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Introduction: Kilonova
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Concept:
• “Kilonova” is an electromagnetic counterpart of 

neutron star mergers (Li & Paczynski 98).  
• Radioactivity in the neutron-rich ejecta powers 

kilonvoae.  (e.g. Metzger+10). 

• Lanthanides have many permitted lines in the 
optical - IR, which makes kilonvoae extremely red. 
(e.g., Kasen+13, Tanaka & KH 13)
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• The first kilonova candidate in 2013, followed a gamma-ray burst 130603B. 
(Tanvir et al 2013) 
• One kilonova after the 1st gravitational-wave merger GW170817. 
(Metzger 17, Margutti & Chornock 21, Nakar 20 for reviews) 
• As of 2023, ~ 10 possible kilonovae after gamma-ray bursts. 
(Troja 23 for a review)

Concept:

Observation history:

• “Kilonova” is an electromagnetic counterpart of 
neutron star mergers (Li & Paczynski 98).  

• Radioactivity in the neutron-rich ejecta powers 
kilonvoae.  (e.g. Metzger+10). 

• Lanthanides have many permitted lines in the 
optical - IR, which makes kilonvoae extremely red. 
(e.g., Kasen+13, Tanaka & KH 13)



A Kilonova 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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The kilonova is much fainter and faster than supernovae. 
Knowing the merger times and locations from GW greatly helps to find kilonovae.



A Goal of kilonova science: where elements come from?

In the next decade, we try to answer “which ones are produced in mergers and how much?” 



We need more atomic data 

• Kilonovae are explosion of heavy elements. 

• They are bright in the infrared. 

• We don’t really know strong lines of heavy elements in 
the infrared. 

• We also need recombination & collision strengths of 
heavy elements.
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• Introduction 

• Rapid neutron capture & Kilonova power 

• Early Kilonova & absorption lines 

• Kilonova Nebular Phase & James Webb Space 
Telescope (JWST)



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

Time

Merger Mass ejection 
A few % Msun 

~0.1c

R-process 
nucleosynthesis

Radioactive decay

Photons  
diffuse out

Optically 
thin

t=0            0<t<100ms               ~<1s                     1day              > 10day 
   
10km        10-100km                 < 0.1Rsun               10AU              >100AU

• Powered by radioactivity of r-process nuclei. 
• The peak luminosity ~ 103-104 x nova. 
• Spectrum ~ quasi-thermal. 
• Atomic lines dominate the opacity (photon absorption). 



Rapid neutron capture (R-) process in 
merger ejecta

© Jonus Lippuner
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Figure 8. Bolometric light curve and temperature evolution of the macronova associated with GW170817. The total and electron heating
rates are also shown. The temperature is evaluated at the photosphere by assuming local thermodynamic equilibrium. Here we use a total
ejecta mass of 0.05M�, the beta-decay heating rate with the solar r-process abundance (85  A  209), and the ejecta profile with n = 4.5,
v0 = 0.1c and vmax = 0.4c (see equation 12). The opacity is assumed to be 0.5 cm2/g for v > 0.2c and 3 cm2/g for v  0.2c. The bolometric
data are taken from Waxman et al. (2018). The Spitzer 4.5µm detections �⌫-L⌫ are considered as lower limits on the bolometric luminosity
(Kasliwal et al. 2019) (see discussion in the text). The observed temperature is shown only up to day 7 (Waxman et al. 2018; Arcavi 2018),
when the spectrum is quasithermal.

Then the bolometric luminosity is calculated by adding the contribution of all the shells.
Figure 8 shows the bolometric light curve of the macronova of GW170817 according to the the analysis of the

observation of Waxman et al. (2018). Also shown are the black-body temperature data obtained by Waxman et al.
(2018) and Arcavi (2018). The bolometric luminosity shows a roughly steady decay as /⇠ t�1 up to day 7 at which
point there is a sharp break to a steep decay as t�3. It is important to note that the analysis is robust up to day 7
but at later times it is less certain. The reason is that until day 7 almost the entire emission is within the observable
bands while at later time a significant fraction of the emission is in unobservable IR bands. Moreover, after day 7 also
the spectrum is becoming highly non-thermal making any extrapolation of the emission to the IR bands uncertain.
Thus, while there is most likely a break around day 7 it is unclear that the post-break slope is as steep as t�3. Figure
8 include also two data point which are the IR detection in a single band, 4.5µm, by Spitzer (Kasliwal et al. 2019).
The spectrum at these times is clearly not thermal (there are simultaneous non-detection at 3.6µm) and cannot be
used for a reliable estimate of the bolometric luminosity. Therefore, we consider here only the actual luminosity which
was observed within the Spitzer 4.5µm band, which is a strict lower limit of the bolometric luminosity.

Figure 8 shows also a semi-analytic model of the bolometric light curve and the evolution of temperature at the
photosphere. Here, we assume a total ejecta mass of 0.05M� composed of r-process elements with the solar abundance
of 85  A  238. The density profile is assumed to be ⇢ / v�4.5 for 0.1c < v < 0.4c. To calculate the bolometric light
curve, we use radially varying opacity of 0.5 cm2/g for v > 0.2c and 3 cm2/g for v  0.2c. With these parameters, the
calculated light curve and temperature agree with the observed data reasonably well including the early peak at 0.5
day and the break of the light curve around a week3. The reason for this break in our modeling can be understood
by comparison of the observed luminosity at any time to the heating rate at the same time. At early times, the
photon di↵usion wave is at the outer part of the ejecta so that only a small fraction of the total radioactive deposited
energy di↵use out and the emergent luminosity is lower than the total heating rate. Thus, during this time energy
is accumulated within the ejecta and due to adiabatic losses the energy in the ejecta is comparable to the energy
deposited over the last dynamical time. On a time scale of a few days, the di↵usion wave proceeds deeper in the ejecta,
so the di↵usion time through most of the ejecta becomes comparable to the dynamical time. In this phase, all the
deposited photons escape to the observer and together with these photons, also radiation that was deposited at earlier
times di↵use out from the ejecta, leading to a bolometric luminosity that is higher than the instantaneous heating
rate. At later times, where the di↵usion wave has crossed all the ejecta, deposited heat escapes on time that is shorter
than the dynamical time and the bolometric luminosity approaches the instantaneous heating rate. Just before this
last phase, there must be a phase where the bolometric light curve declines faster than the heating rate, corresponding
to the break around a week in figure 8. The same behaviour is seen in all type I SNe where after the peak there is
an episode where the bolometric luminosity drops much faster than the 56Ni heating rate before it convergences to
the late time 56Ni tail. Note that in our model the break is unrelated to any change in the thermalization e�ciency.
After a week the contribution of the �-rays is already negligible while the coupling of the electrons is still e�cient.
The break in the heating rate that corresponds to ine�cient electron coupling is seen only at tth,� ⇡ 30 days. These
results are di↵erent than those of Waxman et al. (2018, 2019) that attribute the break at day 7 to tth,� . The reason

3 The black-body temperature at ⇠ 0.5 day depends on how to extrapolate the ultraviolet data at 4 hours. Including the ultraviolet data
reduces the temperature. The two data points at ⇠ 0.5 day from Arcavi (2018) in figure 8 correspond to with and without the ultraviolet
data.

• The light curve ~ the β-decay heating rate. 
• Ejecta mass: ~ 0.05Msun. 
• The photospheric velocity: ~0.1-0.3c. 
• The photospheric temperature: T=5000K -> 2000K.

The energy budget of the Kilonova in GW170817

KH & Nakar 20
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Early Phase of kilonvoa
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• Lanthanides significantly enhance the opacity in the optical-IR (e.g., 
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• The early emission (< 3 days) is characterized 
well by a blackbody with an absorption line 
at 8000Å. 

• The late emission (>3 days) peaks around 
near IR.
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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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Spectrum of the kilonova GW170817

Observational facts

Optical near-IR



• The early emission (< 3 days) is characterized 
well by a blackbody with an absorption line 
at 8000Å. 

• The late emission (>3 days) peaks around 
near IR.
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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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Spectrum of the kilonova GW170817

Observational facts

Unsolved questions
• How is the blue blackbody emission 

produced?  Do we need lanthanide free 
ejecta? 

• Does the near IR emission > 3 days require 
lanthanide-rich ejecta? 

• Is the line feature at 8000Å Sr II or He I? (e.g. 
Watson+19, Tarumi, KH et al 23) 

• How about the other line feature?Optical near-IR



Strong IR lines in r-process rich star
Cerium features in kilonova near-infrared spectra 5

Figure 4. Equivalent width of the 50 strongest lines in the NIR spectrum of HR 465. The lines of elements heavier than Fe,
which are abundant in kilonova ejecta, are shown in red (Ce), blue (Sr), and green (Eu), while the lines of lighter elements are
shown in gray. The unID lines that can also potentially appear in kilonova spectra are shown in black.

The dominance of doubly ionized lanthanides is also
seen in late B-type or early A-type dwarf stars with an
e↵ective temperature of Te↵ ⇠ 10, 000 K. The red points
in the bottom panel of Figure 1 shows average ionization
degrees at the photosphere of HR 465: T = 11, 000 K
and ⇢ = 7⇥ 10�10 g cm�3. These parameters are taken
based on the ATLAS9 atmospheric model (Castelli &
Kurucz 2003) with the stellar parameters of HR 465 (log
g = 4.0 and Te↵ = 11, 000 K), microturbulence velocity
of 2 km s�1, and metallicity of [M/H] = 0.5, which is the
most metal rich model available2. For the calculation of
ionization, we only include the elements with measured
abundances. But this does not a↵ect the ionization de-
grees because most of free electrons are provided by H
and Fe.
Although the photosphere of HR 465 has a higher tem-

perature than that of kilonovae, ionization degrees are
similar to those in kilonovae. This behavior is high-
lighted in Figure 2. For a given temperature, the ioniza-
tion degrees decrease for a higher density. Thus, the
higher matter density and higher temperature in the
stellar photosphere result in a similar ionization degree
with that in kilonovae. Around the parameter space of

2 https://wwwuser.oats.inaf.it/castelli/grids.html

HR 465, the ionization degrees are not very sensitive
to the temperature: doubly ionized lanthanides are still
dominant even with T = 11,000 ± 1000 K.
In summary, the photosphere of late B-type or early

A-type dwarf stars show similar ionization degrees with
those of the line forming region of kilonovae at early
phase. The photosphere of chemically peculiar stars has
a higher temperature than that in kilonovae, and thus,
for a given ion, more lines can become active in the
photosphere of chemically peculiar stars. Therefore, the
spectra of these stars can provide the complete and accu-
rate linelist for strong transitions of the elements with a
similar abundance to kilonovae (i.e., lanthanides for the
case of HR 465).

3. NIR SPECTRUM OF HR 465

We obtained the NIR high-resolution spectrum of
HR 465 using the Subaru Telescope InfraRed Doppler
instrument (IRD; Tamura et al. 2012, Kotani et al. 2018)
on 2020 July 25 (UT) with an exposure time of 300 sec.
The spectrum covers the wavelength range from 9,300 to
17,600 Å with a spectral resolution of R ⇠ 70000. The
signal-to-noise ratios of the data range from 150 to 230
per pixel in the one-dimensional spectra depending on
the position of the blaze profiles of the echelle spectra.
This quality is su�cient for the purpose of the present

Tanaka,..KH+23

• Strong lines: Ce III, Sr II 
• But, also unID lines
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Kilonova vs R-rich star
Tanaka,..KH+23 and Domoto..KH..22

Kilonova spectra

R-rich star spectra

• The structure around 1.5 μm is likely due to Ce III.



Outline

• Introduction 

• Rapid neutron capture & Kilonova power 

• Early Kilonova & absorption lines 

• Kilonova Nebular Phase & James Webb Space 
Telescope (JWST)



tdiff>t
tdiff<t
τ<1

2) Nebular phase (t>10 day)

• Photons escape without absorption, i.e., tau<1. 
• Kilonova radiation may be dominated by emission lines. 
• Although it is fainter,  good chance to identify more elements.

Kilonova Nebular Phase

Thermal electron

Photon

Energy flow: β-decay -> MeV electrons -> 
ionization & secondaries -> thermal 
electrons -> excite ions -> emission lines

Kilonova ejecta



Importance of Fine-structure lines in kilonova nebula

Thermal electron (Te < 1eV)
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e• Fine structure levels are predominantly excited. 
• Lower-lying fine structure levels decay through 

forbidden lines (M1 lines). 
• These lines are in the JWST band.



Fine-structure lines in kilonova nebula
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ABSTRACT

We present a line list of magnetic dipole (M1) transitions of heavy elements, which are
relevant to the nebular emission of kilonovae. The line list is constructed mostly from the
experimentally calibrated energy levels in the NIST database based on the selection rules
in LS coupling under the single configuration approximation. This method guarantees high
accuracy in line wavelengths. The list also includes M1 lines for ions, e.g, heavier than Th, of
which the energy levels are available in the literature but not in the NIST database.

1 INTRODUCTION

The origin of r-process elements is a long-standing problem in astro-
physics (Burbidge et al. 1957; Cameron 1957). Neutron star mergers
have been considered as promising sites of r-process nucleosynthe-
sis (Lattimer & Schramm 1974). A neutron star merger, GW170817,
was accompanied by an uv-optical-infrared counterpart referred to
as ‘kilonova’ or ‘macronova’ (Abbott et al. 2017). The light curve
and spectrum indicate that a large amount of r-process elements
is produced in this event (see, e.g., Metzger 2017; Nakar 2020;
Margutti & Chornock 2021, for reviews). The amount of the ejecta
together with the event rate of mergers suggests that neutron star
mergers can provide all the r-process elements in the Galaxy (e.g.
Hotokezaka et al. 2018; Rosswog et al. 2018).

2 FINE STRUCTURE TRANSITIONS

Atomic radiative transitions occur through electric dipole (E1),
magnetic dipole (M1), and higher-order electric and magnetic tran-
sitions. The transition rates are progressively lower for higher-order
transitions. Table 1 provides the selection rules for E1, M1, and E2
transitions in LS coupling. In the following, we discuss the proper-
ties of radiative transitions that satisfy the LS selection rules.

The ratio of an M1 transition to an E1 transition rate is (Cowan
1981)

�M1

�E1
⇠ 1.3 · 10�5/2

2

✓
_E1

_M1

◆3
, (1)

where _E1 and _"1 are their transition wavelengths in units of cm.
Here /2 , which is the e�ective core charge for the jumping electron,
appears since the matrix element of E1 transitions is proportional
to /�1

2 .
The ratio of �M1 to an electric quadrupole transition rate is

�M1

�E2
⇠ 2.6 · 1011/�4

2

_5
E2

_3
M1

, (2)

Figure 1. Energy di�erence between the ground and first excited levels of
the ground term of -+1.

where _E2 is the E2 transition wavelength. At _M1 ⇠ _E2 ⇠ 1 `m,
M1 transitions are faster than E2 by ⇠ 103.

For M1 transitions, it is possible to calculate the transition
rates analytically in the pure LS coupling scheme (Pasternack 1940;
Shortley 1940; Bahcall & Wolf 1968). The transition rate from an
upper level D to a lower level ; is given by

�D; = 1.3 s�1
✓
_D;

4 `m

◆�3
5 (�D, !D, (D), (3)

where _D; is the line wavelength and 5 (�D, !D, (D) is an algebraic
factor:

5 (�, !, () =
(�2

� (! � ()2) ((! + ( + 1)2 � �2
)

12� (2� + 1)
, (4)

for �D = �; + 1 and

5 (� .!, () =
((� + 1)2 � (! � ()2) ((! + ( + 1)2 � (� + 1)2)

12(� + 1) (2� + 1)
, (5)

for �D = �; � 1. Figure 1 shows the excitation energy between the
ground and the first excited levels of the ground terms of singly
ionized ions, which is a proxy of the energy scale of fine structure

© 2022 The Authors

• Heavy elements have fine-structure lines at ~ 1 - 30 μm (JWST band). 
• M1 lines can carry away a significant fraction of radioactive heat.

Kilonova elements

JWST NIRSpec

JWST MIRI

Singly ionized, the first fine structure level



Kilonova nebula modeling
• M1 line list 
- Energy levels from NIST and Blaise & Wyart 1992 for actinides. 
- LS coupling with the single configuration approximation.

2 K. Hotokezaka et al.

Table 1. Selection rules in LS coupling.

Rules Electric dipole (E1) Magnetic dipole (M1) Electric quadrupole (E2)

1 �� = 0, ±1, except 0 $ 0 �� = 0, ±1, ±2 except 0 $ 0 �� = 0, ±1, except 0 $ 0, 1/2 $ 1/2, 0 $ 1
2 Parity change No parity change No parity change
3 One electron jump with �; = ±1 No electron jump No or one electron jump with �; = 0, ±2.
4 �( = 0 �( = 0 �( = 0
5 �! = 0, ±1 except 0 $ 0 �! = 0, �� = ±1 �! = 0, ±1, ±2 except 0 $ 0, 0 $ 1

splitting of lower ionized ions for a give atomic number. Heavy
elements are good candidates of mid-infrared emitters.

The strength of each emission line in the optically thin regime
is typically determined by the competition between radiative de-
cay rates and collisional deexcitaion rates of the upper level. The
collisional deexcitation rate coe�cient is given by

hfEiD; =
8.63 · 10�8p

)4,4

⌦D;

6D
cm3s�1, (6)

where ⌦D; is the collision strength, 6D is the statistical weight of the
upper level, and )4,4 is the electron temperature in units of 104 K.
The critical electron density of an upper level D is defined by

=2,D =
Õ
;>D �D;Õ

;>DhfEiD;
. (7)

For fine structure of the ground terms, the critical density is

=2,4 ⇡ 1.5 · 107p)4,4 6D
⌦D;

✓
_D;

4 `m

◆�3
5 (�D, !D, (D) cm�3. (8)

For heavy elements / & 30, the energy di�erences are
⇠ 0.1 – 1 eV. Given the electron number density =4 ⇡

107 cm�3E�3
ej,�1j4C

�3
10d ("ej/0.05"�), M1 transitions with a line

wavelength & 4 `m are comparable to or faster than the collisional
deexcitation rates at C & 10 day. Therefore, the population of fine
structure excited levels of the ground terms of which the line wave-
length is . 4 `m is suppressed at C & 10 day compared to the
Boltzmann distribution and the emission rate is determined by the
excitation rates from the ground level. For ions with smaller energy
di�erences in fine structure splitting, the ejecta electron density is
higher than the critical density until the later times so that the level
population tends to follow the thermal distribution.

The discussion about the radiative transition rates given above
is valid for transitions between levels that satisfy the selection rules
of E1, M1, and E2 in LS coupling (rules 1–5 in table 1). However,
the violation of the LS selection rules are common, e.g., �( = 0 is
very often violated and the violations of the selection rules on other
quantum numbers are also common. These violations occur because
there is some mixing of di�erent intermediate and final terms as well
as mixing between di�erent configurations. An example of such
violations is the strong emission of Fe III around 4700 Å observed
in type Ia supernovae, which is attributed to M1 lines arising from
the transitions between 5D� and a3F� violating the �( = 0 and
�! = 0 rules. Since the mixing e�ect of Fe III is not very strong
their transition rates are indeed small, �D; ⇠ O(0.1 s�1

), compared
to a simple extrapolation with the formula 3.

While LS coupling is known as a good approximation only for
light elements, this formula is accurate to 10 per cent even for the
transition rate between the fine structure levels of the first excited
term of Ac III (Z=89, Kramida et al. 2021).

Figure 2. ions.

3 LINE LIST

We construct an M1 line list for neutral atoms to triply ionized ions
-+0–-+3 from the experimentally calibrated energy levels available
in the NIST database (Kramida et al. 2021). In addition, we include
lines of Hf III, Ta III, and actinides (91 6 / 6 99) based on
the energy levels presented in the literature but not in the NIST
database. Note that such energy levels may not be as accurate as
those available in the NIST database. In order to identify M1 lines,
we apply the LS selection rules to the energy levels under the single
configuration approximation, where each energy level is assumed to
be represented by a leading LS term because LS coupling is used for
the level identification of most of ions in the NIST database as well
as in the literature. The transition rate of each M1 line identified
by the selection rules is assigned by formula 3. Figure 2 shows the
ions included in our line list. If there are levels with an ambiguous
value of � or without LS terms for a given ion, we use a subset
of the energy levels truncated at the first level with an ambiguous
value of � or without LS terms. This treatment usually does not
cause serious problems for our purposes because such a truncation
typically occurs at a highly excited level. There are sometimes lower-
lying energy levels for which the term is unknown. We also truncate
the energy levels in such cases, which may cause a lack of relevant
lines. Furthermore, the energy of lower-lying levels is sometimes
unavailable. If this occurs, we simply omit such a level.

Table 2 shows two examples of the lower-lying energy levels,
which are suitable to demonstrate the limitations of our method. Tb
II (/ = 65) is among one of the ions having somewhat complicated
lower-lying energy levels and strong configuration mixing. Eight
energy levels shown in the table are represented in j-j coupling with
the leading LS coupling terms. Despite that the terms are given
in j-j coupling we assign the leading LS terms to these levels and
use the LS selection rules. One obvious caveat here is that the M1
transition between the ground and first excited levels does not exist

MNRAS 000, 1–?? (2022)
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• We are developing line lists for heavy elements and ionization solver. 
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Kilonova M1 line spectrum: 40 days

• Synthetic nebular M1 spectra with the accurate line location. 
• JWST may be able to resolve the emission lines for kilonovae.

40 day after merger

Spitzer photometry (GW170817)



Kilonova late spectrum: 10 days
Kilonova in GW170817 (KH+23)



Kilonova late spectrum: 10 days

• The peak at 2.1μm may be Te III. 
• It has been detected in planetary nebulae 

(Madonna+18).

Kilonova in GW170817 (KH+23)

contaminant, but the IGRINS data demonstrate that it is not
present at a detectable intensity.

The good agreement between EMIR and IGRINS results and
the high resolution of IGRINS data, which eliminates the
possibility of blends, give us confidence that [Te III] and [Br V],
respectively, are the correct identifications for the 2.1019 μm
and 1.6429 μm lines.

4. A-values and Collision Strengths

The atomic structures, A-values, and radial wavefunctions
for Br V and Te III were computed with the AUTOSTRUCTURE
code Badnell (1986, 1997). We diagonalized the Breit–Pauli
Hamiltonian within a statistical Thomas–Fermi–Dirac–Amaldi
model potential V(λnl) (Badnell 1997). The potential for each
orbital was characterized by scaling the radial parameter by a
quantity λnl that is optimized variationally by minimizing a
weighted sum of the LS term energies. The LS terms are
represented by configuration-interaction (CI) wavefunctions.

The CI expansion for the Br V system that we used includes
the 3d104s24p, 3d104s4p2, 3d104s25s, 3d104s25p, 3d 4s 5d10 2 ,
3d 4s 4p9 2 2, 3d 4s 4p4d9 2 , and 3d 4s 4p5s9 2 configurations, while
that for Te III includes 4d 5s 5p10 2 2, 4d 5s5p10 3, 4d 5s 5p5d10 2 ,
and 4d 5s 5p9 2 3.

The quality of our atomic structure representations was
evaluated by comparing predicted term energies with the
experimental values of Riyaz et al. (2014) and Joshi et al.
(1992) for Br V and Te III, respectively. Our calculated
energies are found to differ from experimental values by less
than 5%. Additional small semi-empirical corrections to the
orbitals were calculated through the coupling of energy terms
that minimized the relative energy differences. Finally, the
level energies were shifted to the experimental values in order
to compute monopole, dipole, and quadrupole transition
probabilities.
The scattering calculations were done with the BP R-matrix

program (Berrington et al. 1997), using the orbitals from our
AUTOSTRUCTURE calculation, retaining CI from 39 LS terms
and 88 fine structure levels for Br V and 39 LS terms and 75
levels for Te III. The calculations explicitly include partial
waves from states with L� 9 and multiplicities 1, 3, and 5 for
Br V, and 2 and 4 for Te III. Contributions from the higher
partial waves were estimated using a top-up procedure.
Maxwellian-averaged collision strengths were computed for

both ions for selected temperatures between 5000 K and
30000 K. New atomic data files with the resulting values for
Br V and Te III were added to PyNeb. The A-values and

Figure 1. Plots of the newly detected lines from the EMIR (upper row) and IGRINS (lower row) data. While the EMIR line fluxes were measured from their 1D
spectra, the IGRINS fluxes were measured in 2D position–velocity space with an aperture drawn around the line profile (e.g., see Figure 1 of Sterling et al. 2016).

3

The Astrophysical Journal Letters, 861:L8 (7pp), 2018 July 1 Madonna et al.

Planetary Nebula (s-process, Madonna+18)



Kilonova late spectrum: 10 days

site. More recent works focus on the late chemical evolution in the Milky Way. The ratio of r-process
elements to Fe, [Eu/Fe], declines for [Fe/H]> �1, where [X/Y] = log

10
(NX/NY)� log

10
(NX/NY)�,

NX is the abundance of an element X, and � refers to the solar value. It has been questioned
whether such a behavior is consistent with the expected merger history in the Milky Way (Côté
et al., 2016; Komiya & Shigeyama, 2016).

Our goal in this article is twofold. First we summarize the cumulative evidences supporting
that r-process nucleosynthesis takes place in rare events in which a significant amount of r-process
elements are produced in each event. Using the rate and mass ejection per event inferred from
these measurements, we test the neutron star merger scenario for the origin of r-process elements in
the cosmos. This evidence clearly rules out the normal cc-SNe scenario. Moreover, the rate agrees
with merger estimates from galactic binary neutron stars, from sGRBs, and from GW170817. At
the same time the amount of matter is consistent with the kilonova/macronova, AT2017gfo, and
the candidates associated with cosmological sGRBs. Second, we turn to the Galactic chemical
evolution of r-process elements at later times [Fe/H]& �1 and discuss whether the neutron star
merger scenario can consistently explain the observed distribution of [Eu/Fe].

2 r-process production rate, sGRBs, and GW170817
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Figure 1: The solar abundance pattern of r-process elements (left) and its cumulative abundance
(right). The solar r-process abundance pattern is taken from Goriely (1999); Lodders (2003).

Before discussing details, we describe here the r-process abundance pattern. Figure 1 shows the
solar abundance pattern of r-process elements taken from (Goriely, 1999; Lodders, 2003). There are
three peaks. For the solar abundance pattern, most of the mass of r-process elements (⇠ 80%) is
around the first peak. However, the abundance ratio of the first peak to the second peak of extreme
metal poor stars, of which the abundance pattern likely reflects a single nucleosynthesis event, is
often di↵erent from that of the solar pattern. Some of these stars exhibit abundance patterns beyond
the second peak (heavy r-process) that are similar to the solar pattern. However, they don’t contain
similar amounts of the first peak elements as compared with expectations from the solar abundance
pattern (e.g. Sneden et al. 2008 and references therein). At the same time, there are stars that
contain a substantial amount of the first peak elements but do not show a significant enrichment of
heavy r-process elements (e.g. Honda et al. 2006). This suggests that the ratio between “heavy” and
“light” r-process abundances varies among events or there may be di↵erent kinds of astrophysical
phenomena producing “light” and “heavy” r-process elements. For instance, electron capture and
cc-SNe could produce a su�cient amount of “light” r-process elements (e.g. Roberts et al. 2010;
Wanajo et al. 2011). Therefore, it is important to keep in mind that it is unclear what the minimal
atomic mass number of elements produced by r-process events is.

Since rate estimates of r-process events are sensitive to the minimal atomic mass number as-
sumed, we consider here two scenarios in which an astrophysical phenomenon predominantly pro-
duces (i) all the r-process elements (Amin = 69) and (ii) only heavy r-process elements (Amin = 90).
The mass fractions of the lanthanides out of the total r-process elements for these two cases are

4

Te

• The peak at 2.1μm may be Te III. 
• It has been detected in planetary nebulae 

(Madonna+18). 
• Te is among the most abundant r-process 

elements.

Kilonova in GW170817 (KH+23)
Solar r-process abundance (KH+18)



Preliminary News: A ‘kilonova’ in long GRB 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

JWST NIRSpec data (Levan,..KH, + 23)

• The light curve and spectrum resemble the kilonova GW170817. 
• An emission line at 2.1 μm ->  [Te III]? 
• An extremely red continuum -> lanthanides?

GW170817



• Astrophysicists will do:

• Try to find kilonovae (1 yr-1?) and obtain more data. 

• Try to interpret the spectral structure by improving the models.

• not easy because they are faint, rapidly fade, and infrared.

•  also not easy because lines are broaden, lack of atomic data, and 
incompleteness of the models.

We need more atomic data 



We need more atomic data 
• Astrophysicists will do:

• Try to find kilonovae (1 yr-1?) and obtain more data. 

• Try to interpret the spectral structure by improving the models.

• not easy because they are faint, rapidly fade, and infrared.

• also not easy because lines are broaden, lack of atomic data, and 
incompleteness of the models.

• What astrophysicists need from atomic physicists:

• Oscillator strengths of heavy elements in the infrared. 

• Atomic data for plasma modelings.
• Ce III and La III lines are most prominent in kilonovae.

• recombination and collision rates  (Te, W, Se seem important). 



Summary
• Kilonova is an electromagnetic counterpart of neutron star mergers. 

• The kilonova in GW170817 evolves quickly from 5000K to 2000K. 

• Line id is challenging because of large Doppler broadening and blending. 

• The strongest absorption is around 0.8μm (Sr II or He I). A weaker feature 
around 1.5μm (Ce III). 

• A strong emission line at 2.1μm in late times (>10 day), likely [Te III] 2.1μm. 

• A kilonova seems to follow a long GRB 230307A. James Webb observation 
points to a strong emission at 2.1μm,  [Te III] 2.1μm? 

• We need oscillator strengths, collision strengths, recombination rate for 
better modelings.


