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• Why do supernovae (SNe) emit huge luminosity? 

• Why does emission from SNe evolve with :me? 

• What can we learn from observa:ons of SNe? 

• Why do NS mergers emit electromagne:c emission?  

• What can we learn from observa:ons of NS merger?

Goals of this lecture



•Wednesday 

•Basic of radia:on from supernovae - 1 

•Basic of radia:on from supernovae - 2 

•Friday 

•Lessons from supernova observa:ons 

•Neutron star mergers

Schedule

Lecture material
hSps://www.astr.tohoku.ac.jp/~masaomi.tanaka/sochi2019

* White board (~ half) 
    Slides (~ half)



Basic of radia:on from supernovae

1. Observa:ons of supernovae 

2. Power source of supernovae 

3. Light curves of supernovae
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Historical supernovae

Name Loca:on Year Magnitude
SN 185 Galac:c 185 -8?

SN 1006 Galac:c 1006 -9?
Crab Galac:c 1054 -4?

SN 1181 Galac:c 1181 0
Tycho Galac:c 1572 -4
Kepler Galac:c 1604 -3

SN 1987A LMC 1987 3

~ 1 supernova every 100-200 years



B. J. Fulton





SDSS



History of SN discovery

hOp://proRimobrien.com/2014/02/supernova-2014j-in-m82/

http://proftimobrien.com/2014/02/supernova-2014j-in-m82/


Spectroscopic classifica:on
(C) NASA/HST
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4 types of supernovae
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Host galaxies of supernovae

NASA, Swik ESO

Type Ia Type Ib, Ic, IIType Ia

Spiral galaxy 
(star forming)

II, Ib, Ic: Young stars (massive stars) 
Ia: Old stars (low-mass stars)

Ellip:cal galaxy



Core-collapse SNe Thermonuclear SNe

Progenitor Massive stars 
Short life>me

Low-mass stars (in binary) 
Long life>me

Elements O, Mg, Ca, … 
(progenitor star)

Si, Ca, Fe, … 
(explosion)



4 types of supernovae
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Type II

Core-collapse SNe and their progenitors

Fe

He

Type Ib

He

Type Ic

C

Mass loss due to stellar wind 
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Line profile

H alpha 
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=>  
v = 0.025 x c 
   ~ 7,000 km/s



E =
1

2
Mv2Q. How large is the kine:c energy?

Ekin ＝ 1/2 x Mass x (Velocity)2

＝1/2 x (5 x 2 x 1033 g) x (5 x 108 cm/s)2 

~ 1051 erg

Msun  = 2 x 1033 gMass ~ 5 Msun  

Velocity ~ 5000 km/s



Summary: Observa:ons of supernovae

• Supernova observa:ons 

• Modern observa>ons discover  
> 1000 extragalac>c SNe/yr 

• Spectral classifica:on 

• Core-collapse supernovae = Type II, Type Ib/Ic 

• Thermonuclear supernovae = Type Ia 

• Supernova explosions 

• V  ~ 5,000 - 10,000 km/s (Doppler shiR) 

• Ekin ~1051 erg << Egrav (~ 1053 erg)



Basic of radia:on from supernovae

1. Observa:ons of supernovae 

2. Power source of supernovae 

3. Light curves of supernovae



Light curve (brightness as a func:on of :me)
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Various types of explosive transients 

What determines 
their luminosity and :mescale?
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Supernova interac:ng with circumstellar material
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The Astronomical Journal, 144:131 (13pp), 2012 November Zhang et al.

Figure 3. U − B, B − V, V − R, and V − I color curves of SN 2010jl compared with those of Type IIn SNe 1997cy (Germany et al. 2000), 1998S (Fassia et al. 2000),
and 2006tf (Smith et al. 2008). All of the comparison SNe have been dereddened for the reddening in the Milky Way. The dotted lines are the least-squares fit to the
colors of SN 2010jl.

Figure 4. Absolute R-band light curve of SN 2010jl compared with other notable
Type IIn SNe 1997cy (Germany et al. 2000), 1998S (Fassia et al. 2000), 2006gy
(Smith et al. 2007), and 2006tf (Smith et al. 2008); Type Ia SN 2005cf (Wang
et al. 2009); and Type IIP SN 1999em (Leonard et al. 2002).

3.3. Absolute Magnitudes and Bolometric Light Curves

In Figure 4, we compare the absolute R-band light curves of
SN 2010jl with other SN samples. The pre-maximum data points
are extrapolated through the V-band light curves published by
Stoll et al. (2011) and the linear V −R color curve as presented
in Figure 3. Overplotted are the light curves of a typical Type
Ia SN 2005cf (Wang et al. 2009) and Type IIP SN 1999em
(Leonard et al. 2002). The Hubble constant H0 is taken to be
72 km s−1 Mpc−1 (Freedman et al. 2001) in deriving the absolute
magnitudes for these objects. Days of the light curves are given
relative to the estimated phase of the maximum brightness. One
notable feature of this plot is the heterogeneous light curves of
the SNe IIn. Compared with Type Ia and IIP SNe, the SN IIn
samples are very luminous and their high luminosity lasts for a
long time after the peak. A recent study by Kiewe et al. (2012)
suggests that the rise time for those luminous core-collapse can
be very long (>20 days). As seen from the plot, SN 2006gy
could have a rise time longer than 60 days, which is the most
luminous SNe IIn ever recorded in recent years. Although less
extreme relative to SN 2006gy, SN 2010jl clearly shows a high
luminosity with a long duration. It is interesting to note that
the light curve of SN 2010jl is similar to that of SN 2006tf and
SN 1997cy at early times, but remarkable difference between
them emerges at late times. By t ∼ 90 days from the maximum
light, the light curve of SN 2010jl becomes almost flat, unlike
SN 1998S or SN 2006tf, which declined in R at a faster pace
at a similar phase. By t ! 200 days, SN 2010jl becomes the
most luminous SN IIn of our samples due to its remarkably
slow evolution at late times. Such a long-duration emission at
high luminosity demands a large amount of emitting materials.

6

Type IIn SN 
- Brighter than Type II  

- Longer than Type II  
   but some:mes faster 

- Large varia:on

Zhang+12

IIn 

IIn 

II

Ia
IIn

Supernova interac:ng with circumstellar material



The Astrophysical Journal, 744:10 (19pp), 2012 January 1 Kiewe et al.

Figure 19. The wind speeds and mass-loss rates measured for our SN IIn
sample (black) as well as objects from the literature measured using the same
methodology (magenta; values based on Section 4 and Table 9). For comparison,
we plot typical values for red supergiant (RSG) stars (red), Wolf-Rayet stars
(WR, blue), and LBVs (green), where we plot the range of typical LBV behavior
(quiescent and eruptive) in the left, darker-shaded rectangle, and the extended
velocity range suggested by Pastorello et al. (2010) to the right in lighter shaded
green.
(A color version of this figure is available in the online journal.)

that have not yet reached these late, short-lived stages. While
the luminous progenitor of SN 2005gl (Gal-Yam & Leonard
2009) and very high deduced mass-loss rates of some SNe
(e.g., SN 2006gy, Smith et al. 2009; SN 2006tf, Smith et al.
2008) suggest that some SNe IIn come from extremely massive
stars, it is not clear if this is true for all these events. In this
context, our measurements of high mass-loss rates argue against
the progenitors of SNe IIn being red supergiant stars, whose
wind velocities and mass-loss rates are too low, and the strong
hydrogen lines and extended light curves argue against W-R
stars, whose atmospheres are expected to be hydrogen-poor and
compact (some W-R stars may explain the class of interacting
H-poor Ibn SNe; Pastorello et al. 2008). Thus it seems that SNe
IIn as a class (if all or most of the objects arise from a single
group of massive stars) require a progenitor star that does not fit
any of the common classes of massive stars. Such rare progenitor
stars are naturally explained by extreme masses, though other
explanations are possible.

6. SUMMARY AND CONCLUSIONS

SNe IIn exhibit a wide range of wind velocities and mass-
loss rates (Table 9). We have presented our observations of
four representative SNe IIn observed by the CCCP project. Our
photometry allows us to determine peak magnitudes and rise and
decline rates for three events. Our spectroscopic time series are
used to measure the pre-explosion wind velocities and mass-loss
rates from the progenitor stars of these SNe. We then provide
an extensive review of the literature and discuss our results in
the context of other well-studied events. Our main results are as
follows.

1. SNe IIn are typically luminous compared to other core-
collapse SNe (peak MV = −18.4 mag), and have a
relatively long rise time (> 20 days) followed by a slow
decline.

2. SN IIn spectra often show prominent narrow P-Cygni
profiles in the Balmer lines and multi-component Hα
profiles.

3. We measure fast pre-explosion progenitor winds
(600–1400 km s−1) and derive large mass-loss rates
(0.026–0.12 M⊙ yr−1).

4. Our work supports the association between SNe IIn and
LBV-like progenitor stars. The strong and massive winds
we find are broadly consistent with LBV progenitor stars
and unlike those of typical RSGs. This is in accordance
with the results from analysis of pre-explosion images of
the progenitor of Type IIn SN 2005gl (Gal-Yam & Leonard.
2009).

We thank N. Chugai, A. Pastorello, S. Benetti, N. Smith, and
the anonymous referee for useful comments on the manuscript.
The work of A.G. is supported by grants from the Israeli Science
Foundation (ISF), an EU FP7 Marie Curie IRG fellowship,
the Benoziyo Center for Astrophysics, and The Lord Sieff
of Brimpton Memorial Fund. S.B.C. acknowledges generous
support from Gary and Cynthia Bengier and the Richard and
Rhoda Goldman fund.

APPENDIX

PHOTOMETRIC CALIBRATION

In Figure 20 we show finding charts for the SNe and nearby
calibration stars, whose magnitudes are given in Table 10.

A.1. SDSS versus Landolt Calibrations

Landolt-derived equations for the observing nights of 2005
August 31 and 2009 April 19 were used to calibrate 15
stars located near four CCCP SNe within the SDSS footprint.
The standard Landolt results were compared with magnitudes
obtained from the SDSS photometry of these stars as above.
The difference between the two calibrations was calculated in
each filter for each star as well as the average and the standard
deviation of the differences of all the stars. The results from
both nights are shown in Table 11.

In all the filters, the scatter in the differences is larger than
the mean offsets. We conclude that the two calibration methods
are consistent.

Table 10
Calibration Stars

Supernova Star R.A. Decl. B V R I

SN2005bx 1 13:50:36.5 +68:35:23.0 17.18 16.15 15.64 15.17
2 13:50:54.7 +68:33:27.0 18.06 16.72 15.99 15.35
3 13:50:33.2 +68:32:48.3 14.76 14.07 13.63 13.26

SN2005cl 1 21:02:07.4 −06:17:12.5 18.54 17.97 17.65 17.26
2 21:02:08.6 −06:18:30.4 18.05 17.29 16.84 16.38
3 21:02:05.0 −06:19.09.4 15.50 14.64 14.02 13.85
4 21:02:03.8 −06:19:38.2 15.91 15.12 14.58 14.34
5 21:02:18.4 −06:19:57.2 14.97 14.07 13.60 13.21

SN2005cp 1 23:59:44.2 +18:10:42.2 15.03 14.28 13.83 13.44
2 23:59:54.2 +18:08:23.3 17.09 16.05 15.43 14.92
3 23:59:42.1 +18:07:51.5 18.09 17.52 17.12 16.65

SN2005db 1 00:41:26.0 +25:32:40.6 15.32 14.46 13.99 13.53
2 00:41:26.2 +25:31:57.4 16.44 15.87 15.56 15.22
3 00:41:20.9 +25:29:12.5 18.13 17.11 16.53 15.98
4 00:41:24.1 +25:28:21.2 16.88 16.24 15.89 15.50

17

Stellar mass loss probed by Type IIn supernovae

Intensive mass loss just before the explosion

Kiewe+2012



• Erad ~ 1049 erg  
<< Ekin (1051 erg) << Egrav (1053 erg) 

• Power source 

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)    

Summary: Power source of supernovae



Basic of radia:on from supernovae

1. Observa:ons of supernovae 

2. Power source of supernovae 

3. Light curves of supernovae



Light curves
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Various types of explosive transients 

What determines 
their luminosity and :mescale?
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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
binÈ averaged 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.

Pinto & Eastman 2000

Opacity in supernova ejecta (Type Ia SN, ρ = 10-13 g cm-3)
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Summary: Light curves of supernovae

• Timescale of emission 

• SN ejecta are ini>ally op>cally thick  

• Op>cal depth decreases with >me 

• Photons diffuse out from SN ejecta 

• Source of opacity:  
bound-bound transi>ons and e-scaOering  

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


