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Neutron Star Merger: heavy element factory

Solar Atomic Abundance 
B2FH 1957

Gold/Platinum

• Heavy elements (>the iron peak) are produced 
via neutron capture processes, (r)apid or 
(s)low process (B2FH 57, Cameron 57). 

• The origin of r-process elements is still a 
mystery in astrophysics.  

• The leading scenarios are core-collapse 
supernovae and neutron star mergers 
(Lattimer & Schramm 74). 

• Metal poor stars & dwarf galaxies suggest that 
the r-process events must be rare (e.g. Ji et al 
2015):    r-process rate << supernova rate. 
（この後、垂水さん） 

• A kilonova in GW170817 reveals that mergers 
produce some r-process elements.
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Dynamical Ejecta in Merger
KH + 13

also Baustein + 13, Piran + 13, Rosswog 2013, Kyutoku+15, Sekiguchi + 15, 16, Radice+16 

• Dynamical ejecta mass ~ 0.01Msun,  v~0.2-0.8c driven by tidal force and shock heating. 
• E~1051 erg, resulting in EM emission. 



Disk Outflow from the remnant

Shibata+17, Fujibayashi+18

also Baustein + 13, Piran + 13, Rosswog 2013, Kyutoku+15, Sekiguchi + 15, 16, Radice+16 
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Dynamical ejecta

FIG. 6. Schematic picture of the ejecta profile for the case
of a sti↵ EOS in which a long-lived massive neutron star is
formed as a remnant. The largest anisotropic-shell component
(red color) denotes the neutron-rich dynamical ejecta. The
smaller anisotropic-shell component (blue color) denotes the
early viscosity-driven ejecta and long-term viscosity-driven
ejecta from the torus. The polar spheroid component (dark
blue color) denotes the viscosity-driven ejecta from the torus
influenced by neutrino irradiation from the massive neutron
star. The “Low Ye” implies that it contains neutron-rich mat-
ter with Ye . 0.2, which contributes to enhancing the opac-
ity through the nucleosynthesis of lanthanide elements. The
“Medium Ye” and “High Ye” imply that it does not contain
such neutron-rich matter because Ye & 0.25 and Ye & 0.35,
respectively. The filled (purple) circle and neighbouring small
(orange) ellipsoids in the central region denote a massive neu-
tron star and accretion torus surrounding it. We note that the
“Low Ye” component has high average expansion velocity of
v̄ej ⇠ 0.2c while the “Medium” and “High” components have
slower velocity, 0.1–0.2c. Note that the gravitational-wave
observation indicates that we observe the merger remnant of
GW170817 along the direction of ✓  28� from the rotation
axis.

relativity simulations) suggest that in this model, the
mass of the mildly neutron-rich viscosity-driven ejecta
with the velocity 0.05–0.15c could be & 0.03M� in to-
tal for ↵vis & 0.02. Since most of these viscosity-
driven ejecta are not highly neutron-rich with Ye &
0.25, and thus, the nucleosynthesis of lanthanide ele-
ments would be suppressed, their opacity is likely to be
 ⇠ 1 cm2/g [22, 49, 51]. In particular for the ejected
matter located for the high latitude (✓ . 45�), Ye is al-
ways high (see Figs. 3 and 6). This indicates that if an
observer is not located near the binary orbital plane, the
e↵ect of the lanthanide curtain provided by the dynam-
ical ejecta could be avoided. Then, if the mass of the

viscosity-driven ejecta is su�ciently high as & 0.03M�
(i.e., ↵vis is su�ciently large ⇠ 0.02–0.04), the electro-
magnetic observations for GW170817 can be naturally
interpreted.
One unclear point in the early viscosity-driven ejec-

tion is that we do not know whether ↵vis is really suf-
ficiently large ⇠ 0.02–0.04 around the central region
of the remnant massive neutron star, i.e., a su�ciently
strong turbulence state is realized or not there, although
↵vis = O(0.01) is a reasonable magnitude for turbulent
fluids: Indeed, our latest high-resolution MHD simula-
tion [72] shows that at least for an outer region of the
remnant massive neutron star and torus, ↵vis is likely to
be enhanced to ⇠ 0.02. To assess the validity of this
scenario, however, we need to perform a high-resolution
MHD simulation for the merger and post-merger of bi-
nary neutron stars, in which several MHD instabilities
such as Kelvin-Helmholtz and magneto-rotational insta-
bilities are well resolved. We note that if the initial torus
mass of the merger remnant is higher (e.g., for the merger
of significant binary mass asymmetry), the ejecta mass
of ⇠ 0.03M� may be achieved for a smaller value of ↵vis.
Thus, the required value for ↵vis may be smaller.
In this section, we have paid particular attention to

the optical-IR counterparts in the relatively early phase
of . 5 days. In the late phase, the e↵ect of the dynamical
mass ejection of low Ye (i.e., of high values of ) should
be visible. The late-time reddening [6, 10, 84] is likely
to be associated with the dynamical ejecta component in
our scenario.

IV. DISCUSSION

A. Perspective for constraining the neutron-star

EOS through measuring tidal deformability

In Sec. III, we proposed a model of the binary neutron
star merger suitable for interpreting the observational re-
sults for the electromagnetic signals of GW170817. Our
analysis suggests that the neutron-star EOS would be
sti↵ enough (i.e., the maximum mass for cold spherical
neutron stars is large enough) to produce a long-lived
massive neutron star after the merger for the total mass
m & 2.73M�. However, this suggestion primarily con-
strains the maximum mass of cold neutron stars, not
neutron-star radius.

One of the most promising methods to narrow down
the possible EOS candidates by constraining the typical
radius of neutron stars is to measure the tidal deforma-
bility of neutron stars through the gravitational-wave ob-
servation of the late inspiral signals of binary neutron
stars (e.g., Refs. [88–92]). For an event of S/N ⇡ 30
to LIGO O2 sensitivity (for which the sensitivity for a
high-frequency band & 400Hz is not as good as for the
lower-band [93]), the binary dimensionless tidal deforma-
bility, ⇤, would be distinguished up to �⇤ ⇡ 400 at 2-�
level by analyzing gravitational waves from binary neu-

outward, while the torus material near the torus surface accretes
onto the central MNS (see also Figure 5 in Section 3.2).
Figure 3 shows the density profiles on the equatorial plane at
different time slices. As found in this figure, the torus gradually
expands with time; hence, the torus density decreases. This
behavior of the torus is determined by the viscous angular
momentum transport (see Section 3.2 for details).

The top and middle panels of Figure 4 show the time
evolution of the baryon mass and the angular momentum of the
torus defined by
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For all of the models, they decrease with time due to mass
accretion onto the central MNS and outflow.5

In the phase of the early viscosity-driven mass ejection, in
which the density profiles of the MNS and torus vary in a short
timescale, the decrease timescale is slightly shorter than that
estimated by Equation (21). However, after the torus relaxes to
a quasi-stationary state, the timescale agrees approximately
with that by Equation (21).

Figure 2. Snapshots of the density and poloidal velocity field for the fiducial model DD2-135135-0.02-H at t=0.02, 0.04, 0.1, 0.2, 0.4, 0.8, 1.6, and 2.4 s. The length
of the velocity vector corresponds to the logarithm of the poloidal velocity. The scale is shown in panel (1). For each panel, the left and right subpanels show the wide
region (r2000km) and narrow region (r300km), respectively.

5Here Mb,torus and Jtorus slowly decrease even in the inviscid model. This
inflow is due to the cooling of the torus by the neutrino emission; the loss of the
pressure support causes the torus accretion.
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• Disk ejecta mass can be ~ 0.05Msun,  but slower v~0.1c. 
• In total, a few % Msun and E~1051 erg, resulting in EM emission. 



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

Time

Merger Mass ejection 
A few % Msun 

~0.1c

R-process 
nucleosynthesis

Radioactive decay

Photons  
diffuse out

Optically 
thin

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

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



A Kilonova in GW170817
 

 

Extended Data Figure 4 | AT 2017gfo evolves faster than any known 

supernova, contributing to its classification as a kilonova. We compare our 

w-band data of AT 2017gfo (red; arrows denote 5σ non-detection upper limits 

reported by others55,56) to r-band templates of common supernova types (types Ia 

and Ib/c normalized to peaks of −19 and −18 mag respectively)50,51, to r-band 

data of two rapidly-evolving supernovae52,53 (SN 2002bj and SN 2010X) and to 

R-band data of the drop from the plateau of the prototypical type IIP supernova54 

SN 1999em (dashed line; shifted by one magnitude for clarity). 
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Arcavi+17, Coulter+17, Lipunov+17, Soares-Santos+17, Tanvir+17, 
Valenti+17, Kasliwal+17,Drout+17, Evans+17, Utsumi+17 

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



R-process Nucleosynthesis in merger ejecta

© Jonus Lippuner



R-process heating

D
ec

ay
 ra

te

Time

P Ni
⌧i

/ 1
t

(Metzger et al 10, Goriely et al 11, Roberts et al 11, Korobkin et al 12,  
Wanajo et al 2014, Lippuner and Roberts 2015, KH, Sari, Piran 2017) 



Simple estimate of heating
• Many radioactive decay chains: 

• A relation between the lifetime and decay energy: 

• Physical constants in beta decay:
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Very similar to the nuclear network results.

KH,Sari,Piran 17



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

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

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

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

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

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

The energy budget of the Kilonova in GW170817

KH & Nakar 20



Implication to the r-process abundance
11

Figure 9. Bolometric light curves for di↵erent nuclear compositions. The ejecta mass is chosen to be 0.1M� for 141  A  209 and
0.05M� for the others. The values of the opacity are the followings: 0.3 cm2/g (v > 0.18c) and 3 cm2/g (v  0.18c) for Amin = 72,
0.5 cm2/g (v > 0.2c) and 3 cm2/g (v  0.2c) for Amin = 85, and 0.1 cm2/g (v > 0.18c) 3 cm2/g (v  0.18c) for Amin = 141.

for this di↵erence is, at least in part, due to the fact that Waxman et al. (2018, 2019) assume that the energy of the
deposited electrons is 1MeV, while experimental data show that at the relevant time it is typically lower (see figure
1), which corresponds to a larger value of tth,� .
An interesting point that we find in the attempt to fit the data with di↵erent compositions is that including a

�-decay chain, 88Kr!88Rb!88Sr, enhances the peak luminosity, where 88Kr and 88Rb have a half-life of 2.83 hr and
17.8min, respectively. This decay chain releases ⇠ 5 MeV in electrons and �-rays. For example, the peak luminosity
with Amin = 85 is higher by a factor of ⇠ 2 than that with Amin = 90. The high peak luminosity of the macronova
GW170817 may indicate that this decay chain significantly contributes to the heat around the peak.
The dependence of the heating rate on the composition may provide some clues about the ejecta. Figure 9 shows

the bolometric light curves powered by �-decay with di↵erent atomic mass ranges (assuming a solar abundance ratio).
The light curve model with 85  A  140, where there are no elements beyond the second peak, is similar to the
one with 85  A  209. The reason is that the contribution of elements with A > 140 to the heating is minor.
Thus, at least for heating, these elements are not required, although the late time spectrum and color evolution of the
macronova GW170817 suggest that the ejecta contains elements beyond the second peak (e.g., Chornock et al. 2017).
In the case that only the first peak elements are included (72  A  85), the luminosity is too low to reproduce the
late-time Spitzer data (see Kasliwal et al. 2019 for details). The reason is that during the first week the heat deposition
is dominated by a single chain of the elements with A = 72 and there are no element with a significant contribution
at late times. When heavier elements are added, 72  A  209, the emission at late time is brighter and marginally
consistent with the strict Spitzer lower limits. The reason for the rather low late-time heating (compared to the case
with 85  A  209) is that also here the large mass carried by first peak elements that do not contribute to the late
time emission is coming on the expense of the heavier elements that contribute to the late-time heating. Given that
the Spitzer lower limits account only for the emission seen within the Spitzer band, it is most likely that the actual
bolometric luminosity is at least a factor of a few brighter than these lower limits and therefore it is most likely that
the ejecta did not contain a significant fraction of first peak elements. Finally, when only elements beyond the second
peak are included (140  A  209), the luminosity at early times is lower by a factor of ⇠ 5 than the observed data.
This suggests that while elements above the second peak are probably present in the ejecta (based on their opacity
signature), the total ejecta mass is dominated by elements with atomic mass 85  A  140.
Figure 10 depicts the bolometric light curve and temperature in the case that ↵-decay heating is included assuming

the abundances of ↵-decaying nuclei used for figure 5. Because the heating rate at later times is significantly enhanced
by the ↵-decay contribution, the total ejecta mass required to fit the data is reduced to ⇡ 0.023M�. Here, we use
the density profile same to the above and the opacity of 0.5 cm2/g for v > 0.14c and 3 cm2/g for v  0.14c. In this
model, the light curve at 1 . t . 10 days declines with / t�1 resulting from that the ↵-decay heating kicks in around
2 days. Then the model light curve turns to declines as / t�2.8 due to the thermalization ine�ciency. However, the
observed light curve falls more quickly than the model light curve, although this may be a result of underestimate of
the observed bolometric luminosity at t & 7 days.

5. EJECTA MASS ESTIMATE BASED ON THE KATZ INTEGRAL

Estimate of the ejecta mass that uses light curve modeling are degenerated with the opacity, heating rate, density
profile, as well as the outflow geometry and the viewing angle. Katz et al. (2013) suggest a powerful method to obtain
the total mass of radioactive elements, Mrad, from observed bolometric light curve data, Lbol(t), as long as the heat
deposition rate is known. The following relation between the heating rate and the bolometric light curve should be

KH & Nakar 2020

As long as, the 2nd and 3rd elements are abundant, radioactivity 
can explain the energy budget. 

Beyond 2nd peak

1st peak only

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

10
(NX/NY)� log

10
(NX/NY)�,

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

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

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

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

Since rate estimates of r-process events are sensitive to the minimal atomic mass number as-
sumed, we consider here two scenarios in which an astrophysical phenomenon predominantly pro-
duces (i) all the r-process elements (Amin = 69) and (ii) only heavy r-process elements (Amin = 90).
The mass fractions of the lanthanides out of the total r-process elements for these two cases are
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Figure 9. Bolometric light curves for di↵erent nuclear compositions. The ejecta mass is chosen to be 0.1M� for 141  A  209 and
0.05M� for the others. The values of the opacity are the followings: 0.3 cm2/g (v > 0.18c) and 3 cm2/g (v  0.18c) for Amin = 72,
0.5 cm2/g (v > 0.2c) and 3 cm2/g (v  0.2c) for Amin = 85, and 0.1 cm2/g (v > 0.18c) 3 cm2/g (v  0.18c) for Amin = 141.

for this di↵erence is, at least in part, due to the fact that Waxman et al. (2018, 2019) assume that the energy of the
deposited electrons is 1MeV, while experimental data show that at the relevant time it is typically lower (see figure
1), which corresponds to a larger value of tth,� .
An interesting point that we find in the attempt to fit the data with di↵erent compositions is that including a

�-decay chain, 88Kr!88Rb!88Sr, enhances the peak luminosity, where 88Kr and 88Rb have a half-life of 2.83 hr and
17.8min, respectively. This decay chain releases ⇠ 5 MeV in electrons and �-rays. For example, the peak luminosity
with Amin = 85 is higher by a factor of ⇠ 2 than that with Amin = 90. The high peak luminosity of the macronova
GW170817 may indicate that this decay chain significantly contributes to the heat around the peak.
The dependence of the heating rate on the composition may provide some clues about the ejecta. Figure 9 shows

the bolometric light curves powered by �-decay with di↵erent atomic mass ranges (assuming a solar abundance ratio).
The light curve model with 85  A  140, where there are no elements beyond the second peak, is similar to the
one with 85  A  209. The reason is that the contribution of elements with A > 140 to the heating is minor.
Thus, at least for heating, these elements are not required, although the late time spectrum and color evolution of the
macronova GW170817 suggest that the ejecta contains elements beyond the second peak (e.g., Chornock et al. 2017).
In the case that only the first peak elements are included (72  A  85), the luminosity is too low to reproduce the
late-time Spitzer data (see Kasliwal et al. 2019 for details). The reason is that during the first week the heat deposition
is dominated by a single chain of the elements with A = 72 and there are no element with a significant contribution
at late times. When heavier elements are added, 72  A  209, the emission at late time is brighter and marginally
consistent with the strict Spitzer lower limits. The reason for the rather low late-time heating (compared to the case
with 85  A  209) is that also here the large mass carried by first peak elements that do not contribute to the late
time emission is coming on the expense of the heavier elements that contribute to the late-time heating. Given that
the Spitzer lower limits account only for the emission seen within the Spitzer band, it is most likely that the actual
bolometric luminosity is at least a factor of a few brighter than these lower limits and therefore it is most likely that
the ejecta did not contain a significant fraction of first peak elements. Finally, when only elements beyond the second
peak are included (140  A  209), the luminosity at early times is lower by a factor of ⇠ 5 than the observed data.
This suggests that while elements above the second peak are probably present in the ejecta (based on their opacity
signature), the total ejecta mass is dominated by elements with atomic mass 85  A  140.
Figure 10 depicts the bolometric light curve and temperature in the case that ↵-decay heating is included assuming

the abundances of ↵-decaying nuclei used for figure 5. Because the heating rate at later times is significantly enhanced
by the ↵-decay contribution, the total ejecta mass required to fit the data is reduced to ⇡ 0.023M�. Here, we use
the density profile same to the above and the opacity of 0.5 cm2/g for v > 0.14c and 3 cm2/g for v  0.14c. In this
model, the light curve at 1 . t . 10 days declines with / t�1 resulting from that the ↵-decay heating kicks in around
2 days. Then the model light curve turns to declines as / t�2.8 due to the thermalization ine�ciency. However, the
observed light curve falls more quickly than the model light curve, although this may be a result of underestimate of
the observed bolometric luminosity at t & 7 days.

5. EJECTA MASS ESTIMATE BASED ON THE KATZ INTEGRAL

Estimate of the ejecta mass that uses light curve modeling are degenerated with the opacity, heating rate, density
profile, as well as the outflow geometry and the viewing angle. Katz et al. (2013) suggest a powerful method to obtain
the total mass of radioactive elements, Mrad, from observed bolometric light curve data, Lbol(t), as long as the heat
deposition rate is known. The following relation between the heating rate and the bolometric light curve should be
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(i) the 1st peak only cannot explain the observation. 
(ii) Beyond 2nd peak only also cannot.

Beyond 2nd peak

1st peak only

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

10
(NX/NY)� log

10
(NX/NY)�,

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

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

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

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

Since rate estimates of r-process events are sensitive to the minimal atomic mass number as-
sumed, we consider here two scenarios in which an astrophysical phenomenon predominantly pro-
duces (i) all the r-process elements (Amin = 69) and (ii) only heavy r-process elements (Amin = 90).
The mass fractions of the lanthanides out of the total r-process elements for these two cases are
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Figure 10. Same as Fig. 8 including ↵-decay heating and a total ejecta mass of 0.023M�. The initial abundance of
(Y (222Rn), Y (223Ra), Y (224Ra), Y (225Ra)) = (4.0 · 10�5, 2.7 · 10�5, 4.1 · 10�5, 2.7 · 10�5).
valid for all times t � tf :

Mrad

Z t

0
t0 · Q̇th(t

0)dt0 =

Z t

0
t0 · Lbol(t

0)dt0, (33)

where tf is the time where the di↵usion wave crosses the entire ejecta and the bolometric luminosity approches the
instantanouos heating rate, i.e., Lbol(t � tf ) ⇡ Q̇th(t). Since the heating rate Q̇th depends on the ejecta composition,
Mrad is determined for a given ejecta composition (see Nakar et al. 2016 for an application to core-collapse supernovae).
We emphasize that this method is fully independent of the opacity, which is the most uncertain quantity, and it is
also almost independent of the ejecta geometry and velocity profile4. The light curve of the macronovae of GW170817
decline rapidly ay t > 7 day and at the same time the spectrum becomes non-thermal suggesting that by that time
the di↵usion wave crossed most of the ejecta and therefore the available bolometric light curve data is su�cient in
order to use this method to estimate Mrad and under the assumption that the ejecta is composed entirely by r-process
elements Mej = Mrad.
Figure 11 (left) depicts the time-weighted integral of the heating rate and bolometric luminosity. Here, we use the

�-decay and ↵- and �-decay models shown in figure 8 and 10. The integral of the heating rate approaches that of
bolometric luminosity around 10 days for the �-decay model and 5 days for the ↵- and �-decay model. Figure 11
(right) shows the Katz integral as a function of the minimum atomic mass number, where we assume the solar r-process
abundance pattern with Amin  A  209. The grey region shows the integral with the ejecta mass of 0.05± 0.01M�
at 12.5 days. Also shown as red and blue horizontal bars are the right hand side of equation (11) based on the
observed bolometric data of the macronova in GW170817 taken from Waxman et al. (2018) and Kasliwal et al. (2017),
respectively. The comparison between these two quantities suggests that the ejecta mass in this event is ⇡ 0.05M�
for Amin  72 and 85  Amin  130 with the solar r-process abundance pattern.

6. DISCUSSION

6.1. Abundance pattern of light r-process elements

Here we consider the elemental abundance pattern of merger ejecta based on a hypothesis that r-process elements
of r-process enhanced metal poor stars are predominantly produced by neutron star mergers. The observations of
these stars reveal that their elemental abundance patterns beyond the second r-process peak (A & 140) are practically
indistinguishable among them and in agreement with the solar pattern. The abundances of the elements between the
first and second peaks (90 . A . 120) relative to the europium abundance are scattered around the solar pattern
within 1 dex. Notably, r-process enhanced metal poor stars contain systematically less amounts of Gd and Ge (the first
r-process peak) by & 1 dex than that expected from the solar abundance pattern. If the hypothesis is correct, these
observational facts suggest that mergers produce r-process elements with an abundance similar to the solar pattern
with a minimum atomic mass number of 75 . Amin . 85.
R-process nucleosynthesis calculations show a clear dependence of the abundance pattern on the initial electron

fraction, Ye (Korobkin et al. 2012; Perego et al. 2014; Wanajo et al. 2014; Lippuner & Roberts 2015; Wanajo 2018).
Heavy elements beyond the second peak are produced for Ye . 0.2. When Ye ⇠ 0.25, synthesized nuclei are mostly those
around the second peak. The first peak elements are predominantly produced for Ye & 0.35. Numerical simulation of
dynamical ejecta (Freiburghaus et al. 1999; Bauswein et al. 2013; Sekiguchi et al. 2015; Foucart et al. 2016; Radice
et al. 2016, 2018; Bovard et al. 2017) and disk wind (Fernández & Metzger 2013; Fernández et al. 2015; Metzger &
Fernández 2014; Perego et al. 2014; Just et al. 2015; Fujibayashi et al. 2017; Siegel & Metzger 2018) show that Ye is

4 The only dependence on the ejecta structure is through the thermalization time, which a↵ects the heat deposition rate on the left-hand
side of equation (33).

α-decay

α-decay

β-decay

KH & Nakar 20, see also, Wanajo+14, KH+16, Barnes+16, Zhu+18, Wu+19 

• α-decay can dominate the energy source (222Rn, 223Ra, 224Ra, 225Ra). But the relative 
importance to β-decay is very uncertain. 


• Spontaneous fission can also be important at late times > 10 day. But it is also 
highly uncertain.
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instantanouos heating rate, i.e., Lbol(t � tf ) ⇡ Q̇th(t). Since the heating rate Q̇th depends on the ejecta composition,
Mrad is determined for a given ejecta composition (see Nakar et al. 2016 for an application to core-collapse supernovae).
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respectively. The comparison between these two quantities suggests that the ejecta mass in this event is ⇡ 0.05M�
for Amin  72 and 85  Amin  130 with the solar r-process abundance pattern.

6. DISCUSSION

6.1. Abundance pattern of light r-process elements

Here we consider the elemental abundance pattern of merger ejecta based on a hypothesis that r-process elements
of r-process enhanced metal poor stars are predominantly produced by neutron star mergers. The observations of
these stars reveal that their elemental abundance patterns beyond the second r-process peak (A & 140) are practically
indistinguishable among them and in agreement with the solar pattern. The abundances of the elements between the
first and second peaks (90 . A . 120) relative to the europium abundance are scattered around the solar pattern
within 1 dex. Notably, r-process enhanced metal poor stars contain systematically less amounts of Gd and Ge (the first
r-process peak) by & 1 dex than that expected from the solar abundance pattern. If the hypothesis is correct, these
observational facts suggest that mergers produce r-process elements with an abundance similar to the solar pattern
with a minimum atomic mass number of 75 . Amin . 85.
R-process nucleosynthesis calculations show a clear dependence of the abundance pattern on the initial electron

fraction, Ye (Korobkin et al. 2012; Perego et al. 2014; Wanajo et al. 2014; Lippuner & Roberts 2015; Wanajo 2018).
Heavy elements beyond the second peak are produced for Ye . 0.2. When Ye ⇠ 0.25, synthesized nuclei are mostly those
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4 The only dependence on the ejecta structure is through the thermalization time, which a↵ects the heat deposition rate on the left-hand
side of equation (33).

7

Figure 4. Radioactive power and heating rate of �-decay in electrons and �-rays. The solar r-process abundance pattern with a
minimum atomic mass number of Amin = 85 (left) and 141 (right) is assumed. Also shown in both panels is an analytic heating rate,
1010(t/day)�4/3 erg/s/g. For the thermalization processes, we assume an ejecta mass of 0.05M�, v0 = 0.1c, vmax = 0.4c and n = 4.5.
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Figure 5. Same as figure 4 but for ↵-decay (left) and spontaneous fission (right). Here we assume the initial abundance of ↵-decay
nuclei of (Y (222Rn), Y (223Ra), Y (224Ra), Y (225Ra)) = (4.0 · 10�5, 2.7 · 10�5, 4.1 · 10�5, 2.7 · 10�5) (Wu et al. 2019). 254Cf with an initial
abundance of 2.0 · 10�6 is used. The ejecta profile same to that of figure 4 is used.

t0 (Swartz et al. 1995; Je↵ery 1999; Wygoda et al. 2019). This time scale, t0, is defined by the time at which the
e↵ective optical depth for �-rays is unity, ⌧�,e↵ = 1:

⌧�,e↵ = �,e↵⌃m(t), (20)

where �,e↵ is the purely absorptive e↵ective opacity and the mass-weighted column density of the ejecta is

⌃m(t)=

Z
d3x

⇢(t, ~x)

Mej

Z
d⌦̂

4⇡

Z 1

0
ds⇢(t, ~x+ s~̂⌦), (21)

=C⌃Mejv
�2
0 t�2, (22)

where ~̂⌦ is the unit solid angle vector. C⌃ is a constant that depend on the structure of the ejecta and can be found
by carrying out the integral in the equation 21. For the ejecta power-law profile that we consider (equation 12) the
integration should be carried out numerically. The analytic formula

C⌃ ⇡ 0.1w + 0.003
k

w
. (23)

provide a good approximation (up to a factor of order unity) for 0 < k < 5 and 0.1 < w < 0.5, which is the most
relevant range for the merger ejecta.
The e↵ective opacity �,e↵ accounts for the fraction of the energy that �-rays deposit when they propagate through
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• α-decay can dominate the energy source (222Rn, 223Ra, 224Ra, 225Ra). But the relative 
importance to β-decay is very uncertain. 


• Spontaneous fission can also be important at late times > 10 day. But it is also 
highly uncertain.
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• The photosphere is in the middle (v~0.1-0.2c). 
• The photospheric temperature is T=O(103K). 
• The spectrum peaks at optical-nIR. Rich observation data exist for GW170817.
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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

Electron scattering in puer hydrogenElectron scattering in puer hydrogen

Tanaka+2020
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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
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Kilonova Radiation Transfer Result

Dynamical ejecta

Figure 6

Schematic picture of the ejecta profile for the case that a long-lived massive neutron star is formed
as a remnant. The large spheroidal-shell component denotes the neutron-rich dynamical ejecta.
The small spheroidal-shell and polar components denote the early viscous and long-term viscous
components, respectively. The “Low Ye” implies that it contains neutron-rich matter with
Ye ⇠< 0.2, which contributes to enhancing the opacity through the nucleosynthesis of lanthanide
elements. The “Medium Ye” and “High Ye” imply that it does not contain such neutron-rich
matter because Ye ⇠> 0.25 and Ye ⇠> 0.40, respectively. The filled circle and ellipsoids in the central
region denote a massive neutron star and accretion torus surrounding it. We note that the “Low
Ye” component has high average expansion velocity of vej ⇠ 0.2c while the “Medium” and “High”
components have slower velocity, 0.1–0.2c. Note that the gravitational-wave observation indicates
that we observe the merger remnant of GW170817 along the direction of ✓ ⇠< 30� from the
rotation axis.
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(like second- and third-peak elements), the heating rate
would be much lower than that shown here (see Fig. 5 of
Ref. [50]).

For t & tpeak, the total luminosity (in the hypothetical
presence of heavy r-elements) is given approximately by

L ⇡ "̇Mej

= (0.3�1.0)⇥ 1042 erg/s

✓
Mej

0.03M�

◆✓
t

day

◆�1.3

.

(3.4)

We note that in the presence of other strong energy
sources, e.g., a magnetar central engine, the total lumi-
nosity may be higher than that in Eq. (3.4), but in this
section, we do not consider this possibility.

Figure 4 shows observational light curves where the
data are taken from Ref. [82]. For describing the elec-
tromagnetic counterparts of GW170817 for t . 5 d, the
following observational results give the fundamental con-
straints to the free parameters such as the ejecta mass,
velocity, and opacity: (i) The peak absolute (AB) mag-
nitude in the r, i, and z bands is ⇡ �16 mag assum-
ing that the distance to the source is 40Mpc (the re-
quired luminosity for these bands is, broadly speaking,
(3–5) ⇥1041 erg/s) and the peak luminosity is reached
within ⇠ 1 d after the merger. (ii) The peak abso-
lute (AB) magnitude in the IR bands (J , H, and K
bands) is ⇡ �15.5 mag (the required magnitude for these
bands is approximately 1041 erg/s for the J band and
3 ⇥ 1040 erg/s for the K band), and this peak luminos-
ity is reached in a week after the merger. Note that the
observed spectrum is consistent broadly with the black-
body one with decreasing temperature (but see Ref. [83]
for detailed comparisons), and hence, the evolution of
the luminosity is consistent with the macronova/kilonova
model.

The early peak time for these observational results sug-
gests that the opacity cannot be as large as  = 10 cm2/g
even for v̄ej ⇠ 0.2c (see Eq. (3.1)). The high peak lumi-
nosity also suggests that the ejecta mass should be ap-
preciably larger than 0.01M� (see Eq. (3.4)). The con-
straint,  ⌧ 10 cm2/g, implies that the electromagnetic
counterpart should not contain a large amount of lan-
thanide elements at least along our line of sight in the
early time (for a few days after the onset of merger). This
strongly suggests that the ejecta would be composed not
only of dynamical ejecta but also of other components like
viscosity-driven-ejection components because the dynam-
ical ejecta primarily synthesizes heavy r-process elements
including lanthanide elements. Also the high luminosity
(i.e., high ejecta mass > 0.01M�) suggests that the ejecta
would not be composed only of dynamical ejecta.

In the late-phase of the electromagnetic counterparts of
GW170817 with t & 5 d, a significantly reddening feature
is found (e.g., Refs. [6, 10, 84]). For describing this com-
ponent, the opacity should be high  ⇠ 10 cm2/g, and
hence, an appreciable amount of the lanthanide synthe-
sis is required. This component is likely to be supplied
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FIG. 4. Observational light curves (in terms of the data taken
from Ref. [82]) and a light curve model [3] of the electromag-
netic counterparts of GW170817. Plotted are the absolute
AB magnitudes for the r, i, z, J , H, and Ks bands. The
horizontal axis shows the day spent after merger of the bi-
nary neutron stars. Here, we assume that the distance to the
source is 40Mpc.

from the dynamical ejecta and viscosity-driven compo-
nents obscured by the dynamical ejecta.

The solid curves of Fig. 4 denote a light curve model [3]
for the electromagnetic counterparts of GW170817. This
model assumes that the spherical ejecta expands in a ho-
mologous manner with the average velocity 0.1c and with
the mass Mej = 0.03M�. In this example, the opacity is
determined for a hypothetical abundance of r-process el-
ements synthesized from the ejecta of Ye = 0.25 [22] and
results approximately in  ⇠ 1 cm2/g. This model ap-
proximately captures the features for the observed event.
We note that for a model in which Mej = 0.03M� and
 = 10 cm2/g, the i-band luminosity at t = 1d is only
⇡ �15mag, and moreover, the peak time for H-band is
delayed significantly to tpeak & 5 d [22]. These results
suggest that the low value of  is one of the keys for
interpreting the observational results of GW170817.

Paying particular attention to the two constraints (i)
and (ii), we here explore the following two scenarios for
interpreting the GW170817 event: One scenario is based
on the numerical results with the SFHo EOS, and the
other is based on the results with the DD2 EOS. For the
given constraint to the total mass of the binary neutron
stars of GW170817, m � 2.73M�, in the former, the
remnant is a spinning black hole surrounded by a torus,
and in the latter, it is a long-lived massive neutron star
surrounded by a torus. In the following subsections, we
finally conclude that (I) the current numerical-relativity
simulations do not support the SFHo model in which a
black hole is formed in a short time scale after the on-
set of merger and hence long-term strong sources for the
neutrino irradiation may be absent in the merger rem-
nant (because of the same reason [85, 86], the black hole-

Shibata, Fujibayashi, KH+17, Kawaguchi+19

Heavy  
r-process Light  

r-process

Medium  
r-process

• From the observed data, the opacity must increase with time. 
• The early blue emission (~ 1 day) => low opacity, e.g., lanthanide-free light r-process. 
• The late red emission (~5 days) => high opacity, e.g., lanthanide-rich heavy r-process. 
• However, the models are generally too red. We probably miss something. 
• We’ll hear more about the kilonova spectrum from Domoto-san.  

Early blue Late red
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• Photons escape from the almost entire ejecta without absorption, i.e., tau<1. 
• Kilonova radiation is dominated by emission lines, which are narrower. 
• Although it is fainter, we may have good chance to identify more elements.
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• Kilonova radiation is dominated by emission lines, which are narrower. 
• Although it is fainter, we may have good chance to identify more elements.
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Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT

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

1 INTRODUCTION

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

2 FINE STRUCTURE TRANSITIONS

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

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

�M1

�E1
⇠ 1.3 · 10�5/2

2

✓
_E1

_M1

◆3
, (1)

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

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

�M1

�E2
⇠ 2.6 · 1011/�4

2

_5
E2

_3
M1

, (2)

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

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

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

�D; = 1.3 s�1
✓
_D;

4 `m

◆�3
5 (�D, !D, (D), (3)

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

5 (�, !, () =
(�2

� (! � ()2) ((! + ( + 1)2 � �2
)

12� (2� + 1)
, (4)

for �D = �; + 1 and

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

12(� + 1) (2� + 1)
, (5)

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

© 2022 The Authors
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Line list for kilonova nebula
- We constructed a forbidden (M1) line list up to Eeinsteinium (Z=99). 
- The experimentally calibrated levels and the LS selection rules are used. 
- A values are assigned with an analytic formula (Pasternack 40, Shortley 40, Bahcall & Wolf 68) 
- Some ions are missing because the energy levels are unknown.

2 K. Hotokezaka et al.

Table 1. Selection rules in LS coupling.

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

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

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

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

hfEiD; =
8.63 · 10�8p

)4,4

⌦D;

6D
cm3s�1, (6)

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

=2,D =
Õ
;>D �D;Õ

;>DhfEiD;
. (7)

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

=2,4 ⇡ 1.5 · 107p)4,4 6D
⌦D;

✓
_D;

4 `m

◆�3
5 (�D, !D, (D) cm�3. (8)

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

107 cm�3E�3
ej,�1j4C

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

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

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

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

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

Figure 2. ions.

3 LINE LIST

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

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

MNRAS 000, 1–?? (2022)
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Kilonova nebular spectrum: 40 days

• We can now generate synthetic nebular spectra with the accurate line location. 
• JWST can resolve the emission lines for kilonovae at ~100Mpc. 
• With this model and data, the amounts of ions can be estimated.

40 day after merger

Spitzer photometry (GW170817)



Forward & Reverse modelings

Neutron Star Merger Nebula 9

Figure 8. Kinetic temperature evolution for the dynamical ejecta model (left: "ej = 0.02"� and E0 = 0.22) and slow wind model (right: "ej = 0.05"� and
E0 = 0.052). The fiducial model (wind) is also shown as a dash-dotted curve for comparison. The time scales on which the ejecta enters the nebular phase for
the dynamical ejecta and slow models are ⇡ 10 day and 70 day, respectively.

Figure 9. Normalized spectra for Nd II, Nd III, and Nd IV. Here we use a kinetic temperature of )4 = 4500 K, an electron density of =4 = 1.6 · 104 cm�3, and
electron fraction of j = 1. These values roughly correspond to those around 40 day after merger in the fiducial model. Solid, dashed, and dash-dotted curves
depict the total spectrum, the contribution of E1 transitions, and the contribution of M1 transitions, respectively. Also shown as vertical lines are individual E1
(blue) and M1 (red) lines. The Doppler broadening of each line at a frequency a8 is incorporated by using a Gaussian distribution with a standard deviation of
⇡ (E0/2)a8 = 0.1a8 .
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Figure 10. Spectra for the fiducial model at 40 day (left) and 80 day (right) after merger. The contributions of Nd II, Nd III, Nd IV are also shown. Filled
circle and triangle are the detection at 4.5 `m and 3f upper limit at 3.6 `m obtained by Spitzer telescope at 43 day (left) and 74 day (right) after GW170817
(Kasliwal et al. 2019).

MNRAS 000, 1–15 (2020)

Nd II

Nd III
Nd IV

Starting from 
atomic data

Forward modeling (KH+21) 
Currently, the model is limited to a few elements.
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Figure 4. Comparison of line strengths of Nd II and Nd III computed by
using GRASP2K (Gaigalas et al. 2019) with the experimental results (Den
Hartog et al. 2003) and the APOGEE line list (Hasselquist et al. 2016) for
Nd II and the Nd III line list based on the stellar spectrum of a strongly
magnetic Ap star (Ryabchikova et al. 2006).

4.2 Radiative transition rate

We include the excited levels of Nd ions up to⇡ 5 eV (Gaigalas et al.
2019). The numbers of levels included are 1400, 200, 40 for Nd II,
Nd III, and Nd IV, respectively. Figure 3 shows the distribution of
E1 and M1 transitions. Nd II has more lines than Nd III and Nd IV,
suggesting that the cooling of Nd II per ion is the most e�cient.
Note that radiative transition rates of M1 transitions are lower by a
factor of⇠ 105 than E1 transitions. We also examined E2 transitions
and found that their contribution to the cooling function is rather

minor in the relevant temperature range and therefore we decide not
to include E2 transitions.

Note that there are excited states that can decay through E1
transitions down to ⇠ 0.7 eV for Nd II, indicating that the cooling
through the E1 lines is important even around 5000 K. This feature
is qualitatively di�erent from SN Ia nebulae, where the cooling is
completely dominated by forbidden lines of the iron group elements.

Figure 4 compares the line spectra of Nd II and Nd III com-
puted by GRASP2K with those from Den Hartog et al. (2003) and
Ryabchikova et al. (2006) in the optical region and that from Has-
selquist et al. (2016) in the nIR region. Den Hartog et al. (2003)
experimentally measured the wavelengths and oscillator strengths
of over 700 lines of Nd II. Here we focus on the intensive lines with
log10 6 5 > �1.5, ⇢D < 35000 cm�1, and � > 5/2 in the range
of 4500 < _ < 7500. The number of lines satisfying these restric-
tions is ⇠ 180. The line distribution of GRASP2K statistically agrees
with the laboratory-based one. The GRASP2K line distribution is
also roughly in agreement with the nIR lines of Nd II identified
from the Apache Point Observatory Galactic Evolution Experiment
(APOGEE) H-band spectra (Hasselquist et al. 2016).

Because the line spectrum of Nd III is poorly known exper-
imentally, here we compare the GRASP2K result with the line list
provided by Ryabchikova et al. (2006), in which they propose the
line classification for Nd III based on stellar spectra and a theoret-
ical calculation of atomic structure. In figure 4, we show 23 lines
associated with the transitions between 4f4 and 4f35d in the range
of 4500 < _ < 7500. We note that the wavelength of each line
agrees within ⇠ % level. We consider that the GRASP2K line list is
su�ciently accurate at least for E1 transitions to capture the spectral
structure of the NSM nebular emission.

4.3 Collisional rate coe�cient and critical density

We derive the collisional rate coe�cients for the GRASP2K atomic
data with the procedure described in Appendix D. Here we discuss
the typical critical densities for Nd ions and implications to the
evolution of the cooling functions and spectra. The critical density
for a given upper level D is estimated as

=crit,D ⌘

Õ
;<D �D;Õ
;<D :D;

, (16)

⇠

⇢
109 cm�3 (E1 transition),
104 cm�3 (M1 transition),

(17)

where we used the typical value of :D; and �D; . These critical
densities correspond to the critical times:

Ccrit ⇠

⇢
1 day (E1 transition),

40 day (M1 transition).
(18)

When the NSM ejecta becomes optically thin, the time scale of
E1 radiative deexcitation is much faster than that of excitation, i.e.,
Ccrit (E1) ⌧ Cthin. Therefore, the level populations in the nebular
phase are always far from those in collisional equilibrium, i.e., the
LTE values. For C > Ccrit (M1), excited levels predominantly decay
through radiative transition. Such a state is referred to as corona
equilibrium. In this case, the cooling rate is proportional to =4=8 ,
i.e., the cooling function, ⇤8/=4=8 , is independent of the density,
and therefore, the kinetic temperature is expected to evolve very
slowly with time after Ccrit (M1) because of �/=2

/ C0.2.
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1, 放射再結合 2, 二重電子再結合 
(resonant process)

Thermal electron: Ee Thermal electron

Eγ=Ee+Eb E(X**) = Ee

Doubly excited state

再結合係数の問題

• 重元素はしばしば二重電子過程が放射過程よりも圧倒的に大きい。 
• 原子コードで計算可能だが、キロノバの温度(<1eV)では信頼性が低い。
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Summary
• Mass ejection of O(0.01Msun) is expected from numerical 

relativity. 

• A kilonova is powered by radioactivity of neutron-rich nuclei. 

• The observed kilonova light curve points to many radioactive 
species of 0.05Msun. 

• The late-time Spitzer observation is indicative of the 
existence of W. 

• JWST will cover a good range of the kilonova nebular 
spectrum. 


