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Figure 8. Comparison between the synthetic spectra (blue) and the observed spectra of AT2017gfo (gray, Pian et al. 2017;
Smartt et al. 2017) at t = 1.5, 2.5, and 3.5 days after the merger (dark to light colors). Spectra are vertically shifted for
visualization. Gray shade shows the regions of strong atmospheric absorption.

in AT2017gfo, especially at t ≥ 2.5 days. Although
this model motivated by the observed luminosity of
AT2017gfo is quite simple, the NIR features appear to
agree with the observed ones without an adjustment of,
e.g., density distribution. This implies that the absorp-
tion features at the NIR wavelengths in the spectra of
AT2017gfo may be caused by the La III and Ce III lines.
It should be noted that the assumption of LTE may

not be valid in a low density region. In the results here,
neutral atoms especially for Y and Zr are the dom-
inant opacity sources at t ≥ 2.5 days at the optical
wavelengths (Tanaka et al. 2020; Kawaguchi et al. 2021;
Gillanders et al. 2022). On the other hand, recent work
on the nebula phase of kilonovae suggests that ionization
fractions as well as the temperature structure of ejecta
can be deviated from those expected in LTE with time,
i.e., as the ejecta density decreases (Hotokezaka et al.
2021; Pognan et al. 2022b). These non-LTE effects may
change the emergent spectra at a few days after the
merger mainly at the optical wavelengths, where many
strong lines of neutral atoms exist (Kawaguchi et al.
2021).

4. DISCUSSION

4.1. Lanthanide abundances

Our results show that kilonova photospheric spectra
exhibit absorption features of La III and Ce III in the
NIR region, which are in fact similar to those seen in the
spectra of AT2017gfo. In this subsection, we examine a
possible range of these lanthanide mass fractions in the
ejecta of AT2017gfo by using the NIR features.
To investigate the effect of the La amount on the spec-

tra, we perform the same simulations as in Section 3 but
by varying the mass fraction of La. The resultant spec-
tra at t = 2.5 days after the merger are shown in the
left panel of Figure 9. We find that the strength of ab-
sorption due to the La III lines at λ ∼ 12500 Å changes
with the mass fraction of La. On the other hand, no
matter how the mass fraction changes, the overall spec-
tral shapes hardly change. Because La lines have little
effect on the total opacity, the NIR opacity is almost
unchanged. Thus, the strong lines of La III keep pro-
ducing strong absorption as long as an enough amount
of La is present. According to the tests shown in the left
panel of Figure 9, we estimate that the mass fraction of
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•  Element identification in kilonova spectra 

•  “Experiments” with chemically peculiar stars 

•  Towards abundance estimates

Identification and Abundance Estimate of  
Heavy Elements in Kilonova Spectra



“Minimum” atomic data for kilonovae (LTE)
Bound-bound transitions (“line”)

λ
Δλ

Friend & Castor 1983 (stellar wind), Pinto & Eastman 1993 (supernova) 
Kasen+06, Kasen+13, MT & Hotokezaka 13 (kilonova)
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Figure 5. Comparison of intensities for NIR Ce III lines be-
tween those calculated with theoretical gf -values and those
measured by experiments (Johansson & Litzén 1972). Gray
dashed and dotted lines correspond to perfect agreement and
deviations by a factor of 3, respectively. Orange circles indi-
cate the lines whose theoretical gf -values are underestimated
more than a factor of 3.

oratory and showed the relative intensities of measured
lines. Assuming LTE for ionization and excitation, the
intensity of an emission line can be calculated as

I = b guA e−
Eu
kT

= b
8πe2

mecλ2
l

glfle
−

Eu
kT , (3)

where A, gu, and Eu are the Einstein’s A coefficient,
the statistical weight, and the energy level of the upper
level for a transition, respectively, and b is a constant
depending on the ion species. Since plasma in experi-
ments is typically in LTE due to the high density of ions
(Kielkopf 1971), we can use this formula to evaluate the
gf -values of Ce III lines.
Comparison between the intensities of Ce III lines cal-

culated with the theoretical transition probabilities and
those measured by experiments (Johansson & Litzén
1972) is shown in Figure 5. We adopt the temperature
of T = 12000 K, which is typical plasma temperature in
experiments (Kielkopf 1971). Here a normalization fac-
tor b is set so that the calculated values are close to the
experimental values. We find that the calculated and ex-
perimentally measured intensities are in good agreement
except for a few lines. Since in the situation we consider
(Eu ! 2 eV) the intensities are mainly determined by
transition probabilities, the trend suggests that our the-
oretical gf -values of Ce III lines are reasonable. We
note that, although the gf -values of a few lines should
be higher than our estimates (orange circles in Figure
5), they are relatively weak and do not affect our con-

clusions. Nevertheless, to determine the exact values of
transition probabilities for these lines, more experimen-
tal and observational calibrations are necessary in the
NIR region.

3. SYNTHETIC SPECTRA

3.1. Methods

In this section, we calculate realistic synthetic spectra
of kilonovae by using the new hybrid line list. We use
a wavelength-dependent radiative transfer simulation
code (Tanaka & Hotokezaka 2013; Tanaka et al. 2014,
2017, 2018; Kawaguchi et al. 2018, 2020). The photon
transfer is calculated by the Monte Carlo method. To
compute the opacity for bound-bound transitions, we
adopt the expansion opacity (Karp et al. 1977) and use
the formula from Eastman & Pinto (1993):

κexp(λ) =
1

ctρ

∑

l

λl

∆λ
(1 − e−τl), (4)

where τl is the Sobolev optical depth (Equation (1)).
In the equation, the summation is taken over all tran-
sitions within a wavelength bin ∆λ (see below). The
Sobolev optical depth is evaluated by assuming LTE for
ionization and excitation as in Section 2.1.
For the atomic data, we use the new hybrid line list

constructed in Section 2.3. The hybrid line list still
includes weak transitions whose wavelengths are not
necessarily accurate. To avoid the substantial effects
of these lines to spectra, we adopt a wide wavelength
grid for the opacity calculation with the atomic data
from theoretical calculations (i.e., lines for Z = 30–
88). The wavelength grid is typically set to ∆λ = 10 Å
(Tanaka & Hotokezaka 2013), but here a 20 times wider
grid is adopted for the theoretical line list. This smears
out the individual effect of each line on the bound-bound
opacity. We also performed the same opacity calcula-
tions with the typical fine wavelength grid, and con-
firmed that the resultant total opacity is almost un-
changed. For the accurate transitions (i.e., lines for
Z = 20–29 and calibrated lines), we adopt ∆λ = 10 Å.
By combining the opacity calculated with the theoret-
ical atomic data and the strong transitions calculated
with the accurate data, we are able to discuss whole
spectral features, i.e., an overall shape, absorption lines,
and their time evolution.
In the radiative transfer code, the temperature in

each cell is determined by the photon flux (Lucy 2003;
Tanaka & Hotokezaka 2013). The photon intensity is
evaluated as

Jνdν =
1

4π∆tV

∑

dν

εds, (5)

⌧sob =

Z
↵dr

Lanthanide Features in Near-infrared Spectra of Kilonovae 3

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

 0  50  100  150  200  250

M
as

s 
fra

ct
io

n

Atomic mass number

r-residuals

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

 20  40  60  80  100

M
as

s 
fra

ct
io

n

Atomic number

HD122563

Figure 1. Left: final abundances of our L model as a function of mass number. Black circles show the r-process residual
pattern (Prantzos et al. 2020), which are scaled to match those for the L model at A = 88. Right: abundances at t = 1.5 days
as a function of atomic number. Abundances of an r-process-deficient star HD 122563 (diamonds, Honda et al. 2006; Ge from
Cowan et al. 2005; Cd and Lu from Roederer et al. 2012) are also shown for comparison, which are scaled to match those for
the L model at Z = 40.

Table 1. Mass fractions of selected elements in the L model. The top and bottom rows show the final abundances and
those at t = 1.5 days, respectively.

X(Ca) X(Sr) X(Y) X(Zr) X(Ba) X(La) X(Ce) X(Th) X(La+Ac)a

1.8× 10−2 6.8× 10−3 1.6× 10−3 6.4 × 10−2 1.5× 10−4 5.4× 10−5 3.1 × 10−5 1.8× 10−5 4.9× 10−4

1.3× 10−2 1.5× 10−2 2.0× 10−3 8.8 × 10−3 9.9× 10−5 8.5× 10−5 4.2 × 10−5 1.0× 10−5 6.7× 10−4

Note— a Sum of mass fractions for lanthanides (Z = 57–71) and actinides (Z = 89–100).

data and construct an accurate line list for the selected
ions with strong transitions. In this way, we construct a
hybrid line list that is complete for weak transitions and
accurate for strong transitions, which are important for
element identification.

2.1. Candidate species

To investigate which elements can become absorption
sources in kilonova photospheric spectra, we system-
atically calculate the strength of bound-bound transi-
tions for given density, temperature, and element abun-
dances. The strength of a line is approximated by the
Sobolev optical depth (Sobolev 1960) for each bound-
bound transition,

τl=
πe2

mec
ni,j,ktλlfl

=
πe2

mec
ni,jtλlfl

gk
g0

e−
Ek
kT , (1)

in homologously expanding ejecta. The Sobolev ap-
proximation is valid for the matter with a high ex-
pansion velocity and a large radial velocity gradient.

Here, ni,j,k is the number density of ions at the lower
level of a transition (i-th element, j-th ionization stage,
and k-th excited state), fl and λl are the oscillator
strength and the transition wavelength, g0 is the sta-
tistical weight at the ground state, and gk and Ek

are the statistical weight and the lower energy level
of a bound-bound transition, respectively. As in pre-
vious work on kilonovae (e.g., Barnes & Kasen 2013;
Tanaka & Hotokezaka 2013), we assume local thermo-
dynamic equilibrium (LTE); we solve the Saha equa-
tion to obtain ionization states, and assume Boltzmann
distribution for the population of excited levels, which
appears in Equation 1 (see Pognan et al. 2022a for non-
LTE effects).
For the abundances in the ejected matter from a NS

merger, we use the same model as in Domoto et al.
(2021) based on a multi-component free-expansion
(mFE) model of Wanajo (2018). Here, we use the Light
(L) model as our fiducial model (the left panel of Fig-
ure 1), which exhibits a similar abundance pattern to
that of metal-poor stars with weak r-process signature

Optical depth of each line (under LTE)

El
gf λ

Ε

Energy levels + transition probabilities
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Table 2.1: Selection rules for E1 and M1 transitions

E1 M1

Rigorous rules parity change no parity change

∆J = 0,±1 (except 0 → 0) ∆J = 0,±1 (except 0 → 0)

LS coupling rules ∆S = 0 ∆S = 0

∆L = 0,±1 ∆L = 0 (with ∆J = ±1)

2.2 Selection Method

To select important transitions for spectral investigation, we start with the National Institute

of Standards and Technology Atomic Spectra Database (NIST ASD, Kramida et al. (2024)) This

database contains experimental radiative transitions from which energy levels are constructed, where

each energy level has its total angular momentum J and parity available. The total orbital mo-

mentum L and total spin S are also available when LS-coupling applies. Since most spectroscopic

experiments are conducted in the optical wavelength range, the transition data in the infrared, where

most spectral features are observed for AT2017gfo is largely incomplete. Thus, we instead select the

E1 and M1 infrared transitions likely to occur and calculated the corresponding wavelengths by using

the energy differences between the experimentally constructed energy levels. Since our focus is on

heavy elements for which the LS-formalism breaks, we based our selection on the rigorous selection

rules of the parity and total angular momentum shown in Table 2.1. In this way, we constructed a

new line list with infrared transitions of ions with atomic number 30 ≤ Z ≤ 90. Due to a notable

lack of energy level data for heavier elements in the NIST ASD, we used the Selected Constants

Energy Levels and Atomic Spectra of Actinides (SCASA; Blaise and Wyart (1994)) to similarly

select infrared transitions of the elements with 91 ≤ Z ≤ 99. We note that we excluded all levels

with uncertainties in their energies and/or their total angular momentum J . For Nd III (Z = 60),

we used the energy levels from Ding et al. (2024) due to the completeness of their data.

One constraint we imposed for our selection is a threshold of 2 eV on the lower energy levels of

the selected transitions. In the early-phase of the kilonova ejecta, the strength of a bound-bound

transition can be calculated using its Sobolev optical depth (e.g. Barnes and Kasen, 2013; Domoto

et al., 2022; Tanaka and Hotokezaka, 2013). Assuming LTE and a Boltzmann distribution of the

population of excited states, the Sobolev optical depth of a certain line can be calculated as

τl =
πe2

mec2
ni,jtλlfl

gl
Zp

e−
El
kT (2.1)

where gl, El, and fl are the statistical weight, the energy of the lower level, and the oscillator strength

of the bound-bound transition, respectively. Zp =
∑

i gie
− Ei

kT is the atomic partition function, and

ni,j is the number density of the i-th element at the j-th ionization state.

A transition becomes strong if it has a high oscillator strength (high gf -value) and a low energy

λ

F
Energy levels Spectrum

b-b opacity
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Transitions with known transition probability

Data from the NIST database 
(singly ionized)

Accurate transition data are highly incomplete (in particular NIR)

InfraredOptical



Lanthanide

e-e interactions
“complexity”

MT, Kato, Gaigalas, Kawaguchi 20 (HULLAC) 
Kato, MT, et al. 24 (ver 2) 
see also Fontes+20,21, Deprince+25, Flörs+26

Atomic structure calculations

http://dpc.nifs.ac.jp/DB/Opacity-Database/

Talks by Chris, Stephane, & Andreas
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Selection of important elements Domoto, MT, Kato+22 

La III
Ce III

Sr II

Ca II (48Ca)
 Zr II

Y II

Theoretical data (MT+20) 
(wavelengths are incorrect)

number of electrons in the nl-orbital labeled m. The complexity
indicates how dense the energy levels are packed, and takes the
maximal value when filling half the closed shell (Figure 1 of
Kasen et al. 2013). Figure 4 shows the number of lines and the
mean value of log gf for singly ionized ions as a function of
complexity. We find that the complexity shows a positive
correlation with the number of lines. It is natural because the

number of transition combinations increases for larger com-
plexity, i.e., denser energy levels. We also find that the
complexity shows a negative correlation with the mean gf-
value. This can be understood by the sum rule of oscillator
strength; when the ion has a larger number of transitions, the
oscillator strength of each line tends to be smaller. Other
ionization states are not presented in Figure 4, but show similar

Figure 2. Sobolev optical depth of bound–bound transitions for the L model calculated with the theoretical line list (Tanaka et al. 2020 Z = 30–88, top) and those
calculated with the hybrid line list (Z = 20–88, bottom, Section 2.3). The ions with large contributions are shown with colors. The left panels show the results with the
density of ρ = 10−14 g cm−3 and the temperature of T = 5000 K at t = 1.5 days, while the right panels show those with ρ = 10−15 g cm−3 and T = 3000 K at
t = 3.5 days.

Figure 3. Mean values of log gf (left) and of lower energies of transitions (right) for all the lines of singly ionized ions as a function of atomic number. Colors at the
top show the valence shells with the orbital angular momenta l for singly ionized ions. Red circles indicate the elements that produce strong transitions in our analysis
(see the text).

4

The Astrophysical Journal, 939:8 (18pp), 2022 November 1 Domoto et al.
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Ce III
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Calibrated 
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Important elements for kilonova spectra

Elements with (1) low-lying energy levels  
                             = higher population 
                        (2) relatively simple structure = small number of transitions  
                             => high transition probability (“sum rule”)

La III
Ce III

Sr II

Ca II (48Ca)
 Zr II

Y II
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Figure 1. Left: final abundances of our L model as a function of mass number. Black circles show the r-process residual
pattern (Prantzos et al. 2020), which are scaled to match those for the L model at A = 88. Right: abundances at t = 1.5 days
as a function of atomic number. Abundances of an r-process-deficient star HD 122563 (diamonds, Honda et al. 2006; Ge from
Cowan et al. 2005; Cd and Lu from Roederer et al. 2012) are also shown for comparison, which are scaled to match those for
the L model at Z = 40.

Table 1. Mass fractions of selected elements in the L model. The top and bottom rows show the final abundances and
those at t = 1.5 days, respectively.

X(Ca) X(Sr) X(Y) X(Zr) X(Ba) X(La) X(Ce) X(Th) X(La+Ac)a

1.8× 10−2 6.8× 10−3 1.6× 10−3 6.4 × 10−2 1.5× 10−4 5.4× 10−5 3.1 × 10−5 1.8× 10−5 4.9× 10−4

1.3× 10−2 1.5× 10−2 2.0× 10−3 8.8 × 10−3 9.9× 10−5 8.5× 10−5 4.2 × 10−5 1.0× 10−5 6.7× 10−4

Note— a Sum of mass fractions for lanthanides (Z = 57–71) and actinides (Z = 89–100).

data and construct an accurate line list for the selected
ions with strong transitions. In this way, we construct a
hybrid line list that is complete for weak transitions and
accurate for strong transitions, which are important for
element identification.

2.1. Candidate species

To investigate which elements can become absorption
sources in kilonova photospheric spectra, we system-
atically calculate the strength of bound-bound transi-
tions for given density, temperature, and element abun-
dances. The strength of a line is approximated by the
Sobolev optical depth (Sobolev 1960) for each bound-
bound transition,

τl=
πe2

mec
ni,j,ktλlfl

=
πe2

mec
ni,jtλlfl

gk
g0

e−
Ek
kT , (1)

in homologously expanding ejecta. The Sobolev ap-
proximation is valid for the matter with a high ex-
pansion velocity and a large radial velocity gradient.

Here, ni,j,k is the number density of ions at the lower
level of a transition (i-th element, j-th ionization stage,
and k-th excited state), fl and λl are the oscillator
strength and the transition wavelength, g0 is the sta-
tistical weight at the ground state, and gk and Ek

are the statistical weight and the lower energy level
of a bound-bound transition, respectively. As in pre-
vious work on kilonovae (e.g., Barnes & Kasen 2013;
Tanaka & Hotokezaka 2013), we assume local thermo-
dynamic equilibrium (LTE); we solve the Saha equa-
tion to obtain ionization states, and assume Boltzmann
distribution for the population of excited levels, which
appears in Equation 1 (see Pognan et al. 2022a for non-
LTE effects).
For the abundances in the ejected matter from a NS

merger, we use the same model as in Domoto et al.
(2021) based on a multi-component free-expansion
(mFE) model of Wanajo (2018). Here, we use the Light
(L) model as our fiducial model (the left panel of Fig-
ure 1), which exhibits a similar abundance pattern to
that of metal-poor stars with weak r-process signature
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Table 2.1: Selection rules for E1 and M1 transitions

E1 M1

Rigorous rules parity change no parity change

∆J = 0,±1 (except 0 → 0) ∆J = 0,±1 (except 0 → 0)

LS coupling rules ∆S = 0 ∆S = 0

∆L = 0,±1 ∆L = 0 (with ∆J = ±1)

2.2 Selection Method

To select important transitions for spectral investigation, we start with the National Institute

of Standards and Technology Atomic Spectra Database (NIST ASD, Kramida et al. (2024)) This

database contains experimental radiative transitions from which energy levels are constructed, where

each energy level has its total angular momentum J and parity available. The total orbital mo-

mentum L and total spin S are also available when LS-coupling applies. Since most spectroscopic

experiments are conducted in the optical wavelength range, the transition data in the infrared, where

most spectral features are observed for AT2017gfo is largely incomplete. Thus, we instead select the

E1 and M1 infrared transitions likely to occur and calculated the corresponding wavelengths by using

the energy differences between the experimentally constructed energy levels. Since our focus is on

heavy elements for which the LS-formalism breaks, we based our selection on the rigorous selection

rules of the parity and total angular momentum shown in Table 2.1. In this way, we constructed a

new line list with infrared transitions of ions with atomic number 30 ≤ Z ≤ 90. Due to a notable

lack of energy level data for heavier elements in the NIST ASD, we used the Selected Constants

Energy Levels and Atomic Spectra of Actinides (SCASA; Blaise and Wyart (1994)) to similarly

select infrared transitions of the elements with 91 ≤ Z ≤ 99. We note that we excluded all levels

with uncertainties in their energies and/or their total angular momentum J . For Nd III (Z = 60),

we used the energy levels from Ding et al. (2024) due to the completeness of their data.

One constraint we imposed for our selection is a threshold of 2 eV on the lower energy levels of

the selected transitions. In the early-phase of the kilonova ejecta, the strength of a bound-bound

transition can be calculated using its Sobolev optical depth (e.g. Barnes and Kasen, 2013; Domoto

et al., 2022; Tanaka and Hotokezaka, 2013). Assuming LTE and a Boltzmann distribution of the

population of excited states, the Sobolev optical depth of a certain line can be calculated as

τl =
πe2

mec2
ni,jtλlfl

gl
Zp

e−
El
kT (2.1)

where gl, El, and fl are the statistical weight, the energy of the lower level, and the oscillator strength

of the bound-bound transition, respectively. Zp =
∑

i gie
− Ei

kT is the atomic partition function, and

ni,j is the number density of the i-th element at the j-th ionization state.

A transition becomes strong if it has a high oscillator strength (high gf -value) and a low energy

Watson+19 (Sr) 
Domoto, MT, Kato+22  (La, Ce) 
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as pure as possible, and dissolved in hydrochloric acid, was
used. From this solution the carbonate of calcium was thrown
down by a fractional precipitation with carbonate of ammonium
in two portions, of which only the latter, precipitated in calcium
nitrate, was used. The calcium salt thus obtained we dissolved
several times in absolute alcohol and converted it finally into
the chloride by evaporating the alcohol and by precipitation
with carbonate of ammonium in hydrochloric acid.

In order to obtain the pure chloride of barium we extracted it

from the commercial salt by pulverizing and boiling repeatedly
in nearly absolute alcohol. The residue thus extracted and
freed from alcohol was dissolved in water and thrown down by
fractional precipitation in two portions, only the second being
dissolved in hydrochloric acid, and the barium chloride thus
obtained being further purified by repeated crystallizations.

In order to obtain chloride of strontium, as pure as possible,
the commercial salt was crystallized out from alcohol, and frac-

tionally precipitated in two portions with carbonate of ammon-
ium, the second part being dissolved in nitric acid and the ni-

trate freed from the last traces of calcium by pulverizing and
boiling with alcohol. From the product thus purified the chlo-
ride of strontium was obtained finally by precipitating with
carbonate of ammonium and dissolving the precipitate in

hydrochloric acid. All these purifications were made in plat-
inum vessels as far as it was possible.

Figure 2 represents the apparatus which we have used

mainly in the observation
of the spectra. A is a
box blackened on the in-

side the bottom of which
has the form of a trapez-
ium and rests on three
feet ; the two inclined
sides of the same form an

FIG 2 angle with one another of
about 58 and carry the

two small telescopes B and C. The ocular of the first is removed
and replaced by a plate in which is a slit formed of two brass

cheeks which are placed at the focus of the objective. The
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ON THE COMPOSITION OF THE SUN’S ATMOSPHERE1 

By HENRY NORRIS RUSSELL2 

ABSTRACT 
The energy of binding of an electron in different quantum states by neutral and 

singly ionized atoms is discussed with the aid of tables of the data at present available. 
The structure of the spectra is next considered, and tables of the ionization potentials and 
the most persistent lines are given. The presence and absence of the Unes of different 
elements in the solar spectrum are then simply explained. The excitation potential, E, 
for the strongest Unes in the observable part of the spectrum is the main factor. Almost 
all the elements for which this is small show in the sun. There are very few solar lines for 
which E exceeds 5 volts; the only strong ones are those of hydrogen. 

The abundance of the various elements in the solar atmosphere is calculated with 
the aid of the caUbration of Rowland’s scale developed last year and of Unsöld’s studies 
of certain important lines. The numbers of atoms in the more important energy states 
for each element are thus determined and found to decrease with increasing excitation, 
but a little more slowly than demanded by thermodynamic considerations. 

The level of ionization in the solar atmosphere is such that atoms of ionization poten- ^ - 
tial 8.3 volts are 30 per cent ionized. 

Tables are given of the relative abundance of fifty-six elements and six compounds. 
These show that six of the metallic elements, Na, Mg, Si, K, Ca, and Fe, contribute 95 
per cent of the whole mass. The whole number of metallic atoms above a square centi- 
meter of the surface is 8X 1c20. Eighty per cent of these are ionized. Their mean atomic 
weight is 32 and their total mass 42 mg/cm2. The well-known difference between ele- 
ments of even and odd atomic number is conspicuous—the former averaging ten times as 
abundant as the latter. The heavy metals, from Ba onward, are but little less abundant 
than those which follow Sr, and the hypothesis that the heaviest atoms sink below the 
photosphere is not confirmed. The metals from Na to Zn, inclusive, are/ar more common 
than the rest. The compounds are present in but small amounts, cyanogen being rarer 
than scandium. Most of those elements which do not appear in the solar spectrum 
should not show observable Unes unless their abundance is much greater than is at 
all probable. There is a chance of finding faint lines of some additional rare earths and 
heavy metals, and perhaps of boron and phosphorus. 

The abundance of the non-metals, and especiaUy of hydrogen, is difficult to estimate 
from the few Unes which are available. Oxygen appears to be about as abundant by 
weight as all the metals together. The abundance of hydrogen may be found with the 
aid of Menzel’s observations of the flash spectrum. It is finaUy estimated that the 
solar atmosphere contains 60 parts of hydrogen (by volume), 2 of helium, 2 of oxygen, 1 of 
metallic vapors, and 0.8 of free electrons, practicaUy all of which come from ionization 
of the metals. This great abundance of hydrogen helps to explain a number of previously 
puzzling astrophysical facts. The temperature of the reversing layer is finally estimated 
at 5600o and the pressure at its base as 0.005 atm. 

A letter from Professor Eddington suggesting that the departure from the thermo- 
dynamic equilibrium noticed by Adams and the writer is due to a deficiency of the num- 
ber of atoms in the higher excited states is quoted and discussed. 

The hope that from the familiar qualitative spectrum analysis 
of the solar atmosphere a quantitative analysis might be developed 

1 Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 383. 

2 Research Associate of the Mount Wilson Observatory, Carnegie Institution of 
Washington. 
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to terms of the same family the term of greatest azimuthal quantum 
number has the advantage; and the larger multiplicities are pre- 
ferred to the smaller.1 In a few cases, the combination of these in- 
fluences causes a line originating from a level a little above the low- 
est to be the most persistent of all. 

Lists of these lines, in the various arc spectra, are given in Table 
V. The lines marked with an asterisk have been recorded by De 
Gramont2 or Meggers and Kiess3 as raies ultimes, which actually 
persist in the manner described. Most of the rest are of too short 
wave-length to have been observed by them, but are undoubtedly 
of the same nature. Table VI gives similar data for spark spectra. 
The arrangement for the short periods differs slightly in order to 
bring spectroscopically similar terms into the same line. 

These tables confirm the conclusions which were drawn from the 
general structure of the spectra. The most persistent arc lines of 
almost all the metals lie within the region accessible in the sun, while 
those of the non-metals are without exception out of range. Con- 
ditions for detecting the spark lines astrophysically are favorable 
only for the metals in the earlier parts of the successive periods— 
for Be, Ca to V, Sr to Cb, Ba, La, and probably several of the rare 
earths, and finally for Ra. 

It may be remarked that the persistent lines and their spectro- 
scopic notation are known for a number of elements for which the 
ionization potential and energy levels have not yet been determined. 
Indeed, the values given in square brackets in Tables I-IV have all 
been determined by utilizing persistent lines (not always the ones 
given in Tables V and VI), as explained in §1. 

5. Molecular spectra.—No detailed discussion of the energy rela- 
tions for the various band spectra which have been recognized in the 
sun is attempted here. It may be said, however, that, so far as the t 
present evidence goes, all the bands which have been observed cor- 
respond to electronic transitions from the normal energy state of the 
molecule to higher states, and hence are comparable in nature to the 
persistent lines. Most of these bands are known to arise from mole- 

1 Laporte and Meggers, Journal of the Optical Society of America, 11, 459, 1925. 
2 Comptes rendus, 171, 1105, 1920. 
3 Journal of the Optical Society of America, 12, 417, 1926. 
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Figure 8. Comparison between the synthetic spectra (blue) and the observed spectra of AT2017gfo (gray, Pian et al. 2017;
Smartt et al. 2017) at t = 1.5, 2.5, and 3.5 days after the merger (dark to light colors). Spectra are vertically shifted for
visualization. Gray shade shows the regions of strong atmospheric absorption.

in AT2017gfo, especially at t ≥ 2.5 days. Although
this model motivated by the observed luminosity of
AT2017gfo is quite simple, the NIR features appear to
agree with the observed ones without an adjustment of,
e.g., density distribution. This implies that the absorp-
tion features at the NIR wavelengths in the spectra of
AT2017gfo may be caused by the La III and Ce III lines.
It should be noted that the assumption of LTE may

not be valid in a low density region. In the results here,
neutral atoms especially for Y and Zr are the dom-
inant opacity sources at t ≥ 2.5 days at the optical
wavelengths (Tanaka et al. 2020; Kawaguchi et al. 2021;
Gillanders et al. 2022). On the other hand, recent work
on the nebula phase of kilonovae suggests that ionization
fractions as well as the temperature structure of ejecta
can be deviated from those expected in LTE with time,
i.e., as the ejecta density decreases (Hotokezaka et al.
2021; Pognan et al. 2022b). These non-LTE effects may
change the emergent spectra at a few days after the
merger mainly at the optical wavelengths, where many
strong lines of neutral atoms exist (Kawaguchi et al.
2021).

4. DISCUSSION

4.1. Lanthanide abundances

Our results show that kilonova photospheric spectra
exhibit absorption features of La III and Ce III in the
NIR region, which are in fact similar to those seen in the
spectra of AT2017gfo. In this subsection, we examine a
possible range of these lanthanide mass fractions in the
ejecta of AT2017gfo by using the NIR features.
To investigate the effect of the La amount on the spec-

tra, we perform the same simulations as in Section 3 but
by varying the mass fraction of La. The resultant spec-
tra at t = 2.5 days after the merger are shown in the
left panel of Figure 9. We find that the strength of ab-
sorption due to the La III lines at λ ∼ 12500 Å changes
with the mass fraction of La. On the other hand, no
matter how the mass fraction changes, the overall spec-
tral shapes hardly change. Because La lines have little
effect on the total opacity, the NIR opacity is almost
unchanged. Thus, the strong lines of La III keep pro-
ducing strong absorption as long as an enough amount
of La is present. According to the tests shown in the left
panel of Figure 9, we estimate that the mass fraction of

La III (Z=57) and Ce III (Z=58)

La CeSrCa

Y, Zr

Watson+19, Domoto+21, Gillanders+22

GW170817

Model

Line identification in NIR wavelength see also Gillanders+24



Th (Z=90): Heaviest detectable element?

On the other hand, for the S model (right panel), we find that
the Th III lines decrease overall fluxes by ∼10% but do not
produce any additional features. The spectrum is redder and
dimmer than that in the L model. It should be noted that the
wiggly features seen in the spectra are caused by the lines of
heavy elements whose wavelengths are not experimentally
calibrated.

These differences between the S and L models reflect the
larger mass fraction of lanthanides for the former, which results
in a higher total opacity. We confirmed that higher opacity in
the S model shifts the photosphere outward compared to that in
the L model. As a result, the photospheric temperature in the S
model is lower and the Th III lines are weak (Figure 3). Thus, in
our models, the larger mass fraction of Th is not necessarily an
advantage in producing the Th III features (see also Section 4).

To see the time evolution of the spectra, we show the
synthetic spectra for the L model at t= 1.5 and 2.5 days as blue
lines in the left panels of Figure 10, focusing on the NIR
region. The spectra without Th III lines are also shown by dark
yellow lines. To see the effects of the Th III lines more clearly,
the right panels of Figure 10 show ratios of the synthetic
spectra to the Planck function. It should be cautioned that we
do not intend to present the Planck function as the continuum
but just for the purposes of comparison for each spectrum. We
plot only the smoothed spectra for visualization.

It can be seen that the Th III feature at λ∼ 18000Å becomes
weaker (i.e., the difference between the blue and dark yellow
lines becomes smaller) as time progresses. Although it may still
be recognizable at t= 2.5 days, the feature completely
disappears at t= 3.5 days (not shown in the figure). This is
because of the temperature dependence of the Th III lines as
described in Section 2.3. In our calculations, the temperature of
the ejecta at v> 0.1c drops below ∼4000 K at ∼3 days, at
which time Th III disappears (Figures 7 and 8). This suggests
that, to detect the Th III features in the photospheric spectra, we
need early-time observations during the epochs when the ejecta
temperature is high enough (see Section 4 for more discussion).

3.2. Conditions for Producing Thorium Features

To explore the conditions in which the Th absorption feature
is observable, we vary the mass fractions of lanthanides
(Z= 57–71) and those of elements with Z� 82, hereafter
denoted as X (lan) and X (Z� 82), respectively, from the
original values in the L model. Although we can in principle
assume extreme cases with, for example, a much larger amount
of actinides, we avoid such cases; we impose the mass fractions
so that the ratio of actinides to lanthanides is kept by a factor of
up to 3 to the fiducial ratio. This is because some metal-poor
stars in the Galactic halo, known as “actinide-boost” stars,
exhibit enhanced Th abundances whose ratio to lanthanides are
by a factor of up to 3 with respect to the solar ratio (C. Siqueira
Mello et al. 2013; E. M. Holmbeck et al. 2018; V. M. Placco
et al. 2023). Note that, as can be seen in the left panel of
Figure 2, the ratio of Th with respect to lanthanides (at 1 yr) for
the L model (the same as that for the S model) is about a factor
of 2 higher than that for the solar r-residuals. This indicates that
the present ratio for the L model with a half-life of 232Th (14.05
Gyr) is similar to the solar value, assuming a merger event
about, e.g., 13 Gyr ago (comparable to the ages of actinide-
boost stars). Thus, the enhancement of X (Z� 82) up to a factor
of 3 is consistent with the range observed in actinide-boost
stars.
For all the cases with varying mass fractions, the heating rate

from radioactive decay as a function of time is taken from the L
model. As our abundance model is dominated by relatively
light r-process elements, the heating rate is also dominated by
the light nuclei. Thus, the changes in mass fractions for such
heavy elements do not affect the heating rate during the
relevant period of time (a few days after the merger).
We note that varying X (Z� 82) works effectively the same

as varying only the mass fraction of Th as our line list does not
include atomic data for the elements with Z= 89–100 except
for Ac III and Th III (Section 2.1). The elements with Z= 82–88
do not strongly contribute to the total opacity either, as
expected from their atomic properties (M. Tanaka et al. 2020;

Figure 9. Left: synthetic spectrum (blue and black curves as original and smoothed results, respectively) and Sobolev optical depth of each transition (vertical lines) at
t = 1.5 days for the L model. The flux is presented by assuming the source at 40 Mpc as that for GW170817/AT2017gfo. We plot the Sobolev optical depths of
spectroscopically accurate lines in the ejecta at v = 0.13c. The positions of lines are blueshifted according to v = 0.13c. The temperature in the ejecta at v = 0.13c is
T ∼ 7000 K. The synthetic spectrum without Th III lines is also shown for comparison purposes (dark yellow curve). The absorption feature produced by each element
is indicated by an arrow with the same color in the legend. Note that the Ca II and Sr II features (indicated by blue and red arrows, respectively) show too large Doppler
shifts to be consistent with the positions of their lines. Right: same as the left panel but for the S model. We plot the Sobolev optical depths of the lines in the ejecta at
v = 0.37c, whose wavelengths are not necessarily accurate. The positions of the lines are blueshifted according to v = 0.37c. The temperature in the ejecta at v = 0.37c
is T ∼ 3700 K.
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Hope for future observations with HST/JWST

see talks by Camilla and Alex  
(for metal poor stars)



•  Element identification in kilonova spectra 

•  “Experiments” with chemically peculiar stars 

•  Towards abundance estimates

Identification and Abundance Estimate of  
Heavy Elements in Kilonova Spectra



“Candidate”

“Unique identification”

(2) Strong lines are expected 
      (abundances, ionization, excitation, …) 
       Need transition probabilities

(1) Wavelength match 
      (w/ reasonable Doppler shift) 
      Need transition wavelengths

(3) Uniqueness  
      No other line can produce the same feature 
      Need data of strong transitions all the elements

Road to the line identification



mixture of  
r-process elements

Light source

Wavelength

Flux

Absorption spectrum

The best spectroscopic experiment… 
- T ~ 5,000 K,  ρ ~ 10-15 g cm-3 (n ~  ρ /A mp ~ 107 cm-3) 
- Heavy elements dominated plasma 

How to test the uniqueness of the line identification??



“Experiments” with chemically peculiar stars

photosphere 
(thick)

absorption feature
around 13000 Å and 14500 Å in AT 2017gfo are reproduced by
La III and Ce III lines, respectively.

There are, however, still no complete and accurate atomic
data at NIR wavelengths, which cover all the heavy elements
synthesized in neutron star mergers. Therefore, there might be
unknown transitions of other elements that contribute to the
NIR absorption features of kilonova spectra.

In this paper, we demonstrate that the atmospheres of
chemically peculiar stars provide an excellent laboratory to
decode kilonova spectra. Chemically peculiar stars are known
to exhibit abnormal elemental abundance patterns. Some
chemically peculiar stars show extremely enhanced metal
abundances (hereafter we call stars with enhanced metal
abundances as chemically peculiar stars), which are likely to
be caused by atomic diffusion (Michaud 1970). Thus, the
atmospheres of such stars can mimic the elemental abundances
in kilonovae dominated by heavy elements. In Section 2, we
show similarities in the atmospheres of chemically peculiar
stars and kilonovae by analyzing the properties of the late
B-type chemically peculiar star HR 465 (HD 9996; e.g.,
Preston &Wolff 1970; Aller 1972; Cowley & Greenberg 1987).
In Section 3, we show an NIR spectrum of HR 465 and
measurements of strong absorption lines. Then, we discuss
implications to kilonova spectra in Section 4. Finally we give
concluding remarks in Section 5. All the wavelengths given in
this paper are those in air.

2. A Chemically Peculiar Star as a Laboratory for Kilonova
Spectra

2.1. Abundances

Abundances in the ejected material from neutron star mergers
(hereafter kilonova ejecta) are dominated by elements heavier than
Fe. The top panel of Figure 1 shows an abundance distribution
adopted in the radiative transfer simulations by Domoto et al.
(2021) and Domoto et al. (2022) as a representative case of
kilonova ejecta (their “light”model that assumes a solar r-process-
like pattern with an enhanced light component; see also
Wanajo 2018). This particular example is a case that is consistent
with the abundances of metal-poor stars with a weak r-process
signature such as HD 122563 (Honda et al. 2006).

Chemically peculiar stars often show enhanced abundances of
elements heavier than Fe (e.g., Ghazaryan et al. 2018). In
particular, Ap- and Bp-type stars show the abundances of
lanthanides (atomic number Z= 57–71) enhanced by more than
two orders of magnitude, which can match the high heavy-element
abundances in kilonovae. The red points in Figure 1 (top panel)
show the elemental abundances of HR 465 (B9p; Nielsen et al.
2020). HR 465 is an intensively studied chemically peculiar star
(e.g., Preston & Wolff 1970; Aller 1972; Cowley & Green-
berg 1987) with a metallicity of [Fe/H] ;+1.0 (Nielsen et al.
2020). As clearly shown in Figure 1 (top panel), the abundances of
heavy elements in HR 465 are greatly enhanced as compared with
the solar abundance pattern (black; Asplund et al. 2009).16

In particular, the abundances of lanthanides (Z= 57–71) in
HR 465 are enhanced by about three orders of magnitude, and
their mass fractions are remarkably similar to those in the
kilonova ejecta. Lanthanides are known to produce strong lines
at NIR wavelengths due to their low-lying, dense energy levels
(Kasen et al. 2013; Tanaka & Hotokezaka 2013; Fontes et al.
2020). Thus, thanks to the similarities in the abundances, the
NIR spectra of such chemically peculiar stars can provide
candidates for the strong absorption lines of lanthanides in
kilonova NIR spectra.

2.2. Ionization Degrees

Some chemically peculiar stars also have similar ionization
degrees with those in kilonova ejecta a few days after the

Figure 1. Top: abundances in kilonova ejecta at t = 2.5 days (blue; Domoto
et al. 2021, 2022) compared with those of the chemically peculiar star HR 465
(red; Nielsen et al. 2020) and solar abundances (black). Bottom: average
ionization degrees in the photospheres of kilonovae (black, blue, and gray
lines) and HR 465 (red) calculated under the assumption of LTE.

16 The abundances of HR 465 are known to evolve with photometric/magnetic
phase (Rice 1988) with a period of 21.5 yr (Pyper & Adelman 2017). The
abundances of the rare-earth elements reach a maximum at f ; 0 and
minimum at f ; 0.5. Our Subaru InfraRed Doppler (IRD) observations
(Section 3) are performed at f = 0.77. We show the abundances in Figure 1 by
taking the averages of the abundances derived from the lines of different
ionization degrees (if any) at different phases (f = 0.45, 0.68, and 0.85;
Nielsen et al. 2020). The variation is up to about one order of magnitude, and
the global trend discussed in this paper is not affected.
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Similar lanthanide abundances (and ionization degrees) with NS merger

MT, Domoto, Aoki et al. 2023 

mixture of  
r-process elements

HR 465  
[Fe/H] ~ +1.0, [Eu/H] ~ + 4.0



NIR spectrum of chemically peculiar star
MT, Domoto, Aoki+23 (Ce) Subaru/IRD (R ~ 70,000)

present study. To our knowledge, this is the first high-
resolution spectrum of HR 465 covering such a wide NIR
wavelength range. The details of the observations and data
reduction are reported by Aoki et al. (2022). The telluric
absorption lines are correlated by the spectrum of the bright
extremely metal-poor star BD+44°493, in which few absorp-
tion lines are found in this wavelength range (Aoki et al. 2022).

The top panel of Figure 3 shows the entire spectrum of HR
465 (see Figure 6 for an extended view). The spectrum is
normalized by continuum fitting for the ease of line identifica-
tion. Furthermore, the broad hydrogen absorption features are
fitted and the spectrum around those features is flattened. After
masking the wavelength ranges with strong atmospheric
absorption, i.e., the ranges between the Y, J, and H bands, as
well as artifacts from the telluric correction (gray shaded
regions without line identifications in Figure 6), we detect
strong absorption lines. Then, the detected lines are matched
with the VALD line list (Kupka et al. 1999) and the NIR line

list by Domoto et al. (2022). There are some lines with which
no known transition is matched, in particular, at shorter
wavelengths where more absorption lines exist. We keep these
lines as “unID” as they may be caused by heavy elements.
Then, we measure the equivalent widths (EWs) of the strong
lines by assuming a Gaussian profile.
Figure 4 shows the EWs for the 50 strongest transitions. It is

clearly seen that, excluding elements lighter than Fe, the
strongest absorptions in the NIR spectrum of HR 465 are
dominated by the lines of Ce III and Sr II. The bottom panels of
Figure 3 show the spectra around the six strongest transitions of
Ce III and two strongest transitions of Sr II.

4. Implications to Kilonova Spectra

We apply the knowledge from HR 465 to the kilonova
spectra. In Figure 5, we show the spectrum of HR 465 (top
panel) and the EWs of the 50 strongest transitions (bottom

Figure 3. Normalized NIR spectrum of HR 465 (top) and that around the eight strongest transitions of heavy elements (bottom). In the top panel, the 50 strongest lines
are indicated. The lines of Sr II, Ce III, and Eu II are shown in red, blue, and green, respectively. The lines of elements lighter than Fe are shown in gray. The lines
shown in black are not matched with the line lists (unID). The gray shaded regions show the wavelength ranges with strong atmospheric absorption.

4

The Astrophysical Journal, 953:17 (11pp), 2023 August 10 Tanaka et al.

present study. To our knowledge, this is the first high-
resolution spectrum of HR 465 covering such a wide NIR
wavelength range. The details of the observations and data
reduction are reported by Aoki et al. (2022). The telluric
absorption lines are correlated by the spectrum of the bright
extremely metal-poor star BD+44°493, in which few absorp-
tion lines are found in this wavelength range (Aoki et al. 2022).

The top panel of Figure 3 shows the entire spectrum of HR
465 (see Figure 6 for an extended view). The spectrum is
normalized by continuum fitting for the ease of line identifica-
tion. Furthermore, the broad hydrogen absorption features are
fitted and the spectrum around those features is flattened. After
masking the wavelength ranges with strong atmospheric
absorption, i.e., the ranges between the Y, J, and H bands, as
well as artifacts from the telluric correction (gray shaded
regions without line identifications in Figure 6), we detect
strong absorption lines. Then, the detected lines are matched
with the VALD line list (Kupka et al. 1999) and the NIR line

list by Domoto et al. (2022). There are some lines with which
no known transition is matched, in particular, at shorter
wavelengths where more absorption lines exist. We keep these
lines as “unID” as they may be caused by heavy elements.
Then, we measure the equivalent widths (EWs) of the strong
lines by assuming a Gaussian profile.
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strongest absorptions in the NIR spectrum of HR 465 are
dominated by the lines of Ce III and Sr II. The bottom panels of
Figure 3 show the spectra around the six strongest transitions of
Ce III and two strongest transitions of Sr II.

4. Implications to Kilonova Spectra

We apply the knowledge from HR 465 to the kilonova
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panel) and the EWs of the 50 strongest transitions (bottom
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Telluric abs.

Ce III  (Z=58)Sr II  (Z=38)

Strongest lines = Sr II, Ce III, and Gd III (La III is not covered) 
No other comparably strong lines = uniqueness of the identification

Gd III  (Z=64)



An interesting exception: Gd (Z=64)
Gd III properties
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Importance of Gd features (Z=64)

Chemically peculiar star Kilonova

lines, was found to be [Gd2+/H] = 3.2 at f = 0.45 and
[Gd+/H] = 3.3, 3.1, and 5.1 at f = 0.45, 0.68, and 0.85,
respectively. Although it is not straightforward to infer [Gd/H]
for the spectrum used in this study, as it was observed at
f = 0.77 (M. Tanaka et al. 2023), the Gd abundance is likely to
range from 3.2 to 5.1.

The bottom panels of Figure 5 show the comparison between
the normalized HR 465 flux and the synthetic spectra with and
without Gd III lines, where [Gd/H] = 4.0 was used. Atmo-
spheric absorption was corrected using BD + 44o493 as a
telluric standard star due to its low metallicity and very weak
absorption lines (W. Aoki et al. 2022). The top panels of
Figure 5 show the spectrum of BD + 44o493 with the
noncorrected flux of HR 465. The two spectra were taken back

to back, and the difference in air mass between the two stars
was accounted for. The 17479Å feature is not affected by the
atmosphere. This line, previously unidentified by M. Tanaka
et al. (2023), is shown in the bottom right panel of Figure 5,
where the absorption line nicely matches the synthetic
spectrum calculated with Gd III lines. On the other hand, the
14336Å line appears in the telluric region and is not discussed
by M. Tanaka et al. (2023). The top left panel of Figure 5
shows that the line coincides with a region where the flux of
BD + 44o493 has no absorption, and it is very unlikely that the
feature is caused by the Earth's atmosphere. Since both lines
can be modeled using the VALD gf-values and assumed
abundance of [Gd/H] = 4.0, we can conclude that the two lines
are indeed Gd III lines. Besides Ce III and Sr II (M. Tanaka et al.

Figure 5. Top: uncorrected HR 465 flux and the telluric standard star BD + 44o493 flux around the 14336 Å line (left) and the 17 479 Å line (right). The flux of
BD + 44o493 is corrected for the difference in air mass between the two stars. The telluric absorption features due to the Earth's atmosphere are highlighted by gray
lines. Bottom: comparison of the normalized corrected HR 465 flux, synthetic spectrum without Gd III, and the best-fit synthetic spectrum with abundance
/[ ] =Gd H 4.0 around the 14336 Å line (left) and the 17479 Å line (right). The features around the two Gd III absorption lines are due to the residual of telluric

correction.
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and 2.5 days after the merger. The shift observed between
synthetic spectra with and without Gd III corresponds to the line
with the highest gf-value and the largest Sobolev optical depth
(see Figure 4). It also aligns with the observed feature at
λ ∼ 12000Å that was previously attributed to La III
(N. Domoto et al. 2022). After including Gd III lines, the
absorption feature becomes more prominent, and its center
shifts by about 500Å at 1.5 days. However, the effect of Gd III
decreases with time and becomes negligible at around 3.5 days.

At this point, La III remains the main element explaining the
absorption feature.

5. Discussions

By calculating the synthetic spectra using Gd III atomic data,
we found that the 14336Å line could give a notable
contribution to the kilonova absorption feature at 12000Å,
particularly at early times. This feature was previously
attributed to La III (N. Domoto et al. 2022). We found that

Figure 8. Top: synthetic spectra of kilonova at 1.5, 2.5, and 3.5 days after the merger from top to bottom, calculated with and without Gd III lines. The spectra are
vertically shifted by a constant C for better visualization, with C = 100 and 30 for t = 1.5 and 2.5 days, respectively. The green ticks show the blueshifted wavelengths
of the strongest lines of Gd III (v = 0.15c, 0.11c, and 0.08c for t = 1.5, 2.5, and 3.5 days, respectively). The pink and orange ticks indicate the wavelengths of the
feature-forming lines of La III and Ce III, respectively. The close-up plots highlight the effect of Gd III λ 14336 Å at 1.5 and 2.5 days. Bottom: spectra of AT2017gfo
taken with the Very Large Telescope (blue lines, E. Pian et al. 2017; S. J. Smartt et al. 2017) and the Hubble Space Telescope (purple line, N. R. Tanvir et al. 2017).
Gray-shaded areas show the regions of strong atmospheric absorption. The spectra are shifted with C = 50, 30, and 10 for t = 1.5, 2.5, and 3.5 days, respectively.
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see also Gillanders+24, 
Collins+26 (atomic data by Flörs+26)

Rahmouni, MT, Domoto+25
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NIR spectra of 13 more chemically peculiar stars

Strongest: Sr II, Ce III, and Gd III  
Other (weaker) candidates: Eu II and Nd III

* Eu II and Gd III 
Half-filled 4f + 1 electron



•  Element identification in kilonova spectra 

•  “Experiments” with chemically peculiar stars 

•  Towards abundance estimates

Identification and Abundance Estimate of  
Heavy Elements in Kilonova Spectra
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1. (Experimental) atomic data  

2. Plasma (non-LTE) modeling 

3. Nebular phase spectra (~ total mass)

Toward accurate abundance estimate
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1. Spectroscopic experiments

Journal of Quantitative Spectroscopy and Radiative Transfer 322 (2024) 109011

3

S. Kodangil et al.

Fig. 2. Schematic diagram of the experimental setup.

Fig. 3. LIBS spectrum obtained for an Al-5 wt % La alloy target in an Ar atmosphere.
The inset shows the same spectra but with an enlarged vertical scale. Blue lines indicate
the position of the lines for which the transition probability was obtained in this study.

the NIST ASD. The Gaussian function was fitted to those peaks with
intensity (area), peak center, and width as fitting parameters, and the
intensity was used for plotting Eq. (2) after the efficiency correction.
The resulting Boltzmann plot, shown in the red squares in Fig. 4,
demonstrates fairly good linearity, ensuring that the LTE condition and
the reliability of the used A values are generally good although a few
points deviate from the linear curve. The deviations are considered to
be due to the incompleteness of the LTE conditions, the blending of
unknown emission lines, the inaccuracies in the available A values, or
the combination of them. We confirmed that the final A values obtained
in the present study are not significantly affected by these few deviated
points. The plasma temperature was determined using the slope of the

linear fit, resulting in 5800 ± 250 K. The uncertainty for the data
points was estimated by taking into account (i) the fitting error, (ii)
the uncertainty in the radiometric data of the calibration light source,
and (iii) the uncertainty in the A values (listed in [11]).

For the emission lines with sufficient intensity but without available
A values in the NIST ASD, the logarithmic values (the left side of
Eq. (2)) were determined using the linear curve obtained above and
their upper-level energies Ek as shown by the blue squares in Fig. 4.
The gA values for those lines were then obtained from the logarithmic
value and the intensity obtained by Gaussian fitting. The A values thus
obtained are shown in Table 1. The uncertainty in these values was
estimated by considering (i) uncertainty in the experimental intensity,
(ii) uncertainty in radiometric data of the calibration light source, and
(iii) the confidence interval of the linear function obtained from the
Boltzmann plot. The transition wavelengths, upper and lower energy
values, and J and g values taken from the NIST ASD are also shown.

To assess the reliability of the obtained results, repeated measure-
ments were conducted to investigate the reproducibility. An example
demonstrating the reproducibility of the gA value for the emission line
at 324.513 nm is illustrated in Fig. 5. Fig. 5(a) presents a comparison
of gA values obtained from 10 different sets of spectra. In this assess-
ment, multiple spectra containing 5000 laser shots were measured and
divided into 10 sets containing 500 laser shots each. The solid black line
indicates the mean value, and the dashed lines represent the standard
deviation for these 10 data sets. On the other hand, Fig. 5(b) shows the
gA values measured from the spectrum collected on different days.

Each data was obtained from the spectrum with 1000 laser shots.
The results show good reproducibility within the estimated uncertainty,
demonstrating the reliability of the measured transition probability.
Similar investigations were made for all 32 emission lines, and good
reproducibility was confirmed within the experimental uncertainty,
similar to the results for the 324.513 nm line illustrated in Fig. 5.

The comparisons of the A values between the present study and the
existing literature, such as Bord et al. (1996), Zhiguo et al. (1999), and
Irvine et al. (2022) are shown in Figure 6, where all the A values are

Kodangil, Domoto, MT+2024 

Kodangil, MT, Kato+2025

Fusion plasma

15m

Wavelength

Space 16133 A15961 A15851 A

Laser induced breakdown 

Ce III (NIR)



2. Non-LTE plasma modeling
Ionization by non-thermal electrons

Traumi+22, Brethauer+26, Arya+26

8

Figure 5. Ionization fractions of Sr for the case with ne = 1⇥ 108 cm�3. The solid lines show the ionization fraction for each
ionization state given in the panels (Sr VIII+ represents the total fraction of all the ionization states higher than VII). The
dashed line shows the population fraction of the Sr II 4D states among all Sr. The left panel shows a LTE case while the right
panel shows a non-LTE case with a radioactive heating rate of q̇ = 1.0 eV s�1 ion�1.

Figure 6. Average ionization degree of Sr for the case with ne = 1 ⇥ 108 cm�3. The left panel shows a LTE case while the
right panel shows a non-LTE case with a radioactive heating rate of q̇ = 1.0 eV s�1 ion�1. The solid lines show the boundaries
to give equal ionization fractions for consecutive charge states.

Figure 7. Departure coe�cient of Sr for di↵erent electron
density and temperature. The dashed lines show the bound-
aries to give equal ionization fractions for consecutive charge
states.

tron density and temperature is shown in Figure 7. In
the ejecta at a few days after the merger (with the typi-
cal electron temperature of 3000–4000K and the typical
electron number density of 107–108 cm�3), the depar-
ture coe�cient for Sr II is on the order of 10�4–10�2.
This indicates that abundance of Sr II is strongly sup-
pressed due to the ionization by high-energy electrons.
Accordingly, the lower state of the 1µm feature is also
suppressed (dashed lines in Figure 5). As we assume
the Boltzmann distribution for excited states of Sr, the
population of these states are also suppressed by follow-
ing the departure coe�cient of ionization degree. This
suppression implies that more Sr is required to explain
a certain absorption feature in the non-LTE case.
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This indicates that abundance of Sr II is strongly sup-
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suppressed (dashed lines in Figure 5). As we assume
the Boltzmann distribution for excited states of Sr, the
population of these states are also suppressed by follow-
ing the departure coe�cient of ionization degree. This
suppression implies that more Sr is required to explain
a certain absorption feature in the non-LTE case.

β particles 
(> keV)

see Aayush’s talk

Chiba, MT+ 26 (arXiv:2604.05703)

X(Sr) ~ 10-2 (consistent with the Solar ratio)



3. Abundance estimates in nebular spectra

Rahmouni+ in prep.

thick

Early phase 
(absorption line)

Late phase 
(emission line)

see Andreas’s talk

Better probe of total mass
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Figure 6. Best fit

The mass fractions and upper limits derived in this work are summarized in Figure 7, assuming that all highlighted278

elements are doubly ionized. The lower limit of X(La) is taken based on the solar r-process mass ratio of Ce to La,279

which gives a range of X(La) = 0.025 � 0.06. While Te and Sb derived mass fraction and upper limit are overall280

consistent with the solar r-process, La and Ce show mass fractions enhanced by around two orders of magnitudes281

compared with solar. Such enhancement is in line with the upper limits of krypton, which suggests a nucleosynthesis282

in GW170817 with a suppressed first-peak, and enhanced lanthanide fraction. The enhancement of third r-process283

peak, however, is limited by the derived upper limits for Os.284

We highlight here that the derived mass fractions of La and Ce may be uncertain, and we show them as open285

bars in Figure 7. Late-phase observations of AT2017gfo include a continuum with an unknown origin, and in case it286

originates from an inner optically-thick region, then E1 transitions should interact with the radiation field, and we287

would expect P-Cygni profiles to appear even at late-phase. The areas bluewards of the 1.4µm and 1.6µm emission288

features are highly a↵ected by the atmospheric absorption, and while the 9.4 days spectrum shows no apparent289

absorption, the continuum fitting is uncertain, and the ”non-appearance” of absorption features may be biased by our290

continuum choice. Therefore, If we assume, as an example, an outer region of density ⇢ = 10�17 cm�3 and temperature291

T = 2000K at t = 10days, we find that the Sobolev optical depth (Equation 6) of La III and Ce III lines becomes292

⌧ ⇠ 1 if they reach a mass fraction X = 10�3, overall consistent with the solar r-process. Such estimates show that293

our derived mass fractions of La and Ce in Figure 7 may be overestimated. Nevertheless, the gaussian-like shape of the294

forbidden line [Te III] suggests that the inner part of the ejecta is optically thin enough to emit collisionally excited295

forbidden transitions. This in turn supports collisional excitation as the main origin for Ce III and La III features.296

This is an interesting physical situation unique to lanthanides (and actinides), that stems from the low-lying energy297

levels of Ce III and La III. This causes their strong E1 lines to slowly shift through time from a radiative excitation298

by the radiation field to the collisional excitation by free electrons. Quantifying when this shift occurs requires full299

understanding of the continuum and ejecta properties of the merger. We leave such discussion of the continuum to300

future works, and we propose our La and Ce mass fraction estimates as tentative.301

In summary, our results suggest that the heavy-enhanced abundance pattern more accurately captures the nucle-302

osynthesis in GW170817. However, the inferred mass fractions depend on the adopted atomic data, and we strongly303

encourage further e↵orts to improve the atomic data in order to refine these abundance estimates.304

4.2. Ionization Constraints305

While we performed a search for the main candidates of each feature assuming di↵erent ionization patterns (see306

Appendix B), we found that all relevant transitions are from doubly ionized elements. Our mass fraction estimates307

Ce III
La III

[Te III]
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