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Figure 3. 3D rendering of the temperature distribution during the grazing impact of two neutron stars (1.3 and 1.4 M⊙, β = 1; run A). It is only in the third
close encounter (panel 5) that finally a single object forms. In each close encounter a slew of Kelvin–Helmholtz vortices forms at the interface between the
stars. For display reasons only matter below the orbital plane is shown and the colour bar has been restricted to values below 20 MeV.

(run I) the ns starts transferring mass into the hole after 1.5 orbital
periods. Consistent with our earlier studies this does not lead to the
disruption of the ns on a dynamical time-scale. Instead, self-gravity
overcomes tidal forces again and the ns enters a long-lived phase of
episodic mass transfer during which it transfers mass periodically
towards the hole while shedding mass through its outer Lagrange
point.2 This phase continues for as many as 25 orbital revolutions
before the ns is finally completely disrupted. The remnant at the
end of the simulation (t = 138.7 ms) consists of a ‘disc inside a
disc’ with a mass of 0.16 M⊙ for the inner, high-density disc (ρ >

2 Phases of stable mass transfer are not restricted to the case of Newtonian
gravity. A stiff equation of state (Rosswog et al. 2004), small mass ratios
and large bh spin parameters make systems particularly prone to stable mass
transfer, see Shibata & Taniguchi (2011) for a further discussion.

1011 g cm−3, r < 120 km) and 0.22 M⊙ if also the outer disc
(ρ > 108 g cm−3, r < 700 km) is counted. The dynamics of the
1.4 M⊙ (ns)–10 M⊙ (bh) system proceeds in a similar manner, here
after 15 orbital revolutions the ns is finally disrupted and leaves a
0.20 M⊙ disc together with a rapidly expanding one armed spiral
structure. All the numerically determined mass transfer durations
must be considered as robust lower limits on the true values (Dan
et al. 2011).

For the nsbh collision cases we only explore the dependence on
the bh mass and keep the impact strength (β = 1) and ns mass
(mns = 1.3 M⊙) constant. During the first pericentre passage of the
mbh = 3 M⊙ case, run D, the ns survives as a tidally spun up (close
to breakup, P ≈ 0.95 ms) self-gravitating object, but sheds some of
its mass in a tidal tail. When the ns passes the bh after about 5 ms
for a second time another tidal tail is produced. Once more, the
core of the ns survives as a gravitationally bound object. It is only

Rosswog+	13
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3 R A D I OAC T I V E H E AT I N G

3.1 Network calculations

In this section we present calculations of the radioactive heating of
the ejecta. We use a dynamical r-process network (Martı́nez-Pinedo
2008; Petermann et al. 2008) that includes neutron captures, pho-
todissociations, β-decays, α-decays and fission reactions. The latter
includes contributions from neutron-induced fission, β delayed fis-
sion and spontaneous fission. The neutron capture rates for nuclei
with Z ≤ 83 are obtained from the work of Rauscher & Thielemann
(2000) and are based on two different nuclear mass models: the
Finite Range Droplet Model (FRDM; Möller et al. 1995) and the
Quenched version of the Extended Thomas–Fermi with Strutinsky
Integral (ETFSI-Q) model (Pearson, Nayak & Goriely 1996). For
nuclei with Z > 83 the neutron capture rates and neutron-induced
fission rates are obtained from Panov et al. (2010). β-decay rates
including emission of up to three neutrons after β-decay are from
Möller, Pfeiffer & Kratz (2003). β-delayed fission and spontaneous
fission rates are determined as explained by Martı́nez-Pinedo et al.
(2007). Experimental rates for α and β decay have been obtained
from the NUDAT data base.1 Fission yields for all fission processes
are determined using the statistical code ABLA (Gaimard & Schmidt
1991; Benlliure et al. 1998). All heating is self-consistently added
to the entropy of the fluid following the procedure of Freiburghaus
et al. (1999). The change of temperature during the initial expan-
sion is determined using the Timmes equation of state (Timmes &
Arnett 1999), which is valid below the density ρ ∼ 3 × 1011 g cm−3

at which our calculation begins.
As in the r-process calculations performed by Freiburghaus et al.

(1999), we use a Lagrangian density ρ(t) taken from the NS–NS
merger simulations of Rosswog et al. (1999). In addition to ρ(t), the
initial temperature T , electron fraction Ye and seed nuclei properties
(Ā, Z̄) are specified for a given calculation. We assume an initial
temperature T = 6 × 109 K, although the subsequent r-process heat-
ing is not particularly sensitive to this choice because any initial ther-
mal energy is rapidly lost to P dV work during the initial expansion
before the r-process begins (Meyer 1989; Freiburghaus et al. 1999).
For our fiducial model we also assume Ye = 0.1, Z̄ ≃ 36, Ā ≃ 118
(e.g. Freiburghaus et al. 1999).

Our results for the total radioactive power Ė with time are shown
in Fig. 1. On time-scales of interest the radioactive power can be
divided into two contributions: fission and β-decays, which are
denoted by dashed and dotted lines, respectively. The large heating
rate at very early times is due to the r-process, which ends when
neutrons are exhausted at t ∼ 1 s ∼10−5 d. The heating on longer
time-scales results from the synthesized isotopes decaying back to
stability. On the time-scales of interest for powering EM emission
(tpeak ∼ hours–days; equations3), most of the fission results from
the spontaneous fission of nuclei with A ∼ 230–280. This releases
energy in the form of the kinetic energy of the daughter nuclei and
fast neutrons, with a modest contribution from γ -rays. The other
source of radioactive heating is β-decays of r-process product nuclei
and fission daughters (see Table 1 for examples corresponding to
our fiducial model). In Fig. 1 we also show for comparison the
radioactive power resulting from an identical mass of 56Ni and its
daughter 56Co. Note that (coincidentally) the radioactive power of
the r-process ejecta and 56Ni/56Co are comparable on time-scales
∼1 d.

1http://www.nndc.bnl.gov/nudat2/

Figure 1. Radioactive heating rate per unit mass Ė in NS merger ejecta
due to the decay of r-process material, calculated for the Ye = 0.1 ejecta
trajectory from Rosswog et al. (1999) and Freiburghaus et al. (1999). The
total heating rate is shown with a solid line and is divided into contributions
from β-decays (dotted line) and fission (dashed line). For comparison we
also show the heating rate per unit mass produced by the decay chain
56Ni → 56Co → 56Fe (dot–dashed line). Note that on the ∼day time-scales
of interest for merger transients (t ∼ tpeak; equation 3) fission and β-decays
make similar contributions to the total r-process heating, and that the r-
process and 56Ni heating rates are similar.

Table 1. Properties of the dominant β-decay nuclei at t ∼ 1 d.

Isotope t1/2 Qa ϵb
e ϵc

ν ϵd
γ Eavg e

γ

(h) (MeV) (MeV)

135I 6.57 2.65 0.18 0.18 0.64 1.17
129Sb 4.4 2.38 0.22 0.22 0.55 0.86
128Sb 9.0 4.39 0.14 0.14 0.73 0.66
129Te 1.16 1.47 0.48 0.48 0.04 0.22
132I 2.30 3.58 0.19 0.19 0.62 0.77
135Xe 9.14 1.15 0.38 0.40 0.22 0.26
127Sn 2.1 3.2 0.24 0.23 0.53 0.92
134I 0.88 4.2 0.20 0.19 0.61 0.86
56Nif 146 2.14 0.10 0.10 0.80 0.53

aTotal energy released in the decay.
b,c,dFraction of the decay energy released in electrons, neutrinos and γ -rays.
eAverage photon energy produced in the decay.
f Note: 56Ni is not produced by the r-process and is only shown for compar-
ison [although a small abundance of 56Ni may be produced in accretion disc
outflows from NS–NS/NS–BH mergers (Metzger et al. 2008b)].

In Fig. 2 we show the final abundance distribution from our
fiducial model, which shows the expected strong second and third
r-process peaks at A ∼ 130 and ∼195, respectively. For comparison,
we show the measured Solar system r-process abundances with
points. The computed abundances are rather different to the one
obtained by Freiburghaus et al. (1999) due to an improved treatment
of fission yields and freeze-out effects.

Although we assume Ye = 0.1 in our fiducial model, the ejecta
from NS mergers will possess a range of electron fractions (see
Section 2.1). To explore the sensitivity of our results to the ejecta
composition we have run identical calculations of the radioactive
heating, but varying the electron fraction in the range Ye = 0.05–
0.35. Although in reality portions of the ejecta with different compo-
sitions will undergo different expansion histories, in order to make
a direct comparison we use the same density trajectory ρ(t) as was
described earlier for the Ye = 0.1 case. Fig. 3 shows the heating rate

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 406, 2650–2662
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Figure 7. Wavelength-dependent line expansion opacities resulting from
Autostructure-derived linelists. The opacity of the lanthanides (Nd, Ce) is
much higher than iron and its d-shell homologue, osmium, especially in the
infrared.
(A color version of this figure is available in the online journal.)

(Z = 58) is comparable to, though slightly less than, that of
neodymium. This confirms that species with similar complexity
measures have roughly similar opacities, which we use to derive
approximate opacities for r-process mixtures (Section 6).

5.1. Uncertainties and Comparison to Existing Data

Our derived opacities must possess some error, since the
Autostructuremodel energies do not exactly match the exper-
imental values (Figure 2). To estimate how sensitive the results
are to the detailed level energy structure and configuration or-
dering, we examined the Nd ii opacities derived from the three
different optimization schemes described in Section 3. The re-
sulting variation provides an estimate of our level of uncertainty.

Figure 8 shows that the opacities calculated using the opt1 and
opt3 models are quite similar, while the opt2 model opacities are
lower by a factor of ∼5 at some wavelengths. The opt2 model
has relatively higher energy levels, and hence smaller excited
state LTE level populations, which is presumably the reason
for the lower opacities. The opt1 and opt3 models had similar
level energies, but the ground state configuration and ordering
were different. These results suggest that what matters most
to the opacities is the energy level spacing, and not the exact
configuration ordering. Given that the low lying opt3 Nd ii level
energies reproduce the experiment fairly well, we suspect that
further fine tuning of the Autostructure model is unlikely to
change the resulting opacity by much more than a factor of ∼2.

We have also compared our Autostructure opacities to
existing line data from the VALD database, which collects
atomic data from a variety of sources (Heiter et al. 2008).
The only high-Z ions with enough lines in VALD to derive
expansion opacities are Ce ii and Ce iii, which have wavelengths
and oscillator strengths calculated by the Mons group (Biémont
et al. 1999; Palmeri et al. 2000; Quinet & Biémont 2004).
The approach taken by the Mons group to determine atomic
structure is the same as that of Kurucz, viz., calculations with
Cowan’s code utilizing extensive experimental energies. In
Figure 9, we compare the expansion opacities of Ce calculated
using the VALD linelist and our own Autostructure list. The
agreement in both the mean- and wavelength-dependent values
is good to a factor of ∼2. Our conclusions about the size and
wavelength dependence of the lanthanide opacities are therefore

Figure 8. Variations in the wavelength-dependent expansion opacity for
pure neodymium (Z = 60) ejecta obtained using different Autostructure
optimization approaches. These calculations adopt a density ρ = 10−13 g cm−3,
temperature T = 4000 K, time since ejection tej = 1 days, and a wavelength
binning ∆λ = 0.01λ.
(A color version of this figure is available in the online journal.)

confirmed when using radiative data from independent structure
calculations.

6. OPACITIES OF r-PROCESS MIXTURES

Although we have only calculated atomic structure models
for a few ions, the results (Figure 7) suggest that ions of
similar complexity have roughly similar opacities. This allows
us to construct approximate r-process mixtures based on the
representative cases.

In an r-process mixture, the abundance of any individual
lanthanide is relatively low (!1%). Nevertheless, these species
likely dominate the total opacity. In fact, the opacity will depend
rather weakly on the exact lanthanide abundance. This is because
for the conditions found in NSM ejecta, many of the strong
lanthanides lines are extremely optically thick (τs ≫ 1). Such
lines contribute equally to the expansion opacity regardless of
the ion’s abundance, just as long as that abundance remains high
enough to keep τs above unity.

We illustrate this weak dependence on lanthanide abundance
in Figure 10, by computing the opacity of a mixture of
neodymium and iron. Decreasing the Nd mass fraction by a
factor of 10 (from 100% to 10%) only reduces the total opacity
of the mixture by ∼40%. Decreasing the Nd mass fraction by
two orders of magnitudes (from 100% to 1%) reduces the total
opacity of the mixture by a factor of five. We find that the Nd
opacity dominates over that of iron as long as its mass fraction
is "10−4.

The actual r-process ejecta from NSMs will be a heteroge-
neous mixture of many high Z elements. This multiplicity of
species should enhance the opacity, as each ion contributes a
distinct series of lines. To estimate the opacity of the mixture,
we assume the line data of Nd is representative of all f-shell
species (the lanthanides) and that iron is representative of all
d-shell elements. We ignore the s-shell and p-shell elements
since their opacities will be very low. We then construct the
expansion opacity of the mixture by generalizing Equation (9)

κmix(λ) =
∑

Z

ξZ

ρctej

∑

i

λi

∆λi

(1 − exp[−τi(ρZ)]) (15)
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Figure 2. Bolometric light curve of the model NSM-all (black, multi-frequency
simulations). This light curve is compared with the light curves for the same
model but with the gray approximation of UVOIR transfer (κ = 0.1, 1, and
10 cm2 g−1 for the blue, purple, and red lines, respectively). The result of
multi-frequency transfer is most similar to that of gray transfer with
κ = 10 cm2 g−1.
(A color version of this figure is available in the online journal.)

compared with the light curves for the same model but with the
gray approximation of the UVOIR transfer. The blue, purple, and
red lines show the cases with gray mass absorption coefficients
of κ = 0.1, 1.0, and 10 cm2 g−1, respectively. The result of
multi-frequency transfer closely follows the light curve with
the gray opacity of κ = 10 cm2 g−1. This result indicates that
r-process element-rich NS merger ejecta are more opaque than
previously assumed (κ ≃ 0.1 cm2 g−1; e.g., Li & Paczyński
1998; Metzger et al. 2010), by a factor of about 100. As a result,
the bolometric light curve becomes fainter and the timescale

becomes longer.7 This result is consistent with the findings of
Kasen et al. (2013) and Barnes & Kasen (2013).

Figure 3 shows the mass absorption coefficient as a function
of wavelength at t = 3 days in the model NSM-all at v = 0.1c.
The mass absorption coefficient is as high as 1–100 cm2 g−1 at
optical wavelengths. The resulting Planck mean mass absorption
coefficient is about κ = 10 cm2 g−1 (Figure 15). As a result,
the bolometric light curve of multi-frequency transfer most
closely follows that of gray opacity of κ = 10 cm2 g−1 in
Figure 2.

The high opacity in r-process element-rich ejecta is also
confirmed by a comparison with other simple models. Figure 4
shows the comparison of the bolometric light curve from the
models NSM-all, NSM-dynamical, NSM-wind, and NSM-Fe.
Compared with the NSM-Fe model, the other models show
fainter light curves. This finding indicates that elements heavier
than Fe contribute to the high opacity. The opacity in the model
NSM-Fe is also shown in Figure 3. The opacity in the NSM-all
model is higher than that in the NSM-Fe model by a factor of
about 100 at the center of optical wavelengths (∼5000 Å).

As inferred from Figure 4, the NSM-dynamical model (55 !
Z ! 92) has a higher opacity than that of the NSM-wind
model (31 ! Z ! 54). This finding arises because lanthanoid
elements (57 ! Z ! 71) make the largest contribution to the
bound–bound opacity, as demonstrated by Kasen et al. (2013).
Note, however, that even with the elements with 31 ! Z ! 54,
the opacity is higher than that of Fe.

Figure 5 shows the multi-color light curves of the model
NSM-all. In general, the emission from NS merger ejecta is red
because of (1) a lower temperature than SNe and (2) a higher
optical opacity than in SNe. In particular, the optical light curves

7 We show the results of our multi-frequency transfer simulations at t ! 1
day. Because of the lack of bound–bound transition data for triply ionized ions
in our line list (Figure 1), the opacities at earlier epochs are not correctly
evaluated. We hereafter show the results when the temperature at the
characteristic velocity is below 10,000 K, when the dominant ionization states
are no longer triply ionized ions. A detailed discussion is presented in
Appendix B.
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Figure 3. Mass absorption coefficient κ at v = 0.1c in the models NSM-all and NSM-Fe as a function of wavelength (t = 3 days after the merger). In r-process
element-rich ejecta, the opacity is higher than in Fe-rich ejecta by a factor of about 100 around the center of optical wavelengths (∼5000 Å).
(A color version of this figure is available in the online journal.)
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物質は多くの中性子を含んでいるため，放出物質
の中では速い中性子捕獲反応（r-process）が進
みます 12）‒14）．r-processは放射性不安定な原子核
を経由して重元素を合成するプロセスですので，
中性子星合体は不安定な原子核の放射性エネル
ギーを使って電磁波で等方的に光るはずです．こ
れは Ia型超新星がニッケル56の放射性崩壊で電
磁波で明るく輝くのと似ています．
このような電磁波放射のアイデア自体は1999

年に初めて提唱されていたのですが 15），詳細な
放射の様子は最近まで明らかになっていませんで
した．核分裂やベータ崩壊によって，放射性エネ
ルギーが放出物質に蓄えられるところまでは良い
のですが，中性子星合体からの放出物質は鉄より
重い元素「のみ」で構成される特殊な系で，放出
物質内部での光の進みにくさ（opacity）がわか
らなかったためです．そのため長い間，Ia型超新
星のような鉄族元素で構成される系のopacity
（約0.1 cm2 g－1）を仮定して電磁波放射の予想が
行われていました．
そこで筆者らは，r-process元素のみで構成さ
れる系での現実的な輻射輸送シミュレーションを
行いました 16）．その結果，r-process元素で構成
される系におけるopacityが，Ia型超新星に比べ
て約100倍も高い（10 cm2 g－1）ことがわかりま
した．同時期にアメリカのグループも異なるアプ
ローチで同様の結論に到達しています 17）, 18）．光
がより進みにくいということは，電磁波放射のタ
イムスケールが長くなり，放射がより暗くなるこ
とを意味します．シミュレーションの結果，中性
子星合体からの電磁波放射は（1）1週間程度の
タイムスケールで，（2）1040‒1041 erg s－1程度の
光度をもち（図2），（3）放射のピークは近赤外
線にくることがわかりました（図3）．
ちなみに，この電磁波放射現象は英語では“ki-

lonova”や“macronova”などと呼ばれています．
日本語では正式な名前はまだ存在しません．直訳
すると「千新星」，「巨新星」となり，どうもイマ

イチです．そこで筆者は，膨張速度が「速い」こ
と，「速い」中性子捕獲反応で明るく輝くことか
ら，「超速新星」と呼ぶことにしました 19）．この
名前が定着するかは極めて不明ですが，本稿では
こう呼ばせていただきます．
さて，中性子星合体からこのような放射が起き
るとすると，ショートガンマ線バーストの残光の
中にこのような放射が足されて観測される可能性
があります．幸運なことに，筆者らがシミュレー
ションを行ったのと同じ年の2013年，非常に近
傍でショートガンマ線バーストGRB 130603Bが
発見されました．このガンマ線バーストの赤外線

図2 数値シミュレーションで得られた連星中性子
星合体の光度曲線．破線は0.01太陽質量の r-
process元素による放射性崩壊エネルギー．

図3 連星中性子星合体のスペクトルと，Ia型超新
星，継続時間の長いガンマ線バーストに付随し
た超新星（SN 1998 bw）のスペクトルの比較．
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Figure 11. Synthetic spectra (2.5 days after mass ejection) of the r-process SN
model described in the text, calculated using either Kurucz iron group opacities
(black line) or our Autostructure-derived r-process opacities (red line). For
comparison, we overplot blackbody curves of temperature T = 6000 K (black
dashed) and T = 2500 K (red dashed). The inset shows the corresponding
bolometric light curves assuming iron (black) or r-process (red) opacities.
For comparison, we also plot a light curve calculated with a gray opacity of
κ = 10 cm2 g−1 (blue dashed line).
(A color version of this figure is available in the online journal.)

The spectrum at 2.5 days after the merger is much redder, with
most of the flux emitted in the near infrared (∼1 µm). Due to the
extreme line blanketing at bluer wavelengths, the photons are
eventually redistributed (through lines) to the infrared, where
the opacities are lower and radiation can escape more readily.
As shown in Figure 11, the bolometric light curve from the full
multi-wavelength calculation resembles one calculated with an
effective gray opacity of κ = 10 cm2 g−1, which is two orders
of magnitude greater than values used in previous gray transport
models.

Other than the unusually red color, the r-process spectra
generally resemble those of ordinary SNe, and in particular
those with high expansion velocities (e.g., the hyper-energetic
Type Ic event, SN 1998bw; Galama et al. 1998). The continuum
flux, which is produced by emission in the Doppler-broadened
forest of lines, resembles a blackbody with a few broad (∼200 Å)
spectral features. It is not easy to associate these features with
either absorption or emission from a single line; instead they
arise from blends of many lines. Because our atomic structure
models do not accurately predict line wavelengths (and we only
include lines of Nd and Fe), the location of the features in our
synthetic spectra are not to be trusted. Nevertheless, the model
spectra are likely qualitatively correct. One can anticipate where
features are most likely to appear by examining the energy
spacing of the low lying levels of the lanthanides.

Figure 12 shows the time evolution of the synthetic spectra.
At the earliest times (!0.25 days after ejection) some flux
emerges at optical wavelengths, but this phase is short lived.
By day 0.5, the optical emission has faded, and the spectra
evolve relatively slowly thereafter, with effective blackbody
temperatures steady in the range T ≈ 2000–3000 K. The
temporal evolution can be understood by considering the mean
opacity curves (e.g., Figure 6). At early times, the ejecta is
relatively hot ("4000 K) throughout, and the opacity is roughly
constant with radius. By day ∼0.3, however, the outermost
layers have cooled below !3000 K, and the r-process opacities

Figure 12. Synthetic spectra time series of the r-process SN model described
in the text. The times since mass ejection are marked on the figure.

drop sharply due to lanthanide recombination. The ejecta
photosphere forms near the recombination front (as overlying
neutral layers are essentially transparent) which regulates the
effective temperature to be near the recombination temperature.
This behavior is similar to the plateau phase of the (hydrogen-
rich) Type IIP SNe, although in this case the opacity is due to
line blanketing, not electron-scattering. More importantly, the
temperature at the recombination front (TI ∼ 2500 K) is a factor
of ∼2 lower for r-process ejecta, as the ionization potentials
of the lanthanides (∼6 eV) are lower than that of hydrogen
(∼13.6 eV).

Our calculated SEDs are somewhat sensitive to the atomic
structure model used to generate the line data. Figure 13
compares calculations using line data from the different
Autostructure optimization runs (opt1, opt2, and opt3). The
observed differences can be taken as some measure of the un-
certainty resulting from inaccuracies in our atomic structure
calculations. Notably, the spectrum calculated using the opt2
linelist has significantly higher flux in the optical (∼6000 Å).
This is presumably due to the lower overall opacity of the opt 2
model (Figure 8). Given the superior match of the opt3 model to
the experimental level data, we consider the spectral predictions
using this line data to be the most realistic; however, it is clear
that some significant uncertainties remain.

Another concern for the spectrum predictions is the potential
breakdown of the Sobolev approximation. At bluer wavelengths,
the mean spacing of strong lines can become less than the
intrinsic (presumed thermal) width of the lines, which violates
the assumptions used to derive an expansion opacity. It is not
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FIG. 3: Expected observed spectra of the NS-NS merger
model APR4-1215 (Mej = 0.01M⊙) compared with the spec-
tra of normal Type Ia SN 2005cf [79–81] and broad-line Type
Ic SN 1998bw [82, 83]. The spectra are shown in AB magni-
tudes (fν) at 200 Mpc distance. The corresponding absolute
magnitudes are indicated in the right axis.

is located at near-IR wavelengths [70, 77, 78].
Because of the extremely high expansion velocities,

NS-NS mergers show feature-less spectra (Figure 3). This
is a big contrast to the spectra of SNe (black and gray
lines), where Doppler-shifted absorption lines of strong
features can be identified. Even broad-line Type Ic
SN 1998bw (associated with long-duration GRB 980425)
show some absorption features although many lines are
blended. Since the high expansion velocity is a robust
outcome of dynamical ejecta from compact binary merg-
ers, the confirmation of the smooth spectrum will be a
key to conclusively identify the GW sources.

The current wavelength-dependent radiative transfer
simulations assume the uniform element abundances.
However, recent numerical simulations with neutrino
transfer show that the element abundances in the ejecta
becomes non-uniform [54, 84, 87, 88]. Because of the
high temperature and neutrino absorption, the polar re-
gion can have higher electron fractions (Ye or number of
protons per nucleon), resulting in a wide distribution of
Ye in the ejecta. Interestingly the wide distribution of
Ye is preferable for reproducing the solar r-process abun-
dance ratios [54, 56]. This effect can have a big impact
on the kilonova emission: if the synthesis of lanthanide
elements is suppressed in the polar direction, the opacity
there can be smaller, and thus, the emission to the polar
direction can be more luminous with an earlier peak.

C. BH-NS mergers

Mergers of BH and NS are also important targets for
GW detection (see [97] for a review). Although the event
rate is rather uncertain [10], the number of events can
be comparable to that of NS-NS mergers thanks to the

stronger GW signals and thus larger horizon distances.
BH-NS mergers in various conditions have been exten-
sively studied by numerical simulations (e.g., [98–102]).
In particular, for a low BH/NS mass ratio (or small BH
mass) and a high BH spin, ejecta mass of BH-NS mergers
can be larger than that of NS-NS mergers [90, 103–108].
Since the tidal disruption is the dominant mechanism of
the mass ejection, a larger NS radius (or still EOS) gives
a higher ejecta mass, which is opposite to the situation
in NS-NS mergers, where shock-driven ejecta dominates.

Radiative transfer simulations in BH-NS merger ejecta
show that kilonova emission from BH-NS mergers can
be more luminous in optical wavelengths than that from
NS-NS mergers [71]. The blues line in Figure 2 show the
light curve of a BH-NS merger model (APR4Q3a75 from
Kyutoku et al. 2013 [90]), a merger of a 1.35 M⊙ NS and
a 4.05 M⊙ BH with a spin parameter of a = 0.75. The
mass of ejecta is Mej = 0.01M⊙. Since BH-NS merger
ejecta are highly anisotropic and confined to a small solid
angle, the temperature of the ejecta can be higher for a
given mass of the ejecta, and thus, the emission tends to
be bluer than in NS-NS mergers. Therefore, even if the
bolometric luminosity is similar, the optical luminosity
of BH-NS mergers can be higher than that of NS-NS
mergers.

It is emphasized that the mass ejection from BH-NS
mergers has a much larger diversity compared with NS-
NS mergers, depending on the mass ratio, the BH spin,
and its orientation. As a result, the expected brightness
also has a large diversity. See Kawaguchi et al. (2016)
[109] for the expected kilonova brightness for a wide pa-
rameter space.

D. Wind components

After the merger of two NSs, a hypermassive NS is
formed at the center, and it subsequently collapses to a
BH. During this process, accretion disk surrounding the
central remnant is formed. A BH-accretion disk system
is also formed in BH-NS mergers. From such accretion-
disk systems, an outflow or disk “wind” can be driven
by neutrino heating, viscous heating, or nuclear recom-
bination [56, 110–116]. A typical velocity of the wind is
v = 10, 000 − 20, 000 km s−1, slower than the precedent
dynamical ejecta. Although the ejecta mass largely de-
pends on the ejection mechanism, a typical mass is likely
an order of Mej = 0.01M⊙ or even larger.

This wind component is another important source
of kilonova emission [111, 112, 117–119]. The emis-
sion properties depend on the element composition in
the ejecta. In particular, if a high electron fraction
(Ye ∼

> 0.25) is realized by the neutrino emission from
a long-lived hypermassive NS [117, 118] or shock heating
in the outflow [114], synthesis of lanthanide elements can
be suppressed in the wind. Then, the resulting emission
can be bluer than the emission from the dynamical ejecta
thanks to the lower opacity [70, 77]. This component can
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r-process	mixture



Dynamical	ejecta	(~<	10	ms)

-	Mej	~	10-3	-	10-2	Msun	
-	v	~	0.1-0.2	c	
-	wide	Ye
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FIG. 2. Profiles of the electron number per baryon, Ye, (left in each panel) and the specific entropy, s, (right in each panel)
in x-y (lower in each panel) and x-z (upper in each panel) planes. The top three panels show the results for SFHo-135-135h
(left), SFHo-130-140h (middle), and SFHo-125-145h (right) at ⇡ 13ms after the onset of the merger. The lower three panels
show the results for DD2-135-135h (left), DD2-130-140h (middle), and DD2-125-145h (right) at ⇡ 10ms after the onset of the
merger.

binaries, the typical ejecta mass would approach 10�2M�
irrespective of the EOS employed. We note that the total
ejecta mass depends only weakly on the grid resolution
as listed in Table I.

As shown in Fig. 1, the ejecta mass increases with time
for the first ⇠ 10ms after the onset of the merger. This is
in particular observed for the SFHo models with q & 0.9
and all the DD2 models. This indicates that we have to
follow the ejecta motion at least for ⇡ 10ms after the
onset of the merger. In a recent simulation of Ref. [13],

they estimated the properties of the ejecta at . 5ms after
the onset of the merger, perhaps because of their small
computational domain employed (L = 750 km). How-
ever, the ejecta mass would still increase with time in
such an early phase. This could be one of the reasons
that our results for the ejecta mass are much larger than
theirs. Figure 1 also shows that the average of Ye still
significantly varies with time for the first ⇠ 5ms after
the onset of the merger. This also shows that it would
be necessary to determine the properties of the ejecta at

Sekiguchi+16
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FIG. 2. Snapshots of electron fraction, normalized electron
chemical potential, and contours of rest-mass density ⇢ =
[107, 108, 109, 1010, 1011] g cm�3 at t = 43ms, when the disk
has fully self-regulated itself to mild electron degeneracy. The
interior of the BH horizon is masked (black).

imbalance: in regions of lower density, viscous heating
from MHD driven turbulence and energy release from
recombination of free nucleons into alpha particles ex-
ceeds cooling by neutrino emission, and the weak in-
teractions essentially ‘freeze-out’ (although further mix-
ing can still change Ye). In the polar funnel these out-
flows possess high-Ye (> 0.2) and high specific-entropy
(s & 100 kB/b), while the denser equatorially-directed
outflows have lower specific entropy (⇠ 10 kB/b) and
lower Ye.

Thermodynamic properties of the outflow are recorded
by 104 passive tracer particles that are advected with the
fluid. We place these tracer particles of equal mass in
the initial setup with a probability proportional to the
conserved rest-mass density D =

p
�⇢W , where � is the

determinant of the spatial metric, and W the Lorentz
factor; particles accreted onto the BH or ejected from
the disk during the early transient phase (t < 20ms) are
discarded from all further analysis.

Tab. II and Fig. 3 characterize the outflow properties
relevant to the r-process, including Ye, s, and the expan-
sion timescale texp = r/v, where v denotes the three-
velocity (e.g., [70]). These quantities are evaluated for
each tracer particle at the last time t = t5GK when the
temperature of the particle drops below 5GK. At 5GK,
NSE breaks down and full nuclear reaction network calcu-

lations are required to track nuclear abundances. We dis-
tinguish between the total outflow, defined as all tracer
particles that have reached r � 103 km by the end of
the simulation, and unbound outflow, defined as those
tracer particles that are additionally unbound according
to the Bernoulli criterion �hut > 1, where ut is the time-
component of the four-velocity.
By the end of the simulation, ⇡ (16� 23)% of the ini-

tial disk mass has been ejected into unbound outflows
with v ⇡ (0.03 � 0.1)c. With the disk still launch-
ing outflows by the end of the simulation, our GRMHD
setup potentially unbinds significantly more mass com-
pared to two-dimensional, non-MHD, Newtonian simu-
lations with similar disk parameters (Tab. II; [30, 31]).
There is an overall trend of higher Ye and specific en-
tropy, and smaller texp in polar versus equatorial out-
flows consistent with [30], while we find a factor ⇠ 20
higher overall mass in polar outflows. Our Ye distribu-
tion shows a smaller mean and does not extend as high
as in [30, 31]. This may indicate that neutrino absorp-
tion (not included here) plays a dominant role in setting
the high Ye tail of the distribution. Alternatively, previ-
ously employed pseudo-Newtonian potentials and ↵-disks
may not accurately capture the heating/cooling interplay
which controls the evolution of Ye.
Full nuclear reaction network calculations with SkyNet

[70] were performed in a post-processing step on the in-
dividual tracer particles, starting at t = t5GK. Figure 4
shows that the solar abundances [36] are well reproduced
throughout the mass number (A) range from the 2nd r-
process peak (A ⇠ 130) to the rare-earth peak (A ⇠ 165)
to the 3rd r-process peak (A ⇠ 195). There is also excel-
lent agreement with observed abundances in metal-poor
stars [37–39]. We find an overproduction at A = 132
as observed in [32, 33]. Below the 2nd r-process peak,
we recover the trends of the observed solar abundance
pattern, but overall underproduce these nuclei, which is
consistent with the absence of a significant high-Ye tail
extending to >0.25 (Fig. 3).
Conclusion.—We have shown that neutrino-cooled ac-

cretion disks in 3D GRMHD quickly self-regulate them-
selves into a state of moderate electron degeneracy (low
Ye) where heating from MRI-driven turbulence is bal-
anced by neutrino cooling. The outflows launched self-
consistently as a result of this state tend to unbind more
mass with a lower average Ye than previous axisymmet-
ric Newtonian simulations employing an ↵-viscosity. The
nucleosynthesis yields show that these outflows are suf-
ficiently neutron rich to trigger a strong r-process and
are well able to reproduce observed solar abundances
and observed r-process abundances in metal poor stars
from the 2nd to the 3rd r-process peak. Significant con-
tributions to abundances below the 2nd r-process peak,
which the present simulations underproduce, can come
from BNS mergers leading to an accretion disk around
a metastable hot neutron star, which, due to its strong

Siegel+17

Side	view

Post-dynamical	ejecta	(~<	100	ms)

-	Mej	>~	10-3	Msun	
-	v	~	0.05	c	
-	rela-vely	high	Ye

Fernandez+13,15,	Perego+14,	Kiuchi+14,15, 
MarCn+15,	Just+15,	Wu+16,	Siegel	&	Metzger	17…

Top	view



SimulaCons	with	Fe	opacity	or	gray	opacity	
Metzger+14,	Kasen+15,	Fernandez	&	Metzger	16,	Metzger	16“Blue”	kilonova?

10-5

10-4

10-3

10-2

10-1

100

 30  40  50  60  70  80  90  100

M
as

s 
fra

ct
io

n

Atomic number

Ye = 0.10-0.40Ye = 0.25Ye = 0.30

Se Ru Te Nd Er
d p s f

New	opacity	calcula-ons	for 
Se	(Z=34),	Ru	(Z=44),	Te	(Z=52),	Nd	(Z=60),	Er	(Z=68)

@	1	day	
(Wanajo+14)



• IntroducCon	

• New	opacity	calculaCons		

• ApplicaCons	to	kilonova

Kilonova	Emission	from	Compact	Binary	Mergers:	 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Atomic	structure	calcula-ons

HULLAC	code	(rela-vis-c,	local	radial	poten-al,	Bar-Shalom+99)
Se	I-III	(Z=34,	p),	Ru	I-III	(Z=44,	d),	Te	I-III	(Z=52,	p), 
Nd	I-III	(Z=60,	f),	and	Er	I-III	(Z=68,	f)

GRASP	code	(rela-vis-c,	e-e	interac-on,	Jonsson+07)
Nd	II-III	(Z=60,	f)	and	Er	II-III	(Z=68,	f)



Consistent	within	a	factor	of	2	even	for	the	worst	case	(Er	II)	
Consistent	with	results	by	Kasen+13	(Autostruture	code)
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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 Fe calculated with Kurucz’s line list.
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Figure 4. Comparison of line expansion opacities between HULLAC and GRASP2K calculations. For singly ionized ions (Nd ii and
Er ii), the calculations assume ρ = 1× 10−13 g cm−3, T = 5, 000 K, and t = 1 day after the merger. For doubly ionized ions (Nd iii and
Er iii), the calculations assume the same density at the same epoch but T = 10, 000 K.

as previously known, while that of Lanthanide-free ejecta
(Ye = 0.30) is about 0.5 cm2g−1. This is derived by the
comparison between multi-wavelength transfer simula-
tions with gray transfer simulations. As shown in Figure
6, the bolometric light curve of Lanthanide-rich ejecta
is reproduced by the simulation with a gray opacity of
κ = 10 cm2 g−1 while that of Lanthanide-free ejecta is
reproduced by κ = 0.5 cm2 g−1.

Small fraction of Lanthanide elements significantly af-
fects the opacity as discussed in Section 3 (see Fig-
ure 5). The bolometric light curve with the ejecta of
Ye = 0.25 is similar to the results with gray opacity of
κ = 3.0 cm2 g−1.

4.2. Realistic Models

We perform radiative transfer simulations for more re-
alistic models for dynamical ejecta and high-Ye post-
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Figure 4. Comparison of line expansion opacities between HULLAC and GRASP2K calculations. For singly ionized ions (Nd ii and
Er ii), the calculations assume ρ = 1× 10−13 g cm−3, T = 5, 000 K, and t = 1 day after the merger. For doubly ionized ions (Nd iii and
Er iii), the calculations assume the same density at the same epoch but T = 10, 000 K.

as previously known, while that of Lanthanide-free ejecta
(Ye = 0.30) is about 0.5 cm2g−1. This is derived by the
comparison between multi-wavelength transfer simula-
tions with gray transfer simulations. As shown in Figure
6, the bolometric light curve of Lanthanide-rich ejecta
is reproduced by the simulation with a gray opacity of
κ = 10 cm2 g−1 while that of Lanthanide-free ejecta is
reproduced by κ = 0.5 cm2 g−1.

Small fraction of Lanthanide elements significantly af-
fects the opacity as discussed in Section 3 (see Fig-
ure 5). The bolometric light curve with the ejecta of
Ye = 0.25 is similar to the results with gray opacity of
κ = 3.0 cm2 g−1.

4.2. Realistic Models

We perform radiative transfer simulations for more re-
alistic models for dynamical ejecta and high-Ye post-



Se	(p)		Ru	(d)		Te	(p) Nd	(f)		Er	(f)

κ	(p	shell)	<<	κ	(d	shell)	<<	κ	(f	shell)	
MT+	in	prep.

Line	expansion	opacity	(for	each	element)

see	Kasen+13,	Fontes+17
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Figure 4. Comparison of line expansion opacities between HULLAC and GRASP2K calculations. For singly ionized ions (Nd ii and
Er ii), the calculations assume ρ = 1× 10−13 g cm−3, T = 5, 000 K, and t = 1 day after the merger. For doubly ionized ions (Nd iii and
Er iii), the calculations assume the same density at the same epoch but T = 10, 000 K.

is a typical value at a few days after the merger (Barnes
et al. 2016; Rosswog et al. 2017).
We found that the opacity of Lanthanide-rich ejecta

(Ye = 0.10− 0.40) is approximated as about 10 cm2 g−1

as previously known, while that of Lanthanide-free ejecta
(Ye = 0.30) is about 0.5 cm2g−1. This is derived by the
comparison between multi-wavelength transfer simula-
tions with gray transfer simulations. As shown in Figure

6, the bolometric light curve of Lanthanide-rich ejecta
is reproduced by the simulation with a gray opacity of
κ = 10 cm2 g−1 while that of Lanthanide-free ejecta is
reproduced by κ = 0.5 cm2 g−1.
Small fraction of Lanthanide elements significantly af-

fects the opacity as discussed in Section 3 (see Fig-
ure 5). The bolometric light curve with the ejecta of
Ye = 0.25 is similar to the results with gray opacity of

Fe	(d)
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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 Fe calculated with Kurucz’s line list.
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Figure 4. Comparison of line expansion opacities between HULLAC and GRASP2K calculations. For singly ionized ions (Nd ii and
Er ii), the calculations assume ρ = 1× 10−13 g cm−3, T = 5, 000 K, and t = 1 day after the merger. For doubly ionized ions (Nd iii and
Er iii), the calculations assume the same density at the same epoch but T = 10, 000 K.

is a typical value at a few days after the merger (Barnes
et al. 2016; Rosswog et al. 2017).
We found that the opacity of Lanthanide-rich ejecta

(Ye = 0.10− 0.40) is approximated as about 10 cm2 g−1

as previously known, while that of Lanthanide-free ejecta
(Ye = 0.30) is about 0.5 cm2g−1. This is derived by the
comparison between multi-wavelength transfer simula-
tions with gray transfer simulations. As shown in Figure

6, the bolometric light curve of Lanthanide-rich ejecta
is reproduced by the simulation with a gray opacity of
κ = 10 cm2 g−1 while that of Lanthanide-free ejecta is
reproduced by κ = 0.5 cm2 g−1.
Small fraction of Lanthanide elements significantly af-

fects the opacity as discussed in Section 3 (see Fig-
ure 5). The bolometric light curve with the ejecta of
Ye = 0.25 is similar to the results with gray opacity of
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Figure 1. Rest-mass density profiles on the meridional plane for the NS–NS (SLy, Mtot = 2.7M⊙,Q = 1.0) (left) and BH–NS (H4, Q = 3, χ = 0.75) (right) models
at 8.8 ms after the onset of the merger. The red arrows show the velocity profiles of the ejecta.
(A color version of this figure is available in the online journal.)

simulation using SACRA code (Yamamoto et al. 2008). We
follow the dynamical ejecta with the numerical-relativity simu-
lation until the head of the ejecta reaches ≃1000 km (see Ho-
tokezaka et al. 2013 and Kyutoku et al. 2013 for details). After
that, the density and velocity structures of the ejecta are mod-
eled assuming homologous expansion (Rosswog et al. 2013a).
For the simulations, we employ a piecewise polytropic EOS with
which the cold EOSs of neutron-star matter are well fitted (Read
et al. 2009). For systematic studies of the dependence of mass
ejection on the cold EOSs of neutron-star matter, we consider
five cold EOSs: APR4 (Akmal et al. 1998) and SLy (Douchin &
Haensel 2001) as soft EOSs, ALF2 (Alford et al. 2005) as a mod-
erate EOS, and H4 (Glendenning & Moszkowski 1991; Lackey
et al. 2006) and MS1 (Müller & Serot 1996) as stiff EOSs.7
To take into account the effects of shock heating, we add the
thermal pressure as a Γ-law ideal gas EOS. The ejecta masses
obtained with this approximation of thermal effects agree with
those obtained with tabulated finite-temperature EOSs within
errors of several tens of percent for NS–NS mergers (Bauswein
et al. 2013).

For NS–NS mergers, we choose the total gravitational mass
of the binary Mtot = 2.6 M⊙–2.8 M⊙ and the mass ratio8

Q = 1.0–1.25. For BH–NS mergers, the gravitational mass of
the neutron star MNS is fixed to be 1.35 M⊙ and the mass ratio
is chosen to be Q = 3–7. The nondimensional spin parameter
of the black hole χ is chosen as χ = 0.75. We also perform
the simulations for Q = 7 and χ = 0.5. These parameters,
ejecta masses Mej, and averaged ejecta velocities ⟨vej⟩/c of the
progenitor models are summarized in Table 1.

The morphologies of the ejecta for NS–NS and BH–NS
mergers are compared in Figure 1. This figure plots the profiles
of the density and velocity fields at 8.8 ms after the onset of
the merger. Note that the ejecta velocities are in the small range
between ∼0.1c and ∼0.3c irrespective of the progenitor model.
However, the ejecta mass and morphology depend sensitively
on the progenitor models. In Table 1, we summarize these
properties of the NS–NS and BH–NS ejecta.

NS–NS ejecta. As shown in Figure 1, the NS–NS ejecta have
a spheroidal shape, rather than a torus or a disk, irrespective of
Q and EOS as long as a hypermassive neutron star is formed
after the merger. The reason is as follows. The origin of the

7 In this Letter, “soft” and “stiff” EOSs mean those which reproduce the radii
R1.35 ! 12 km and R1.35 " 13.5 km, respectively. Here R1.35 is the radius of a
cold, spherical neutron star with the gravitational mass 1.35 M⊙. For all the
EOSs, the maximum masses of spherical neutron stars are larger than ≃2 M⊙.
8 The mass ratio is defined by Q = m1/m2 with m1 " m2, where m1 and m2
are the component masses of a binary.

Table 1
Parameters of the Progenitor Models and Their Ejecta Properties

EOS Type R1.35 Mtot/M⊙ Q χ Mej/10−2 M⊙ ⟨vej⟩/c
APR4 NS–NS 11.1 2.6–2.9 1.0–1.25 · · · 0.01–1.4 0.22–0.27
SLy NS–NS 11.4 2.6–2.8 1.0–1.25 · · · 0.8–2.0 0.20–0.26
ALF2 NS–NS 12.4 2.6–2.8 1.0–1.25 · · · 0.15–0.55 0.22–0.24
H4 NS–NS 13.6 2.6–2.8 1.0–1.25 · · · 0.03–0.40 0.18–0.26
MS1 NS–NS 14.4 2.6–2.8 1.0–1.25 · · · 0.06–0.35 0.18–0.20

APR4 BH–NS 11.1 5.4–10.8 3.0–7.0 0.75 0.05–1.0 0.23–0.27
ALF2 BH–NS 12.4 5.4–10.8 3.0–7.0 0.75 2.0–4.0 0.25–0.29
H4 BH–NS 13.6 5.4–10.8 3.0–7.0 0.75 4.0–5.0 0.24–0.29
MS1 BH–NS 14.4 5.4–10.8 3.0–7.0 0.75 6.5–8.0 0.25–0.30

APR4 BH–NS 11.1 10.8 7.0 0.5 #10−4 · · ·
ALF2 BH–NS 12.4 10.8 7.0 0.5 0.02 0.27
H4 BH–NS 13.6 10.8 7.0 0.5 0.3 0.29
MS1 BH–NS 14.4 10.8 7.0 0.5 1.7 0.30

ejecta for NS–NS mergers can be divided into two parts: the
contact interface of two neutron stars at the collision and the tidal
tails formed during an early stage of the merger. At the contact
interface, the kinetic energy of the approaching velocities of the
two stars is converted into thermal energy through shock heating.
The heated matter at the contact interface expands into the
low-density region. As a result, the shocked matter can escape
even toward the rotational axis and the ejecta shape becomes
spheroidal. By contrast, the tidal tail component is asymmetric
and the ejecta is distributed near the equatorial plane.

Numerical simulations of NS–NS mergers show that the total
amount of ejecta is in the range 10−4–10−2 M⊙ depending on
Mtot, Q, and the EOS (see Figure 2). The more compact neutron
star models with soft EOSs produce a larger amount of ejecta,
because the impact velocities and subsequent shock heating
effects at merger are larger. More specifically, the amount of
ejecta is

10−4 ! Mej/M⊙ ! 2 × 10−2 (soft EOSs),

10−4 ! Mej/M⊙ ! 5 × 10−3 (stiff EOSs). (1)

Bauswein et al. (2013) show a similar dependence of the
ejecta masses on the EOSs and Mej ! 0.01 M⊙ for stiff EOS
models. According to these results, it is worth noting that the
ejecta masses of the stiff EOS models are likely to be at most
0.01 M⊙.

The dependence of the ejecta mass on the total mass of
the binary is rather complicated as shown in Figure 2. The
ejecta mass increases basically with increasing Mtot as long

2
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Blue	component	may	be	absorbed	by	dynamical	ejecta?
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FIG. 2. Profiles of the electron number per baryon, Ye, (left in each panel) and the specific entropy, s, (right in each panel)
in x-y (lower in each panel) and x-z (upper in each panel) planes. The top three panels show the results for SFHo-135-135h
(left), SFHo-130-140h (middle), and SFHo-125-145h (right) at ⇡ 13ms after the onset of the merger. The lower three panels
show the results for DD2-135-135h (left), DD2-130-140h (middle), and DD2-125-145h (right) at ⇡ 10ms after the onset of the
merger.

binaries, the typical ejecta mass would approach 10�2M�
irrespective of the EOS employed. We note that the total
ejecta mass depends only weakly on the grid resolution
as listed in Table I.

As shown in Fig. 1, the ejecta mass increases with time
for the first ⇠ 10ms after the onset of the merger. This is
in particular observed for the SFHo models with q & 0.9
and all the DD2 models. This indicates that we have to
follow the ejecta motion at least for ⇡ 10ms after the
onset of the merger. In a recent simulation of Ref. [13],

they estimated the properties of the ejecta at . 5ms after
the onset of the merger, perhaps because of their small
computational domain employed (L = 750 km). How-
ever, the ejecta mass would still increase with time in
such an early phase. This could be one of the reasons
that our results for the ejecta mass are much larger than
theirs. Figure 1 also shows that the average of Ye still
significantly varies with time for the first ⇠ 5ms after
the onset of the merger. This also shows that it would
be necessary to determine the properties of the ejecta at

Sekiguchi+16

High	Ye	in	the	polar	region	(<	30-45	deg)	
=>	Blue	emission	may	be	able	to	escape	

e.g.,	Kasen+15,	Metzger	17

with s the specific entropy per nucleon). This small
difference in the entropy of the outflows indicates that
the increase in Ye is due mostly to a change in the relative
number of νe and νe absorptions in the outflows (or,
equivalently, a change in the value of Ye at which the
outflows are in equilibrium with the neutrino radiation),
rather than to additional absorptions of νe alone.
We note that the electron fraction of the polar outflows is

largely set by neutrino emission and absorption very close
to the compact neutron star core, where the temperature of

the fluid and the neutrino fluxes are the highest. In that
region, the value of Ye at which the fluid is in equilibrium
with the neutrinos is Yeq

e ∼ 0.4–0.5. Farther from the core,
electron antineutrinos emitted from the tidal arm contribute
more significantly to the equilibrium composition, driving
it down to Yeq

e ∼ 0.25–0.35 (with the lower values being
observed at earlier times). This explains the gradient of Ye
in the low-density regions close to the compact remnant. In
the equatorial regions, on the other hand, there is a large
excess of electron antineutrinos. There, the equilibrium
composition is Yeq

e ∼ 0.1–0.2, with the lower values once
more corresponding to earlier times. This indicates that, as
opposed to what is observed in the polar regions, in the
equatorial regions neutrino absorption drives the fluid
composition to values at which strong r-process nucleo-
synthesis is still expected.
The electron fraction of the ejected material is also

large everywhere in the polar regions, not just on average.
Figure 17 shows the electron fraction in a vertical slice
of the computational domain, 10 ms after merger. All of
the polar ejecta are at electron fractions Ye ≳ 0.25,
which should be sufficient to avoid strong r-process
nucleosynthesis.
The fact that neutrino absorption in the polar regions can

increase the electron fraction of the ejecta has generally been
observed in all general relativistic simulations of postmerger
remnants using an approximate neutrino transport scheme
[34,35,38,49]. Our results show that, in the gray approxi-
mation, the way in which we estimate the average energy of
the neutrinos can have important consequences for the
magnitude of that effect. For the configuration studied in
this work, evolving the neutrino number density to obtain a
local estimate of the neutrino average energy makes it clear
that the polar ejecta are initially prevented from undergoing
strong r-process nucleosynthesis. This is a prerequisite if we

FIG. 16. Average electron fraction of the material leaving the
computational domain for simulations using a local estimate of
the average neutrino energy (this work, solid lines) and a global
estimate from a leakage scheme (from Paper I, dashed lines). The
polar ejecta (green curve) is significantly less neutron rich when
using the local estimate of the neutrino energy. The shaded gray
region approximately covers the range of Ye over which we
expect strong r-process nucleosynthesis in the ejected material.
The equatorial ejecta (blue curve) are neutron rich in both
simulations.

FIG. 17. Vertical slice through the numerical simulation 10 ms after merger. The color gradient shows the electron fraction of the fluid.
Dashed white lines show isodensity contours ρ0 ¼ 1010;11;12 g cm3. Arrows show the transport velocity in the fluid. The solid black line
shows the boundary of the region in which the fluid is marked as unbound. All unbound material (i.e. fluid elements in the polar regions)
has a high electron fraction Ye > 0.25.

IMPACT OF AN IMPROVED NEUTRINO ENERGY … PHYSICAL REVIEW D 94, 123016 (2016)

123016-11

Foucart+16 See	Francois’s	talk
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Figure 8. Multi-color (ugrizJHK-band) light curves for dynamical ejecta model APR4-1215 with Y e = 0.10 − 0.40 (orange) and post-
merger ejecta models with Ye = 0.30 (blue) and 0.25 (green). The vertical axis on the left shows absolute magnitudes while the axis on the
right shows observed magnitude at 200 Mpc. All the magnitudes are given in AB magnitudes.
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Figure 4. Comparison of line expansion opacities between HULLAC and GRASP2K calculations. For singly ionized ions (Nd ii and
Er ii), the calculations assume ρ = 1× 10−13 g cm−3, T = 5, 000 K, and t = 1 day after the merger. For doubly ionized ions (Nd iii and
Er iii), the calculations assume the same density at the same epoch but T = 10, 000 K.
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the observed value of J0453  +  1559 is q  =  0.75 [124] and the recently discovered PSR 
J1913  +  1102 could have an even lower mass ratio [125]. The left panel of figure 9 shows the 
results for the macronova model 1, the middle panel shows MNmodel2 with the FRDM mass 
formula and the right panel refers to MNmodel2 with DZ31. The general trends with a fainter 
and faster lightcurve in the bluer bands is apparent, while the near-infrared (NIR) lightcurves 
can stay bright for several weeks. We typically have  −11.5 at peak in the g band versus  −13.8 
in the K band. The MNmodel2 results are about 0.7 magnitudes brighter at peak, but decay 
faster at later times. Both effects are mainly due to the time variation of the thermalization effi-
ciency, see figure 8. As expected from the enhanced net heating rate at late times (see figure 7) 
the DZ31 mass model yields peak magnitudes that are another 0.8 magnitudes brighter than 
for the FRDM case. At the same time, both runs using MNmodel2 are significantly redder in 
the optical, being about one magnitude fainter at peak in the g band. Additionally, their g-band 
lightcurves peak much earlier—only half a day after the merger versus about three days for 
MNmodel1.

Figure 10 shows the predictions for run B3 (1.2 ⊙M  NS and a 7.0 ⊙M  BH with a dimen-
sionless spin parameter χ = 0.9). The BH mass of 7 ⊙M  is close to the expected peak of the 
BH mass distribution [126], but the spin is admittedly high. However, if we are interested in 
NSBH systems that are able to launch a short GRB, we need a large BH spin (χ≈ 0.9 ) in the 

Figure 7. Left: Comparison of the total nuclear energy generation rates between the 
network of Winteler et  al (2012) and Mendoza-Temis et  al (2015), both using the 
FRDM mass model. The overall agreement between both networks is good over many 
orders of magnitude. Right: Net nuclear heating rates for the FRDM and DZ31 nuclear 
mass model (all runs N1–N5 and B1–B3; Mendoza-Temis et al network). The DZ31 
models yields consistently larger heating rates at late times (t  >  1 d).

Figure 8. Thermalization efficiencies for the different nuclear mass models.
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• New	opacity	calcula-ons	for	Se,	Ru,	Te,	Nd,	and	Er		

• Opacity	sensi-vely	depends	on	composi-ons  
=>	Accurate	es-mate	of	Ye	is	cri-cal	

• κ	~	0.5	cm2	g-1	for	Ye	~	0.3	(Lanthanide	free)	

• κ	~	10	cm2	g-1	for	solar	abundance	

• Wide	variety	depending	on	composi-ons		

• OpCcal:	22-25	mag	for	~3	days	@	200	Mpc	(0.01	Msun)	

• NIR:	22-24	mag	for	~7	days	@	200	Mpc	(0.01	Msun)	

• Observa-onal	prospects	

• How	to	select	NS	mergers?	 
AssociaCon	w/	nearby	galaxies,	faintness,	and	rapid	evoluCon  
(possible	diversity	in	color)	==>	mulC-visit	observaCons	

• Mass	of	r-process	elements?	==>	mulC-color	observaCons

Summary


