ni,”® Co

Time since merger |day]

This should be compared with rate coefficients: recombination o (Te)
(cm3 s1), excitation <oexv> (Te) (cm3 s1)

=> |onization and heating ‘efficiency increase with time

KN density is much lower than SN la => The efficiency higher for KNe



lonization Energy loss of charged particles

A cloud chamber experiment at home

Primary Secondary E~Te
o

Thermalization of electrons at low E is so fast that low energy
electrons follow the Maxwell-Boltzmann




Non-thermal electron spectrum
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Impact of p-radiation at 0.5d

We compute atomic data by Hebrew University Lawrence Livermore Atomic Code (HULLAC).

At 0.5 day after merger

« At 0.5 day, T Is so high
that the thermal
Ionization dominates
over the radioactive.

Fraction

e LTE should be good
approximation.
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Impact of p-radiation at 2.5d

We compute atomic data by Hebrew University Lawrence Livermore Atomic Code (HULLAC).

At 2.5 day after merger

e At 2.5 day, radioactive
Ionization can be
Important.

Fraction

e The deviation from LTE
IS significant.
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0.30




Impact of non-thermal ionization on Color

Brethauer+26, see also Kawaguchi+22, Poghan+23

—— UVOT UVW2 -6 LSST i ~— MIRI F560W -5
| =— uvoT UVM2 -6 LSST z ~ MIRI F1000W -5
- LSSTg NIRCam F115W == QNLTE
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Radioactive ionization is very important for optical light curves after ~ 2 days.
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Kilonova observed by JWST after a long GRB

Where are heavy ones? W, Pt, Os

Conclusion



Ification
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P-Cygni line candidates in AT2017gfo

Sneppen + 24, see also, Watson+19, Pian +17, Gillanders+22,24

Feature zoom-in

LDSS + MagE X-shooter 760 nm P Cygni; Y 11 Y IlI: Sneppen & Watson 23
48 days 1.4 days ik

e e La lll: 1.3um feature (Domoto...
J 3.4 days )

SALT 5.4 days

B SONR % Contal — 4 R Ce lll: 1.6pm feature (Domoto...

T4 days

preiade . a2 Ol KH, 22, 23, Tanaka...KH, 23)
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Kilonova vs R-rich star

Tanaka,..KH+23, see also, Domoto..KH..22

HR465 (IRD) | .
Blueshifted (v=0.1c) R-rich star
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IR spectra of r-rich stars are useful to get atomic data relevant for kilonovae.



Sr |l triplet (Watson+19,

KN 1pm conspiracy

Gillanders+22, Sneppen+24) Perego+22, Tarumi, KH+23)
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He | line from a metastable level in NLTE.
He can be most abundant atom In merger ejecta.
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Sneppen+24 show 1 um line at early times should be Sr Il (see also Arya poster,

Sneppen & Chiba talks next week).




KN 1pm conspiracy

Sr ll triplet (Watson+19, He | 1.083 um(Sneppen+24,
Gillanders+22, Sneppen+24) Perego+22, Tarumi, KH+23)
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[Te IV]1.08 um (Mulholland+25)
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A forbidden line [Te IV] 1.08 um was recently suggested as the third option.
It can appear at later times t > 5 days if Te is highly ionized.




KN 1pm conspiracy

Sr ll triplet (Watson+19, He | 1.083 um(Sneppen+24,
Gillanders+22, Sneppen+24) Perego+22, Tarumi, KH+23)
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- A forbidden line [Te IV] 1.08 um was recently suggested as the third option.
It can appear at later times t > 5 days if Te is highly ionized.
- All three are expected to be abundant.




Neutron Star Merger & Kilonova

Li & Paczynski 98, Kulkarni 05, Metzger + 10, Barnes & Kasen 13, Tanaka & KH 13

Mass ejection R-process Radioactive decay

Merger e
A few % Msun nucleosynthesis P
= Photospheric £ Nebular 3%
O (optically thick (thin)
S
- a‘®s
‘\‘ ‘ e
(o
1E0) O<t<100ms 2
10km 10-100km < 0.1Rsun

Absorption lines & Emission lines j

-



Kilonova Nebular Spectrum (~10 days post merger)

KH + 23, where the ejecta is assumed to be optically thin at ~10 days.
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- The solar abundance (2nd - 3rd r-process peaks) is assumed. X+ = X+2 = 0.5

- [Te Ill] 2.1um is the strongest M1 line.
- See also Rahmouni’s talk next week




[Te lll]2.1um line Iin the kilonova
i AT2017gfo
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® The Te lll line Is expected to be the strongest M1 line because it is a
second r-process peak element.



y of Elemental
GW170817 with spectroscopy

We need to confirm these with future events.
Dying Low Mass Stars  Exploding White Dwarfs Cosmic Ray Fission



Early vs Late-abundance of KN

— AT 2017gfo (3.4d)
w— Gill2022 (T =3200 K; TARDIS-NEW)
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Ea rly photospheric emission Tanaka+17, Kasen+17, Gillaners+22,25, Domoto+23
=> Low lanthanide fraction ~< 10% of the Solar



Early vs Late-abundance of KN
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Ea rly photospheric emission Tanaka+17, Kasen+17, Gillaners+22,25, Domoto+23
=> Low lanthanide fraction ~< 10% of the Solar

Late-Nebular emission
=> Te emission & Ce, La emission (Salma Rehmouni’s talk)

=> High lanthanide fraction ~ the Solar
=> No Kr emission => Light r-process must be suppressed (KH+23,

Jerkstrand+25).



Outline

A Long GRB and kilonova seen by JWST

« Where are heavy elements? W, Pt, Os



GRB 230307A: JWST NIRCam Image

GRB 230307A
JWST/NIRCAM

Afterglow/kilonova
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® The most probable host ~ 300Mpc, large off-set ~ 40 kpc
® The large off-set rules out the collapsar scenario.



GRB 230307A and JWST photometry

Levan,..KH+23

Afterglow+Kilonova light curve Afterglow+Kilonova SED
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® The light curve is very similar to AT2017gfo (GW170817).
® This supports a neutron star merger scenario.



JWST Spectrum of the KN 230307A

Levan,..,KH+23, see also Gillanders+23

AT2017gfo, 10 d ® Phot.29d[
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An emission line feature around 2.1 um is consistent with [Te lll] 2.1pym.
The total r-process mass ~ 0.05Msun. (~ GW170817)

Evidence that mergers produce long GRBs

What is the red bump T ~ 670K? Dust?



IR emission in AT2017gfo

Spitzer Observation (Kasliwal+22, Villar+18)

45um
e Spitzer detected an emission at 4.5 pm at 45 day but no detection at 3.5 pm.
* A very cold emission or non-trivial lines (e.g., KH+22)

e Dust?
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Condensation of W-0Os... In proto-solar system

 R-process condensation (Domoto poster)
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Condensation of W-0Os... In proto-solar system

 R-process condensation (Domoto poster)

w

* Proto-Solar System (Palme & Wlotzka 1976)

r— T

Rh Ni Pt Fe Ru Ir Mo Re W Os
'S T T Vo v A vlo
1400 1500 1600 1700 1800 100 ° K

100 -'i‘:._ R g\ [ 1 I I Pt b I 7T lj_‘
N N W 0s.Re,W are 3
g % \ completely condensed

\ above 1800°K

\

Ir

e
~—r

Log relative abundance

o
T T 117

T TTHT

\_‘ Mo

Lorrpd sl

T T T T

A 1 A A 1

50 60
Atomic nui

T TTTYTTTY T T Ty

fraction condensed

this scale
only for |
Au, Fe, Ni
> 1490°K

X
®
—
=
©
—
o
Q
E
.
c
Ao
©
&
-
@
°
c
Q
(&)

T T TITT]

Lo

T T TTTTT]

Ll

\ A
[ A 1JK4LL111111LJ‘_L111L1111J
1400 1500 1600 1700 1800 1800

Fig. 4. Condensation curves for Mo, Ir, Ru, Rh, Pt, Ni, Fe and Au condensing in an alloy of 13 metals (Os, Re, W, Mo, Ir, Ru, Rh, Pt,
Ni, Fe, Co, Pd and Au). The condensed fraction of each element is plotted as a function of temperature. The condensation tem-
peratures of pure metals are indicated by arrows. The assumed pressure is 10-3 atm. Ideal solid solution was assumed for all metals.




Condensation of W-0Os... In proto-solar system

 R-process condensation (Domoto poster)
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Previous study of grain formation in KNe

- [akami, Nozawa, lokal4 -

Condensation fraction

no dust formation
in high—density case

O high—density case
(fi=0.5)

® low—density case
(f,=1.0)

No dust

Sr Hf Pt

(1st peak) (2nd peak) (3rd peak)

The issues:

1.

Takami+ 14 considered only low
density ejecta. So, atom-atom
collision rarely occurs.

They use the nucleation
theory, which is not reliable for
small cluster formation (e.g.
Draine 1979).

They consider only Hf but
refractory elements condense
together and form alloy.



R-process grain growth in merger ejecta

We solve the kinetic rate equation (Domoto, KH, Kasen in prep.)

KN AT2017gfo
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e Early cluster formation is suppressed by low molecular formation rate.
 Fragmentation accelerates cluster formation via creating seed.
e 0.05Msun, v ~< 0.1c are good for dust formation.




Kilonova with Dust

Expected spectral evolution

Kiloncva Spectra (with cust) le-16 AT2023vf vs Model at 29 days
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Summary

Opacity Tables for KNe have been constructed by
multiple groups. Atomic data for non-LTE KNe are In
progress.

Photospheric emission and nebular emission seem to
require different r-process abundances. (Photospheric->
Light, Nebular -> Heavy).

Late-KN emission may be dominated by r-process dust.

Refractory elements may condense together around 10
day. More studies are necessary.



