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• キロノバの物理 

• 重元素の構造とopacity 

• 輻射輸送計算

Kilonova 
= radioac>vely-powered thermal radia>on from  
   very metal-rich (Z > 30),  expanding ouIlow (v ~ 0.1c)
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Figure 10. Same as Fig. 5 but for s-shell elements.

Figure 11. Top panel: abundance distribution for different Ye (Wanajo et al. 2014). Bottom left-hand panel: expansion opacity as a function of wavelength for
each Ye. Bottom right-hand panel: Planck mean opacity as a function of temperature for each Ye.

T = 5000–10 000 K and there is a strong temperature dependence
at T < 5000 K.

4.2 Time evolution of the opacity

The opacities in the NS merger ejecta depend not only on elements
and temperature but also the density of the ejecta (and thus, the
position in the ejecta). Therefore, the opacities evolves with time by
the combination of these effects. In this section, we apply our new

atomic data to radiative transfer simulations of kilonovae and study
the time variation of the opacities in the ejecta. We use a Monte
Carlo radiative transfer code developed by Tanaka & Hotokezaka
(2013), Tanaka et al. (2014) and further updated by Kawaguchi et al.
(2018) to include special-relativistic effects. We adopt a simple one-
dimensional ejecta model with a power-law density structure ρ ∝
r−3 from v = 0.05 to 0.2c (Metzger et al. 2010; Metzger 2017),
which gives an average velocity of ⟨v⟩ = 0.1c. The total mass is set
to be Mej = 0.03 M⊙.
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Probing Nucleosynthesis via opacity
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気になること

• どの元素がどれぐらいいるのか？ 
スペクトルは「解読」できるか？

• エジェクタの多次元構造の影響は？

• 原子物理の不定性は？

• 放射の計算方法は？

• Nebular phase (後期スペクトル)？

• …
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• キロノバの物理 

• 重元素の構造とopacity 

• 輻射輸送計算

Kilonova 
= radioac>vely-powered thermal radia>on from  
   very metal-rich (Z > 30),  expanding ouIlow (v ~ 0.1c)
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Kasen+13: Sn II, Ce II-III, Nd I-IV, Os II
Fontes+17: Ce I-IV, Nd I-IV, Sm I-IV, U I-IV
MT+18: Se I-III, Ru I-III, Te I-III, Nd I-III, Er I-III

Wollaeger+17: Se, Br, Zr, Pd, Te

Kasen+17, Fontes+20: Lanthanides (I-V)

Atomic calcula>ons for kilonova

MT+20: all the heavy elements (I-IV)
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Energy level structure
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(Rela>ve to average energy)
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Energy levels

The Theory of Atomic Structure and Spectra 
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Opacity (Planck mean)
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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.

Temperature dependence is different for low and high electron
occupations in f-shell (Fig. 6). This dependence is more clearly
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Systema>c uncertainty? Gaigalas, Kato, Ruykun et al. 2019

Planck mean opacity: agreement within a factor of ~1.5 
Good accuracy for light curve

Opacity using different atomic codes (w/ different assump_ons)

and E1 type transitions between these levels were computed.
Exclusive accuracy is achieved for atomic energy spectra
results. Compared with the NIST database, the averaged
relative differences are 10%, 3%, and 11% for Nd II, Nd III, and
Nd IV, respectively.

Using our new results, we calculated the expansion opacities
used in radiative transfer simulations for kilonovae, radio-
actively powered EM emission from NS mergers. We found
that the overall opacity values and their wavelength depend-
ence are not very sensitive to the accuracies of the calculations.

The Planck mean opacities from our previous and new atomic
calculations agree within a factor of 1.5. This confirms the
validity of previous studies of kilonovae.
However, some wavelength-dependent features are affected

by the accuracy of the atomic calculations. In particular, the
low-lying energy levels ( < –E 2 3 eV) can affect the opacities
and even produce a bump in certain wavelength ranges. Our
results highlight the importance of accurate atomic calculations
for low-lying energy levels to accurately predict the spectra of
kilonovae.

Figure 7. Opacities for the Nd II (top), Nd III (middle), and Nd IV (bottom) ions. The left panels show the expansion opacities calculated with T=5000 K, 10,000 K,
and 15,000 K for Nd II, Nd III, and Nd IV, respectively. The density and time are assumed to be r = ´ - -1 10 g cm13 3 and t=1 day after the merger, respectively.
The right panels show the Planck mean opacities for various temperatures. The dashed curve shows the Planck mean opacities calculated with atomic data for Nd I-IV
calculated with the HULLAC code (Tanaka et al. 2018).
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of the ground configuration 4f46s. The wave functions
from these calculations were taken as the initial ones to
calculate even and odd states of MR configurations. The
set of orbitals belonging to these MR configurations are
referred to as 0 layer (0L). The active space were gener-
ated as is presented in the Table 1.
For Strategy B.1 the starting point was computa-

tion of the wave functions for the core 4f46s. Wave
functions were computed in the neutral system of Nd I
- ground state 4f46s2. Then AS0L was computed: the
core shells were frozen and only 5d and 6p shells of the
configurations of MR listed in Table 1 were computed.
Even and odd states were computed together. Later,
wave functions were optimized separately for states of
different parities in the AS1L. AS1L and the next active
space were generated by SD substitutions from shells
4f, 5d, 6p, 6s.
In the Strategy B.2 the configurations of the Ryd-

berg states listed in Table 1 were added to the multiref-
erence list; therefore, the first active set included sub-
shells bigger by one principal quantum number. Then
the first active space of the Strategy B.2 was AS1L =
AS0L + {8s, 8p, 7d, 6f, 5g}.
In Strategy C computation were performed for each

configuration separately. For configurations 4f46s,
4f46p and 4f45d SD substitutions were allowed from
4f4nl (where l = s, p, d) shells in to the AS0L,1L and
S to the AS2L. For configurations 4f35d6s, 4f35d6p,
4f36s6p, and 4f35d2 only S substitutions were allowed.
Radial wavefunctions up to 4f orbital was taken from
ground configuration for these configurations. The Breit
interaction and leading QED effects are included in RCI
computations.

3.3. Strategies for Nd III ion

After AS0L the even and odd states were calculated
separately in Strategy A. For the Nd III ion calcu-
lations the Strategy B was also applied. Strategy B

differs from Strategy A in the fact that virtual orbitals
for odd parity were taken from even parity states instead
of varying them in layer 1, and higher layers.
In Strategy C as compared to Strategy A addi-

tional configurations: 4f36d, 4f37s (odd parity) and
4f35f , 4f37p (even parity) were added to the MR set.
In Strategy C with 5p, 5s just RCI calculations were
performed. The wavefunctions were taken from Strat-

egy C and configurations with S substitutions from 5p
and 5s shells to {6s, 6p, 5d, 4f} shells were added addi-
tionally in the active space.

3.4. Strategies for Nd IV ion

In Strategy B as compared to Strategy A addi-
tional configurations: 4p54f4 (odd parity) and 4p54f35d

Figure 1. Energy levels for configurations of Nd II are com-
pared with data of NIST. Black color is representing NIST
data, next column of levels in red is our computed energy
levels in Strategy C AS2L, blue color data are based on
Startegy A AS2L (used in Tanaka et al. 2018). Number on
top of red and blue column is averaged disagreement in % for
levels of each configuration comparing with NIST database.

(even parity) were added to the MR set. The AS for
even and odd parities were constructed in such way: SD
substitutions were allowed from the 4f, 5d, 6s, 6p shells
up to active orbital sets and S substitution from 5p shell
to {6s, 6p, 5d, 4f} shells. In Strategy B with 5s just
RCI calculations were performed. The wave functions
were taken from Strategy B and configurations with
S substitutions from 5s shells to {6s, 6p, 5d, 4f} shells
were added additionally in the active space.

4. RESULTS

4.1. Nd II

A part of all computed excitation energies for Nd
II are listed in Table 2. These data were compared
with NIST database by evaluating relative difference
∆E/E = (ENIST −E)/ENIST . Energy levels computed
with Breit interaction and QED effects are presented in
columns marked by *. Levels with changed notations
are given in Table 3.
Note that the energy levels of Nd II are also pro-

vided by Wyart (2010). They interpreted 596 levels
of odd configurations (4f35d6s, 4f35d2, 4f36s2, 4f46p
and 4f5) in semi-empirical way following the Racah-
Slater parametric method, by using the Cowan com-
puter codes. In their method, radial parameters ob-
tained in a least-squares fit were compared with Hartree-
Fock (HFR) ab initio integrals. In such a way, obtained
energy levels naturally have very small disagreement
with NIST values, therefore are not presented in this
paper.

12 Gaigalas et al.

Table 6. Comparison of energy levels with NIST database (in %) of Nd IV by increase of the active space performed
applying Strategies: A, B, and B with 5s. State marked by subscript ∗ in term column is without term
identification in the NIST database.

Strategy A Strategy B Strategy B (5s)

Config. Term J NIST AS1L/ AS2L/ AS3L AS1L/ AS2L/ AS3L AS1L/ AS2L/ AS3L

4f3 4Io 9/2 0

11/2 [ 1880] 6.8/ 6.5/ 6.4 6.9/ 6.8/ 6.7 7.2 / 7.1 / 7.0

13/2 [ 3860] 5.6/ 5.4/ 5.3 5.8/ 5.8/ 5.7 6.1 / 6.1 / 6.0

15/2 [ 5910] 4.7/ 4.6/ 4.6 4.9/ 5.0/ 5.0 5.2 / 5.3 / 5.3

4f3 4F o 3/2 [11290] −27.8/ −27.0/ −26.6 −20.3/ −19.2/ −18.6 −17.6/ −16.4 / −15.8

5/2 [12320] −24.8/ −24.2/ −23.8 −17.9/ −16.9/ −16.4 −15.3/ −14.4 / −13.8

4f3 2H2o 9/2 [12470] −14.7/ −12.5/ −11.3 −12.8/ −10.4/ −9.4 −12.0/ −9.5 / −8.5

4f3 4F o 7/2 [13280] −22.3/ −21.6/ −21.2 −16.1/ −15.2/ −14.6 −13.7/ −12.8 / −12.3

4f3 4So 3/2 [13370] −20.2/ −16.8/ −16.5 −15.6/ −12.1/ −11.6 −13.3/ −9.8 / −9.3

4f3 4F o 9/2 [14570] −18.3/ −17.6/ −17.1 −13.2/ −12.1/ −11.6 −11.3/ −10.2 / −9.7

4f3 2H2o 11/2 [15800] −9.6/ −7.8/ −6.8 −8.4/ −6.3/ −5.5 −7.8 / −5.7 / −4.9

4f3 4Go 5/2 [16980] −29.6/ −28.1/ −27.8 −21.7/ −20.2/ −19.6 −18.6/ −17.1 / −16.5

4f3 o∗ 7/2 [17100]

4f3 4Go 7/2 [18890] −23.6/ −22.3/ −22.0 −16.9/ −15.5/ −14.9 −14.3/ −12.9 / −12.3

9/2 [19290] −16.6/ −27.0/ −26.7 −22.1/ −20.6/ −20.0 −19.7/ −18.3 / −17.7

4f3 2Ko 13/2 [19440] −17.7/ −15.0/ −14.2 −15.1/ −12.2/ −11.4 −13.9/ −11.1 / −10.3

4f3 4Go 11/2 [21280] −22.2/ −21.0/ −20.8 −15.9/ −14.6/ −14.2 −13.4/ −12.2 / −11.7

4f3 2Ko 15/2 [21430] −16.1/ −13.7/ −12.9 −13.6/ −11.0/ −10.3 −12.5/ −9.9 / −9.2

Figure 4. Energy levels for configurations of Nd IV are com-
pared with data of NIST. Black color is representing NIST
data, next column of levels in red is our computed energy lev-
els in Strategy B (5s) AS3L, blue color data are based on
Startegy A AS1L. Number on top of red and blue column
is averaged disagreement in % for levels of each configuration
comparing with NIST database.

be 5000 K, 10000 K, and 15000 K for Nd II, Nd III, and
Nd IV, respectively. The density is 1 × 10−13 g cm−3
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Figure 5. Comparison of transition wavelengths for Nd IV
between our results from Strategy B with 5s and exper-
imental data by Wyart et al. (2007). The thick line corre-
sponds to the perfect agreement while thin solid and dashed
lines correspond to 10% and 20 % deviation.

and time after the merger is set to be 1 day. Over-
all opacity values and wavelength dependence are quite
similar for different atomic calculations. The red lines
show the best results in this paper while blue lines show
the previous results used by Tanaka et al. (2018).

10 % accuracy for energy levels 20 % accuracy for transi>on wavelengths

20 %
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experiment

Calcula>on

Spectral accuracy? Gaigalas, Kato, Rynkun et al. 2019 
Radziute, Gaigalas, Kato et al. 2020, 2021

Not enough to discuss spectral features 
(Need experimentally calibrated data) 土本さん



Opacity at early >me (t < 1 day)? Banerjee, MT, Kawaguchi et al. 2020 
(blue kilonova at early _me)

Equation (6). Since the expansion opacity is inversely propor-
tional to ρt, the change in ρt from t∼0.1 to 1 day increases the
opacity by a factor of 100. Meanwhile, the Sobolev optical depth
decreases with time, which reduces the contribution from the
summation of - t-e1 l. As a result, the opacity increases by a
factor of about 10 as time increases from t=0.1 to 1 day.

The Planck mean opacity results for an element mixture as a
function of temperature (right panel of Figure 7) can be
understood by individual element properties. At relatively low
temperatures (T<20,000 K), the opacity increases with
temperature. This is a property of d-shell elements that have
the largest contribution to the opacity in this temperature range.
The opacity displays some modulation by reflecting the
behaviors of abundant individual elements. At high tempera-
tures (T>20,000 K), the opacity evolves more smoothly with
temperature because the contributions from p- and d-shell
elements with different peak positions in the Planck mean
opacity are averaged out.

Hence, as evidenced by the results, the bound–bound opacity
is orders of magnitude greater than the electron scattering,
bound–free, and free–free opacities. At t=0.1 days, the
Planck mean of bound–bound opacity can reach up to a value
of k ~ -2 cm gmean

2 1, whereas other contributions to the total
opacity, ( – )k = ´ - -3 10 10 cm ges 2 2 1 and ( – )k = ´2 3i j,

ff

- -10 cm g4 2 1, are negligible at a wavelength λ=1000Å for
Z=20–56 (Section 2). The bound–free opacity is not

significant at this time since the fraction of photons with
energy beyond the photoionization threshold is small
(Section 2). Therefore, we conclude that bound–bound opacity
is the most significant component of the total opacity at an
early time (t∼0.1 days).

4. Radiative Transfer Simulations

Using the new atomic data and opacities, we calculate the
light curve of blue kilonovae using a time-dependent and
wavelength-dependent radiative transfer code (Tanaka &
Hotokezaka 2013; Tanaka et al. 2014, 2017; Kawaguchi
et al. 2018). With a given density structure and Ye distribution,
the code calculates the light curves and spectra. The radioactive
heating rate of r-process nuclei is calculated according to Ye,
using the results from Wanajo et al. (2014). The photon transfer
is calculated by a Monte Carlo method. The time-dependent
thermalization factor is adopted from Barnes et al. (2016). The
new opacity data enable us to calculate the radiation transfer
starting ∼1 hr after the merger. We consider the transitions in a
wavelength range 100–35000Å. The simulation is performed
from 0.03 to 300 days to calculate the light curves. We describe
our model in Section 4.1 and discuss the evolution of opacity in
the ejecta in Section 4.2. Our results for the bolometric
luminosity calculation using this opacity are presented in
Section 4.3.

Figure 3. Top left: the upper panel shows how the ion fraction changes with the temperature for d-shell element Y (Z=39). The effective shell structures for the
ionization states of Y, where opacity varies significantly, are also shown. The lower panel shows the variation of the Planck mean opacity with temperature. Top right:
same as the top left panel, but for d-shell element Cd (Z=48). Bottom left: same as the top left panel, but for p-shell element I (Z=53). Bottom right: same as the top
left panel, but for s-shell element Ba (Z=56).
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~ half 4d shell

T ~ 104 K (t/1 day)-1 

   ~ 105 K @ t = 0.1 day 
   => atomic calcula_ons up to 10 th ioniza_on

ion I - IV ion VII-X
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from shorter wavelengths (λ�10000Å ) toward infrared
wavelengths (λ�10000Å) at later times. This trend is also
displayed in the multicolor light curves. The peak times of the
light curves gradually move from shorter to longer wave-
lengths: the UV light curves peak at t∼4.3 hr, blue optical
light curves peak at t∼16.8 hr, and red optical and NIR light
curves peak at t > 1 day. The early UV emission declines very
quickly and becomes fainter than an absolute magnitude of
−10 in t�2 days. A similar pattern for blue optical emission
occurs over a somewhat longer timescale. The NIR brightness
remains bright from 1 day to a week.

We compare our model with the multicolor light curves of
GW170817 (Villar et al. 2017). The data are corrected for
Galactic extinction with E(B−V )=0.1. This comparison
provides insight on the emission mechanism of GW170817-
like events. Similar to the bolometric luminosity (Figure 9), our
fiducial model shows reasonable agreement with the data.
Hence, our model shows that a one-component, purely
radioactive, high-Ye ejecta can explain early-time bright UV
and blue emission. Previous studies that assumed a constant
opacity also show good agreement for early UV and blue
optical data (Cowperthwaite et al. 2017; Drout et al. 2017;
Kasen et al. 2017; Villar et al. 2017). However, our
calculations directly calculate atomic opacities, and thus the
opacity is not a free parameter in our model.

The UV magnitudes become fainter and decline faster upon
the inclusion of a thin layer outside the fiducial model ejecta
(Figure 12), also pointed out by Kasen et al. (2017). The UV
light curves are shown for the fiducial model and the case
where n =−10. The UVW1 magnitude of the fiducial model
without a thin layer peaks at an absolute magnitude of −16
mag at t∼4.3 hr, whereas that of the model incorporating a
thin layer with n =−10 is fainter at t>0.1 days, reaching a
peak of −15.7 mag at t∼2.4 hr.

It should be noted that our models assume that the outer
ejecta are lanthanide-free, with Ye=0.30–0.40. If the outer
ejecta have a lower Ye, as expected for dynamical ejecta in the
equatorial plane, the UV brightness can be suppressed further.
Hence, the purely radioactive kilonova models may not be able
to explain the observed early light curve, depending on the
structure and composition of the outer ejecta. In this case, a
heating source other than radioactive decays of r-process nuclei

may be necessary, for example, heating by shock or cocoon
(Kasliwal et al. 2017; Piro & Kollmeier 2018), β decay
luminosity from free neutrons (Metzger et al. 2015; Gottlieb &
Loeb 2020), or some other central power source (Metzger et al.
2008; Yu et al. 2013; Metzger & Fernández 2014; Li et al.
2018; Matsumoto et al. 2018; Metzger et al. 2018; Wollaeger
et al. 2019). Although it is difficult to draw firm conclusions
owing to a lack of atomic data on highly ionized lanthanides,
our new atomic opacities provide the foundation for a
discussion on the detailed properties of blue kilonova models
at an early phase.

5.2. Future Prospects

Finally, we discuss the prospect of observing an early
kilonova emission. Our simulations give the first synthetic light
curves of kilonovae at a timescale of hours after the merger,
based on the detailed atomic opacities. As discussed in
Section 5.1, the early UV emission is sensitive to the structure
of the ejecta. Furthermore, contributions from other heating
sources may play important roles in determining the early

Figure 11. Spectra and light curves for the fiducial model, where :=M M0.05ej and Ye=0.30–0.40 for an assumed density of ρ ∝ r−3. The light curves are shown
for t=0.04–50 days. Left panel: spectra ( fν flux shown as absolute AB magnitude) at different times after the merger: with the purple line at 0.1 days, the blue line at
1 day, and the red line at 10 days. The spectra evolve from UV toward the NIR. Right panel: multicolor light curves of the model compared with the data of
GW170817 (UV data from Evans et al. 2017; Drout et al. 2017; and the other data compiled by Villar et al. 2017).

Figure 12. Comparison of UV magnitudes between the fiducial model ejecta
with density structure ρ ∝ r−3, Mej=0.05 Me, and Ye=0.30–0.40 and the
model with a thin outer layer with a slope n =−10. The magnitude becomes
fainter with the inclusion of a steeper outer thin layer. The data of GW170817
(Evans et al. 2017; Drout et al. 2017) are shown with squares for comparison.
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• キロノバの物理 

• 重元素の構造とopacity 

• 輻射輸送計算

Kilonova 
= radioac>vely-powered thermal radia>on from  
   very metal-rich (Z > 30),  expanding ouIlow (v ~ 0.1c)



Radia>ve transfer in metal-rich expanding medium

λ

Photons are always redshiued 
in comoving frame



Line spacing 

Expansion opacity

λ
Δλ

N lines

How to define “effec>ve” opacity in this bin? 
(keeping each line info is not feasible)

Friend & Castor 1983 (stellar wind) 
Pinto & Eastman 1993 (supernova) 
Kasen+06, Kasen+13 (kilonova) 
MT & Hotokezaka 13 (kilonova)
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Sobolev 1960



Validity of expansion opacity See also Kasen et al. 2013

λ
Δλ

N lines

��line � ��th
<latexit sha1_base64="aylUKF28NKh6suRypC93iAIgsBg="></latexit><latexit sha1_base64="aylUKF28NKh6suRypC93iAIgsBg="></latexit><latexit sha1_base64="aylUKF28NKh6suRypC93iAIgsBg="></latexit><latexit sha1_base64="aylUKF28NKh6suRypC93iAIgsBg="></latexit>

Ncrit ⌘
��

�

c

vth
<latexit sha1_base64="g0VaOaSHUOFOKk3+Y7Oa9yZI9Wk="></latexit><latexit sha1_base64="g0VaOaSHUOFOKk3+Y7Oa9yZI9Wk="></latexit><latexit sha1_base64="g0VaOaSHUOFOKk3+Y7Oa9yZI9Wk="></latexit><latexit sha1_base64="g0VaOaSHUOFOKk3+Y7Oa9yZI9Wk="></latexit>

��line =
��

N
<latexit sha1_base64="CgA0nHnZ5VIkp1ztBvMrCHzkETc="></latexit><latexit sha1_base64="CgA0nHnZ5VIkp1ztBvMrCHzkETc="></latexit><latexit sha1_base64="CgA0nHnZ5VIkp1ztBvMrCHzkETc="></latexit><latexit sha1_base64="CgA0nHnZ5VIkp1ztBvMrCHzkETc="></latexit>

��th =
vth
c
�

<latexit sha1_base64="2J9peXG1EdCr5OHY6osncy2BTlA="></latexit><latexit sha1_base64="2J9peXG1EdCr5OHY6osncy2BTlA="></latexit><latexit sha1_base64="2J9peXG1EdCr5OHY6osncy2BTlA="></latexit><latexit sha1_base64="2J9peXG1EdCr5OHY6osncy2BTlA="></latexit>

κ_crit ~ 103 cm2 g-1 (t/1 day)2.5 

           ~ 3 cm2 g-1 @ t = 0.1 day

ρ ~  t-3 
v_th ~ T-1/2 ~ t-1/2
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Photon escape via fluorescence 

λΔλ

Absorp>ve treatment 
Redistribute photon energy  
according to  
thermal distribu_on j = α B(T) 
(adopted in kilonova simula_ons, 
Kasen+13, MT & Hotokezaka 13, 
Wollaeger+17)

See Lucy 1999, Pinto  & Eastman 2000  
for direct treatment in supernovae

(keeping each line info is not feasible)



• Kilonova 

• Probe of nucleosynthesis via atomic proper_es (opacity) 

• Atomic calcula>ons for kilonova 

• Almost done for low ioniza_on (t > 1 day) 

• Good accuracy for light curves, but not for spectra 

• Ongoing for high ioniza_on (t < 1 day) 

• Predic_ons are available for early blue kilonova 

• Highly ionized lanthanides are very complicated 

• Different regime of radia_ve transfer

Summary


