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What can we learn from kilonova?
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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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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

Light curves Spectra

Complete data  
for (even weak) transi7ons  

=> total opacity

Accurate data for 
important transi7ons 

=> spectral feature
see also talks by D. Kasen, C. Fryer, A. Floers, R. Ferreira da Silva,  

C. Fontes, S. Banerjee, P. Palmeri, …

Figure from Kawaguchi+2018, 2020 Figure from Domoto+2020,2022

op*cal

NIR

op*cal NIR



“Minimum” atomic data for NS merger opacity (LTE)

Expansion opacity

λΔλ

Friend & Castor 1983 (stellar wind), Pinto & Eastman 1993 (supernova) 
Kasen+06, Kasen+13, MT & Hotokezaka 13 (kilonova)

Lanthanide Features in Near-infrared Spectra of Kilonovae 7

10-2

10-1

100

101

102

103

10-1 100 101 102 103 104

C
al

cu
la

te
d 

in
te

ns
ity

Relative intensity (Johansson & Litzen 1972)

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
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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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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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Figure 4. Planck mean opacities for all the elements. The opacities are calculated by assuming ρ = 1 × 10−13 g cm−3, and t = 1 d after the merger. Blue and
red lines present the opacities for T = 5000 and 10 000 K, respectively.

Figure 5. Left-hand panel: expansion opacity for f-shell (lanthanide) elements at T = 5000 K. Right-hand panel: Planck mean opacities as a function of
temperature (colour). Gray lines show the Planck mean opacities of all the other elements. The labels (I–IV) show typical temperature ranges for each ionization
state.

For T > 10 000 K, the Planck mean opacities are the highest for
nearly half-closed elements (Fig. 6). This is because high excited
levels of Eu or Gd start to contribute to the opacities. Also, at
this temperature, the lanthanides are doubly ionized and low-Z

lanthanide elements such as Pr and Nd have smaller contributions
to the opacities.
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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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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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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)

many low-lying levels 
=> stronger transi7ons

All the data are available at  
hXp://dpc.nifs.ac.jp/DB/Opacity-Database/

MT, Kato, Gaigalas, Kawaguchi 20

http://dpc.nifs.ac.jp/DB/Opacity-Database/
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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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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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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)
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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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Important elements for spectral features

La III
Ce III

Sr II
Ca II

 Zr II

Elements with 
- low-lying energy levels (higher popula7on) 
- rela7vely simple structure = small number of transi7ons    
   = high transi7on probability (sum rule)
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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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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.
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those at t = 1.5 days, respectively.
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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
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ni,j,ktλlfl
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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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“Candidate”

Line iden7fica7on

Strong lines are expected 

(in terms of abundances, ioniza*on, excita*on, …) 

=> Need transi7on probabili7es

Wavelengths are consistent 

(w/ reasonable Doppler shir) 

=> Need transi7on wavelengths

No other line can produce the feature 

=> Need complete data for strong transi7ons

Road to the line iden7fica7on



Spectroscopic measurements 
for transi7on probabili7es 
Laser induced breakdown 

spectroscopy (R ~ 10,000 in op*cal)
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Figure 2: LIBS Spectrum of Er. The lines indicated by the blue arrows represent the lines
listed in the NIST database [2] with transition probability. The lines indicated by the red
arrows represent those given in Lawler2008 [7] with transition probability.
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How to assure the completeness of the strong transi7ons? 

Domoto et al. 2022: use theore*cal data for the completeness

mixture of  
r-process elements

Light source

Wavelength

Flux
Absorp*on 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 

R ~ 1014 cm … :-(



How about using “chemically peculiar stars”?

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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What about ioniza7on states?

Tanaka, Domoto, Aoki et al. 2023 

merger. The bottom panel of Figure 1 compares the ionization
degrees of kilonova with those of HR 465. The lines show
average ionization degrees (neutral is denoted as 1, single
ionization is denoted as 2, and so on) in the line-forming region
in a kilonova calculated under the assumption of LTE. The
fiducial case (blue line) is calculated by assuming the
abundance distribution as in the top panel, with a temperature
of T= 5000 K and a matter density of ρ= 3× 10−15 g cm−3.
These parameters are chosen based on the properties of the
line-forming region at the NIR wavelength (v= 0.1 c) at t= 2.5
days after the merger in the radiative transfer simulations (see
Figure 6 of Domoto et al. 2022). Typically, heavy elements are
singly or doubly ionized under these conditions, and most of
the lanthanides are doubly ionized.

The temperature assumed here is somewhat higher than
those derived by blackbody fitting to the observed kilonova
spectra (T∼ 4000 K; e.g., Watson et al. 2019; Sneppen et al.
2023). The difference stems from the fact that the line-forming
region in the NIR lines is located at an inner layer (v∼ 0.1 c
rather than the “photospheric” velocity of v∼ 0.25 c) due to the
lower opacities at the NIR wavelengths (Tanaka et al. 2020).
To see the dependence of the ionization on the temperature, we
also show the ionization degrees at T= 6000 K (black line in
the bottom panel of Figure 1) and T= 4000 K (gray line). Also,
the left panel of Figure 2 shows the average ionization of Ce for
a wide range of temperatures and densities. Under the LTE
assumption, the ionization degrees in kilonova ejecta depend
on the temperature rather strongly around T= 5000 K. For
example, the latter half of the lanthanides become singly
ionized at T= 4000 K (gray line in the bottom panel of
Figure 1). Note that, as we neglect ionization by nonthermal
electrons produced by the beta decay of radioactive nuclei, the
ionization degrees tend to be underestimated (see also
Section 5).

The dominance of doubly ionized lanthanides is also seen in
late B-type or early A-type dwarf stars with an effective
temperature of Teff∼ 10,000 K. The red points in the bottom
panel of Figure 1 show the average ionization degrees at the
photosphere of HR 465 for T= 11,000 K and ρ= 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 Teff= 11,000
K), a microturbulence velocity of 2 km s−1, and a metallicity of
[M/H]= 0.5, which is the most metal-rich model available.17

For the calculation of ionization, we only include elements with
measured abundances. But this does not affect the ionization
degrees because most of the free electrons are provided by H
and Fe.
Although the photospheric temperature of HR 465 is higher

than the temperature in the line-forming region of kilonovae at
t = 2.5 days, the ionization degrees are similar in these two
cases. This behavior is highlighted in Figure 2. For a given
temperature, the ionization degrees decrease at higher densities.
Thus, the higher matter density and higher temperature in the
stellar photosphere result in a similar ionization degree with
those in kilonovae. Around the parameter space of 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 regions of kilonovae at early phases. The
photospheres of chemically peculiar stars have a higher
temperature than those 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 a complete and accurate line list for strong
transitions of the elements with a similar abundance in
kilonovae (i.e., lanthanides for the case of HR 465).

3. NIR Spectrum of HR 465

We obtained an NIR high-resolution spectrum of HR 465
using the Subaru Telescope IRD instrument (Tamura et al.
2012; Kotani et al. 2018) on 2020 July 25 (UT) with an
exposure time of 300 s. The spectrum covers the wavelength
range from 9300 to 17600 Å with a spectral resolution of
R∼ 70,000. The signal-to-noise ratios of the data range from
150 to 230 per pixel in the one-dimensional spectrum
depending on the position of the blaze profiles of the echelle
spectrum. This quality is sufficient for the purpose of the

Figure 2. Left: average ionization degree of Ce as a function of temperature and density for the abundances of kilonovae (blue points in the top panel of Figure 1).
Right: the same for the abundances of HR 465 (red points in the top panel of Figure 1). The fiducial parameters for the kilonova ejecta and the photosphere of HR
465 are marked with star symbols. The boundary between the doubly (III) and triply (IV) ionized regions is different between the two cases. This is because of the
H-rich abundances in HR 465, where the free electrons are mainly provided by ionized H at a high temperature.

17 https://wwwuser.oats.inaf.it/castelli/grids.html
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NIR spectrum of a chemically peculiar star
Tanaka, Domoto, Aoki et al. 2023 

Strongest lines = Ce III, Sr II 
No other comparably strong lines = completeness

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.
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Chemically peculiar stars vs kilonovae
Tanaka, Domoto, Aoki et al. 2023 

Ce III 

The most dominant feature around 14,500 A is Ce III (<= Domoto et al. 2022) 
Another broad feature at 13,000 A (La III) is in the gap of the atmospheric windows…

La III ?
Sr II



Supernova spectra in 1970s Kirshner+73

Type Ia SN 1972E

Si SSi Fe Fe/Mg

Ca
Ca

O

Anders: “what we have learned from 50yr of SN studies? ”



• Atomic data for light curves 

• Systema*c atomic data for LTE are available  

• Need more evalua*on of the accuracy (in progress) 

• Atomic data for spectra 

• Accurate data for selected ions (w/ strong lines) are available  

• From “candidate” to “iden*fica*on”  

• Need experimental transi*on probabili*es (in progress) 

• Completeness for strong lines is also important  

(use of stellar spectrum is a possible way)  

Summary: kilonova light curves and spectra


