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Physics involved in kilonova

R-process nucleosynthesis and radioac8ve decays

Energy deposi8on (“thermaliza8on”)

Photon propaga8on

γ-rays, electrons, α par*cles, fission fragments

β decay, α decay, and fission

Atomic opaci*es (mainly bound-bound transi*ons)

See Jennifer Barnes’s talk

Mass ejec8on
Dynamical ejecta, post-merger ejecta

Observa8ons (light curves and spectra)

Mej, v, Ye, Xi



“Kilonova/Macronova" 
Ini8al works: Li & Paczynski 98, Kulkarni 05, Metzger+10, Goriely+11, … 
High opacity: Kasen+13, Barnes & Kasen 13, MT & Hotokezaka 13, …
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Temperature ~ 5000 K  => Op8cal and infrared wavelengths

See Iair Arcavi’s talk



GW170817: op8cal/infrared light curves

Arcavi+17, Cowperthwaite+17,  
Diaz+17, Drout+17,Evans+17,  
Kasliwal+17,Pian+17, 
SmarT+17, Tanvir+17, Troja+17, 
Utsumi, MT+17, Valen*+17
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Bound-bound opacity
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open s shell

open p-shell

open d-shell

open f shell

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

1st peak

2nd peak

3rd peak

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

Kasen+17: all lanthanides

Status of atomic calcula8ons for kilonova

MT+19: all r-process elements

No gold is observed?? 
=> No gold in the model!
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Energy levels (singly ionized)

~7 x 105 levels in total 
(I, II, III, IV)

Lanthanide Ac*nide

Systema8c calcula8ons of atomic structure
Using HULLAC code (with parametric radial poten*al)
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Bound-bound transi8on

Sobolev op8cal depth

E

0
n ~ g exp(-E/kT)

Transi8ons from  
low-lying energy levels  
have larger contribu8ons

f: oscillator strength 
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Energy levels (singly ionized)

~7 x 105 levels in total 
(I, II, III, IV)

Lanthanide Ac*nide

Systema8c calcula8ons of atomic structure
Using HULLAC code (with parametric radial poten*al)
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Figure 2. Planck mean opacities for all the elements. The opacities are calculated by assuming ρ = 1× 10−13 g cm−3, and
t = 1 day after the merger. Blue and red lines present the opacities for T = 5, 000 and 10,000 K, respectively.

bution of the energy levels becomes wider for higher Z

in a given shell. (2) At the same time, the number of
states is the largest for the half-closed shell since it gives
the highest complexity, i.e., the number of combinations
formed from different quantum numbers is the largest.
For the case of lanthanides (Z = 57 − 71), the total

number of levels is the largest for Eu or Gd which have
half closed 4f -shells, depending on the ionization states.
But the distribution of the energy levels is pushed up as
Z increases, and thus, the number of low-lying levels
is not necessarily higher than that of other lanthanide
elements. This is the reason why the opacities of these
complex elements are not always higher than those of
the other lanthanides (Section 3).

3. OPACITY

In a typical timescale of kilonova emission (t ∼> 1
day), bound-bound transitions play the dominant role
for the opacities in near ultraviolet, optical, and in-
frared wavelengths (Kasen et al. 2013; Barnes & Kasen
2013; Tanaka & Hotokezaka 2013). To evaluate the
bound-bound opacities in rapidly expanding medium,
such as supernova or neutron star merger ejecta, ex-
pansion opacities are commonly used (Karp et al. 1977;
Eastman & Pinto 1993; Kasen et al. 2006). In the ho-
mologous expansion, the expansion opacity is expressed
by

κexp(λ) =
1

ctρ

∑

l

λl

∆λ
(1− e−τl), (1)

where summation is taken over all the transitions within
the wavelength bin ∆λ in radiative transfer simulations.
Here τl is the Sobolev optical depth for each bound-

bound transition;

τl =
πe2

mec
flntλl, (2)

where n is the number density in a lower level of the
transition and fl and λl are the oscillator strength and
transition wavelength, respectively. Whenever not ex-
plicitly mentioned, the expansion opacities shown in this
paper are evaluated at t = 1 day after the merger by as-
suming density of ρ = 1×10−13 g cm−3, which is typical
for the ejecta mass of Mej ∼ 10−2M⊙ and the ejecta ve-
locity of v ∼ 0.1c.
Our simulations assume local thermodynamic equilib-

rium (LTE), and ionization states are calculated by solv-
ing Saha equation. Population of excited states follow
the Boltzmann distribution. By the exponential depen-
dence of the population of excited states (n ∝ e−E/kT ),
bound-bound transitions from lower energy levels have
much higher contributions to the total opacities.
Figure 2 shows the overview of the opacity as a func-

tion of atomic number: the Plank mean opacities are
shown for T = 5, 000 and 10,000 K for all the elements.
In the following sections, properties of the opacities are
discussed for each open shell of the elements.

3.1. f-shell elements

Open f -shell elements, lanthanides and actinides,
have larger opacities than the elements with other open
shells (Kasen et al. 2013; Tanaka & Hotokezaka 2013;
Fontes et al. 2017; Tanaka et al. 2018; Wollaeger et al.
2018; Fontes et al. 2019). Due to the large number of
energy levels with small energy spacing, the opacities

Lanthanide Ac*nide

~2 x 109 transi*ons in total

Higher T  
=> contribu8ons from  
      higher E levels

Systema8c calcula8ons of opaci8es
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Figure 5. Histogram of the number of atomic levels vs. level energy (bin size =
0.25 eV) in our Autostructure models, which illustrates the much greater
complexity of the lanthanide neodymium (with an open f-shell) as compared to
iron (open d-shell) and tin (open p -shell).
(A color version of this figure is available in the online journal.)

Kurucz linelist, although differences up to 1 mag are seen at
some epochs.

Figure 4 shows that the model spectrum (at 50 days after
explosion) derived from the Autostructure linelist is also
similar to that using Kurucz. Both calculations resemble the
SED of an observed SN Ia. The Autostructuremodel does not
reproduce the positions of most spectral features, which is to be
expected given that the line wavelengths are only approximate.
Even the Kurucz calculation fails to reproduce every observed
spectral feature, as the underlying ejecta model did not include
the IMEs present in real SNe Ia.

These results indicate that line data derived from our
Autostructure models can be used to predict SN SEDs (but
not line features) with some reliability. The general agreement
of our synthetic observables with those of real SNe Ia suggests
that—even with very crude knowledge of the underlying ejecta
structure—we may still be able to predict the light curve and
colors of radioactive transients to a reasonable level of accuracy.

5. HIGH Z OPACITIES

We have calculated structure models for several elements
beyond the iron group, including tin (Sn, Z = 50, p -shell),
cerium (Ce, Z = 58, f-shell), neodymium (Nd, Z = 60,
f-block), and osmium (Os, Z = 76, d-shell). These species
were chosen to sample different blocks on the periodic table
corresponding to valence shells of different orbital angular
momentum. The total number of atomic levels/lines determined
by the structure models are listed in Table 1 and illustrated
in Figure 5, and are generally consistent with the simple
complexity estimates of Section 1.

As expected from simple physical arguments, we find that
more complex atoms, in particular the lanthanides, have higher
line expansion opacities. Figure 6 shows that the Planck mean
opacity of neodymium is a factor ∼10–100 greater than that of
iron, depending on the temperature. This is roughly consistent
with the estimate one obtains by squaring the complexity
measure (Equation (1)) to gauge the relative number of strong
lines, (CNd ii/CFe ii)2 ≈ 22.

The variation of the mean opacity with temperature (Figure 6)
shows several bumps which reflect changes in the ionization

Figure 6. Planck mean expansion opacities for three different elements, showing
the expected dependence on atomic complexity. The Nd opacities (blue line,
Z = 60, open f-shell) were derived from Autostructure models, while the
silicon (red line, Z = 14, open p -shell) and iron (green line, Z = 26, open
d-shell) opacities used Kurucz line data. The calculations assume a density
ρ = 10−13 g cm−3 and a time since ejection tej = 1 days.
(A color version of this figure is available in the online journal.)

state. As the temperature increases, the excited levels become
more populated, and the number of optically thick lines in-
creases. The opacity therefore increases with temperature until
the gas becomes hot enough to ionize. This leads to multiple
maxima in the mean opacity curve, each of which occur around
the transition temperatures of the various stages of ionization.
At sufficiently low temperatures, when the element becomes
neutral, the opacities cut off sharply, and drop exponentially
with decreasing temperature due to the Boltzmann factor in the
excited state level populations.

An important property of the lanthanides is that, relative
to the iron group, the opacity remains high at relatively low
temperatures. This is because the ionization potentials of the
lanthanides are generally ∼30% lower than those of the iron
group (see Table 1). For neodymium, the mean opacity peaks at
T ≈ 5000 K, when the ion is mostly singly ionized and cuts offs
at T ! 2500 K when Nd becomes neutral. In comparison, the
opacity peak for iron occurs at T ≈ 7000 K and the neutral cutoff
is at T ! 3500 K. The general persistence of the lanthanide
opacity to lower temperatures has an important impact on the
color of the emergent spectra, contributing to cooler, redder
photospheres.

Another important feature of the lanthanide opacity is the
wavelength dependence—while the opacity decreases to the red
(as there are more lines at bluer wavelengths), the decrease is
much slower than that of the iron group (Figure 7). This is
due to the much denser energy level spacing of the lanthanides,
resulting in a much larger number of ∼1 eV optical/infrared
transitions. The shallower opacity profile means that the lan-
thanides can line blanket not only UV wavelengths, but the
entire optical region of the spectrum. This will influence the
color of r-process SNe, as photons will eventually be reemitted
or fluoresce (through the many lines) to infrared wavelengths
where they may escape more easily.

As seen in Figure 7, the opacity of osmium (Z = 76) is very
similar to that iron, despite the much higher atomic number. This
is not surprising, as osmium is a homologue of iron, with a nearly
half open d-shell. Similarly, the opacity of the lanthanide cerium

8

Kasen+13

Nd
Nd

ρ = 10-13 g cm-3

Tanaka+18

Is this behavior universal??
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Figure 3. Left: Expansion opacity for f -shell (lanthanide and actinide) elements at T = 5, 000 K. Right: Planck mean
opacities as a function of temperature (color). Gray lines show the Planck mean opacities of all the other elements. The labels
(I, II, III, and IV) show typical temperature ranges for each ionization state.

remain high to the NIR wavelengths (left panels of Fig-
ure 3). Depending on the elements and temperature,
the Planck mean opacities are κ ∼ 0.1 − 50 cm2 g−1

(right panels).
For T = 5, 000 K, Planck mean opacities of Pr, Nd,

and Pm (Z = 59, 60, and 61) are the highest among
lanthanide elements (Figure 4). The opacities gradually
decrease as more electrons occupy 4f -shell. This is be-
cause the number of low-lying energy levels decreases as

f -shell has more electrons (i.e., Z increases). Although
the total number of energy levels is the largest for nearly
half-closed f -shell elements (Eu or Gd), their opacities
are not necessarily highest, as also found by Kasen et al.
(2017) and Fontes et al. (2019). This is understood by
the relatively high energy level distributions of Eu and
Gd (Figure 1).
For T > 10, 000 K, the Planck mean opacities are the

highest for nearly half-closed elements (Figure 4). This

First half

Laqer half

Opaci8es of  
lanthanides

ioniza8on
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Figure 8. Same as Figure 3 but for s-shell elements.
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Figure 9. Top: Abundance distribution for different Ye (Wanajo et al. 2014). Bottom left: Expansion opacity as a function
of wavelength for each Ye. Bottom right: Planck mean opacity as a function of temperature for each Ye.

ture. Since the ionization potentials of d-shell elements
are generally higher than those of f -shell elements, the
applicable temperature range is wider for high Ye cases,
where d-shell elements dominate the opacities.
Note that the opacity of κ = 0.1−0.5 cm2 g−1 is often

used for blue kilonovae because it gives a good approxi-
mation for Type Ia supernova. However, the opacities of

mixture of r-process elements are almost always higher
than κ = 0.1− 0.5 cm2 g−1 even for high Ye, except for
a low temperature (T < 2, 000 K). This is because Fe
is not necessarily representative of d-shell elements and
the contribution of Fe-like elements (Ru and Os) is low
compared with other d-shell elements at T < 10, 000 K
(Figure 5).

Opacity of element mixture

Almost flat

Strong temperature dependence at low T 
(caveats for “constant-opacity” approach)



Results (2/2) Opacity of blue kilonova
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Figure 8. Same as Figure 3 but for s-shell elements.
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Figure 9. Top: Abundance distribution for different Ye (Wanajo et al. 2014). Bottom left: Expansion opacity as a function
of wavelength for each Ye. Bottom right: Planck mean opacity as a function of temperature for each Ye.

ture. Since the ionization potentials of d-shell elements
are generally higher than those of f -shell elements, the
applicable temperature range is wider for high Ye cases,
where d-shell elements dominate the opacities.
Note that the opacity of κ = 0.1−0.5 cm2 g−1 is often

used for blue kilonovae because it gives a good approxi-
mation for Type Ia supernova. However, the opacities of

mixture of r-process elements are almost always higher
than κ = 0.1− 0.5 cm2 g−1 even for high Ye, except for
a low temperature (T < 2, 000 K). This is because Fe
is not necessarily representative of d-shell elements and
the contribution of Fe-like elements (Ru and Os) is low
compared with other d-shell elements at T < 10, 000 K
(Figure 5).

>~ 1 cm2 g-1

Higher than the commonly assumed value (~ 0.1 cm2 g-1)
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Figure 2. Planck mean opacities for all the elements. The opacities are calculated by assuming ρ = 1× 10−13 g cm−3, and
t = 1 day after the merger. Blue and red lines present the opacities for T = 5, 000 and 10,000 K, respectively.

bution of the energy levels becomes wider for higher Z

in a given shell. (2) At the same time, the number of
states is the largest for the half-closed shell since it gives
the highest complexity, i.e., the number of combinations
formed from different quantum numbers is the largest.
For the case of lanthanides (Z = 57 − 71), the total

number of levels is the largest for Eu or Gd which have
half closed 4f -shells, depending on the ionization states.
But the distribution of the energy levels is pushed up as
Z increases, and thus, the number of low-lying levels
is not necessarily higher than that of other lanthanide
elements. This is the reason why the opacities of these
complex elements are not always higher than those of
the other lanthanides (Section 3).

3. OPACITY

In a typical timescale of kilonova emission (t ∼> 1
day), bound-bound transitions play the dominant role
for the opacities in near ultraviolet, optical, and in-
frared wavelengths (Kasen et al. 2013; Barnes & Kasen
2013; Tanaka & Hotokezaka 2013). To evaluate the
bound-bound opacities in rapidly expanding medium,
such as supernova or neutron star merger ejecta, ex-
pansion opacities are commonly used (Karp et al. 1977;
Eastman & Pinto 1993; Kasen et al. 2006). In the ho-
mologous expansion, the expansion opacity is expressed
by

κexp(λ) =
1

ctρ

∑

l

λl

∆λ
(1− e−τl), (1)

where summation is taken over all the transitions within
the wavelength bin ∆λ in radiative transfer simulations.
Here τl is the Sobolev optical depth for each bound-

bound transition;

τl =
πe2

mec
flntλl, (2)

where n is the number density in a lower level of the
transition and fl and λl are the oscillator strength and
transition wavelength, respectively. Whenever not ex-
plicitly mentioned, the expansion opacities shown in this
paper are evaluated at t = 1 day after the merger by as-
suming density of ρ = 1×10−13 g cm−3, which is typical
for the ejecta mass of Mej ∼ 10−2M⊙ and the ejecta ve-
locity of v ∼ 0.1c.
Our simulations assume local thermodynamic equilib-

rium (LTE), and ionization states are calculated by solv-
ing Saha equation. Population of excited states follow
the Boltzmann distribution. By the exponential depen-
dence of the population of excited states (n ∝ e−E/kT ),
bound-bound transitions from lower energy levels have
much higher contributions to the total opacities.
Figure 2 shows the overview of the opacity as a func-

tion of atomic number: the Plank mean opacities are
shown for T = 5, 000 and 10,000 K for all the elements.
In the following sections, properties of the opacities are
discussed for each open shell of the elements.

3.1. f-shell elements

Open f -shell elements, lanthanides and actinides,
have larger opacities than the elements with other open
shells (Kasen et al. 2013; Tanaka & Hotokezaka 2013;
Fontes et al. 2017; Tanaka et al. 2018; Wollaeger et al.
2018; Fontes et al. 2019). Due to the large number of
energy levels with small energy spacing, the opacities

Lanthanide Ac*nide

Ye > 0.3

Fe

Element dependence
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Figure 11. Bolometric light curves of the models with high
Ye (Ye = 0.30−0.40, blue), intermediate Ye (Ye = 0.20−0.30,
green), and low Ye (Ye = 0.10−0.20, red) compared with the
bolometric light curve of GW170817/AT2017gfo constructed
by Waxman et al. (2018). Dotted lines show the epoch in
which our calculations are not reliable since the ejecta tem-
perature is too high for our opacity data (only up to triply
ionized ions, see Section 3).

low Ye (Ye = 0.10− 0.20, lanthanide fraction of ∼ 0.1).
The abundances are averaged over the Ye range above by
using single-Ye nucleosynthesis calculations with a step
of ∆Ye = 0.01 by Wanajo et al. (2014). The nuclear
heating rates for corresponding Ye ranges are also taken
from Wanajo et al. (2014). The thermalization efficien-
cies of γ-rays, α particles, β particles, and fission are
separately taken into account by analytically estimating
characteristic timescales (Barnes et al. 2016).
The overall light curve behaviors are not significantly

different from our previous calculations (Tanaka et al.
2018) using only Se (p-shell), Ru (d-shell), Te (p-shell),
Nd (f -shell), and Er (f -shell) as representative elements.
However, the light curves with new opacity data are
more smooth both in time and wavelength. In partic-
ular, the use of representative elements can often exag-
gerate emission in certain wavelengths. At later time
(t ∼> 10 days), only transitions from low-lying energy
levels contribute the opacities. And thus, the use of
small number of elements artificially enhances contribu-
tions from transitions of these elements. These effects
are smeared out by properly including all the elements,
which results in smooth spectra.
The differences in the abundances are clearly im-

printed in the multi-color light curves (Figure 10). For
lower Ye, the light curves become redder, i.e., opti-
cal brightness is suppressed and NIR brightness is en-
hanced. Due to the large opacities in the intermediate
and low Ye models, the evolutions of the NIR light curves

are slow. A blue emission dominated in the optical wave-
lengths is realized only for the high Ye model at t < 3
days after the merger.
Compared with the observed properties of AT2017gfo

associated with GW170817, the early optical light curves
are most similar to the high Ye model while the NIR light
curves are most similar to the intermediate Ye model.
The same agreement is also found in the bolometric light
curve (Figure 11). The early part (t ∼ 1− 2 days) best
matches with the high Ye model while the later part
matches with the intermediate Ye model. Note that our
models are very simple, and ejecta parameters such as
mass and velocity are not tuned to reproduce the proper-
ties of AT2017gfo. Nevertheless, these qualitative agree-
ments confirm the presence of multi-component ejecta
with different abundances.
The low Ye model overproduces the total luminos-

ity and gives too red color, which suggests that such
a low Ye component with a lanthanide fraction of
X(La) ∼ 0.1 is not dominant (Mej ≪ 0.03M⊙). This
is consistent with a relatively low lanthanide fraction
X(La) ∼< 0.01 estimated by the spectral and light curve
modelling (Chornock et al. 2017; Kasen et al. 2017;
Kilpatrick et al. 2017; Tanaka et al. 2017; Tanvir et al.
2017).

4.3. Spectra

The spectral features in our models are of inter-
est because this is the first calculations with the
atomic data of all the r-process elements. Figure 12
compares the model spectra with the observed spec-
tra of GW170817/AT2017gfo with VLT/X-Shooter
(Pian et al. 2017; Smartt et al. 2017). The models cap-
ture overall spectral shape and its evolution: the high
Ye model gives a similar shape of the optical spectra at
early phases while intermediate Ye model gives a similar
NIR flux level at later phases.
However, detailed spectral features are not necessarily

consistent between the observations and models. This
is not surprising because our atomic data do not have a
good accuracy for each transition wavelength. To iden-
tify the spectral features, we need to use either well-
calibrated (but not complete) atomic data as done by
Tanaka & Hotokezaka (2013) or very accurate atomic
calculations as done by Gaigalas et al. (2019).
There are two potentially important drawbacks in

our models. One is too narrow spectral features in
the early spectra. This is due to the assumption
of ⟨v⟩ = 0.1c in our model. The observed broader
features indicate that the line-forming region of the
blue component should have v > 0.1c. In fact, such
high velocities of the blue component have been sug-

Confirm that general interpreta8ons are OK 
(Red/blue components and their masses)
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Fig. 1.— Schematic picture for the post-merger evolution and the typical properties of ejecta for NS-NS and BH-NS binaries in various
situations. Mtot, Mmax,spin, Mthr, Md, Mtorus, and tlife are the total mass of the binary, maximum mass of a rigidly rotating NS, threshold
total mass for the prompt collapse, dynamical ejecta mass, remnant torus mass, and the timescale for the remnant to collapse to a BH,
respectively. The correspondence between each situation and kilonova models listed in Table 1 is summarized in the right side of the figure.
We note that this figure shows only a simplified overview for the typical scenarios, and quantitative properties of the post-merge evolution
and mass ejection depend on the detail of the binary parameters, such as the mass ratio, spins, and equation of state of NS (see references
mentioned in the main text).

due to electron/positron capture and the neutrino irradi-
ation from the remnant (Sekiguchi et al. 2015). The pre-
vious studies show that the dynamical ejecta in the polar
region can be lanthanide-free while that in the equato-
rial plane would remain to be lanthanide-rich. Ye of the
post-merger ejecta depends strongly on the lifetime of the
remnant NS. The previous studies also show that post-
merger ejecta would be lanthanide-free if the remnant
NS is su�ciently long-surviving (tlife & 1 s, where tlife is
the timescale for the remnant to collapse to a BH), while
a substantial amount of lanthanide is synthesized if the
remnant collapses to a BH in a short timescale (Metzger
& Fernández 2014; Perego et al. 2014; Wu et al. 2016;
Siegel & Metzger 2017; Fernández et al. 2019; Lippuner
et al. 2017; Fujibayashi et al. 2018).

Long-lived super massive neutron star (SMNS): — Third
is the case in which the remnant NS survives for a long
period (tlife � 1s) or does not collapse to a BH. Such
a situation can be realized if the total mass of the bi-
nary is close to or smaller than the maximum mass of
a rigidly rotating NS (a supermassive NS; SMNS). For
such a case, the mass of the dynamical ejecta would be
relatively small (order of 10�3 M�) unless the mass ra-
tio of the binary is far from unity (Hotokezaka et al.
2013; Bauswein et al. 2013; Foucart et al. 2016; Radice

et al. 2016; Dietrich et al. 2017; Bovard et al. 2017). On
the other hand, the post-merger ejecta could be massive
(⇠ 0.01�0.1 M�) due to large remnant torus mass, and it
would be lanthanide-free due to neutrino irradiation (Fu-
jibayashi et al. 2018).

In addition, the rotational kinetic energy of the rem-
nant NS could be an additional energy source to the
ejecta by releasing it through the EM radiation, and
could modify the light curves for the early phase .
1 days (Metzger & Piro 2014; Shibata et al. 2017; Mar-
galit & Metzger 2017). We note that the e�ciency and
timescale for releasing the rotational kinetic energy of the
remnant NS to the ejecta are currently quite uncertain.
In particular, if the timescale of the energy injection is
much shorter than the timescale of the kilonova emission,
⇠ 1–10 days, energy injected into the ejecta would be
lost by adiabatic expansion, and would not be directly
reflected to the light curves. However, even for such a
case, the light curves could show di↵erent feature from
the case in the absence of the energy injection from the
remnant, because the ejecta profile would be modified
by the increase in its kinetic energy. Indeed, the rota-
tional kinetic energy of the NS could be as large as ⇡ 1-
2⇥1053 erg for the case of mass shedding limit (e.g., Shi-
bata et al. 2017; Margalit & Metzger 2017; Shibata et al.

Kawaguchi, Shibata, Tanaka 2019, arXiv:1908.05815

Applica8on: variety of kilonova See Francois Foucart’s  
and Rodrigo Fernandez’s talks
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Fig. 17.— Comparison of the peak magnitude (the brightest magnitude for t � 1 day) in the iJK-band observed from the polar direction
(0�  ✓  20�) among various kilonova models. Each point in the plot shows the time of peak and its magnitude for each kilonova model.
The light curves of which brightness is within ⇡ 1mag and ⇡ 0.5mag from the peak magnitude are shown in the plots for the i-band
and the JK-band, respectively. The blue, green, red, and black regions denote the regions in which the peak brightness and time of peak
approximately cluster for the SMNS, HMNS, prompt collapse, and BH-NS models (NS tidal disruption cases), respectively. We note that
the ejecta mass for BH-NS mergers could have a large variety depending on the binary parameters, and the peak brightness and time of
peak would become faint and shifted toward the early phase, respectively, (toward the direction of arrows in the figure) for small amount
of ejecta.

BH-NS merger could also exhibit peak brightness and
time of peak similar to those of the prompt collapse or
HMNS cases.

7. SUMMARY

We performed radiative transfer simulations for kilo-
nova light curves for a variety of ejecta profiles suggested
by latest numerical simulations. The radiative transfer
simulations were performed employing a new line list ob-
tained by systematic atomic structure calculations for all
the r-process elements (Tanaka et al. 2019).

We demonstrated the strong e↵ect of the radiative
transfer of photons in the multiple ejecta components
on the resulting light curve of kilonovae and clarified the

dependence of the light curves on the ejecta parameters.
We showed that the brightness of the optical light curves
observed in the polar direction could be enhanced by 50–
100% in the presence of optically thick dynamical ejecta
concentrated near the equatorial plane due to the prefer-
ential di↵usion to the polar direction. This indicates that
the ejecta mass could be overestimated by a factor of ⇠ 2
if one fails to take into account this e↵ect. We found that
such enhancement of the optical emission particularly for
the early phase of t . 2 days depends only weakly on the
dynamical ejecta mass as long as Md � 0.001 M�. In
addition, significant angular dependence of the optical
emission was found in the presence of dynamical ejecta
with Md � 0.001 M�. Indeed, we found that the optical

Variety of kilonova See Kyohei Kawaguchi’s talk (next week)
2D radia8ve transfer simula8ons with mul8ple ejecta components

Kawaguchi, Shibata, Tanaka 2019, arXiv:1908.05815
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Figure 12. Spectral evolution of the models with high Ye (Ye = 0.30 − 0.40, blue), intermediate Ye (Ye = 0.20 − 0.30, green),
and low Ye (Ye = 0.10− 0.20, red) compared with the spectra of GW170817/AT2017gfo taken with VLT/X-Shooter (Pian et al.
2017; Smartt et al. 2017, taken through the WISeREP, Yaron & Gal-Yam 2012). The shaded areas show the wavelength ranges
heavily affected by the atmospheric absorption.

gested (e.g., Kilpatrick et al. 2017; McCully et al. 2017;
Nicholl et al. 2017; Shappee et al. 2017). However, it
was based on comparison with previous models, which
could exaggerate the spectral features by the incom-
pleteness in the atomic data. The comparison with
our new model with the complete opacity data securely
confirms the necessity of the high velocity for the blue
component.
The other is the deficit of the optical flux at t ∼> 5 days

after the merger. This is also seen in the light curves
(Figure 10). It is difficult to keep the optical flux at
t ∼> 5 days because the optical flux in the high Ye model
declines too quickly and those in the intermediate and

low Ye models are suppressed too much. This difficulty
remains even by changing ejecta mass and velocity. We
may need multi-dimensional simulations by taking into
account the interplay between multiple ejecta compo-
nents (Kawaguchi et al. 2018). Alternatively, this diffi-
culty may point out the necessity of more advanced ra-
diative transfer calculation by taking into account non-
local thermodynamic equilibrium or fluorescence of nu-
merous transitions, which are known to be important in
supernovae (e.g., Baron et al. 1995; Pinto & Eastman
2000; Mazzali 2000; Dessart & Hillier 2005).

5. SUMMARY
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was based on comparison with previous models, which
could exaggerate the spectral features by the incom-
pleteness in the atomic data. The comparison with
our new model with the complete opacity data securely
confirms the necessity of the high velocity for the blue
component.
The other is the deficit of the optical flux at t ∼> 5 days

after the merger. This is also seen in the light curves
(Figure 10). It is difficult to keep the optical flux at
t ∼> 5 days because the optical flux in the high Ye model
declines too quickly and those in the intermediate and

low Ye models are suppressed too much. This difficulty
remains even by changing ejecta mass and velocity. We
may need multi-dimensional simulations by taking into
account the interplay between multiple ejecta compo-
nents (Kawaguchi et al. 2018). Alternatively, this diffi-
culty may point out the necessity of more advanced ra-
diative transfer calculation by taking into account non-
local thermodynamic equilibrium or fluorescence of nu-
merous transitions, which are known to be important in
supernovae (e.g., Baron et al. 1995; Pinto & Eastman
2000; Mazzali 2000; Dessart & Hillier 2005).

5. SUMMARY

Spectral features?

Atomic calcula8ons are not 
accurate enough 
(by <30-50% in energy)
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Figure 2. The excitation energy of the lowest energy levels for each electron configuration. Black circles show HULLAC calculations
while blue, green, and orange circles show GRASP2K calculations with different strategies. The data from NIST database are shown in
open squares for comparison.
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Figure 3. Line expansion opacities of Se, Ru, Te (left), Nd, and Er (right) calculated by using the HULLAC results. The calculations
assume ρ = 1× 10−13 g cm−3, T = 5, 000 K, and t = 1 day after the merger. The results are compared with the line expansion opacities
of Si and Fe calculated with Kurucz’s line list.

The opacities from the two atomic code agree reason-
ably well. Figure 4 shows the line expansion opacities of
Nd ii, Nd iii, Er ii, and Er iii. As expected from the
good agreement in the energy level (Figure 2), the opac-
ities from HULLAC and GRASP2K are almost indistin-
guishable for Nd ii, Nd iii and Er iii. For the Er ii ion,
GRASP2K calculations provides the better agreement in
the energy level than HULLAC calculations (Figure 2).
We find that the impact of this difference is by a factor

of about 2 in the opacity at optical and near infrared
wavelengths.
Why Er III opacity is low at near infrared??

Difference in the number of included figuration??
Finally we calculate the opacities for mixture of ele-

ments. We use the HULLAC results which cover more
elements and ionization stages. Since we have atomic
structure calculations for a small number of elements,
we assume the same bound-bound transition properties

Tanaka+18, see also Kasen+13
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Accurate transi8on data  
(VALD database) Z > 31 (I and II)
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Figure 6. UVOIR spectra of the model NSM-all at t = 1.5, 5.0, and 10.0 days after the merger. The spectra are almost featureless. At NIR wavelengths, there are
possible absorption troughs, which result from Y i, Y ii, and Lu i in our simulations. However, the features could be result of the incompleteness of the line list at NIR
wavelengths.
(A color version of this figure is available in the online journal.)
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Figure 7. Bolometric light curves for realistic models (Table 1). The luminosity
is averaged over all solid angles. The expected emission of models with a soft
EOS APR4 (red) is brighter than that with a stiff EOS H4 (blue). For the soft EOS
APR4, the light curve does not depend on the mass ratio, while for a stiff EOS
H4, a higher mass ratio (1.2 M⊙ + 1.5 M⊙; solid line) results in a large ejecta
mass, and thus, brighter emission than a lower mass ratio (1.3 M⊙ + 1.4 M⊙;
dashed line).
(A color version of this figure is available in the online journal.)

observed light curves for an NS merger event at 200 Mpc. The
model NSM-all (black) and four realistic models (red and blue)
are shown. Note that all the magnitudes in Figure 8 are given in
the AB system for ease of comparison with different survey

projects. The horizontal lines show 5σ limiting magnitudes
for different sizes of telescopes assuming 10 minute exposure
times.

After the detection of the GW signal, EM follow-
up observations should discover a new transient object
from a ∼10–100 deg2 area. Thus, the use of wide-field
telescopes and cameras is a natural choice (e.g., Kelley et al.
2013; Nissanke et al. 2013). For optical wavelengths, there are
several projects using 1 m-class telescopes that can cover !4
deg2 area, such as the Palomar Transient Factory (PTF; Law
et al. 2009; Rau et al. 2009), the La Silla-QUEST Variabil-
ity Survey (Hadjiyska et al. 2012), and the Catalina Real-Time
Transient Survey (Drake et al. 2009). In Figure 8, we show the
limiting magnitudes deduced from Law et al. (2009). Because of
the red color, a detection at blue wavelengths (ug bands) seems
difficult. Even for the bright cases, deep observations with >10
minute exposure at red wavelengths (i or z bands) are needed.
The faint models are far below the limit of 1 m-class telescopes.

For larger optical telescopes, the field of view tends to
be smaller. Among 4 m-class telescopes, Megacam on the
Canada–France–Hawaii Telescope (CFHT) and DECAM for
the Dark Energy Survey8 on the Blanco 4 m telescope have
3.6 deg2 and 4.0 deg2 fields of view, respectively. In Figure 8,
we show the limiting magnitudes from CFHT/Megacam.9 The
bright models (red and black lines) are above the limits during
the first 5–10 days. Similar to 1 m-class telescopes, observations
at redder wavelengths are more efficient. The faintest model
(model H4-1314; blue dashed line) is still below the limit of
4 m-class telescopes with a 10 minute exposure.

8 https://www.darkenergysurvey.org
9 http://www.cfht.hawaii.edu/Instruments/Imaging/Megacam/
generalinformation.html
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Spectral calcula8ons using accurate data

Sr II

Tanaka & Hotokezaka 2013
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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.

Accurate atomic calcula8ons for element iden8fica8on
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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).
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Summary
• Systema8c opacity calcula8ons  

• All the elements from Z=30 to 92 (I, II, III, IV) 

• Energy level distribu*on is determined by  
complexity and spin-orbit interac*on (+ e-e interac*on) 

• Opacity trend with temperature depends strongly on temperature 

• Ready to calculate light curves with realis*c models (Kawaguchi+) 

• Room for improvement 

• Higher temperature (earlier phase) => highly ionized ions 

• Accuracy/completeness for spectral iden*fica*on (IR in pa*cular) 

• Departure from LTE

Tanaka, Kato, Gaigalas, Kawaguchi 2019, arXiv:1906.08914 
Gaigalas, Kato, Rynkun, Radziute, Tanaka 2019, ApJS 
Kawaguchi, Shibata, Tanaka 2019, arXiv:1908.05815

=> Kenta Hotokezaka’s talk


