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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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Multi-Messenger Astronomy of Neutron Star Merger

Aug. 17th 2017
• 1st GW-EM merger 
• 1st direct observation of r-process 
nucleosynthesis (Kilonova AT2017gfo) 

• Relativistic jet emerges  
• Only GW-EM merger as of Feb 2026

Questions
• Which elements are produced? 
• How much?  
• What is the merger remnant? Black hole 
or hypermassive neutron star? 

• When and how the jets were launched? 
…

GW170817 (Abbott+17)



Events since GW170817

https://observing.docs.ligo.org/plan/

GW170817, 40Mpc

Sub-threshold S231109ciGW190425, 160Mpc

• In addition, black hole neutron star mergers (e.g. GW200105, GW200115) were detected. 
• However, they are likely EM dark according to the mass and spin.
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Sub-solar mass

• ZTF identified one kilonova candidate, AT2025ulz, for a sub-solar mass event S250818k 
within 3 hr (Kasliwal+25). 
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Events since GW170817

https://observing.docs.ligo.org/plan/

GW170817, 40Mpc

Sub-threshold S231109ciGW190425, 160Mpc

Sub-solar mass

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

• It turned out to be a supernova (Hall+25, Franz+25, Gillanders+25, Yang+26). 

S250818k
S251112cm



Events since GW170817

https://observing.docs.ligo.org/plan/

GW170817, 40Mpc

Sub-threshold S231109ciGW190425, 160Mpc

Sub-solar mass

Fig. 2 JWST images of GRB 230307A at 28.5 days post burst. The upper panel shows the wide field
image combining the F115W, F150W and F444W images. The putative host is the bright face-on
spiral galaxy, while the afterglow appears at a 30-arcsecond o↵set, within the white box. The lower
panel shows cut-outs of the NIRCAM data around the GRB afterglow location. The source is faint
and barely detected in the bluer bands but very bright and well detected in the red. In the red bands,
a faint galaxy is present northeast of the transient position. This galaxy has a redshift of z = 3.87,
but we consider it to be a background object unrelated to the GRB (see Supplementary Information).
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GRB 230307A with a 
kilonova (Levan+24, 
Yang+24), 300Mpc

GRB 211211A with a kilonova 
(Rastinejad+,Troja+22), 350Mpc

S250818k
S251112cm



Connection between mergers and γ-ray bursts?

The classical picture:

Merger => Short GRB => Kilonova

Collapsar => Long GRB => Supernova

• Kilonovae in short GRBs:

e.g., GRB 050709, 060505, 060614, 
080905A, 130603B, 150101B, 160821B, 
200522A

• ‘Short GRB’ in GW170817

© ESA

Long GRB Short GRB

Kouveliotou+93, Nakar 07, Bromberg+12



Connection between mergers and γ-ray bursts?

The classical picture:

Merger => Short GRB => Kilonova

Collapsar => Long GRB => Supernova

• Kilonovae in short GRBs:

e.g., GRB 050709, 060505, 060614, 
080905A, 130603B, 150101B, 160821B, 
200522A

• ‘Short GRB’ in GW170817


• Kilonovae in long GRBs:

GRB 190109A, 211211A, 230307A

What determines short or long?

Do collapsars produce r-process?

(Surman+06, Siegel+19, Miller+20, Just+22, 
Fujibayashi+23, Shibata+25)

© ESA

Long GRB Short GRB

Kouveliotou+93, Nakar 07, Bromberg+12
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Variety of neutron star mergers?
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No jet? Jet? Jet? No jet?

Variety of neutron star mergers?
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Dark Kilonova Dim Kilonova Bright Kilonova Super-kilonova

Superluminous Super-kilonova …

Variety of neutron star mergers?



Variation in Abundance pattern
10 R-process Nucleosynthesis

Fig. 6 Abundances for the equal-mass (left) and unequal-mass neutron star mergers (right) adopted from Fujibayashi et al. (2023a).
The neutron masses for the former and the latter are, respectively, (1.35, 1.35) M� and (1.20, 1.50) M�. The thin-blue, thin-red, and
thick-gray curves indicates the dynamical, post-merger, and total ejecta, respectively. The solar r-process residuals (Prantzos et al.,
2020) are also shown for comparison purposes, which are scaled to match the that of 153Eu for the total abundance of each panel.

measurement of the 244Pu abundance on the sea floor (Wallner et al., 2015). The measured flux is much lower than the value expected from
the equilibrium value, pointing to that the time separation between two r-process events is longer than the half-live of 244Pu. This result
again indicates that r-process events are rarer than core-collapse supernovae.

4 Possible sites of r-process

Despite progress in understanding the physical conditions necessary for the r-process, the astrophysical origins of r-process elements remain
a mystery. Unraveling these origins requires not only elucidating the physical conditions of ejected material of astrophysical phenomena
but also understanding the event rates and the amounts of r-process elements produced by each event. Here, we review possible production
sites proposed in the literature.

4.1 Neutron star merger
The ejecta of binary neutron star mergers and black hole-neutron star mergers are ideal sites of r-process nucleosynthesis because the ejecta
are naturally expected to be neutron rich. The first idea leading to this scenario, the decomposition of initially cold neutron-star material,
was proposed by Lattimer and Schramm (1974). Numerical simulations of neutron star mergers have shown that neutron-rich material is
indeed ejected during the merger and post-merger phase.

4.1.1 Dynamical ejecta

A substantial amount of mass up to approximately 0.01M� is dynamically ejected during the merger of neutron stars (Rosswog et al., 1999).
Strong shocks form at the interface between the merging neutron stars, driving mass ejection. In addition, some material can be ejected
through tidal interactions. These two components are referred to as shocked and tidal components, respectively. The ejecta mass depends
on the masses of neutron star and the nuclear equations of state (Hotokezaka et al., 2013; Bauswein et al., 2013). For example, the ejecta
mass can be as large as ⇠ 0.01M� in the case that a short-lived hypermassive neutron star forms. On the contrary, in the case that a black
hole forms immediately after merger, the ejecta mass is much smaller unless the mass asymmetry of a binary is high enough to produce a
large amount of tidal ejecta.

For black hole–neutron star mergers, dynamical mass ejection occurs only through tidal disruption. The amount of ejecta depends on the
mass ratio, spin of the black hole, and neutron star radius because the condition whether or not tidal disruption occurs outside the inner most
stable circular orbit depends on these quantities (Foucart et al., 2013; Kyutoku et al., 2015). For example, in the case that the dimensionless
spin parameter of a black hole is as large as ⇠ 0.5 aligned with the orbit and the neutron radius is ⇠ 12 km, the mass ejection with & 0.01M�
occurs if the mass ratio is ⇠ 3. However, the mass ejection is significantly reduced if the mass ratio becomes larger, e.g., ⇠ 7. Since the
tidal ejecta of black hole–neutron star merges are very neutron rich (Ye ⇠ 0.05), only heavy r-process nuclei (A > 100) are produced. The
multiple fission recycling may lead to actinide boost with high Th/Eu ratios (Wanajo et al., 2022).

The electron fractions of shocked ejecta can vary up to ⇠ 0.5. More tidal ejecta are produced for unequal-mass neutron star mergers.
The electron fraction of the tidal component is usually low, around Ye < 0.1, which leads to relatively a high Th/Eu ratio (Fujibayashi et
al., 2023a). Combining the two components, the electron fractions are widely distributed in the range of Ye ⇠ 0.05–0.5 (e.g. Sekiguchi
et al., 2015; Radice et al., 2018; Kullmann et al., 2023; Kiuchi et al., 2023). For the mergers with nearly equal neutron-star masses, the

Fujibayashi+23
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Figure 8. Nucleosynthesis yields for the DD2 @ = 1.77 (solid blue) and
BLh @ = 1.49 (dashed orange lines) simulations at grid resolution SR as
obtained from kNECNN . Top: results considering all times of ejection. Bottom:
considering dynamical ejecta only. The vertical shaded regions highlight the
position of the A-process peaks, while the vertical gray, dashed line shows the
position of the � = 56 isotopes. Solar abundances are shown as reference.

panels of Fig. 9: for the BLh binary, the ejecta mass are lower and
A-processes are more suppressed for \ & 30�.

Previous work identified the V-decay of free neutrons as the source
of an early blue kN peak (Metzger et al. 2015; Combi & Siegel 2023;
Magistrelli et al. 2024b). For the simulations presented here, we
exclude this process is the cause of the blue peak. Appendix A reports
on further kNECNN simulations in which the heating rate associated
to free neutrons were switched off but the precursor is persistent
in the light curves. Further, the free neutron abundancies after the
nucleosynthesis is slightly larger for the BLh binary than for the DD2
binary (cf. left-right panels of Fig. 7), while the blue peak is larger
for DD2, as stated above.

Finally, the fast tails of the dynamical ejecta are expected to gen-
erate synchrotron radiation as the ejecta remnant interacts with the
surrounding interstellar medium (ISM), e.g. (Nakar & Piran 2011;
Hajela et al. 2022). As an illustration, we compute the radio light
curves using the analytical model of Sadeh et al. (2022). The ejecta
is modeled by a broken power law profile composed of a shallow
bulk component and a steeper fast tail component,

<ej = <0

(
(G/G0)

�Bft
G > G0

(G/G0)
�BkN 0.1  G  G0

, (2)

where G = W(E1)E1/2 and W(E1) the Lorentz factor. Optimal fitting
parameters for DD2 (BLh) binary are G0 = 0.201, <0 = 7.69⇥10�4,
Bft = 4.24 and BkN = 1 (G0 = 0.444, <0 = 1.15 ⇥ 10�4, Bft = 6.97
and BkN = 1). The differences in these fits reflect the rather different

velocity profiles of the binaries, see the bottom right panel of Fig. 6.
In particular, the DD2 profile has a less steep fast tail extending at
larger velocities than the BLh.

Light curves at 1.4 GHz are then computed from a 1D forward-
reverse shock model of the ejecta, by using fiducial values of n4 =
0.1 and n⌫ = 0.01 for the conversion efficiencies of the internal
energy of the shock to the energy of the accelerated electrons and
amplified magnetic field, ? = 2.15 the spectral index of the non-
thermal electrons, and ISM density =ISM = 0.001 cm�3 (or the more
optimistic =ISM = 0.01 cm�2). The results are shown in Fig. 11. The
non-thermal flux increases in time until the reverse shock propagates
to the bulk of the ejecta; after the peak the velocity is subrelativistic
and the model approaches the Sedov-Taylor self-similar solution.

According to the employed model and using the conservative
=ISM = 0.001 cm�3 (solid lines), the BLh afterglow flux density
peaks at ⇠6 years postmerger (�a peak ⇡ 0.97` Jy). The DD2 after-
glow is relatively dimmer (�a peak ⇡ 0.3`Jy) and peaks at ⇠30 years
postmerger. A more optimistic value =ISM = 0.01 cm�2 (dashed
lines), increases the peak fluxes to a few `Jy and shifts them to
earlier postmerger times of ⇠3 and ⇠14 years respectively for BLh
and DD2. These signals might be detectable with radio facilities like
VLA, Aperitif, ASKAP, MeerKAT, and SKA, in particular if the
source is well localized by a coincident gravitational-wave detec-
tion e.g. (Hotokezaka et al. 2016; Dobie et al. 2021). Previous work
on comparable masses BNSM identified the origin of these counter-
parts as due to the fast tails generated at the collisional shock between
the stars (Metzger et al. 2015; Hotokezaka et al. 2018; Radice et al.
2018). Here, fast tails are instead mostly generated by tidal torque.
Hence, mass asymmetry in combination with the EOS dependence
further enriches the phenomenology of kN afterglows (Nedora et al.
2021a).

5.2 Gravitational waves

Gravitational wave (GW) observations offer the unique opportunity
to unambiguously identify the merger remnant and thus establish the
connection between possible electromagnetic counterparts and their
central engine. The detection of GWs from the remnant, in particular,
appears possible with third-generation detectors (Breschi et al. 2022).

Figure 12 and 13 show the three dominant multipoles of the GWs
radiated by the two binaries. In each figure, from top to bottom, the
black lines show the amplitude and real part 3 of the ✓< = 22, 33, 21
multipoles. The red line shows the modes’ frequency. The postmerger
signal is characterized at early times by the 22 emission from the NS
remnant at a peak frequency of 522 ' 2.5 kHz for the DD2 binary
and 522 ' 3.5 kHz for the BLh binary. The latter frequency is higher
because the remnant is more compact. Other significant emission
channels are the 33 mode with an amplitude of about an order of
magnitude smaller than the 22 and a frequency 533 ⇠ 3/2 522, and
the 21 mode with an even smaller amplitude but a lower frequency
521 ⇠ 1/2 522.

Most of the GW energy is radiated up to times C � Cmrg . 20 ms
(Bernuzzi et al. 2016). After these times the merger dynamics
are driven by the viscous processes discussed above rather than
gravitational-wave backreaction. During the viscous phase, the one-
armed (< = 1) spiral motion of the remnant generates a weak but

3 We use geometric units ⌧ = 2 = M� = 1 for the GW strain and recall
that ⌘ := ⌘+ � 8⌘⇥ = ⇡�1

L
Õ

✓< ⌘✓< (C )�2.✓< ( ], k) , where the extrinsic
properties of the source are incorporated in the luminosity distance ⇡L and
via the spin-weighted spherical harmonics �2.✓< (sky position).

MNRAS 000, 1–15 (2024)
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Previous work identified the V-decay of free neutrons as the source
of an early blue kN peak (Metzger et al. 2015; Combi & Siegel 2023;
Magistrelli et al. 2024b). For the simulations presented here, we
exclude this process is the cause of the blue peak. Appendix A reports
on further kNECNN simulations in which the heating rate associated
to free neutrons were switched off but the precursor is persistent
in the light curves. Further, the free neutron abundancies after the
nucleosynthesis is slightly larger for the BLh binary than for the DD2
binary (cf. left-right panels of Fig. 7), while the blue peak is larger
for DD2, as stated above.

Finally, the fast tails of the dynamical ejecta are expected to gen-
erate synchrotron radiation as the ejecta remnant interacts with the
surrounding interstellar medium (ISM), e.g. (Nakar & Piran 2011;
Hajela et al. 2022). As an illustration, we compute the radio light
curves using the analytical model of Sadeh et al. (2022). The ejecta
is modeled by a broken power law profile composed of a shallow
bulk component and a steeper fast tail component,
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Light curves at 1.4 GHz are then computed from a 1D forward-
reverse shock model of the ejecta, by using fiducial values of n4 =
0.1 and n⌫ = 0.01 for the conversion efficiencies of the internal
energy of the shock to the energy of the accelerated electrons and
amplified magnetic field, ? = 2.15 the spectral index of the non-
thermal electrons, and ISM density =ISM = 0.001 cm�3 (or the more
optimistic =ISM = 0.01 cm�2). The results are shown in Fig. 11. The
non-thermal flux increases in time until the reverse shock propagates
to the bulk of the ejecta; after the peak the velocity is subrelativistic
and the model approaches the Sedov-Taylor self-similar solution.

According to the employed model and using the conservative
=ISM = 0.001 cm�3 (solid lines), the BLh afterglow flux density
peaks at ⇠6 years postmerger (�a peak ⇡ 0.97` Jy). The DD2 after-
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lines), increases the peak fluxes to a few `Jy and shifts them to
earlier postmerger times of ⇠3 and ⇠14 years respectively for BLh
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Gravitational wave (GW) observations offer the unique opportunity
to unambiguously identify the merger remnant and thus establish the
connection between possible electromagnetic counterparts and their
central engine. The detection of GWs from the remnant, in particular,
appears possible with third-generation detectors (Breschi et al. 2022).
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multipoles. The red line shows the modes’ frequency. The postmerger
signal is characterized at early times by the 22 emission from the NS
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Bernuzzi+2024
• 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



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
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Kilonova AT2017gfo in GW170817
 

 

Extended Data Figure 4 | AT 2017gfo evolves faster than any known 

supernova, contributing to its classification as a kilonova. We compare our 

w-band data of AT 2017gfo (red; arrows denote 5σ non-detection upper limits 

reported by others55,56) to r-band templates of common supernova types (types Ia 

and Ib/c normalized to peaks of −19 and −18 mag respectively)50,51, to r-band 

data of two rapidly-evolving supernovae52,53 (SN 2002bj and SN 2010X) and to 

R-band data of the drop from the plateau of the prototypical type IIP supernova54 

SN 1999em (dashed line; shifted by one magnitude for clarity). 
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• Kilonova is much fainter and evolve much faster than supernovae.

• GW observations greatly help to find kilonovae.



Observed Light curve & β-decay
β-decay of r-process

• The light curve follows the radioactive heating of r-process nuclei. 
• 0.05Msun of r-process is needed to explain the kilonova AT2017gfo.

KH & Nakar 20 
See also Waxman+19



Peak of Kilonova Light Curve
β-decay of r-process

Photosphere

Diffusion sphere
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Neutron star mergers, r-process & sGRB 13

(i) Rate and time delay: The rate of binary neutron star mergers as implied
from GW170817 is estimated as 1540+3200

�1220
Gpc�3 yr�1. This can be compared with

estimates from the observed population of binary pulsars.224,225 Recent estimates226

suggest ⇡ 1 – 103 Myr�1 for a Milky-Way like galaxy, which is broadly consistent
with GW170817 (see also Ref. 227). Given this rate and the estimate of the ejected r-
process mass for AT2017gfo (see below), neutron star mergers could predominantly
produce r-process elements in the Milky Way (Figs. 2 and 3 and see also Refs. 228,
229). It is worth noting that the bright optical signal of AT2017gfo and the estimated
rate suggest that optical transients similar to AT2017gfo could have been observed
by optical transient surveys. However, Kasliwal et. al. (2017)122 did not found such
objects in the database of the Palomar Transient Factory, indicating that the rate
is . 800 Gpc�3 yr�1.

The host galaxy properties have an implication on the time delay between the
merger and progenitor formation. NGC 4993 is an S0-type galaxy and its current
star formation rate, averaged over the last 100 Myr, is quite low ⇠ 0.01M� yr�1.230

Levan et. al. (2017)231 have shown that the galaxy is dominated by an old stellar
population and a very small fraction of stars (⌧ 1% of the stellar mass) were formed
recently. 500 Myr (see also Refs. 230 and 232). In addition, there is no young stellar
mass system around the location of AT2017gfo.231 Therefore, GW170817 is likely
to have a merger time of ⇠ 1–10 Gyr.230–232 Finally, the projected distance of the
merger of 2 kpc away from the center of the host galaxy indicates that the system
did not receive a strong natal kick of & 200 km/s.230–233

(ii) Ejecta mass and composition: The kilonova/macronova light curves approx-
imately satisfy the following relations for a given ejecta mass, velocity, and opacity.
The light curve rises on a di↵usion timescale:

tp ⇡

s
⇠Mej

4⇡cvej
⇡ 5 days ⇠1/2

✓


10 cm2/g

◆1/2✓
Mej

0.01M�

◆1/2 ⇣
vej

0.1c

⌘�1/2

, (3)

where  and vej are the ejecta’s opacity and velocity, and ⇠ is an order unity pa-
rameter depending on the ejecta’s density profile. The luminosity and the e↵ective
temperature are given as

Lbol(t > tp) ⇡ Mej · Q̇(t) ⇡ 2.5 · 1040 erg/s
✓

tp

5 day

◆�1.3✓
Mej

0.01M�

◆
, (4)

Te↵(tp) ⇡
 

Lbol(tp)

4⇡�v2
ej
t2
p

!1/4

⇡ 2200K

✓
Lbol,p

2.5 · 1040 erg/s

◆1/4 ⇣
vej

0.1c

⌘�1/2
✓

tp

5 day

◆�1/2

,(5)

where the Q̇ is the radioactive heating rate per unit mass and � is the Stefan-
Boltzmann constant. Here, we use Q̇(t) ⇡ 1010t�1.3

day
erg/s/g, which is a general

feature of � decay heating rate resulted from a statistical ensemble of many r-
process decay chains (e.g. Refs. 57, 98, 60). Note that the specific heating rate
depends on the thermalization e�ciency, which varies with time because of the �-
ray escape, the ine�ciency of the electrons’ thermalization, and the contribution of

Time scale

The peak time of ~< 1day suggests κ ~< 1 cm2/g
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FIG. 2. The same as Fig. 1 but for the merger remnant for the DD2 EOS with (m1,m2) = (1.4M�, 1.3M�). The snapshots
are generated at ⇡ 80ms after the onset of merger. For this case, a massive neutron star is located at the center (compare the
upper panels of Figs. 1 and 2).

⌫̄e, respectively, and L⌫e(& 1053 erg/s) and L⌫̄e(& L⌫e)
denote the luminosity of ⌫e and ⌫̄e, respectively. Note
that this enhancement of Ye is not seen for the case that
a black hole is formed soon after the merger because of
the absence of the strong neutrino source (compare the
upper panels of Figs. 1 and 2).
(iii) For the SFHo models, the dynamical ejecta mass is
⇠ 0.01M� irrespective of the mass ratio (see Table II).
The electron fraction is distributed for a wide range be-
tween 0.05 and 0.5 [40, 41] (see the lower panels of Fig. 1),
also irrespective of the mass ratio. In such ejecta, an ap-
preciable fraction of lanthanide elements should be syn-
thesized [22, 49–51], significantly enhancing the opacity.
For this EOS, the dynamical mass ejection occurs in a
quasi-isotropic manner because not only the tidal e↵ect
but also the shock heating play an important role for
ejecting matter (see the lower left panel of Fig. 1). Nev-
ertheless, the matter is ejected primarily along the bi-
nary orbital plane and ejecta in the polar direction has a
minor fraction, because of the strong tidal e↵ect during
the merger and the presence of angular momentum. The
ejecta near the binary orbital plane is always neutron rich

with Ye  0.25 (see the lower panels of Fig. 1), although
the ejecta in the polar region is less neutron-rich.
(iv) For the DD2 models, the dynamical ejecta mass
depends strongly on the mass ratio: For q = 1, it is
0.002M�, while for q = 0.86 it increases to 0.005M�.
The electron fraction is again widely distributed for a
range between 0.05 and 0.5 [40, 41] (see also the lower
panels of Fig. 2) irrespective of the mass ratio. For this
EOS, the matter is ejected primarily toward the direc-
tion of the binary orbital plane, because the tidal e↵ect
during the merger plays a dominant role for the mass
ejection. As in the SFHo case, the ejecta in the binary
orbital plane is neutron rich with Ye  0.25, in particular
for the highly asymmetric-mass binaries. On the other
hand, the ejecta in the polar region is less neutron-rich
with Ye & 0.25 (see the lower-right panel of Fig. 2).
(v) The average velocity of the dynamical ejecta is 0.15–
0.25c depending on the EOS and mass ratio. For the
SFHo case, the average velocity is by 20–30% larger than
that for the DD2 case for a given value of mass because,
for this EOS, the neutron-star radius is small, and hence,
the shock heating e↵ect during merger enhances the ki-
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Figure 4 | Spectral series of AT2017gfo 1.5–4.5 days after the merger. Data
are shown in grey and have been smoothed slightly. A model (solid red lines)
consisting of a blackbody (blue dotted lines) with P Cygni profiles (red transparent
fill) for the Sr lines is shown. The rest (black) and observed (blue) positions of the
model’s Sr lines are shown, with the blueshift indicated by arrows. Green dotted
lines show the Gaussian emission profiles added to ensure the overall continuum
is not biased. A vertical offset has been applied to each spectrum for clarity, with
zero flux indicated by the dashed horizontal line segment. Bottom panels show the
residuals between model and data.

from Sr is also 1,050 nm. This adds to our confidence in the line iden-
tification based on the simple thermal r-process absorption model.

We further confirm our results using TARDIS, extending the code’s
atomic database to include elements up to 92U with the latest Ku-
rucz linelists24 with its 2.31 million lines. Our TARDIS models pro-
duce results very similar to our static-code models, reproducing the
spectra well (Extended Data Fig. 6). In particular, the P Cygni emis-
sion/absorption structure is well-reproduced as expected, confirming
our LTE and MOOG modelling, and showing Sr dominating the fea-
tures around 1µm.

From the detection of Sr, it is clearly important to consider lighter
r-process elements in addition to the lanthanide elements in shaping
the kilonova emission spectrum. Observations of abundances in stars
in dwarf galaxies6 suggest that large amounts of Sr are produced to-
gether with Ba (Z=56) in infrequent events, implying the existence of a
site that produces both light and heavy r-process elements together in
quantity, as found in some models25, 26. This is consistent with our spec-
tral analysis of AT2017gfo and analyses of its lightcurve27, 28. Together
with the differences observed in the relative abundances of r-process
Ba and Sr in stellar spectra29, this suggests that the relative efficiencies
of light and heavy r-process production could vary substantially from
merger to merger.

Extreme-density stars composed of neutrons were proposed shortly
after the discovery of the neutron13, and identified with pulsars three

decades later30. However, no spectroscopic confirmation of the com-
position of neutron stars has ever been made. The identification here of
an element that could only have been synthesised so quickly under an
extreme neutron flux, provides the first direct spectroscopic evidence
that neutron stars comprise neutron-rich matter.
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Fig. 3 Abundances for different Ye in the conditions of neutron-rich r-process, adopted from the results of a neutron-star merger model
(Fujibayashi et al., 2023a). The results for Ye = 0.05 and 0.15 correspond to the main r-process, in which the former experiences fission
recycling. The results for Ye = 0.25 and 0.35 correspond to the weak r-process. No r-process occurs for Ye = 0.45.

nuclear binding energy, or equivalently the neutron separation energy. Then the rate equations are reduced to a set of equations for n(Z)
with �-decay rates of Z-chains. Note that the equations do not depend on neutron capture rates under the condition of (n, �)� (�, n)
equilibrium. For low-temperature environments (T < 1 GK), on the other hand, neutron capture reactions compete with �-decays rather
than �-reactions. In this case, nuclei accumulate at particular values of (Z, A), where nuclei with longer �-lifetimes and smaller neutron
capture rates, e.g., at the neutron magic numbers. The build-up process continues up to the mass region where fission plays important roles
(A & 280) if the free neutrons are su�ciently abundant at the beginning of an r-process.

Despite some di↵erences in the final abundance distributions between the “hot” and “cold” r-processes, both predict the peaks in the
nuclear abundance at the neutron magic numbers 50, 82, and 126 at the end of the r-process. Because the r-process path is away from
the �-stability valley by ⇠ 30 neutron numbers, the final distribution has peaks at nuclei with neutron numbers slightly less than the magic
numbers. In terms of mass numbers, these approximately correspond to A ⇠ 80, 130, 195 referred to as the 1st, 2nd, and 3rd r-process
peaks, respectively.

2.3 The r-process conditions
In the modern framework of dynamical r-process, the following quantities of expanding medium are frequently used to identify the condi-
tions for the r-process:
• electron fraction, Ye

• entropy per baryon, s
• expansion timescale, texp

In general, the conditions of low Ye, high s, or short texp are favored for a successful r-process. Depending on the two conditions above, two
types of regimes are suggested:
1. highly neutron-rich main r-process
2. high-entropy main r-process

2.3.1 Highly neutron-rich main r-process

In the case that the electron fraction is su�ciently small (Ye < 0.2) and the entropy is low (s < 30 kB; kB is Boltzmann constant), the
NSE/QSE freeze-out leaves the seed nuclei with A ⇠ 80 and free neutrons with a neutron-to-seed ratio greater than 100. Subsequently, the
seed nuclei begin to capture free neutrons, initiating an r-process that leads to the formation of heavy nuclei (Fig. 3). If the electron fraction
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Efforts on Opacity data
• IR lines of heavy elements were largely 
missing before 2017. 

• Completeness matters for opacity, which 
is solved with atomic codes: 

• Atomic codes must be tuned with 
experimental data for high accuracy 
(Domoto+23,25, Rahmouni+25,Flors+25). 

• KN data => Xlan is ~0.1 x solar r-process
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What does non-LTE mean?

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



What does non-LTE mean?

LTE:   
Local thermodynamic equilibrium 
Matter at a given location is characterized 
by a single local temperature T.

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



LTE
LTE = Local Thermodynamics Equilibrium
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Non-LTE: examples
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For example, radioactive (KN, SN)

Ionization: Saha equilibrium (T) 
Level: Boltzmann distribution (T) 
Particle motion: Maxwell-Boltzmann distribution (T)
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Kilonova Helium problem (Tarumi,KH+23, 
Sneppen+24, Chiba’s poster)

Ionization: Saha equilibrium (T) 
Level: Boltzmann distribution (T) 
Particle motion: Maxwell-Boltzmann distribution (T)
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Radioactive heating and thermalization
2 K. Hotokezaka et al.

day consist of a single temperature blackbody with structure pro-
duced by atomic transitions. They found that the main structure of
the spectra is consistent with the P Cygni profiles produced by Sr II
doublet 4078, 4215 and triplet 10327, 10037, 10915. Interestingly,
the Sr II lines are one of a few prominent features in the synthetic
spectra in Tanaka & Hotokezaka (2013). Perego et al. (2020) found
an alternative interpretation that this spectral structure can be at-
tributed to the He lines while they concluded this interpretation is
less likely. Gillanders et al. (2021) seek the signatures of platinum
and gold. However, they did not find such signatures in the early
spectra of the GW170817 kilonova.

The question is now - can more elements be identified from
kilonova observations? The direct detection of nuclear W-rays can
be one of the most robust identifications of radioactive isotopes
(Hotokezaka et al. 2016; Li 2019; Wu et al. 2019b; Korobkin et al.
2020). However, such measurements are very challenging and only
weak upper limits were put by NuSTAR in GW170817 (Evans et al.
2017).

Here we consider the nebular phase of kilonovae, where the
emergent spectrum is dominated by emission lines, and hence, spec-
troscopic observations may enable to identify the elements produced
in NSMs. Since the slower ejecta component can be observed in the
nebular phase than the earlier phases one can expect that the Doppler
broadening of lines is weaker so that the spectral structure arising
from individual lines may be more pronounced. In GW170817, the
Spitzer Space Telescope detected the late-time nebular emission at
4.5 `m and put upper limits at 3.6 `m (Kasliwal et al. 2019; Vil-
lar et al. 2018), suggesting that a fraction of the luminosity of the
nebula is radiated in infrared with a peculiar spectral shape.

The primary goal of this paper is to address the evolution
of thermodynamic quantities and the emerging spectral shape of
lanthanide-rich NSM nebulae. The early works on the nebular mod-
elings of kilonovae assume local thermodynamic equilibrium (LTE)
for ionization and level population (Waxman et al. 2018; Gillanders
et al. 2021). However, the non-LTE e�ects are crucial for the late-
time nebular modelings. Here we develop a NSM nebula model
under non-LTE by following the studies of supernova (SN) neb-
ular emission (Axelrod 1980; Fransson & Chevalier 1989; Ruiz-
Lapuente & Lucy 1992; Mazzali et al. 2006; Maeda et al. 2006;
Botyánszki et al. 2018). The paper is organized as follows. In §2,
we describe the heating and ionization rates due to V-decay of
A-process nuclei. In §3, we describe the equations and several ap-
proximations used in the modeling. In §4, we show the atomic data
obtained by using the atomic codes. In §5, we apply our model to
a lanthanide-rich NSM nebula and show the time evolution of tem-
perature, ion abundances, and emission spectra. We conclude and
discuss our study in §6.

2 TIME SCALE, RADIOACTIVE HEAT, AND
IONIZATION

Calculating the nebular emission generally requires radiative trans-
fer computations under non-LTE. However, such computations for
NSM nebulae demand a lot of e�ort. As a first step, we focus here
on the nebular phase where the following conditions are satisfied:
(i) the ejecta is optically thin and (ii) the recombination and cooling
times are shorter than the dynamical time. The former allows us to
simplify the treatment of radiative transfer and the latter allows to
use the steady-state approximation.
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Figure 1. Specific heating rates and normalized heating rates of V-decay of
A -process nuclei. The final composition is assumed to be the solar A -process
abundance pattern in a mass range of 130 6 � 6 209. Also shown for
comparison is the specific heating rate of the decay chain 56Ni!56Co!56Fe
denoted as SN Ia. For calculating the thermalization in SNe Ia e�ciencies,
we assume "56Ni = 0.54"� , "ej = 1.4"� , and E0 = 7000 km s�1. Here
the heating rates are computed by using an open code (Hotokezaka & Nakar
2020).

The optical depth of the NSM ejecta is estimated by

g ⇡
^"ej

4cE2
0C

2
, (1)

where "ej is the ejecta mass and ^ is the ejecta opacity. Here,
we assume a homologous expansion of the ejecta, i.e., d(C, E) /

C�3E�U between E0 and E1, where d is the ejecta density, C is time
since merger, E0 and E1 are the minimum and maximum expansion
velocities, and U describes the velocity profile of the ejecta. In this
paper, we consider spherical symmetric ejecta for simplicity.

In the case that the ejecta material is mainly composed of A-
process elements, ^ is typically ⇡ 10 cm2g�1 for lanthanide-rich
material and ⇡ 1 cm2g�1 for lanthanide-free material (Barnes &
Kasen 2013; Kasen et al. 2013; Tanaka & Hotokezaka 2013; Wol-
laeger et al. 2018; Tanaka et al. 2020). The time when a kilonova
enters the NSM nebular phase is roughly estimated by g(Cthin) ⇡ 1:
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where 2 is the speed of light. Note that this time scale is significantly
shorter for lanthanide-free material and fast expanding material. For
instance, Cthin is ⇡ 2 day for a lanthanide-free ejecta with "ej =
0.02"� , ^ = 0.5 cm2g�1, and E0 = 0.252.

We assume the radioactivity of A-process nuclei as the source
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Radioactive heating and thermalization

2 K. Hotokezaka et al.

day consist of a single temperature blackbody with structure pro-
duced by atomic transitions. They found that the main structure of
the spectra is consistent with the P Cygni profiles produced by Sr II
doublet 4078, 4215 and triplet 10327, 10037, 10915. Interestingly,
the Sr II lines are one of a few prominent features in the synthetic
spectra in Tanaka & Hotokezaka (2013). Perego et al. (2020) found
an alternative interpretation that this spectral structure can be at-
tributed to the He lines while they concluded this interpretation is
less likely. Gillanders et al. (2021) seek the signatures of platinum
and gold. However, they did not find such signatures in the early
spectra of the GW170817 kilonova.

The question is now - can more elements be identified from
kilonova observations? The direct detection of nuclear W-rays can
be one of the most robust identifications of radioactive isotopes
(Hotokezaka et al. 2016; Li 2019; Wu et al. 2019b; Korobkin et al.
2020). However, such measurements are very challenging and only
weak upper limits were put by NuSTAR in GW170817 (Evans et al.
2017).

Here we consider the nebular phase of kilonovae, where the
emergent spectrum is dominated by emission lines, and hence, spec-
troscopic observations may enable to identify the elements produced
in NSMs. Since the slower ejecta component can be observed in the
nebular phase than the earlier phases one can expect that the Doppler
broadening of lines is weaker so that the spectral structure arising
from individual lines may be more pronounced. In GW170817, the
Spitzer Space Telescope detected the late-time nebular emission at
4.5 `m and put upper limits at 3.6 `m (Kasliwal et al. 2019; Vil-
lar et al. 2018), suggesting that a fraction of the luminosity of the
nebula is radiated in infrared with a peculiar spectral shape.

The primary goal of this paper is to address the evolution
of thermodynamic quantities and the emerging spectral shape of
lanthanide-rich NSM nebulae. The early works on the nebular mod-
elings of kilonovae assume local thermodynamic equilibrium (LTE)
for ionization and level population (Waxman et al. 2018; Gillanders
et al. 2021). However, the non-LTE e�ects are crucial for the late-
time nebular modelings. Here we develop a NSM nebula model
under non-LTE by following the studies of supernova (SN) neb-
ular emission (Axelrod 1980; Fransson & Chevalier 1989; Ruiz-
Lapuente & Lucy 1992; Mazzali et al. 2006; Maeda et al. 2006;
Botyánszki et al. 2018). The paper is organized as follows. In §2,
we describe the heating and ionization rates due to V-decay of
A-process nuclei. In §3, we describe the equations and several ap-
proximations used in the modeling. In §4, we show the atomic data
obtained by using the atomic codes. In §5, we apply our model to
a lanthanide-rich NSM nebula and show the time evolution of tem-
perature, ion abundances, and emission spectra. We conclude and
discuss our study in §6.

2 TIME SCALE, RADIOACTIVE HEAT, AND
IONIZATION

Calculating the nebular emission generally requires radiative trans-
fer computations under non-LTE. However, such computations for
NSM nebulae demand a lot of e�ort. As a first step, we focus here
on the nebular phase where the following conditions are satisfied:
(i) the ejecta is optically thin and (ii) the recombination and cooling
times are shorter than the dynamical time. The former allows us to
simplify the treatment of radiative transfer and the latter allows to
use the steady-state approximation.
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Ionization Energy loss of charged particles

~3 cm

A cloud chamber experiment at home

K L M N

SecondaryPrimary Ei>>Te E~Te

Thermalization of electrons at low E is so fast that low energy 
electrons follow the Maxwell-Boltzmann
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Impact of β-radiation at 0.5d

• At 0.5 day, T is so high 
that the thermal 
ionization dominates 
over the radioactive.


• LTE should be good 
approximation.


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

LTE

Non-LTE



Impact of β-radiation at 2.5d

• At 2.5 day, radioactive 
ionization can be 
important.


• The deviation from LTE 
is significant.

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

LTE

Non-LTE



Impact of non-thermal ionization on Color
Brethauer+26, see also Kawaguchi+22, Pognan+23

Radioactive ionization is very important for optical light curves after ~ 2 days.

nonLTE

LTE



Outline

• Introduction to Kilonova


• Non-LTE Kilonova


• Elemental identification in GW170817


• Kilonova observed by JWST after a long GRB


• Where are heavy ones? W, Pt, Os 


• Conclusion
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Figure 4 | Spectral series of AT2017gfo 1.5–4.5 days after the merger. Data
are shown in grey and have been smoothed slightly. A model (solid red lines)
consisting of a blackbody (blue dotted lines) with P Cygni profiles (red transparent
fill) for the Sr lines is shown. The rest (black) and observed (blue) positions of the
model’s Sr lines are shown, with the blueshift indicated by arrows. Green dotted
lines show the Gaussian emission profiles added to ensure the overall continuum
is not biased. A vertical offset has been applied to each spectrum for clarity, with
zero flux indicated by the dashed horizontal line segment. Bottom panels show the
residuals between model and data.

from Sr is also 1,050 nm. This adds to our confidence in the line iden-
tification based on the simple thermal r-process absorption model.

We further confirm our results using TARDIS, extending the code’s
atomic database to include elements up to 92U with the latest Ku-
rucz linelists24 with its 2.31 million lines. Our TARDIS models pro-
duce results very similar to our static-code models, reproducing the
spectra well (Extended Data Fig. 6). In particular, the P Cygni emis-
sion/absorption structure is well-reproduced as expected, confirming
our LTE and MOOG modelling, and showing Sr dominating the fea-
tures around 1µm.

From the detection of Sr, it is clearly important to consider lighter
r-process elements in addition to the lanthanide elements in shaping
the kilonova emission spectrum. Observations of abundances in stars
in dwarf galaxies6 suggest that large amounts of Sr are produced to-
gether with Ba (Z=56) in infrequent events, implying the existence of a
site that produces both light and heavy r-process elements together in
quantity, as found in some models25, 26. This is consistent with our spec-
tral analysis of AT2017gfo and analyses of its lightcurve27, 28. Together
with the differences observed in the relative abundances of r-process
Ba and Sr in stellar spectra29, this suggests that the relative efficiencies
of light and heavy r-process production could vary substantially from
merger to merger.

Extreme-density stars composed of neutrons were proposed shortly
after the discovery of the neutron13, and identified with pulsars three

decades later30. However, no spectroscopic confirmation of the com-
position of neutron stars has ever been made. The identification here of
an element that could only have been synthesised so quickly under an
extreme neutron flux, provides the first direct spectroscopic evidence
that neutron stars comprise neutron-rich matter.
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8 R-process Nucleosynthesis

Fig. 5 Abundances (with error bars) of r-process-enhanced stars J0954+52467 (Placco et al., 2023, circles), CS 31082-001 (Siqueira
Mello et al., 2013, crosses), and DES J033523-540407 (Ji and Frebel, 2018, squares) and an r-process-deficient star (Honda et al.,
2006, diamonds) compared with the solar r-residuals (Prantzos et al., 2020, line). The abundances are normalized at Z = 63 (Eu),
except for HD 122563 that are scaled to match the solar value at Z = 38 (Sr).

the Galaxy. Assuming that the rate does not significantly vary in time, the total number of events that have occurred is R tMW, where
tMW ⇡ 10 Gyr is the age of the Galaxy. The mass per event is estimated to be

mr ⇠ 2 · 10�4 M�
 

R
0.01 yr�1

!�1

(A � 69), (15)

mr ⇠ 4 · 10�5 M�
 

R
0.01 yr�1

!�1

(A � 90). (16)

For example, the Galactic event rate of neutron star mergers is estimated R ⇠ 10 Myr�1, suggesting that the mass produced per event is
⇠ 0.04-0.2M� if mergers are the origin of r-process elements.

3.2.1 Main r-process

Since the contributions of s-process (e.g., Sr and Ba) in the early Galaxy in subdominant, the neutron-capture elements in the metal-poor
stars with [Fe/H] < �2 predominantly originate from the r-process (Prantzos et al., 2018). Among those, about one-tenths of stars exhibit
enhancements in r-process elements ([Ba/Eu] < 0), which are conventionally categorized to moderately enhanced (r-I; 0.3 < [Eu/Fe]  1)
and highly enhanced (r-II; [Eu/Fe] > 1) stars in r-process elements (Beers and Christlieb, 2005, see Fig. 4). The abundance patterns of all
measured r-process stars are in good agreement with that of the solar r-process residuals (J0954+52467, CS 31082-001, and DES J033523-
540407 in Fig. 5), which is known as the universality of r-process. The universality implies the robustness of physical conditions relevant
to the nucleosynthesis of the main r-process. In particular, the agreement is extremely good for the elements between the second and third
r-process peaks (Z ⇠ 50–80), while a factor of several of variation can be seen for the elements near the first peak as well as for Th.

3.2.2 Weak r-process

Among r-process-deficient stars ([Fe/H] < 0.3), a number of stars exhibit a descending trend of neutron capture elements (Honda et al.,
2006), which deviates from the solar r-process pattern (HD 122563 in Fig. 5). These stars are called weak r-process stars, indicating the
di↵erent astrophysical origin from those responsible for the main r-process. In contrast to the main r-process, a variation in the abundance

Points: 
• The first convincing identification 
• Sr II triplet at ~ 104A is one of 
the most well-known lines of 
heavy elements in stars.



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

P-Cygni line candidates in AT2017gfo

• Y II: Sneppen & Watson 23

• La III: 1.3μm feature (Domoto…

KH, 22)

• Ce III: 1.6μm feature (Domoto…

KH, 22, 23, Tanaka…KH, 23)
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La III

La III Ce III

Hubble Space Telescope
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Kilonova vs R-rich star
Tanaka,..KH+23, see also, Domoto..KH..22

Kilonova AT2017gfo

R-rich star

IR spectra of r-rich stars are useful to get atomic data relevant for kilonovae.
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Figure 4 | Spectral series of AT2017gfo 1.5–4.5 days after the merger. Data
are shown in grey and have been smoothed slightly. A model (solid red lines)
consisting of a blackbody (blue dotted lines) with P Cygni profiles (red transparent
fill) for the Sr lines is shown. The rest (black) and observed (blue) positions of the
model’s Sr lines are shown, with the blueshift indicated by arrows. Green dotted
lines show the Gaussian emission profiles added to ensure the overall continuum
is not biased. A vertical offset has been applied to each spectrum for clarity, with
zero flux indicated by the dashed horizontal line segment. Bottom panels show the
residuals between model and data.

from Sr is also 1,050 nm. This adds to our confidence in the line iden-
tification based on the simple thermal r-process absorption model.

We further confirm our results using TARDIS, extending the code’s
atomic database to include elements up to 92U with the latest Ku-
rucz linelists24 with its 2.31 million lines. Our TARDIS models pro-
duce results very similar to our static-code models, reproducing the
spectra well (Extended Data Fig. 6). In particular, the P Cygni emis-
sion/absorption structure is well-reproduced as expected, confirming
our LTE and MOOG modelling, and showing Sr dominating the fea-
tures around 1µm.

From the detection of Sr, it is clearly important to consider lighter
r-process elements in addition to the lanthanide elements in shaping
the kilonova emission spectrum. Observations of abundances in stars
in dwarf galaxies6 suggest that large amounts of Sr are produced to-
gether with Ba (Z=56) in infrequent events, implying the existence of a
site that produces both light and heavy r-process elements together in
quantity, as found in some models25, 26. This is consistent with our spec-
tral analysis of AT2017gfo and analyses of its lightcurve27, 28. Together
with the differences observed in the relative abundances of r-process
Ba and Sr in stellar spectra29, this suggests that the relative efficiencies
of light and heavy r-process production could vary substantially from
merger to merger.

Extreme-density stars composed of neutrons were proposed shortly
after the discovery of the neutron13, and identified with pulsars three

decades later30. However, no spectroscopic confirmation of the com-
position of neutron stars has ever been made. The identification here of
an element that could only have been synthesised so quickly under an
extreme neutron flux, provides the first direct spectroscopic evidence
that neutron stars comprise neutron-rich matter.
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Sr II triplet (Watson+19, 
Gillanders+22, Sneppen+24)

He I 1.083 μm(Sneppen+24, 
Perego+22, Tarumi, KH+23)

• He I line from a metastable level in NLTE.  
• He can be most abundant atom in merger ejecta. 
• Sneppen+24 show 1μm line at early times should be Sr II (see also Arya poster, 
Sneppen & Chiba talks next week).
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Fig. 6 Abundances for the equal-mass (left) and unequal-mass neutron star mergers (right) adopted from Fujibayashi et al. (2023a).
The neutron masses for the former and the latter are, respectively, (1.35, 1.35) M� and (1.20, 1.50) M�. The thin-blue, thin-red, and
thick-gray curves indicates the dynamical, post-merger, and total ejecta, respectively. The solar r-process residuals (Prantzos et al.,
2020) are also shown for comparison purposes, which are scaled to match the that of 153Eu for the total abundance of each panel.

measurement of the 244Pu abundance on the sea floor (Wallner et al., 2015). The measured flux is much lower than the value expected from
the equilibrium value, pointing to that the time separation between two r-process events is longer than the half-live of 244Pu. This result
again indicates that r-process events are rarer than core-collapse supernovae.

4 Possible sites of r-process

Despite progress in understanding the physical conditions necessary for the r-process, the astrophysical origins of r-process elements remain
a mystery. Unraveling these origins requires not only elucidating the physical conditions of ejected material of astrophysical phenomena
but also understanding the event rates and the amounts of r-process elements produced by each event. Here, we review possible production
sites proposed in the literature.

4.1 Neutron star merger
The ejecta of binary neutron star mergers and black hole-neutron star mergers are ideal sites of r-process nucleosynthesis because the ejecta
are naturally expected to be neutron rich. The first idea leading to this scenario, the decomposition of initially cold neutron-star material,
was proposed by Lattimer and Schramm (1974). Numerical simulations of neutron star mergers have shown that neutron-rich material is
indeed ejected during the merger and post-merger phase.

4.1.1 Dynamical ejecta

A substantial amount of mass up to approximately 0.01M� is dynamically ejected during the merger of neutron stars (Rosswog et al., 1999).
Strong shocks form at the interface between the merging neutron stars, driving mass ejection. In addition, some material can be ejected
through tidal interactions. These two components are referred to as shocked and tidal components, respectively. The ejecta mass depends
on the masses of neutron star and the nuclear equations of state (Hotokezaka et al., 2013; Bauswein et al., 2013). For example, the ejecta
mass can be as large as ⇠ 0.01M� in the case that a short-lived hypermassive neutron star forms. On the contrary, in the case that a black
hole forms immediately after merger, the ejecta mass is much smaller unless the mass asymmetry of a binary is high enough to produce a
large amount of tidal ejecta.

For black hole–neutron star mergers, dynamical mass ejection occurs only through tidal disruption. The amount of ejecta depends on the
mass ratio, spin of the black hole, and neutron star radius because the condition whether or not tidal disruption occurs outside the inner most
stable circular orbit depends on these quantities (Foucart et al., 2013; Kyutoku et al., 2015). For example, in the case that the dimensionless
spin parameter of a black hole is as large as ⇠ 0.5 aligned with the orbit and the neutron radius is ⇠ 12 km, the mass ejection with & 0.01M�
occurs if the mass ratio is ⇠ 3. However, the mass ejection is significantly reduced if the mass ratio becomes larger, e.g., ⇠ 7. Since the
tidal ejecta of black hole–neutron star merges are very neutron rich (Ye ⇠ 0.05), only heavy r-process nuclei (A > 100) are produced. The
multiple fission recycling may lead to actinide boost with high Th/Eu ratios (Wanajo et al., 2022).

The electron fractions of shocked ejecta can vary up to ⇠ 0.5. More tidal ejecta are produced for unequal-mass neutron star mergers.
The electron fraction of the tidal component is usually low, around Ye < 0.1, which leads to relatively a high Th/Eu ratio (Fujibayashi et
al., 2023a). Combining the two components, the electron fractions are widely distributed in the range of Ye ⇠ 0.05–0.5 (e.g. Sekiguchi
et al., 2015; Radice et al., 2018; Kullmann et al., 2023; Kiuchi et al., 2023). For the mergers with nearly equal neutron-star masses, the

e.g., Fujibayashi+23

He
Sr



KN 1μm conspiracy

10

20

30

40

50

60

F
�

[1
0�

17
er

g
s�

1
cm

�
2

Å
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Figure 4 | Spectral series of AT2017gfo 1.5–4.5 days after the merger. Data
are shown in grey and have been smoothed slightly. A model (solid red lines)
consisting of a blackbody (blue dotted lines) with P Cygni profiles (red transparent
fill) for the Sr lines is shown. The rest (black) and observed (blue) positions of the
model’s Sr lines are shown, with the blueshift indicated by arrows. Green dotted
lines show the Gaussian emission profiles added to ensure the overall continuum
is not biased. A vertical offset has been applied to each spectrum for clarity, with
zero flux indicated by the dashed horizontal line segment. Bottom panels show the
residuals between model and data.

from Sr is also 1,050 nm. This adds to our confidence in the line iden-
tification based on the simple thermal r-process absorption model.

We further confirm our results using TARDIS, extending the code’s
atomic database to include elements up to 92U with the latest Ku-
rucz linelists24 with its 2.31 million lines. Our TARDIS models pro-
duce results very similar to our static-code models, reproducing the
spectra well (Extended Data Fig. 6). In particular, the P Cygni emis-
sion/absorption structure is well-reproduced as expected, confirming
our LTE and MOOG modelling, and showing Sr dominating the fea-
tures around 1µm.

From the detection of Sr, it is clearly important to consider lighter
r-process elements in addition to the lanthanide elements in shaping
the kilonova emission spectrum. Observations of abundances in stars
in dwarf galaxies6 suggest that large amounts of Sr are produced to-
gether with Ba (Z=56) in infrequent events, implying the existence of a
site that produces both light and heavy r-process elements together in
quantity, as found in some models25, 26. This is consistent with our spec-
tral analysis of AT2017gfo and analyses of its lightcurve27, 28. Together
with the differences observed in the relative abundances of r-process
Ba and Sr in stellar spectra29, this suggests that the relative efficiencies
of light and heavy r-process production could vary substantially from
merger to merger.

Extreme-density stars composed of neutrons were proposed shortly
after the discovery of the neutron13, and identified with pulsars three

decades later30. However, no spectroscopic confirmation of the com-
position of neutron stars has ever been made. The identification here of
an element that could only have been synthesised so quickly under an
extreme neutron flux, provides the first direct spectroscopic evidence
that neutron stars comprise neutron-rich matter.
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Sr II triplet (Watson+19, 
Gillanders+22, Sneppen+24)

He I 1.083 μm(Sneppen+24, 
Perego+22, Tarumi, KH+23)

• A forbidden line [Te IV] 1.08μm was recently suggested as the third option. 
• It can appear at later times t > 5 days if Te is highly ionized.

[Te IV]1.08 μm (Mulholland+25)
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Figure 4 | Spectral series of AT2017gfo 1.5–4.5 days after the merger. Data
are shown in grey and have been smoothed slightly. A model (solid red lines)
consisting of a blackbody (blue dotted lines) with P Cygni profiles (red transparent
fill) for the Sr lines is shown. The rest (black) and observed (blue) positions of the
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is not biased. A vertical offset has been applied to each spectrum for clarity, with
zero flux indicated by the dashed horizontal line segment. Bottom panels show the
residuals between model and data.

from Sr is also 1,050 nm. This adds to our confidence in the line iden-
tification based on the simple thermal r-process absorption model.

We further confirm our results using TARDIS, extending the code’s
atomic database to include elements up to 92U with the latest Ku-
rucz linelists24 with its 2.31 million lines. Our TARDIS models pro-
duce results very similar to our static-code models, reproducing the
spectra well (Extended Data Fig. 6). In particular, the P Cygni emis-
sion/absorption structure is well-reproduced as expected, confirming
our LTE and MOOG modelling, and showing Sr dominating the fea-
tures around 1µm.

From the detection of Sr, it is clearly important to consider lighter
r-process elements in addition to the lanthanide elements in shaping
the kilonova emission spectrum. Observations of abundances in stars
in dwarf galaxies6 suggest that large amounts of Sr are produced to-
gether with Ba (Z=56) in infrequent events, implying the existence of a
site that produces both light and heavy r-process elements together in
quantity, as found in some models25, 26. This is consistent with our spec-
tral analysis of AT2017gfo and analyses of its lightcurve27, 28. Together
with the differences observed in the relative abundances of r-process
Ba and Sr in stellar spectra29, this suggests that the relative efficiencies
of light and heavy r-process production could vary substantially from
merger to merger.

Extreme-density stars composed of neutrons were proposed shortly
after the discovery of the neutron13, and identified with pulsars three

decades later30. However, no spectroscopic confirmation of the com-
position of neutron stars has ever been made. The identification here of
an element that could only have been synthesised so quickly under an
extreme neutron flux, provides the first direct spectroscopic evidence
that neutron stars comprise neutron-rich matter.
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Sr II triplet (Watson+19, 
Gillanders+22, Sneppen+24)

He I 1.083 μm(Sneppen+24, 
Perego+22, Tarumi, KH+23)

• A forbidden line [Te IV] 1.08μm 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.

[Te IV]1.08 μm (Mulholland+25)

10 R-process Nucleosynthesis

Fig. 6 Abundances for the equal-mass (left) and unequal-mass neutron star mergers (right) adopted from Fujibayashi et al. (2023a).
The neutron masses for the former and the latter are, respectively, (1.35, 1.35) M� and (1.20, 1.50) M�. The thin-blue, thin-red, and
thick-gray curves indicates the dynamical, post-merger, and total ejecta, respectively. The solar r-process residuals (Prantzos et al.,
2020) are also shown for comparison purposes, which are scaled to match the that of 153Eu for the total abundance of each panel.

measurement of the 244Pu abundance on the sea floor (Wallner et al., 2015). The measured flux is much lower than the value expected from
the equilibrium value, pointing to that the time separation between two r-process events is longer than the half-live of 244Pu. This result
again indicates that r-process events are rarer than core-collapse supernovae.

4 Possible sites of r-process

Despite progress in understanding the physical conditions necessary for the r-process, the astrophysical origins of r-process elements remain
a mystery. Unraveling these origins requires not only elucidating the physical conditions of ejected material of astrophysical phenomena
but also understanding the event rates and the amounts of r-process elements produced by each event. Here, we review possible production
sites proposed in the literature.

4.1 Neutron star merger
The ejecta of binary neutron star mergers and black hole-neutron star mergers are ideal sites of r-process nucleosynthesis because the ejecta
are naturally expected to be neutron rich. The first idea leading to this scenario, the decomposition of initially cold neutron-star material,
was proposed by Lattimer and Schramm (1974). Numerical simulations of neutron star mergers have shown that neutron-rich material is
indeed ejected during the merger and post-merger phase.

4.1.1 Dynamical ejecta

A substantial amount of mass up to approximately 0.01M� is dynamically ejected during the merger of neutron stars (Rosswog et al., 1999).
Strong shocks form at the interface between the merging neutron stars, driving mass ejection. In addition, some material can be ejected
through tidal interactions. These two components are referred to as shocked and tidal components, respectively. The ejecta mass depends
on the masses of neutron star and the nuclear equations of state (Hotokezaka et al., 2013; Bauswein et al., 2013). For example, the ejecta
mass can be as large as ⇠ 0.01M� in the case that a short-lived hypermassive neutron star forms. On the contrary, in the case that a black
hole forms immediately after merger, the ejecta mass is much smaller unless the mass asymmetry of a binary is high enough to produce a
large amount of tidal ejecta.

For black hole–neutron star mergers, dynamical mass ejection occurs only through tidal disruption. The amount of ejecta depends on the
mass ratio, spin of the black hole, and neutron star radius because the condition whether or not tidal disruption occurs outside the inner most
stable circular orbit depends on these quantities (Foucart et al., 2013; Kyutoku et al., 2015). For example, in the case that the dimensionless
spin parameter of a black hole is as large as ⇠ 0.5 aligned with the orbit and the neutron radius is ⇠ 12 km, the mass ejection with & 0.01M�
occurs if the mass ratio is ⇠ 3. However, the mass ejection is significantly reduced if the mass ratio becomes larger, e.g., ⇠ 7. Since the
tidal ejecta of black hole–neutron star merges are very neutron rich (Ye ⇠ 0.05), only heavy r-process nuclei (A > 100) are produced. The
multiple fission recycling may lead to actinide boost with high Th/Eu ratios (Wanajo et al., 2022).

The electron fractions of shocked ejecta can vary up to ⇠ 0.5. More tidal ejecta are produced for unequal-mass neutron star mergers.
The electron fraction of the tidal component is usually low, around Ye < 0.1, which leads to relatively a high Th/Eu ratio (Fujibayashi et
al., 2023a). Combining the two components, the electron fractions are widely distributed in the range of Ye ⇠ 0.05–0.5 (e.g. Sekiguchi
et al., 2015; Radice et al., 2018; Kullmann et al., 2023; Kiuchi et al., 2023). For the mergers with nearly equal neutron-star masses, the
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KH + 23, where the ejecta is assumed to be optically thin at ~10 days.

- The solar abundance (2nd - 3rd r-process peaks) is assumed. X+1 = X+2 = 0.5

- [Te III] 2.1μm is the strongest M1 line. 

- See also Rahmouni’s talk next week

Kilonova Nebular Spectrum (~10 days post merger)



[Te III]2.1μm line in the kilonova 
AT2017gfo

KH+23

• The Te III line is expected to be the strongest M1 line because it is a 
second r-process peak element.

Te

Roederer +22
[Te III] 2.1μm



Summary of Elemental Identification in 
GW170817 with spectroscopy

We need to confirm these with future events.



Early vs Late-abundance of KN

• Early photospheric emission 
 => Low lanthanide fraction ~< 10% of the Solar 

Tanaka+17, Kasen+17, Gillaners+22,25, Domoto+23



Early vs Late-abundance of KN

• Early photospheric emission 
 => 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). 

Tanaka+17, Kasen+17, Gillaners+22,25, Domoto+23

Gillanders+25

KH+23



Outline

• Introduction of Kilonova


• Elemental identification in GW170817


• A Long GRB and kilonova seen by JWST


• Where are heavy elements? W, Pt, Os 


• R-process in collapsars


• Conclusion



GRB 230307A: JWST NIRCam Image

Fig. 2 JWST images of GRB 230307A at 28.5 days post burst. The upper panel shows the wide field
image combining the F115W, F150W and F444W images. The putative host is the bright face-on
spiral galaxy, while the afterglow appears at a 30-arcsecond o↵set, within the white box. The lower
panel shows cut-outs of the NIRCAM data around the GRB afterglow location. The source is faint
and barely detected in the bluer bands but very bright and well detected in the red. In the red bands,
a faint galaxy is present northeast of the transient position. This galaxy has a redshift of z = 3.87,
but we consider it to be a background object unrelated to the GRB (see Supplementary Information).

11

Levan,..,KH+23

40 kpc

•The most probable host ~ 300Mpc, large off-set ~ 40 kpc

•The large off-set rules out the collapsar scenario.



GRB 230307A and JWST photometry
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Fig. 13 Multi-wavelength light curves and model predictions. Markers in the figure show the
observed flux density at the position of GRB 230307A in various bands (see legend in the left-hand
panel) and at various times. Downward-facing triangles represent upper limits. The optical and near
infrared flux densities are multiplied by the numbers reported in the legend for presentation pur-
poses. The butterfly-shaped filled regions in the right-hand panel encompass flux densities consistent
at one, two and three sigma (progressively lighter shades) with the Swift/XRT and Chandra detec-
tions in the 0.3-10 keV band, according to our analysis and adopting a uniform prior on the flux.
Solid lines of the corresponding colours show the predicted light curves (left-hand panel) and spectra
(right-hand panel) of our afterglow (forward shock only) plus kilonova model at the central frequen-
cies of the bands. Dashed lines single out the contribution of the kilonova.

54

Levan,..KH+23 

Kilonova

JWST

Jet

Afterglow+Kilonova light curve Afterglow+Kilonova SED

•The light curve is very similar to AT2017gfo (GW170817).

•This supports a neutron star merger scenario.

Kilonova



JWST Spectrum of the KN 230307A

Fig. 3 JWST/NIRSpec spectroscopy of the counterpart of GRB 230307A taken on 5 April 2023.
The top panel shows the 2-D spectrum rectified to a common wavelength scale. The transient is well
detected beyond 2 microns but not short ward, indicative of an extremely red source. Emission lines
from the nearby galaxy at z = 3.87 can also be seen o↵set from the afterglow trace. The lower panel
shows the 1D extraction of the spectrum in comparison with the latest (10-day) AT2017gfo epoch
and di↵erent kilonova models. A clear emission feature can be seen at ⇠ 2.15 microns at both 29
and 61 days. This feature is consistent with the expected location of [Te III], while redder features
are compatible with lines from [Se III] and [W III]. This line is also clearly visible in the late time
spectrum of AT2017gfo [37, 42]

12

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

• An emission line feature around 2.1 μm is consistent with [Te III] 2.1μm.

• The total r-process mass ~ 0.05Msun. (~ GW170817)

• Evidence that mergers produce long GRBs

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


T~670K

GRB 230307A
AT2017gfo



IR emission in AT2017gfo
Spitzer GW170817 3

Figure 1. Panel 1: Combined Spitzer 3.6µm and 4.5µm image, depicting that the faint transient GW170817 is buried in the bright
host galaxy NGC4993. Panel 2: Subtracting the galaxy light by fitting a GALFIT model clearly shows the red transient in the first
epoch image, +43d after merger. Panel 3a: Proper image subtraction of Epoch 3 reference data from Epoch 1 using the ZOGY algorithm
boosts the S/N of our detection of GW170817. Panel 3b: ZOGY subtraction of Epoch 3 reference data from Epoch 2 yields a marginal
detection of GW170817. The orientation of all four panels is such that North is up and East is left. The dimensions of the panels are
2.750 ⇥ 2.750, 1.380 ⇥ 1.380, 0.690 ⇥ 1.380 and 0.690 ⇥ 1.380.

magnitude compared to that reported in Villar et al. 2018.
We undertake the following consistency checks.

• We get consistent magnitudes for aperture photometry
and PSF photometry. For a 2.5 pix aperture, the aperture
magnitudes are 21.99 ± 0.04 for Epoch 1 and 24.14 ± 0.30
AB mag for Epoch 2, consistent with the results from PSF-
fit photometry in Table 1.

• The sum of PSF-fit fluxes of the (Epoch 1 - Epoch 2)
and (Epoch 2 - Epoch 3) di↵erence images equal the the flux
in the (Epoch 1 - Epoch 3) di↵erence image. Specifically, the
sum of the measured flux in the first two di↵erence images is
(5.47 ± 0.14 µJy) + (1.04 ± 0.21 µJy), which is consistent
with the measured flux in the (Epoch 1 - Epoch 3) di↵erence
image of (6.39 ± 0.21 µJy).

• If we increase the Gaussian FWHM of the PSF-fit to
3.5 pix and apply the appropriate correction factor, we mea-
sure a magnitude of 21.93 ± 0.06, consistent with the 2.8 pix
FWHM measurement at Epoch 1.

• We get consistent fluxes for Epoch 1 using either the
shallow archival reference or the deeper Epoch 3 reference.
The PSF-magnitude of Epoch 1 in the archival di↵erence is
21.79 ± 0.09 AB mag, consistent with the late-time di↵er-
ence albeit with larger error bars.

• We get consistent fluxes for Epoch 1 if we directly ap-
ply ZOGY to subtract Epoch 3 without first applying the
GALFIT-model. We derive 21.94 ± 0.25mag. The subtrac-
tion is noisier by direct subtraction, hence, we prefer the
two-step method described above.

• We re-do aperture corrections with a di↵erent sky an-
nulus (5–7 pix) and scaling the ZOGY PSF to the standard
PRF after re-normalizing the sky. We also take into account
color corrections for this red source by multiplying the mea-
sured 4.5µm flux by 1.024 (and 3.6µm flux by 1.0614) . This
gives 21.92 ± 0.09mag at Epoch 1 and 23.94 ± 0.4mag at
Epoch 2, consistent with Table 1.

Converting to flux density, we get F⌫ = 6.43 ⇥ 10�29

erg s�1 cm�2 Hz�1 at Epoch 1 and F⌫ = 1.04⇥ 10�29 erg
s�1 cm�2 Hz�1 at Epoch 2. Now, �⌫-L⌫ would be a strict
lower limit on the total bolometric luminosity. If we assume
a power-law ⌫-L⌫ approximation to bolometric, the assumed
correction factor is the ratio between the central frequency

and bandwidth i.e. a multiplicative factor of 4.3 (since Chan-
nel 2 of Spitzer/IRAC spans 3.955µm to 5.015µm).

At this late phase, we expect optically thin, nebular con-
ditions and a blackbody approximation with a photosphere
is unlikely to be applicable. Nevertheless, we proceed with
blackbody calculations as another way to estimate the bolo-
metric correction. The observed Spitzer/IRAC color ([4.5] -
[3.6]) of 1.3mag suggests a blackbody temperature of 420K
at Epoch 1 (the Epoch 2 color is not constraining). This sug-
gests a multiplicative bolometric correction factor of ⇡16. In
the rest of the paper, we assume a ⌫-L⌫ approximation to
the bolometric luminosity of 7.8⇥1038 erg s�1 at Epoch 1
and 1.3⇥1038 erg s�1 at Epoch 2.

We check whether synchrotron emission could con-
tribute to the observed flux. Assuming the spectral index
presented in Mooley et al. (2018), and a flux density of 44µJy
at 3GHz measured at the same phase, we estimate that the
synchrotron contribution at 4.5µm would be 1.1⇥10�30 erg
s�1 cm�2 Hz�1 at Epoch 1. This is ⇡60 times smaller than
the observed flux density and hence, we conclude that the
synchrotron contribution is negligible.

3 IMPLICATIONS ON ABUNDANCES OF

R-PROCESS ELEMENTS

At the epochs of the Spitzer observations (t & 40 days)
the ejecta of kilonovae are expected to be optically thin to
optical/infrared photons. The bolometric luminosity should
then be independent of viewing angle and follow the instan-
taneous radioactive heating rate, L(t) ⇡ Mej✏̇(t)f(t) where
Mej is the ejecta mass, ✏̇(t) the radioactive power per gram,
and f(t) the e�ciency with which radioactive energy is ther-
malized. The late-time Spitzer data can thus be used to de-
rive constraints on the ejecta mass and composition that are
independent of the complex ejecta opacity and geometry.
The main limitation is the uncertain bolometric corrections.

The radioactive power of r-process matter is often de-
scribed by a power-law, ✏̇(t) / t�4/3, which is the behavior
of a statistical distribution of isotopes with beta-decay half-
lives roughly equally distributed in log time. The thermal-
ization e�ciency for such an isotopic distribution is approx-

MNRAS 000, 1–6 (2018)

Spitzer Observation (Kasliwal+22, Villar+18)

4.5μm
• Spitzer detected an emission at 4.5 μm at 45 day but no detection at 3.5 μm.

• A very cold emission or non-trivial lines (e.g., KH+22)

• Dust?
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Fig. 3. X-ray scanning pictures of particle shown in Fig. 1. 

(1453°K at 10 -~ atm, Table 3), W will in any case be 
completely condensed at these temperatures. Vapor 
pressure data have been used in the form: 

o = _ A E / T  + B E log PE 

The constants A and B are the enthalpy and entropy 
O of vaporization divided by 2.303R, PE is the vapor 

pressure of  the pure phase of  an element. The same 
constants A and B have been taken as those used by 
Kelly and Larimer [8]. These constants have been 
derived from data in Hultgren et al. [9]. 

The reactions considered are of  the kind: 

E (gas) -~ E (solid) (1) 

At equilibrium: 

G ° = - R T  In K eq = - R T l n  aE (2) 
PE 

where G ° = standard free energy change of  the reac- 
tion, K eq = equilibrium constant, and a E = activity of  
element E in the alloy. 

The partial pressure PE over the alloy is set equal 

Pt-rich nuggets in meteorite
49 

Fig. 2. X-ray scanning pictures of particle shown in Fig. 1. 

condensation temperatures of pure elements. Gross- 
man and Olsen [6] have calculated the condensation 
curves of Fe, Ni, Co, Cr and Mn, assuming that these 
elements condense together as an alloy. Our calcula- 
tions include the following elements: W, Os, Re, Mo, 
Ir, Ru, Pt, Rh, Fe, Ni, Co, Pd, Au. All these elements 
have been assumed to be present as metals in the solar 
nebula. This is certainly not true for W. The ratio of 
WO/W in the solar nebula was calculated using the 
equation [7]: 

WO + H2 ~ W + H20 

At 2000°K the ratio WO/W is 117 and at 1500°K al- 
ready 6400, corresponding ratios for MoO/Mo would 
be 5.5 X 10 -3 at 2000°K and 9.8 X 10 -3 at 1500°K. 
Taking into account the temperature dependence of 
the ratio WO/W, we calculated a condensation tem- 
perature for pure W of 1839°K at 10 -3 arm. Thus as 
we are mainly interested in the temperature region 
just above the condensation temperature of pure iron 

2. 2. Microprobe measurements 

The particle was embedded in plastic together 
with the adhering silicates. It was ground until a metal 
surface was reached and then polished for microscope 
and electron microprobe work. 

Fig. 1 gives a microscopic picture of  the particle 
in reflected light. Silicates, which were also exposed 
on this surface, are not visible here because of  the 
hard copying to bring out the different reflectivities 
of  the opaques. The central vertical axis of  the parti- 
cle is filled by a white mineral of  high reflectivity, 
similar in appearance to meteoritic Fe or Ni -Fe .  To 
the left and right of  this are more yellow-brown areas 
(besides many black holes), which look like sulfide 
phases. They are not uniform in hue and slightly more 
brown than meteoritic troilite. In both phases small 
dots of  different refiectivity appear; only some of  
them come out in the photograph (Fig. 1). 

The microprobe measurements confirm the optical 
diagnosis: N i -Fe  in the center of  the particle and 
Fe-sulfide on both sides (Fig. 2). Table 2 gives the re- 
suits of  measurements in the central metal area and 
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in the sulfide. The low summations are due to the dif- 
ficulty to resolve the small metal and sulfide areas 
with the electron beam. Table 2 shows that the metal 
contains besides Fe and Ni substantial amounts of  the 
noble metals Pt, Ir and Os, as well as Mo, Ru and Rh. 
It is the first time that Rh has been detected in A1- 
lende inclusions and it appears that Rh belongs to the 
group of  refractory siderophile elements. It is en- 
riched to the same degree as Pt (Table 2). 

Figs. 2 and 3 show the distribution of  these ele- 
ments in the particle in X-ray scanning pictures. Ni 
and Pt are rather homogeneously distributed in the 
central metal area. Ir and Rh, which are not shown, 
have essentially the same distribution as Pt. Mo is 
found in small spots in the sulfide area. Measurements 
of  Mo, beside those given in Table 2, gave a range in 
the sulfide from 0.8 to 24% Mo. Os and Ru are pres- 
ent in metal and sulfide and show a patchy, but simi- 
lar distribution. The Ru/Os ratio in the metal was 
found to be rather constant at 2.0 -+ 0.1 despite vary- 
ing amounts. One spot was measured with 54% Ru. 
The Ni scanning picture shows also that a Ni-bearing 
sulfide phase (to the left of  the metallic central area) 
occurs beside a Ni-free sulfide area; measurements of  
both areas are given in Table 2. 

Table 2 shows also that the Pt/Ir and Pt/W ratios 
determined by electron microprobe in the metal are 
within limit of error the same as these ratios deter- 
mined by neutron activation for the whole particle. 
And these ratios and the Pt/Rh ratio of  the metal are 
close to the C1 values. The situation is different for 
elements which have high, spotlike concentrations 
outside the metal: Ru and Mo. 

Fig. 1. Polished section of metal particle, reflected light. 
Light grey areas in center are metal, darker grey sulfide. 
Scale bar 10/zm. 

3. Condensation of refractory siderophile elements 

3.1. Condensation of  single elements 

The condensation temperatures of  refractory 
siderophile elements condensing as pure phases have 
been calculated by Grossman [1 ]. One would, how- 
ever, expect that these metals (e.g., Os, Re, W, Mo, Ir, 
Ru) do not condense as separated phases but do rath- 
er condense as an alloy. In that case no well-defined 
condensation temperatures can be assigned to individ- 
ual elements. The condensation curves for individual 
elements in an alloy may considerably deviate from 

10 μm

Palme & Wlotzka 1976



Condensation of W-Os… in proto-solar system
• R-process condensation (Domoto poster)



Condensation of W-Os… in proto-solar system
• R-process condensation (Domoto poster)
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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, lr, 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. 

Just before the condensation point of pure Fe is 
reached the grains will consist of nearly 100% Fe + Ni. 
Thus, metal particles produced by equilibrium conden- 
sation in the solar nebula should always contain some 
Fe and Ni, the amount of Fe and Ni then indicates 
the temperature these particles ceased to be in equilib- 
rium with the solar nebula. Similar arguments apply 
for Co, Au, Pd, etc. 

(2) Pt and Rh, having lower condensation tem- 
peratures for the pure phases than Fe, completely 
condense before the temperature has dropped to the 
condensation temperature of pure Fe (Fig. 4). This 

is a possible mechanism to enrich these elements in 
Allende inclusions, especially in metal particles like 
the one discussed in this paper. 

From Fig. 4 one can see that above 1500°K all 
elements with condensation temperatures higher than 
Fe, are completely condensed. The ratios among these 
elements in the condensed matter must therefore be 
chondritic. The ratio of Pt to these elements reaches 
the chondritic value approximately 10 ° above the 
condensation temperature of pure Fe. Thus, if the Pt 
enrichment in Allende inclusions is due to its conden- 
sation in metal grains, as is indicated by the metal 

• Proto-Solar System (Palme & Wlotzka 1976)



Condensation of W-Os… in proto-solar system
• R-process condensation (Domoto poster)
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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, lr, 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. 

Just before the condensation point of pure Fe is 
reached the grains will consist of nearly 100% Fe + Ni. 
Thus, metal particles produced by equilibrium conden- 
sation in the solar nebula should always contain some 
Fe and Ni, the amount of Fe and Ni then indicates 
the temperature these particles ceased to be in equilib- 
rium with the solar nebula. Similar arguments apply 
for Co, Au, Pd, etc. 

(2) Pt and Rh, having lower condensation tem- 
peratures for the pure phases than Fe, completely 
condense before the temperature has dropped to the 
condensation temperature of pure Fe (Fig. 4). This 

is a possible mechanism to enrich these elements in 
Allende inclusions, especially in metal particles like 
the one discussed in this paper. 

From Fig. 4 one can see that above 1500°K all 
elements with condensation temperatures higher than 
Fe, are completely condensed. The ratios among these 
elements in the condensed matter must therefore be 
chondritic. The ratio of Pt to these elements reaches 
the chondritic value approximately 10 ° above the 
condensation temperature of pure Fe. Thus, if the Pt 
enrichment in Allende inclusions is due to its conden- 
sation in metal grains, as is indicated by the metal 

• Proto-Solar System (Palme & Wlotzka 1976)
• Palme & Wlotzka 1976
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Previous study of grain formation in KNe

DUST FORMATION IN MACRONOVAE 3

Table 1
Grain Species Considered in the Calculations

Grain Species γ/104K δ a0 (Å) σ (erg cm−2) Teq (K)

C 8.640 18.974 1.281 1400 1800–2000
Fe 4.842 16.557 1.411 1800 1060–1180
Sr 1.456 7.067 2.364 165 430–500
Hf 7.390 16.220 1.745 1510 1630–1820
Pt 6.777 17.826 1.533 1770 1440–1600

Note. — The Gibbs free energy for the formation of clusters is approxi-
mated by∆g̊/kT = −γ/T + δ, where the numerical values γ and δ are derived
by least-squares fittings of the thermodynamics data (Chase, Jr. et al. 1985;
Arblaster 2005) in the temperature range of T = 200–2500 K. The radius of
the condensate per atom and the surface tension of the condensate are given
as a0 and σ, respectively (Elliott & Gleiser 1980; Nozawa et al. 2003). The
equilibrium temperatures Teq are presented for the density range of ni = 106–
108 cm−3. See Nozawa & Kozasa (2013) for the details of the dust formation
calculations.

Figure 1. Condensation efficiency, which is defined as the mass fraction of
atoms finally locked up in dust grains, of carbon, iron, strontium, hafnium,
and platinum in the low-density (square) and high-density (circle) cases. The
density of each element is fiρ where fi = 1 (filled) or fi = 0.5 (open) and ρ is
given by equation (3).

in the case of efficient r-process nucleosynthesis. We con-
clude that the dust grains of heavy (Ai ! 50) elements are not
expected to be formed in the low-density case. In particular,
the condensation of r-process elements (Ai ! 100) is likely
to be extremely difficult (see equation 5), unless the inhomo-
geneity of ejecta is taken into account.
In the high-density ejecta with inefficient r-process nucle-

osynthesis (κ = 0.1 cm2 g−1), the necessary condition of dust
formation is relaxed. The results of dust formation are also
shown in Figure 1. The condensation efficiency of carbon is
unity for fi = 1. Carbon grains form at t ∼ 7 days. Despite
the high density, the condensation efficiency of Fe grains is
only fcon = 2× 10−4 even for fi = 1 because of the low con-
densation temperature. Since Fe grains form much later than
t0 = 7 days7, we exclusively focus on carbon for applications
to GRB 130603B in the next subsection.

3.2. Dust model for macronovae

7 Fe grains could form at earlier time in non-uniform ejecta, e.g., at the
head of the ejecta where gas is rapidly cooled.

Figure 2 shows the condensation efficiency and average ra-
dius of carbon grains as a function of the isotropic equivalent
mass of carbonMC(4π/∆Ω), whereMC is the mass of carbon
available for dust formation. The density of ejecta is calcu-
lated as the isotropic equivalent mass divided by 4πR3/3. The
condensation efficiency is unity above MC(4π/∆Ω) ∼ 10−2,
below which it decreases rapidly.
Once dust grains are formed in the ejecta, they absorb emis-

sion from the ejecta and emit photons with energies corre-
sponding to their temperature. Assuming that dust emission
is optically thin, we can choose the mass and temperature of
dust so that its thermal emission explains the NIR emission
of GRB 130603B. Figure 3 demonstrates one of the exam-
ples of a spectrum of the dust emission. For dust temper-
ature of 1800 K, the mass of the required carbon grain is
Md,C ∼ 8×10−6M!, which corresponds toMC ∼ 4×10−3M!

and fcon ∼ 2× 10−3 for ∆Ω = 4π (see Figure 2). Smaller the
∆Ω is, larger the fcon is for a given Md,C = (4π/∆Ω) fconMC.
For instance, in the case of (4π/∆Ω) = 10,MC ∼ 5×10−4M!

is required, which corresponds to fcon ∼ 2× 10−2. Note that
the required mass of carbon gas is consistent with the mass
of ejecta which is shown in recent simulations, and that car-
bon grains do not evaporate because the dust temperature is
lower than its evaporation (equilibrium) temperature. The
opacity coefficient of the carbon grains is κC ∼ 1.1× 104
cm2 g−1 at the J-band (1.2µm), which does not depend on
their radius as long as the grain radius is much smaller than
the wavelength. At 7 days in the rest frame, the absorption
probability is above unity at wavelengths shorter than the J-
band under the parameter choice : (3Md,C/∆ΩR3)κCRβ ∼
0.7(4π/∆Ω)(λ/1.2µm)−1.2. The absorption and emission co-
efficients are proportional to λ−1.2 (Zubko et al. 1996). Thus,
the dust grains absorb macronova emission and re-emit radia-
tion in NIR bands.
Compared to a spectrum of the r-process model, which pre-

dicts a rather broad-line spectrum, the dust model provides an
even more featureless spectrum. The spectrum of dust emis-
sion also deviates from a blackbody spectrum at wavelengths
of ! 5µm because of the λ-dependence of the emission co-
efficient. Thus, a spectrum of the dust model can be obser-
vationally distinguished from both the r-process model and a
pure blackbody spectrum.
Based on the discussion above, we can propose an alter-

native model for the NIR brightening of GRB 130603B, and
generally NIR macronovae, which is schematically drawn in
Figure 4. First, a macronova not powered by r-process ele-
ments happens (see Section 4 for possible heating sources).
The low line opacity coefficient, e.g., κ∼ 0.1 cm2 s−1, makes
this event bright in a blue band on timescale of a few day, as
in the original work (Li & Paczyński 1998). Then, when the
temperature of ejecta decreases to ∼ 2000 K, dust formation
begins and the ejecta become opaque again by dust. The high
opacity allows the macronova emission to heat dust grains,
which emit absorbed photons in NIR bands. In other words,
the observed NIR macronova can be the dust emission.

4. DISCUSSION AND SUMMARY
We have investigated dust formation in macronovae

based on the temperature and density estimated from GRB
130603B. We have shown that dust of r-process elements
hardly form even if they are abundantly produced. On the
other hand, dust of light elements such as carbon can be

Condensation fraction The issues:
1. Takami+14 considered only low 
density ejecta. So, atom-atom 
collision rarely occurs. 

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

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

No dust

- Takami, Nozawa, Ioka14 -



R-process grain growth in merger ejecta

Solving r-process cluster formation
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We solve the kinetic rate equation (Domoto, KH, Kasen in prep.) 

• Early cluster formation is suppressed by low molecular formation rate.

• Fragmentation accelerates cluster formation via creating seed.

• 0.05Msun, v ~< 0.1c are good for dust formation.



Kilonova with Dust
Expected spectral evolution

Very preliminary



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.


