
Sec$on 9. 
Radia$on from supernovae (II)

9.1 Timescale of supernovae 

9.2 Applica$on to neutron star mergers 
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1. Radioac$vity (56Ni) 
　Important in all the types 
　Type Ia > Core-collapse 

2. Shock hea$ng 
　Important for large-radius star (Type II) 

3. Interac$on with CSM  
    Ekin => Eth (Type IIn)     

4. Magnetar? 
    Erot => energy loss by spin down 

Hea$ng source of supernovae



What determines the $mescale of supernovae?

What can we learn from observa$ons?
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of this section will then be applied to an examination of
frequency-averaged mean opacities.

A simple application of the analytic model of Paper I
shows that, for explosion models with 0.7 M

_
\ M \ 1.4

and 0.35 the central tem-M
_

M
_

\ M(56Ni) \ 1.4 M
_

,
perature near maximum luminosity is 1.5 ] 104 K [ T [

K and the density is g cm~3.2.5 ] 104 10~14 [ o [ 10~12
Under these conditions, the continuum opacity at optical
wavelengths is dominated by electron scattering. For
central temperatures K, the peak of theT

c
[ 1.5 ] 104

Planck function is in the UV where the(jBB [ 1900 A! )
opacity is dominated by bound-bound transitions. The
opacity from a thick forest of lines is greatly increased by
velocity shear Doppler broadening (Karp et al. 1977).

Figure 1 displays the various sources of opacity for a
mixture of 56Ni (20%), 56Co (70%), and 56Fe (10%), at a
density of 10~13 g cm~3 and temperature of 2.5 ] 104 K,
typical (perhaps) of maximum light in a Chandrasekhar-
mass explosion. The excitation and ionization were com-
puted from the Saha-Boltzmann equation. The opacity
approximation of Eastman & Pinto (1993Èalso see below)
was used for the line opacity, which greatly exceeds that
from electron scattering. Bound-free and free-free tran-
sitions contribute negligibly to the overall opacity, but they
are important contributors to the coupling between the
radiation Ðeld and the thermal energy of the gas. The
opacity is very strongly concentrated in the UV and falls o†
steeply toward optical wavelengths. As was noted by
Montes & Wagoner (1995), the line opacity between 2000
and 4000 falls o† roughly as We willA! d ln ij/d ln j D [10.
show that the steepness of this decline toward the optical

has important implications for the e†ective opacity in SNe
Ia and the way in which energy escapes.

2.2. Di†usion
Not only is the opacity from lines greater than that of

electron scattering, it is also fundamentally di†erent in char-
acter from a continuous opacity. In a medium where the
opacity varies slowly with wavelength, photons have an
exponential distribution of path lengths. Their progress
through an optically thick medium is a random walk with a
mean path length given by (oi)~1. In a supersonically
expanding medium dominated by line opacity, however,
there is a bimodal distribution of path lengths. The line
opacity is concentrated in a Ðnite number of isolated reso-
nance regions. Within these regions, where a photon has
Doppler shifted into resonance with a line transition, the
mean free path is very small. Outside these regions, the path
length is determined either by the much smaller continuous
opacity or by the distance the photon must travel to have
Doppler shifted into resonance with the next transition of
longer wavelength. For the physical conditions of Figure 1,
the mean free path of a UV photon goes from approx-
imately 5 ] 1014 cm in the continuum (because of electron
scattering) to less than D106 cm when in a line. The usual
random walk description of continuum transport must be
modiÐed to take this bimodal distribution into account.

Within a line, a photon scatters on average N D 1/p
times, where p is the probability per scattering for escape,
which is accomplished by Doppler shifting out of reso-
nance. In spite of the possibly large number of scatterings
needed for escape, a photon spends only a small fraction of

FIG. 1.ÈMonochromatic opacity sources at maximum light for a Chandrasekhar-mass model of a Type Ia supernova from a time-dependent, multi-
frequency, LTE calculation. The physical conditions are o \ 10~13 g cm~3, T \ 2.5 ] 104 K and t \ 14 days. The line opacity shown here is the frequency
binÈaveraged expansion opacity, as given by equation (9) (see text) and not the much larger monochromatic Sobolev opacity. The line opacity has not been
plotted below 2 ] 10~14 cm~1, so as not to obscure the contributions from continuum opacity sources.
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Observa$ons <=> physical quan$$es
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Neutron star merger

(C) NASA



Sekiguchi+15, 16
M ~ 10-3 - 10-2 Msun 

v ~ 0.1 - 0.2 c

Top view Side view

NS merger => mass ejec$on



r-process nucleosynthesis in NS merger

(C) Nobuya Nishimura



Supernova vs NS merger

Supernova NS merger

Power source 56Ni r-process elements

Ejecta mass 1-10 Msun 0.01 Msun

Ejecta velocity 5,000-10,000 km/s 30,000-60,000 km/s 
(0.1c-0.2c)

Kinetic energy 1051 erg 1-5 x 1050 erg

Composition H, He, C, O, Ca, 
Fe-group r-process elements



r-process and kilonovae 9

Figure 4. Heating rates (black) from β-decay (top), α-decay (middle), and fission (bottom) for mFE-a (left) and mFE-b (right)
with the top 11 isotopes (in different colors) that have more than 10% contributions at the maxima.
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Radioac$ve decay luminosity

1 day

10 day
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NSM-all
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κ=1.0 cm2 g-1

κ=10  cm2 g-1

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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Radia$on from NS merger
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Supernova and kilonova
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Supernova and kilonova

Kilonova
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Summary: Radia$on from supernovae (II)

• Timescale of emission 

• Photons diffusion in expanding material 
(bound-bound transiRons and e-scaSering) 

• Typical Rmescale t ~ κ1/2 Mej3/4 Ek-1/4  ~ κ1/2 Mej1/2 v-1/2 

• Lessons from observa$ons 

• M (Type II SN) > M (Type Ibc SN) > M (Type Ia SN) 

• E (CC SN) ~ E (Type Ia SN) 

• Applica$ons to Neutron star merger merger 

• Lower ejecta mass (x 1/100), Faster expansion (x 5), 
Higher opacity (x 100) 

• Kilonova: Fainter and faster than supernovae


