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Observations of SNe
➡ Traditionally, optical observations probe the ejecta dynamics, abundance, etc

6 CHAPTER 1. INTRODUCTION

central density reaches a critical value. The core of a massive star is thought to be composed of
56Fe. When the density and the temperature of the core become high enough, 56Fe is disintegrated

by absorbing photons, for example,

56Fe + � $ 134He + 4n. (1.14)

This process is known as photo-disintegration. In Figure 1.1, the green curve represents the

temperature at which the half of the total number of 56Fe is converted to 4He via the above

reaction as a function of the density. The temperature is calculated by assuming nuclear statistical

equilibrium. When the temperature of the stellar core exceeds this value, photo-disintegration of
56Fe triggers the collapse of the core. Such stars end their lives as core-collapse supernovae.

1.4 Collapse of massive stars

1.4.1 Core-collapse supernovae
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Figure 1.3: Schematic views of the core-collapse

supernova explosion.

As I have reviewed in the previous section, the

final evolutionary phase of a massive star is the

explosion triggered by the collapse of the iron

core, i.e., a core-collapse supernova. Observa-

tionally, a supernova is recognized as an instan-

taneous emergence of a bright point source on

the celestial sphere. Occasionally, the luminos-

ity of the point source in optical bands becomes

as bright as that of the host galaxy. The gen-

eral picture of the mechanism of the explosion,

which is outlined in the following and schemat-

ically depicted in Figure 1.3, is now widely

known.

The core of a massive star with the main-

sequence mass heavier than 8-10M�, which is

supposed to end its life as a core-collapse su-

pernova, is composed of 56Fe.

(1) A core-collapse supernova explosion is

initiated by the gravitational collapse of the

iron core of its progenitor star. The col-

lapse starts due to photo-disintegration of 56Fe.

Since the process is an endothermic reaction, the pressure of the core having sustained the core

decreases, which leads to the collapse.

light curves
spectra
polarimetry

explosion energy
ejecta mass
chemical composition
explosion geometry

Early emission: we need to detect EM signals that we do 

not know where and when they are emitted 
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SN shock breakout
➡ UV/X-ray flash associated with the birth of an SN explosion

➡ It occurs when the strong shock having been generated at 

the iron core emerges from the stellar surface

➡ We can observe the SN through EM only after shock 

breakout
Stellar surface

Shock front

photon path

Before shock breakout

Shock front

photon path

After shock breakout
Stellar surface

Core Core

photon diffusion velocity Vdiff=c/τ

shock velocity Vs

breakout condition c/τ>Vs
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SN 1987A
Blinnikov+(2000)
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XRF 080109/SN 2008D
➡ SN Ib @NGC2770 D=27Mpc

➡ Swift serendipitously 
observed an X-ray flash 
associated with the birth of 
the SN

➡ Lx~ a few×1043 erg/s, 
duration~ 200-300 sec, 
Ex~1046 erg

Soderberg+(2008)
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SNLS-04D2DC
➡ Supernova Legacy Survey 

➡ coincidence in time and position of an UV flash and a SN (@z=0.1854): 

GALEX satellite archival data

Schawinski+(2008)
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PTF 09uj
➡ Palomar Transient Factory 

➡ coincidence in time and position of an 

UV flash serendipitously observed by 

GALEX and the SN.

➡ UV emission for 2 weak. too long?

➡ spectrum: blue continuum, narrow 

Hα line

Ofek+(2010)
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No. 2, 2010 SUPERNOVA PTF 09UJ 1397

Figure 1. Images of the field of PTF 09uj. The SN was detected by GALEX in the NUV band on June 22 (upper left) and by PTF in the R band on June 23 (upper
right). The bottom right panel shows a reference R-band image prepared from PTF images obtained before the explosion. The numbered stars (1–6) mark the SDSS
photometric reference stars. The bottom left panel shows the discovery of PTF 09uj using image subtraction of PTF data. A 30′′-radius circle marks the position of
the SN in all panels. The position of the SN is α(J2000) = 14h20m11.s15, δ(J2000) = +53◦33′41.′′0, which is 2.′′7 from the center of SDSS J142010.86+533341.9 at a
position angle of ≈110◦.

artificial sources. The photometry was calibrated using r-
band magnitudes of six SDSS stars (Figure 1). Calibration er-
rors were added in quadrature to the image-subtraction errors
(Table 1).

The GALEX photometry was carried out by performing
aperture photometry with a 10′′ radius around the SN host
galaxy and subtracting its light as measured in the reference
image. The reference image was constructed by combining
the four GALEX images of this field taken prior to the SN
explosion, between 2009 May 4 and May 14. Since GALEX
uses photon-counting detectors (i.e., individual photons are time
tagged; Martin et al. 2005), we had the opportunity to look
for flux variations on relatively short timescales. In particular,
we examined the earliest image in which the SN was detected,
which was taken on June 22 and had an exposure time of 1364 s.
We extracted the time tags of the 4597 photons found within
10′′ of the SN and binned these photons on timescales from 3 to
1000 s. We found no significant variations in flux as a function
of time. We note that about 40% of these photons originate from
the SN and the rest are due to the host galaxy. The GALEX
NUV and P48 R-band light curves of PTF 09uj are presented in
Figure 2.

2.2. Spectroscopy

We observed PTF 09uj with an exposure time of 1800 s
with the Kast double spectrograph (Miller & Stone 1993)
mounted at the Cassegrain focus of the Shane 3-m telescope
at Lick Observatory; the 5500 Å dichroic was employed. On
the blue arm, we used the 600 lines mm−1 grism blazed at
4310 Å to provide spectral coverage of 3500–5550 Å and a
dispersion of 1.02 Å pixel−1, while on the red arm we used
the 300 lines mm−1 grating blazed at 7500 Å for a wavelength
range of 5400–10000 Å and a dispersion of 4.60 Å pixel−1.
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Figure 2. Light curve of PTF 09uj from the P48 (red circles), P60 (blue
diamonds), synthetic photometry (magenta star), and GALEX NUV observations
(black squares). The tip of the black triangle marks the magnitude lower limit
from GALEX. The curves show the scaled and smoothed light curves of two
other SNe IIn (SN 1998S, Fassia et al. 2000; SN 2005gl, Gal-Yam et al. 2007).
(A color version of this figure is available in the online journal.)

The Lick spectrum was reduced using standard routines in
IRAF15 (details provided by Cenko et al. 2008). Flux calibration
was performed relative to the standard stars BD +28◦ 4211
(blue side) and BD +26◦ 2606 (red side). The Lick spectrum of
PTF 09uj is shown in Figure 3. Given the lack of Na i absorption
lines in the SN spectrum and the low Galactic extinction toward
this SN (EB−V = 0.011 mag; Schlegel et al. 1998), we do not
correct for extinction.
15 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association for Research in Astronomy, Inc., under
cooperative agreement with the National Science Foundation.
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Table 1
Observations of PTF 09uj

Telescope UTC 2009 Band Magnitude fν

(AB mag) (µJy)

P48 Jun 02.3a Rb >20.5 <23
Jun 23.30 R 19.22 ± 0.13 75
Jul 03.22 R 19.27 ± 0.20 71
Jul 07.20 R 19.72 ± 0.25 47
Jul 10.21 R 20.08 ± 0.24 34
Jul 12.24 R 20.21 ± 0.32 30
Jul 14.23 R 20.37 ± 0.42 26
Jul 16.26 R 20.66 ± 0.31 20
Jul 19.21 R 20.89 ± 0.74 16
Jul 22.20 R 21.06 ± 0.30 14

P60 Jun 26.31 g 18.17 ± 0.07 197
Jun 26.31 r 18.31 ± 0.04 173
Jun 26.31 i 18.42 ± 0.05 159
Jun 30.38 g 18.69 ± 0.07 122
Jun 30.38 r 18.71 ± 0.05 119
Jun 30.38 i 18.70 ± 0.11 122

GALEX Jun 20.36 NUV >21.7 <7.5
Jun 22.35 NUV 19.32 ± 0.04 67
Jun 25.98 NUV 17.80 ± 0.02 274

Lickc Jun 28.27 spec
r 18.4 ± 0.3 159

Notes. fν is calculated at 2316 Å, 4718 Å, 6184 Å, and 7499 Å for the NUV,
g, PTF R/r, and i bands, respectively. Magnitude uncertainties include (in
quadrature) absolute calibration errors of 0.099 mag for the PTF R-band
measurements, and 0.071, 0.037, and 0.029 mag for the P60 g, r, and i bands,
respectively. An aperture correction of 0.12 mag was applied to the GALEX
NUV magnitudes (Morrissey et al. 2007).
a The last P48 non-detection before the discovery.
b All of the P48 observations were conducted using the Mould R-band filter.
Photometry was measured in the combined images of the same field taken each
night (usually two).
c The magnitude from Lick observatory is based on synthetic photometry of the
spectrum using the code described by Poznanski et al. (2002).

3. INTERPRETATION

The spectrum of PTF 09uj, which was taken around peak
light, shows a blue continuum, with narrow Hα emission and
no prominent, broad absorption features. This “narrow” line is
actually broader than the Hα line from the host galaxy and shows
a hint of a P Cygni profile (Figure 3 inset). The spectrum also
exhibits a narrow He i emission line (measured rest wavelength
5884 Å, corresponding to He i λ5876) which is not present in the
host-galaxy spectrum. These observations suggest that PTF 09uj
is an SN IIn enshrouded with a dense CSM.

However, the e-folding decline rate of the SN flux is about
10 days. This is faster than the steepest declining SNe IIn
previously known, such as SN 1998S (Fassia et al. 2000),
SN 2005gl (Gal-Yam et al. 2007), and SN 2005ip (e.g., Smith
et al. 2009); compare with the light curves of the first two in
Figure 2.

Another possible difference between PTF 09uj and SN 1998S
is the spectra. While the SNe spectra shown in Figure 3 were
both taken around maximum light, PTF 09uj evolved faster
and therefore these spectra probably do not correspond to the
same epoch after explosion. In order to compare the spectra of
the SNe taken at the same epoch after explosion it is probably
more adequate to inspect the spectrum of SN 1998S taken 13
days prior to maximum light (Fassia et al. 2001). This earlier
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Figure 3. Spectrum of PTF 09uj (black line; upper spectrum) and its host galaxy
(red line; lower spectrum). For comparison, the scaled spectrum of the Type-IIn
SN 1998S (Fassia et al. 2001) two days prior to maximum light is shown just
below the spectrum of PTF 09uj (gray line). The inset shows the Hα line in
detail.
(A color version of this figure is available in the online journal.)

spectrum of SN 1998S is different, with broader emission lines
and strong “Wolf–Rayet”-like features (e.g., C iii, N iii).

3.1. Shock Breakout in a Stellar Wind

The fast rise in UV light and the high peak luminosity
(νfν ≈ 3 × 1043 erg s−1) motivates us to consider a model of a
shock breakout which takes place within a dense, optically thick,
stellar wind (see also Falk & Arnett 1977; Waxman et al. 2007).
The blue continuum in the visible-light spectrum of PTF 09uj
suggests that the emission is optically thick. Fitting a blackbody
curve to the NUV, g-, r-, and i-band photometry, obtained on
June 25–26, we find a best-fit temperature of ≈1.7×104 K (with
rms of 0.13 mag). We note that if line blanketing is affecting the
spectrum, the true effective temperature could be even higher.

In the framework of the model considered here (see sketch
in Figure 4), the rising UV emission is due to a shock breakout
within an optically thick wind. Some or most of the visible-light
emission at later times is caused by diffusion of the shock-
deposited energy.

We now calculate the properties of the shock and ejecta
that are needed in order to explain the observations. In this
calculation, we use the observed peak luminosity and the rise
time of the SN to calculate various parameters (i.e., mass,
velocity, temperature).

The thickness of a radiation-mediated shock, τs, in units of
the Thomson optical depth (e.g., Weaver 1976), is given by

τs ≈ c/vs. (1)

Here, c is the speed of light and vs is the upstream ejecta
(and shock) speed. A radiation-mediated shock “breaks down”
or “breaks out” (i.e., radiation escapes ahead of the shock)
when photons diffuse ahead of the shock faster than the shock
propagates. For a wind-density profile ρ(r) = Kr−2, where K is
a normalization constant and r is the distance from the center, the
photon diffusion time from r to 2r is tdiff = κρr2/c = κK/c,
independent of r, while the shock propagation time is r/vs,
growing with r. Thus, the shock breaks down when it reaches
rbreak = κKvs/c. At this point, photons would diffuse and
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➡ sub-energetic class of long GRBs: relativistic shock breakout?

➡ only nearby events are detected, but event rate is rather high

➡ They accompany broad-lined Ic SNe

➡ Ex. GRB 980425/SN 1998bw, GRB 060218/SN 2006aj, GRB100316D/ SN2010bh



e.g., 230+490-190 Gpc-3 yr-1  (Soderberg+ 2006 ), 100-1800 Gpc-3 yr-1  (Guetta&Della Valle 2007)

GRB 060218, Campana+ (2006)

– 11 –

Fig. 2.— Long-term Swift light curve of GRB060218. Upper panel: the XRT light curve
(0.3–10 keV) is shown with open black circles. Count rate-to-flux conversion factors were derived
from time-dependent spectral analysis. We also plot with open black squares the contribution to the
0.3–10 keV flux by the blackbody component. Its percentage contribution is increasing with time,
becoming dominant at the end of the exponential decay. The X–ray light curve has a long, slow
power-law rise followed by an exponential (or steep power-law) decay. At about 10,000 s the light
curve breaks to a shallower power-law decay with index −1.2 ± 0.1 characteristic of typical GRB
afterglows. This classical afterglow can be naturally accounted for by a shock driven into the wind
by a shell with kinetic energy Eshell ∼ 1049 erg. The t−1 flux decline is valid at the stage where
the shell is being decelerated by the wind with the deceleration phase beginning at tdec

<
∼ 104 s for

Ṁ >
∼ 10−4(vwind/108 cm s−1) M" yr−1, consistent with the mass-loss rate inferred from the thermal

X–ray component.
Lower panel: the UVOT light curve. Filled circles of different colors represent different UVOT filters:
red – V (centered at 544 nm); green – B (439 nm), blue – U (345 nm), light blue – UVW1 (251
nm); magenta – UVM1 (217 nm) and yellow – UVW2 (188 nm). Specific fluxes have been multiplied
by their FWHM widths (75, 98, 88, 70, 51 and 76 nm, respectively). Data have been rebinned to
increase the signal to noise ratio. The UV band light curve peaks at about 30 ks due to the shock
break-out from the outer stellar surface and the surrounding dense stellar wind, while the optical
band peaks at about 800 ks due to radioactive heating in the SN ejecta.

GRB 100316D, Starling+ (2011)

1000 sec
1000 sec

Other possible events: low-luminosity GRBs

SNGRB 2014@riken, Aug 27, 2014 

➡ sub-energetic class of long GRBs: relativistic shock breakout?

➡ only nearby events are detected, but event rate is rather high

➡ They accompany broad-lined Ic SNe

➡ Ex. GRB 980425/SN 1998bw, GRB 060218/SN 2006aj, GRB100316D/ SN2010bh



e.g., 230+490-190 Gpc-3 yr-1  (Soderberg+ 2006 ), 100-1800 Gpc-3 yr-1  (Guetta&Della Valle 2007)

6×1046 erg/s 9×1047 erg 35 s 122 keV

2×1046 erg/s 4×1049 erg 2100 s 4.7 keV

5×1046 erg/s 6×1049 erg 1300 s 18 keV

GRB 980425
SN 1998bw

GRB 060218
SN 2006aj

GRB 100316D
SN 2010bh

Luminosity Lγ,iso Isotropic energy Eiso Duration T90 peak energy Ep

from Hjorth (2011)cf. Liso~1051 erg/s, Eiso~1052-53 erg for standard GRBs

Other possible events: low-luminosity GRBs
➡ sub-energetic class of long GRBs: relativistic shock breakout?

➡ only nearby events are detected, but event rate is rather high

➡ They accompany broad-lined Ic SNe

➡ Ex. GRB 980425/SN 1998bw, GRB 060218/SN 2006aj, GRB100316D/ SN2010bh
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➡ Their origin is still under debate....

➡ SN shock breakout emission from relativistic SNe (in a dense wind)?

➡ Weak/Failed/Off axis-viewed jet? engine-activity?

➡ We need more events to constrain their origin, event rate, and so on
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Other possible events: low-luminosity GRBs
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What can we learn from SN breakout?Luminosity 
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light curve of shock breakout: spherical case
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light curve of shock breakout: spherical caseLuminosity 
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The energy will be released on the di†usion time atEseshock breakout, which is also the time for the shock to
travel its width. So,
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However, note that the pulse will be longer than this from
the vantage of a distant observer because of the light travel
time (see, e.g., Ensman & Burrows 1992), which is 1160 s for
a star of radius or 116 s for a star of radius500 R

_
, 50 R

_
.

As a result, the observed luminosity will be typically some-
what less than Ese/tse.These formulae reproduce the energy and timescale of the
radiation outburst in the numerical simulations of Ensman
& Burrows (1992), for explosion parameters chosen to
match theirs. These formulae are also in agreement with the
analytical results of Imshennik & (1989) for SNNade! zhin
1987A, but only if we account for the fact that the shock
velocity they use is 47% faster than is given by equation (17)
for the same model, as if ! were 1.16 instead of 0.79 for the
outermost mass shells. If instead we use equations (36) and
(37), we Ðnd a value of that is 20% lower, and a value ofTsethat is 50% lower, than those of Imshennik &Ese Nade! zhin.
It is not apparent why the two shock formulae do not agree,
as their formula is taken from their simulations, and our
formula agrees with our simulations.

For the helium-star progenitors of typical Types Ib and
Ic supernovae, described by Woosley et al. (1995) and dis-
cussed in ° 5.3.2 (again, assuming that ergs), theEin \ 1051
energy associated with the outburst would be between
3 ] 1044 and 2 ] 1046 ergs, and the outburst would last
between 2 and 20 s. In making these estimates, we have
assumed that the stellar wind does not have sufficient
optical depth to support a radiation-dominated shock. For
compact progenitors with dense Wolf-Rayet winds, this
assumption may fail. In that situation, the shock-velocity
formula (eq. [17]) can be applied to the stellar wind, and
breakout quantities can be estimated at the radius for which
the wind optical depth matches The circumstellarDc/v

s
.

interaction (see, e.g., Fransson, Lundqvist, & Chevalier
1996) would then begin immediately.

6. PRESSURE-BASED MODEL FOR THE EJECTA PRESSURE

AND DENSITY DISTRIBUTIONS

We now wish to present a model that describes the dis-
tribution of all the ejecta, not just the high-velocity ejecta
discussed in ° 5. To do so, we will extend the form of the
pressure distribution inward in mass, approximating its
variation with a simple functional form. In our calculations,
the Ðnal pressure distribution is invariably the smoothest of
the hydrodynamical variables (expressed as functions of m8 ) ;
this is not surprising, since the pressure gradient is inhibited
on small scales by its ability to accelerate the material so as
to reduce its magnitude. Once we make a model for the Ðnal
pressure distribution, the Ðnal density distribution follows
immediately from the entropy left behind by the forward
shock.

To make a simple model for the Ðnal pressure distribu-
tion, we multiply the pressure distribution knownp

f
(m8 )t4,

for the high-velocity material, given in Table 3, by a simple
function of m. This has the advantage of preserving the
high-velocity behavior of the Ñow derived in ° 5, because m8
varies very little in the region of validity of this solution.
The solution found in this manner is less accurate than the
solutions of ° 5, but they have the advantage that they are
robust to variations in the progenitor structure (like the
existence of superadiabatic gradients in RSGs). They fail in
regions that experience a strong reverse shock, especially
the mantles of RSGs. However, as we discuss in ° 6.1, the
density jump between the mantle and outer envelope ejecta
can be predicted despite the formation of reverse shocks.

Multiplying the pressure distribution speciÐed in Table 3
by a simple function of mass produces our model for the
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The energy of the radiation outburst can be estimatedEseas the thermal energy in the shock front at the time of
breakout. So, Ese ^ (aT se4 /3)[4nR*3 x0(breakout)] :
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The energy will be released on the di†usion time atEseshock breakout, which is also the time for the shock to
travel its width. So,

tse \ 790
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However, note that the pulse will be longer than this from
the vantage of a distant observer because of the light travel
time (see, e.g., Ensman & Burrows 1992), which is 1160 s for
a star of radius or 116 s for a star of radius500 R

_
, 50 R

_
.

As a result, the observed luminosity will be typically some-
what less than Ese/tse.These formulae reproduce the energy and timescale of the
radiation outburst in the numerical simulations of Ensman
& Burrows (1992), for explosion parameters chosen to
match theirs. These formulae are also in agreement with the
analytical results of Imshennik & (1989) for SNNade! zhin
1987A, but only if we account for the fact that the shock
velocity they use is 47% faster than is given by equation (17)
for the same model, as if ! were 1.16 instead of 0.79 for the
outermost mass shells. If instead we use equations (36) and
(37), we Ðnd a value of that is 20% lower, and a value ofTsethat is 50% lower, than those of Imshennik &Ese Nade! zhin.
It is not apparent why the two shock formulae do not agree,
as their formula is taken from their simulations, and our
formula agrees with our simulations.

For the helium-star progenitors of typical Types Ib and
Ic supernovae, described by Woosley et al. (1995) and dis-
cussed in ° 5.3.2 (again, assuming that ergs), theEin \ 1051
energy associated with the outburst would be between
3 ] 1044 and 2 ] 1046 ergs, and the outburst would last
between 2 and 20 s. In making these estimates, we have
assumed that the stellar wind does not have sufficient
optical depth to support a radiation-dominated shock. For
compact progenitors with dense Wolf-Rayet winds, this
assumption may fail. In that situation, the shock-velocity
formula (eq. [17]) can be applied to the stellar wind, and
breakout quantities can be estimated at the radius for which
the wind optical depth matches The circumstellarDc/v

s
.

interaction (see, e.g., Fransson, Lundqvist, & Chevalier
1996) would then begin immediately.

6. PRESSURE-BASED MODEL FOR THE EJECTA PRESSURE

AND DENSITY DISTRIBUTIONS

We now wish to present a model that describes the dis-
tribution of all the ejecta, not just the high-velocity ejecta
discussed in ° 5. To do so, we will extend the form of the
pressure distribution inward in mass, approximating its
variation with a simple functional form. In our calculations,
the Ðnal pressure distribution is invariably the smoothest of
the hydrodynamical variables (expressed as functions of m8 ) ;
this is not surprising, since the pressure gradient is inhibited
on small scales by its ability to accelerate the material so as
to reduce its magnitude. Once we make a model for the Ðnal
pressure distribution, the Ðnal density distribution follows
immediately from the entropy left behind by the forward
shock.

To make a simple model for the Ðnal pressure distribu-
tion, we multiply the pressure distribution knownp

f
(m8 )t4,

for the high-velocity material, given in Table 3, by a simple
function of m. This has the advantage of preserving the
high-velocity behavior of the Ñow derived in ° 5, because m8
varies very little in the region of validity of this solution.
The solution found in this manner is less accurate than the
solutions of ° 5, but they have the advantage that they are
robust to variations in the progenitor structure (like the
existence of superadiabatic gradients in RSGs). They fail in
regions that experience a strong reverse shock, especially
the mantles of RSGs. However, as we discuss in ° 6.1, the
density jump between the mantle and outer envelope ejecta
can be predicted despite the formation of reverse shocks.

Multiplying the pressure distribution speciÐed in Table 3
by a simple function of mass produces our model for the
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The energy of the radiation outburst can be estimatedEseas the thermal energy in the shock front at the time of
breakout. So, Ese ^ (aT se4 /3)[4nR*3 x0(breakout)] :
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The energy will be released on the di†usion time atEseshock breakout, which is also the time for the shock to
travel its width. So,
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However, note that the pulse will be longer than this from
the vantage of a distant observer because of the light travel
time (see, e.g., Ensman & Burrows 1992), which is 1160 s for
a star of radius or 116 s for a star of radius500 R

_
, 50 R

_
.

As a result, the observed luminosity will be typically some-
what less than Ese/tse.These formulae reproduce the energy and timescale of the
radiation outburst in the numerical simulations of Ensman
& Burrows (1992), for explosion parameters chosen to
match theirs. These formulae are also in agreement with the
analytical results of Imshennik & (1989) for SNNade! zhin
1987A, but only if we account for the fact that the shock
velocity they use is 47% faster than is given by equation (17)
for the same model, as if ! were 1.16 instead of 0.79 for the
outermost mass shells. If instead we use equations (36) and
(37), we Ðnd a value of that is 20% lower, and a value ofTsethat is 50% lower, than those of Imshennik &Ese Nade! zhin.
It is not apparent why the two shock formulae do not agree,
as their formula is taken from their simulations, and our
formula agrees with our simulations.

For the helium-star progenitors of typical Types Ib and
Ic supernovae, described by Woosley et al. (1995) and dis-
cussed in ° 5.3.2 (again, assuming that ergs), theEin \ 1051
energy associated with the outburst would be between
3 ] 1044 and 2 ] 1046 ergs, and the outburst would last
between 2 and 20 s. In making these estimates, we have
assumed that the stellar wind does not have sufficient
optical depth to support a radiation-dominated shock. For
compact progenitors with dense Wolf-Rayet winds, this
assumption may fail. In that situation, the shock-velocity
formula (eq. [17]) can be applied to the stellar wind, and
breakout quantities can be estimated at the radius for which
the wind optical depth matches The circumstellarDc/v

s
.

interaction (see, e.g., Fransson, Lundqvist, & Chevalier
1996) would then begin immediately.

6. PRESSURE-BASED MODEL FOR THE EJECTA PRESSURE

AND DENSITY DISTRIBUTIONS

We now wish to present a model that describes the dis-
tribution of all the ejecta, not just the high-velocity ejecta
discussed in ° 5. To do so, we will extend the form of the
pressure distribution inward in mass, approximating its
variation with a simple functional form. In our calculations,
the Ðnal pressure distribution is invariably the smoothest of
the hydrodynamical variables (expressed as functions of m8 ) ;
this is not surprising, since the pressure gradient is inhibited
on small scales by its ability to accelerate the material so as
to reduce its magnitude. Once we make a model for the Ðnal
pressure distribution, the Ðnal density distribution follows
immediately from the entropy left behind by the forward
shock.

To make a simple model for the Ðnal pressure distribu-
tion, we multiply the pressure distribution knownp

f
(m8 )t4,

for the high-velocity material, given in Table 3, by a simple
function of m. This has the advantage of preserving the
high-velocity behavior of the Ñow derived in ° 5, because m8
varies very little in the region of validity of this solution.
The solution found in this manner is less accurate than the
solutions of ° 5, but they have the advantage that they are
robust to variations in the progenitor structure (like the
existence of superadiabatic gradients in RSGs). They fail in
regions that experience a strong reverse shock, especially
the mantles of RSGs. However, as we discuss in ° 6.1, the
density jump between the mantle and outer envelope ejecta
can be predicted despite the formation of reverse shocks.

Multiplying the pressure distribution speciÐed in Table 3
by a simple function of mass produces our model for the
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The energy of the radiation outburst can be estimatedEseas the thermal energy in the shock front at the time of
breakout. So, Ese ^ (aT se4 /3)[4nR*3 x0(breakout)] :
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The energy will be released on the di†usion time atEseshock breakout, which is also the time for the shock to
travel its width. So,
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However, note that the pulse will be longer than this from
the vantage of a distant observer because of the light travel
time (see, e.g., Ensman & Burrows 1992), which is 1160 s for
a star of radius or 116 s for a star of radius500 R

_
, 50 R

_
.

As a result, the observed luminosity will be typically some-
what less than Ese/tse.These formulae reproduce the energy and timescale of the
radiation outburst in the numerical simulations of Ensman
& Burrows (1992), for explosion parameters chosen to
match theirs. These formulae are also in agreement with the
analytical results of Imshennik & (1989) for SNNade! zhin
1987A, but only if we account for the fact that the shock
velocity they use is 47% faster than is given by equation (17)
for the same model, as if ! were 1.16 instead of 0.79 for the
outermost mass shells. If instead we use equations (36) and
(37), we Ðnd a value of that is 20% lower, and a value ofTsethat is 50% lower, than those of Imshennik &Ese Nade! zhin.
It is not apparent why the two shock formulae do not agree,
as their formula is taken from their simulations, and our
formula agrees with our simulations.

For the helium-star progenitors of typical Types Ib and
Ic supernovae, described by Woosley et al. (1995) and dis-
cussed in ° 5.3.2 (again, assuming that ergs), theEin \ 1051
energy associated with the outburst would be between
3 ] 1044 and 2 ] 1046 ergs, and the outburst would last
between 2 and 20 s. In making these estimates, we have
assumed that the stellar wind does not have sufficient
optical depth to support a radiation-dominated shock. For
compact progenitors with dense Wolf-Rayet winds, this
assumption may fail. In that situation, the shock-velocity
formula (eq. [17]) can be applied to the stellar wind, and
breakout quantities can be estimated at the radius for which
the wind optical depth matches The circumstellarDc/v

s
.

interaction (see, e.g., Fransson, Lundqvist, & Chevalier
1996) would then begin immediately.

6. PRESSURE-BASED MODEL FOR THE EJECTA PRESSURE

AND DENSITY DISTRIBUTIONS

We now wish to present a model that describes the dis-
tribution of all the ejecta, not just the high-velocity ejecta
discussed in ° 5. To do so, we will extend the form of the
pressure distribution inward in mass, approximating its
variation with a simple functional form. In our calculations,
the Ðnal pressure distribution is invariably the smoothest of
the hydrodynamical variables (expressed as functions of m8 ) ;
this is not surprising, since the pressure gradient is inhibited
on small scales by its ability to accelerate the material so as
to reduce its magnitude. Once we make a model for the Ðnal
pressure distribution, the Ðnal density distribution follows
immediately from the entropy left behind by the forward
shock.

To make a simple model for the Ðnal pressure distribu-
tion, we multiply the pressure distribution knownp

f
(m8 )t4,

for the high-velocity material, given in Table 3, by a simple
function of m. This has the advantage of preserving the
high-velocity behavior of the Ñow derived in ° 5, because m8
varies very little in the region of validity of this solution.
The solution found in this manner is less accurate than the
solutions of ° 5, but they have the advantage that they are
robust to variations in the progenitor structure (like the
existence of superadiabatic gradients in RSGs). They fail in
regions that experience a strong reverse shock, especially
the mantles of RSGs. However, as we discuss in ° 6.1, the
density jump between the mantle and outer envelope ejecta
can be predicted despite the formation of reverse shocks.

Multiplying the pressure distribution speciÐed in Table 3
by a simple function of mass produces our model for the
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The energy of the radiation outburst can be estimatedEseas the thermal energy in the shock front at the time of
breakout. So, Ese ^ (aT se4 /3)[4nR*3 x0(breakout)] :
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The energy will be released on the di†usion time atEseshock breakout, which is also the time for the shock to
travel its width. So,
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However, note that the pulse will be longer than this from
the vantage of a distant observer because of the light travel
time (see, e.g., Ensman & Burrows 1992), which is 1160 s for
a star of radius or 116 s for a star of radius500 R

_
, 50 R

_
.

As a result, the observed luminosity will be typically some-
what less than Ese/tse.These formulae reproduce the energy and timescale of the
radiation outburst in the numerical simulations of Ensman
& Burrows (1992), for explosion parameters chosen to
match theirs. These formulae are also in agreement with the
analytical results of Imshennik & (1989) for SNNade! zhin
1987A, but only if we account for the fact that the shock
velocity they use is 47% faster than is given by equation (17)
for the same model, as if ! were 1.16 instead of 0.79 for the
outermost mass shells. If instead we use equations (36) and
(37), we Ðnd a value of that is 20% lower, and a value ofTsethat is 50% lower, than those of Imshennik &Ese Nade! zhin.
It is not apparent why the two shock formulae do not agree,
as their formula is taken from their simulations, and our
formula agrees with our simulations.

For the helium-star progenitors of typical Types Ib and
Ic supernovae, described by Woosley et al. (1995) and dis-
cussed in ° 5.3.2 (again, assuming that ergs), theEin \ 1051
energy associated with the outburst would be between
3 ] 1044 and 2 ] 1046 ergs, and the outburst would last
between 2 and 20 s. In making these estimates, we have
assumed that the stellar wind does not have sufficient
optical depth to support a radiation-dominated shock. For
compact progenitors with dense Wolf-Rayet winds, this
assumption may fail. In that situation, the shock-velocity
formula (eq. [17]) can be applied to the stellar wind, and
breakout quantities can be estimated at the radius for which
the wind optical depth matches The circumstellarDc/v

s
.

interaction (see, e.g., Fransson, Lundqvist, & Chevalier
1996) would then begin immediately.

6. PRESSURE-BASED MODEL FOR THE EJECTA PRESSURE

AND DENSITY DISTRIBUTIONS

We now wish to present a model that describes the dis-
tribution of all the ejecta, not just the high-velocity ejecta
discussed in ° 5. To do so, we will extend the form of the
pressure distribution inward in mass, approximating its
variation with a simple functional form. In our calculations,
the Ðnal pressure distribution is invariably the smoothest of
the hydrodynamical variables (expressed as functions of m8 ) ;
this is not surprising, since the pressure gradient is inhibited
on small scales by its ability to accelerate the material so as
to reduce its magnitude. Once we make a model for the Ðnal
pressure distribution, the Ðnal density distribution follows
immediately from the entropy left behind by the forward
shock.

To make a simple model for the Ðnal pressure distribu-
tion, we multiply the pressure distribution knownp

f
(m8 )t4,

for the high-velocity material, given in Table 3, by a simple
function of m. This has the advantage of preserving the
high-velocity behavior of the Ñow derived in ° 5, because m8
varies very little in the region of validity of this solution.
The solution found in this manner is less accurate than the
solutions of ° 5, but they have the advantage that they are
robust to variations in the progenitor structure (like the
existence of superadiabatic gradients in RSGs). They fail in
regions that experience a strong reverse shock, especially
the mantles of RSGs. However, as we discuss in ° 6.1, the
density jump between the mantle and outer envelope ejecta
can be predicted despite the formation of reverse shocks.

Multiplying the pressure distribution speciÐed in Table 3
by a simple function of mass produces our model for the
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aT se4 /3 \ 2o0v
s
2(breakout)/(c ] 1) :

Tse \ 5.55 ] 105A i
0.34 cm2 g~1

B~0.10Ao1
o*

B0.070

]
A Ein

1051 ergs
B0.20A Mej

10 M
_

B~0.052

]
A R*

500 R
_

B~0.54
K

A
n \ 3

2
B

, (36)

Tse \ 1.31 ] 106A i
0.34 cm2 g~1

B~0.14Ao1
o*

B0.046

]
A Ein

1051 ergs
B0.18A Mej

10 M
_

B~0.068

]
A R*

50 R
_

B~0.48
K (n \ 3) .

The energy of the radiation outburst can be estimatedEseas the thermal energy in the shock front at the time of
breakout. So, Ese ^ (aT se4 /3)[4nR*3 x0(breakout)] :

Ese \ 1.7 ] 1048A i
0.34 cm2 g~1

B~0.87Ao1
o*

B~0.086

]
A Ein

1051 ergs
B0.56A Mej

10 M
_

B~0.44

]
A R*

500 R
_

B1.74
ergs

A
n \ 3

2
B

, (37)

Ese \ 7.6 ] 1046A i
0.34 cm2 g~1

B~0.84Ao1
o*

B~0.054

]
A Ein

1051 ergs
B0.58A Mej

10 M
_

B~0.42

]
A R*

50 R
_

B1.68
ergs (n \ 3) .

The energy will be released on the di†usion time atEseshock breakout, which is also the time for the shock to
travel its width. So,

tse \ 790
A i

0.34 cm2 g~1
B~0.58Ao1

o*

B~0.28

]
A Ein

1051 ergs
B~0.79A Mej

10 M
_

B0.21

]
A R*

500 R
_

B2.16
s
A

n \ 3
2
B

, (38)

tse \ 40
A i

0.34 cm2 g~1
B~0.45Ao1

o*

B~0.18

]
A Ein

1051 ergs
B~0.72A Mej

10 M
_

B0.27

]
A R*

50 R
_

B1.90
s (n \ 3) .

However, note that the pulse will be longer than this from
the vantage of a distant observer because of the light travel
time (see, e.g., Ensman & Burrows 1992), which is 1160 s for
a star of radius or 116 s for a star of radius500 R

_
, 50 R

_
.

As a result, the observed luminosity will be typically some-
what less than Ese/tse.These formulae reproduce the energy and timescale of the
radiation outburst in the numerical simulations of Ensman
& Burrows (1992), for explosion parameters chosen to
match theirs. These formulae are also in agreement with the
analytical results of Imshennik & (1989) for SNNade! zhin
1987A, but only if we account for the fact that the shock
velocity they use is 47% faster than is given by equation (17)
for the same model, as if ! were 1.16 instead of 0.79 for the
outermost mass shells. If instead we use equations (36) and
(37), we Ðnd a value of that is 20% lower, and a value ofTsethat is 50% lower, than those of Imshennik &Ese Nade! zhin.
It is not apparent why the two shock formulae do not agree,
as their formula is taken from their simulations, and our
formula agrees with our simulations.

For the helium-star progenitors of typical Types Ib and
Ic supernovae, described by Woosley et al. (1995) and dis-
cussed in ° 5.3.2 (again, assuming that ergs), theEin \ 1051
energy associated with the outburst would be between
3 ] 1044 and 2 ] 1046 ergs, and the outburst would last
between 2 and 20 s. In making these estimates, we have
assumed that the stellar wind does not have sufficient
optical depth to support a radiation-dominated shock. For
compact progenitors with dense Wolf-Rayet winds, this
assumption may fail. In that situation, the shock-velocity
formula (eq. [17]) can be applied to the stellar wind, and
breakout quantities can be estimated at the radius for which
the wind optical depth matches The circumstellarDc/v

s
.

interaction (see, e.g., Fransson, Lundqvist, & Chevalier
1996) would then begin immediately.

6. PRESSURE-BASED MODEL FOR THE EJECTA PRESSURE

AND DENSITY DISTRIBUTIONS

We now wish to present a model that describes the dis-
tribution of all the ejecta, not just the high-velocity ejecta
discussed in ° 5. To do so, we will extend the form of the
pressure distribution inward in mass, approximating its
variation with a simple functional form. In our calculations,
the Ðnal pressure distribution is invariably the smoothest of
the hydrodynamical variables (expressed as functions of m8 ) ;
this is not surprising, since the pressure gradient is inhibited
on small scales by its ability to accelerate the material so as
to reduce its magnitude. Once we make a model for the Ðnal
pressure distribution, the Ðnal density distribution follows
immediately from the entropy left behind by the forward
shock.

To make a simple model for the Ðnal pressure distribu-
tion, we multiply the pressure distribution knownp

f
(m8 )t4,

for the high-velocity material, given in Table 3, by a simple
function of m. This has the advantage of preserving the
high-velocity behavior of the Ñow derived in ° 5, because m8
varies very little in the region of validity of this solution.
The solution found in this manner is less accurate than the
solutions of ° 5, but they have the advantage that they are
robust to variations in the progenitor structure (like the
existence of superadiabatic gradients in RSGs). They fail in
regions that experience a strong reverse shock, especially
the mantles of RSGs. However, as we discuss in ° 6.1, the
density jump between the mantle and outer envelope ejecta
can be predicted despite the formation of reverse shocks.

Multiplying the pressure distribution speciÐed in Table 3
by a simple function of mass produces our model for the

for RSG,  Matzner&McKee(1999)
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Fig. 2.— Comparison between the NUV (top) and FUV (bottom)
observations (points, SNLS-04D2dc, Schawinski et al. 2008) and
the SN IIP model without the host galaxy extinction (dot-dashed
line) and reddened for the host galaxy extinction with EB−V,host =
0.06 mag (dashed line), 0.14 mag (solid line), and 0.22 mag (dotted
line).

The UV light allows for direct observations of the
shock breakout but is strongly reduced by extinction.
Thus it is crucial to estimate correctly the extinction
in the host galaxy and our Galaxy. While the color
excess of our Galaxy EB−V,Gal is taken from Schlegel
et al. (1998, EB−V,Gal = 0.02 mag), it is difficult to es-
timate the color excess and thus extinction of the host
galaxy. Schawinski et al. (2008) estimates the color ex-
cess of the host galaxy EB−V,host at the SN location
from the Balmer decrement as EB−V,host = 0.14 mag.
However, they caution that the uncertainty of the to-
tal extinction is as much as a factor of two and fur-
ther note that the estimate from the empirical relation
of SNe IIP (Nugent et al. 2006) is consistent with both
of EB−V,host = 0.14 mag and 0.

Assuming the Small Magellanic Cloud (SMC) redden-
ing law for the host galaxy (Pei 1992) and EB−V,host =
0.14 mag, the total extinction at the effective wave-
lengths of the far and near UV (FUV and NUV) filters
of the GALEX satellite are as large as AFUV = 2.38 mag
and ANUV = 1.51 mag, respectively. Hereafter, we call
these values “standard” extinction. Although the values
are slightly different from Schawinski et al. (2008), the
total extinction integrated over each band depends on
the intrinsic spectrum and varies with time as the spec-
trum changes. The variations of extinction in the UV
bands are relatively large; for example, ∼ 0.3 mag in the
FUV band and ∼ 0.1 mag in the NUV band from t = 0
to 20 days for the SN IIP model with MZAMS = 20M"

and E = 1.2 × 1051 ergs.
Because of the large uncertainty, we assume sev-

eral values for the color excess of the host galaxy as
follows: EB−V,host = 0 mag referring to the case
of no extinction in the host galaxy, EB−V,host =
0.06 mag giving half of the standard extinction in the
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Fig. 3.— Bolometric LC (top), color temperature evolution (mid-
dle), and photospheric velocity evolution (bottom) of the SN IIP
model (lines). The insets in the top and middle panels enlarge the
phase of shock breakout.

NUV band, EB−V,host = 0.14 mag being the stan-
dard extinction, and EB−V,host = 0.22 mag giving
double of the standard extinction in the NUV band,
which lead to (ANUV, AFUV) = (0.18 mag, 0.15 mag),
(0.75 mag, 1.10 mag), (1.51 mag, 2.38 mag), and
(2.27 mag, 3.65 mag), respectively. Here, we assume
the SMC reddening law for the host galaxy.

Figure 2 shows comparisons of UV LCs with the model
with MZAMS = 20M" and E = 1.2 × 1051 ergs. The
model LCs are consistent with the observations within
the uncertainty, while they are slightly fainter than the
observations for EB−V,host = 0.14 mag. The explosion
energy of SNLS-04D2dc is consistent with the canonical
value of the explosion energies of core-collapse SNe [e.g.,
SN 1987A: E = (1.1 ± 0.3) × 1051 ergs, Blinnikov et al.
2000]. Although the 56Ni-56Co radioactive decay does
not contribute to the shock breakout, we expediently as-
sume a canonical 56Ni ejection without mixing to the
envelope [the ejected 56Ni mass M(56Ni) = 0.07M",
e.g., SN 1987A: Blinnikov et al. 2000], and thus Mej =
16.9M" to yield 0.07M" of 56Ni.

The second peak in the NUV LC at t ∼ 3 days is repro-
duced by the model and explained by the shift of the peak
wavelength as Schawinski et al. (2008) and Gezari et al.
(2008) suggested. The bolometric LC and the evolution
of color temperature are shown in Figure 3. Figure 3
also shows the velocity evolution of photosphere defined
as a position where the radiation and gas are decoupled.
Although the bolometric luminosity declines monotoni-
cally after the shock breakout, the radiation energy in
the NUV band increases with time because the peak
wavelength shifts long (Fig. 1). After the NUV second

2

multicolor LC model reproducing well the shock breakout
and plateau consistently and constrain SN and progeni-
tor properties. Furthermore, based on the multicolor LC
model, we present an apparent B-band light curve of a
shock breakout of a SN being identical to SNLS-04D2dc
at z = 1.

In § 2, the applied models and the radiation hydrody-
namics calculations are described. In § 3, the multicolor
LCs of SNLS-04D2dc are compared with the synthetic
LCs. In § 4, conclusion and discussion are presented.

2. METHODS & MODELS

We apply the multigroup spherical radiation hydro-
dynamics code STELLA (Blinnikov et al. 1998, 2000,
2006). STELLA adopts variable Eddington factors, a
gray transfer of γ-ray from radioactive nuclei, LTE ion-
ization states, and a multigroup expansion opacity and
solves the time-dependent equations implicitly for the an-
gular moments of intensity averaged over fixed frequency
bands (for details, see Blinnikov et al. 2006 and refer-
ences therein). Multigroup radiative transfer is coupled
with hydrodynamics, which enables to acquire the spec-
tral energy distributions (SEDs) self-consistently. The
color temperature of a SN is estimated from a black-body
fitting of the SED. In this Letter we adopt 100 frequency
bins dividing logarithmically from λ = 1 Å to 5× 104 Å;
the large number of frequency bins allows to describe
accurately a non-equilibrium continuum radiation.

A progenitor model is a non-rotating solar-metallicity
star constructed by a stellar evolution calculation
(Umeda & Nomoto 2005). The calculation includes
a metallicity-dependent mass loss (Kudritzki 2000)
and thus the presupernova model has a self-consistent
RpreSN, luminosity, temperature, envelope mass, and to-
tal mass.9 Since the shock breakout and plateau de-
pend on Mej, E, and RpreSN (e.g., Eastman et al. 1994;
Matzner & McKee 1999), our calculation achieves self-
consistent multicolor LCs from the shock breakout to
plateau and tail. In this Letter we present a SN explosion
of a star with a zero-age main-sequence mass MZAMS =
20M! having a presupernova mass MpreSN = 18.4M!,
H envelope mass Menv = 13.4M!, and presupernova ra-
dius RpreSN = 800R!. An extensive investigation will be
presented in a forthcoming paper.

3. COMPARISONS WITH OBSERVATIONS

Schawinski et al. (2008) and Gezari et al. (2008) found
a UV brightening at the SNLS-04D2dc position which
lasts several days from ∼ 15 days before the first SNLS
observation. Although the optical observation of the
shock breakout is not available, the UV-optical LCs of
the shock breakout and plateau can be compared with
the synthetic multicolor LCs. We assume the date of
shock breakout to be 2453062.2 JD (t = 0) and compare
the model and observations with reference to the date.
In this Letter the epochs are described in the observer
frame.

The multigroup spherical radiation hydrodynamics cal-
culation provides wavelength- and time-dependent fluxes
at the SN surface. When a SN is observed from a given

9 We note that the presupernova progenitor structure depends on
the treatments of physics, e.g., rotation, mass loss, mixing length,
and overshooting (e.g., Limongi & Chieffi 2006).
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Fig. 1.— Top: Sensitivity curves of multicolor bands (red: FUV-
band, green: NUV-band, blue: g-band, magenta: r-band, cyan:
i-band, and black: z-band). For illustration purpose, each filter
band is blueshifted to the rest frame to compensate for z = 0.185.
Bottom: Evolution of intrinsic SEDs of a SN IIP model with
MZAMS = 20M! and E = 1.2 × 1051 ergs at t = 0 day (red),
0.5 days (green), 2 days (blue), 10 days (magenta), 20 days (cyan),
50 days (black), and 90 days (orange). A synthetic non-LTE spec-
trum is also shown (violet, Gezari et al. 2008). The inset enlarges
the UV emission at t = 0, 0.5, and 2 days and the non-LTE spec-
trum.

direction, lights from different parts of the SN surface are
radiated at different time and at different radii (for de-
tails, see Klein & Chevalier 1978; Imshennik et al. 1981;
Ensman & Burrows 1992; Blinnikov et al. 2002, 2003).
Thus, we take into account a light travel time cor-
rection and limb darkening in the Eddington approxi-
mation (Klein & Chevalier 1978). Figure 1 shows cor-
rected wavelength-dependent luminosities Lλ for a SN
IIP model with MZAMS = 20M! and E = 1.2×1051 ergs.

The SED at t = 2 days is compared with synthetic
non-LTE spectrum (55.6 hr, Gezari et al. 2008; see also
Dessart & Hillier 2005) which gives similar optical color.
Although the epochs are different because of adopting
different progenitor models, the UV SED and spectrum
derived from the independent calculations are distinctly
consistent. The consistency justifies both theoretical cal-
culations.

In order to predict multicolor observations from the
multicolor theoretical model, the model lights are di-
luted,10 redshifted, reddened, and then convolved with
the sensitivities of the satellite and telescope (GALEX:
Morrissey et al. 2005, 2007, the MegaPrime/MegaCam
on the Canada-France-Hawaii Telescope (CFHT) for
SNLS: Astier et al. 2006). For illustration purpose, the
sensitivity curves blueshifted to the rest frame to com-
pensate for z = 0.185 are shown in the top panel of Fig-
ure 1. In this Letter the bands are described in the ob-
server frame.

3.1. Ultraviolet light curves of shock breakout

10 The distance is derived with the five-year result of Wilkinson
Microwave Anisotropy Probe (Komatsu et al. 2009).

for RSG,  Tominaga+(2009)



➡ SNLS-04D2DC

➡ light curve modeling tells us about the 
progenitor’s radius

➡ Red giant with R★ ~ 1000R◉(Schawinski+2008), 
800R◉(Tominaga+2009)

Schawinski+(2008)

Hawaii Telescope (CFHT). The second is from the
Galaxy Evolution Explorer (GALEX) UV space
telescope (21, 22), which took a deep 100-hour
combined exposure coincident with the early-
2004 SNLS data in the Cosmological Evolution
Survey (COSMOS) field (23, 24). The Galaxy
Evolution Explorer (GALEX) data were taken
using subexposures of 15 to 30 min over several
weeks, providing data with the time resolution
necessary to resolveUV-luminous events occurring
before the SNLS supernovae.

One SNLS event, designated SNLS-04D2dc
and confirmed as a Type II supernova from the
hydrogen lines in an optical spectrum taken at the
European Southern Observatory (ESO) Very
Large Telescope (VLT) [see supporting online
material S1 (SOM text S1) (25)], shows a
dramatic brightening in the GALEX near-UV
images about 2 weeks before the discovery by
the SNLS, consistent with shock breakout. The
host galaxy appears to be a normal star-forming
spiral galaxy at a redshift of z = 0.1854. The
supernova spectrum, Gemini host galaxy spec-
trum, and Hubble Space Telescope image of the
host are presented in (25). The optical light curve
has a plateau that identifies the explosion as a
Type IIP supernova (Fig. 1), suggesting a red-
supergiant progenitor (26, 27). Because of bad
weather and technical problems with the CFHT
camera, there are no optical data concurrent with
the UV data; however, GALEX observed the
entire radiative precursor (Fig. 2).

The GALEX light curve probes the arrival of
the supernova shock at the surface of the star. We
can interpret the two peaks in this light curve
(Fig. 2) in terms of distinct physical processes.
The first peak in the UV light curve is due to
radiation traveling ahead of the shock wave. This
heats the surface of the star before it begins to
explode. The near-UV light curve samples the
brightening caused by this precursor over ~6
hours. We can compare the duration of the
observed precursor with theoretical expectations
by equating the photon diffusion time scale with
the time scale for the shock to escape from the
envelope. If v is the shock speed and the density
of the hydrogen-dominated atmosphere is r, we

find d ≈ 2.5 × 1011 m (10−8 kg m−3/r) (107 m s−1/v)
for the depth of the shock d (from the surface of
the star) at the time when the radiative precursor
becomes visible at the surface (SOM text 3 and
4). This value for d leads to a prediction for the
duration of the shock precursor of d/v = 2.5× 104 s
for the parameters above, that is, almost 7 hours,
consistent with our observations of the precursor.
This indicates that the progenitor was a large star,
that is, a red supergiant, as expected for the
progenitor of a type IIP supernova (26, 27),
whereas previous calculations indicated that
radiative precursors from blue supergiant stars
would last for minutes rather than hours (8). To
model the radiative precursor, we solved sim-
plified radiation-hydrodynamics equations for an
outward-moving shock inside a stellar envelope.
Figure 3 shows representative models that are
consistent with the data; they require radii and
envelope densities appropriate for a red-super-
giant star. These models also indicate that only
the initial ~4 hours of the first UV peak occur
before the shock reaches the surface of the star.

The peak in the total luminosity of the source
occurs at the time of the first UV peak, and the
total luminosity monotonically decreases after
this point. The temperature behind the shock is
lower than the temperature at the shock front
itself, which leads to a rapid drop in the lumi-
nosity of the star after shock breakout (8). The
near-UV light curve in Fig. 3 shows this dip in
brightness after the shock has escaped from the
star.

Although the radiative precursor does cause
some expansion of the star, there is little change in
the stellar radius until the shock reaches the sur-
face. Behind the shock, the radiation-dominated
plasma expands at almost constant velocity and
cools rapidly as a result of adiabatic expansion
(1). The UV light curve is now governed by the
expansion of the photospheric radius (and con-
comitant increase in radiating surface area), the
adiabatic cooling of the surface, and the shift of
the spectral energy distribution toward longer
wavelengths, causing the second peak in the UV
light curve. In the adiabatic cooling phase, the
photospheric temperature T is approximately

inversely proportional to the photospheric ra-
dius R. Because for a black body this drop in T
causes a more rapid decrease in the luminosity
(L º T 4 º R−4) than the increase due to the
growing surface area (L º R2), the total lumi-
nosity of the supernova continues to decrease.
However, in the Rayleigh-Jeans portion of the
spectrum, the increase in the surface area of the
photosphere is more important than the decrease
in emission per unit area, and the luminosity at
those wavelengths increases (SOM text S4.3).
The observed UV luminosity rises until the peak
of the black-body spectral energy distribution
nears the UV waveband. Thereafter, the UV
luminosity decreases with continued adiabatic
expansion and cooling. The model curves in Fig.
2 show that this simple physical description
reproduces the GALEX data with parameters as
expected for a red supergiant progenitor. Initial
photospheric radii of 500 to 1000 solar radii (R◉),
expansion velocities of 1 to 2 × 107 m s−1, and
initial temperatures of ~105 K match the ob-
served fluxes well. The biggest uncertainty arises
from the adopted extinction (SOM text S1); any
increase in the near-UVextinctionwould increase
the range of preferred initial radii. Measuring
precise radii of supernova progenitor stars would
be a valuable constraint of the late stages in the
evolution of massive stars; this requires higher
time resolution and more accurate temperature
determinations, for example, from observing the
full spectral energy distribution from x-ray to
optical. In addition, detailed light curves of
radiative precursors probe the energetics of
supernova shocks and the structures of the stellar
envelopes through which they travel.
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Fig. 3. (Left) Represen-
tative model precursor
light curves compared
with the precursor data
(diamonds with error
bars). The solid red curve
represents the light curve
produced from a model
with an initial radius of
7 × 1011 m (≈1000 R◉)
and an initial density
distribution º 1/r. The
dashed curve in the left panel shows an identical model, except that the initial radius was 1012 m; the
absolute normalization of these luminosities is uncertain to factors of order unity (25). The zero point of
the time axis is approximately at shock breakout. (Right) The time evolution of the internal density profile
for the model producing the solid light curve in the left panel. About 4 hours before the shock has reached
the surface, the UV luminosity has already begun to rise.
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➡ SN 2008D (an example of  shock 
breakout detected in X-ray)

➡ spectrum is uncertain                      

➡ duration 300 sec → R★~1013cm?

➡ photosphere in stellar wind?

if pure BB, kT~0.7keV, R★~2×1010cm
if non-thermal, Γ~ 2                                
if thermal+non-thermal, kT~0.1keV  → R★~1011cm Modjaz+(2009)

What can we learn from SN breakout?

SNGRB 2014@riken, Aug 27, 2014 



➡ SN 2008D (an example of  shock 
breakout detected in X-ray)

➡ spectrum is uncertain                      

➡ duration 300 sec → R★~1013cm?

➡ photosphere in stellar wind?

if pure BB, kT~0.7keV, R★~2×1010cm
if non-thermal, Γ~ 2                                
if thermal+non-thermal, kT~0.1keV  → R★~1011cm

Ofek+(2011)

What can we learn from SN breakout?

SNGRB 2014@riken, Aug 27, 2014 

Soderberg+(2008)



★ Introduction for SN shock breakout

★Detected events, possible events

★What can we learn from SN shock breakout

★Our works

★ Summary

SNGRB 2014@riken, Aug 27, 2014 



Theoretical works on SN shock breakout
➡ pioneering works:  Colgate (1974), Klein&Chevalier(1976), Falk (1978), 

Imshennik and Nadyozhin(1988), Matzner&McKee(1999)

➡ steady shock structure: Weaver(1976),Katz+(2010),Budnik+(2010)

➡ analytical: Naker&Sari(2010,2011),Rabinak&Waxman(2012),

➡ 1D RHD: Ensmann&Burrows(1992), Tominaga+(2009), Sapir+(2011,2013)

➡ multi-D HD: Suzuki&Shigeyama(2010),Couch+(2011), Ro&Matzner(2013), 
Matzner+(2013)

➡ wind breakout: Arcavi+(2011), Chevalier&Irwin(2011), 
Moriya&Tominaga(2011), Ofek+(2011), Svirsky+(2012), 

➡ 1D SR-RHD: Tolstov+(2013)

SNGRB 2014@riken, Aug 27, 2014 



Theoretical works on SN shock breakout
➡ pioneering works:  Colgate (1974), Klein&Chevalier(1976), Falk (1978), 

Imshennik and Nadyozhin(1988), Matzner&McKee(1999)

➡ steady shock structure: Weaver(1976),Katz+(2010),Budnik+(2010)

➡ analytical: Naker&Sari(2010,2011),Rabinak&Waxman(2012),

➡ 1D RHD: Ensmann&Burrows(1992), Tominaga+(2009), Sapir+(2011,2013)

➡ multi-D HD: Suzuki&Shigeyama(2010),Couch+(2011), Ro&Matzner(2013), 
Matzner+(2013)

➡ wind breakout: Arcavi+(2011), Chevalier&Irwin(2011), 
Moriya&Tominaga(2011), Ofek+(2011), Svirsky+(2012), 

➡ 1D SR-RHD: Tolstov+(2013)

SNGRB 2014@riken, Aug 27, 2014 

→  toward multi-D SR-RHD



➡ large R→large E ,long duration ,low T
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The energy of the radiation outburst can be estimatedEseas the thermal energy in the shock front at the time of
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The energy will be released on the di†usion time atEseshock breakout, which is also the time for the shock to
travel its width. So,
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However, note that the pulse will be longer than this from
the vantage of a distant observer because of the light travel
time (see, e.g., Ensman & Burrows 1992), which is 1160 s for
a star of radius or 116 s for a star of radius500 R

_
, 50 R

_
.

As a result, the observed luminosity will be typically some-
what less than Ese/tse.These formulae reproduce the energy and timescale of the
radiation outburst in the numerical simulations of Ensman
& Burrows (1992), for explosion parameters chosen to
match theirs. These formulae are also in agreement with the
analytical results of Imshennik & (1989) for SNNade! zhin
1987A, but only if we account for the fact that the shock
velocity they use is 47% faster than is given by equation (17)
for the same model, as if ! were 1.16 instead of 0.79 for the
outermost mass shells. If instead we use equations (36) and
(37), we Ðnd a value of that is 20% lower, and a value ofTsethat is 50% lower, than those of Imshennik &Ese Nade! zhin.
It is not apparent why the two shock formulae do not agree,
as their formula is taken from their simulations, and our
formula agrees with our simulations.

For the helium-star progenitors of typical Types Ib and
Ic supernovae, described by Woosley et al. (1995) and dis-
cussed in ° 5.3.2 (again, assuming that ergs), theEin \ 1051
energy associated with the outburst would be between
3 ] 1044 and 2 ] 1046 ergs, and the outburst would last
between 2 and 20 s. In making these estimates, we have
assumed that the stellar wind does not have sufficient
optical depth to support a radiation-dominated shock. For
compact progenitors with dense Wolf-Rayet winds, this
assumption may fail. In that situation, the shock-velocity
formula (eq. [17]) can be applied to the stellar wind, and
breakout quantities can be estimated at the radius for which
the wind optical depth matches The circumstellarDc/v

s
.

interaction (see, e.g., Fransson, Lundqvist, & Chevalier
1996) would then begin immediately.

6. PRESSURE-BASED MODEL FOR THE EJECTA PRESSURE

AND DENSITY DISTRIBUTIONS

We now wish to present a model that describes the dis-
tribution of all the ejecta, not just the high-velocity ejecta
discussed in ° 5. To do so, we will extend the form of the
pressure distribution inward in mass, approximating its
variation with a simple functional form. In our calculations,
the Ðnal pressure distribution is invariably the smoothest of
the hydrodynamical variables (expressed as functions of m8 ) ;
this is not surprising, since the pressure gradient is inhibited
on small scales by its ability to accelerate the material so as
to reduce its magnitude. Once we make a model for the Ðnal
pressure distribution, the Ðnal density distribution follows
immediately from the entropy left behind by the forward
shock.

To make a simple model for the Ðnal pressure distribu-
tion, we multiply the pressure distribution knownp

f
(m8 )t4,

for the high-velocity material, given in Table 3, by a simple
function of m. This has the advantage of preserving the
high-velocity behavior of the Ñow derived in ° 5, because m8
varies very little in the region of validity of this solution.
The solution found in this manner is less accurate than the
solutions of ° 5, but they have the advantage that they are
robust to variations in the progenitor structure (like the
existence of superadiabatic gradients in RSGs). They fail in
regions that experience a strong reverse shock, especially
the mantles of RSGs. However, as we discuss in ° 6.1, the
density jump between the mantle and outer envelope ejecta
can be predicted despite the formation of reverse shocks.

Multiplying the pressure distribution speciÐed in Table 3
by a simple function of mass produces our model for the
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Fig. 2.— Comparison between the NUV (top) and FUV (bottom)
observations (points, SNLS-04D2dc, Schawinski et al. 2008) and
the SN IIP model without the host galaxy extinction (dot-dashed
line) and reddened for the host galaxy extinction with EB−V,host =
0.06 mag (dashed line), 0.14 mag (solid line), and 0.22 mag (dotted
line).

The UV light allows for direct observations of the
shock breakout but is strongly reduced by extinction.
Thus it is crucial to estimate correctly the extinction
in the host galaxy and our Galaxy. While the color
excess of our Galaxy EB−V,Gal is taken from Schlegel
et al. (1998, EB−V,Gal = 0.02 mag), it is difficult to es-
timate the color excess and thus extinction of the host
galaxy. Schawinski et al. (2008) estimates the color ex-
cess of the host galaxy EB−V,host at the SN location
from the Balmer decrement as EB−V,host = 0.14 mag.
However, they caution that the uncertainty of the to-
tal extinction is as much as a factor of two and fur-
ther note that the estimate from the empirical relation
of SNe IIP (Nugent et al. 2006) is consistent with both
of EB−V,host = 0.14 mag and 0.

Assuming the Small Magellanic Cloud (SMC) redden-
ing law for the host galaxy (Pei 1992) and EB−V,host =
0.14 mag, the total extinction at the effective wave-
lengths of the far and near UV (FUV and NUV) filters
of the GALEX satellite are as large as AFUV = 2.38 mag
and ANUV = 1.51 mag, respectively. Hereafter, we call
these values “standard” extinction. Although the values
are slightly different from Schawinski et al. (2008), the
total extinction integrated over each band depends on
the intrinsic spectrum and varies with time as the spec-
trum changes. The variations of extinction in the UV
bands are relatively large; for example, ∼ 0.3 mag in the
FUV band and ∼ 0.1 mag in the NUV band from t = 0
to 20 days for the SN IIP model with MZAMS = 20M"

and E = 1.2 × 1051 ergs.
Because of the large uncertainty, we assume sev-

eral values for the color excess of the host galaxy as
follows: EB−V,host = 0 mag referring to the case
of no extinction in the host galaxy, EB−V,host =
0.06 mag giving half of the standard extinction in the
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Fig. 3.— Bolometric LC (top), color temperature evolution (mid-
dle), and photospheric velocity evolution (bottom) of the SN IIP
model (lines). The insets in the top and middle panels enlarge the
phase of shock breakout.

NUV band, EB−V,host = 0.14 mag being the stan-
dard extinction, and EB−V,host = 0.22 mag giving
double of the standard extinction in the NUV band,
which lead to (ANUV, AFUV) = (0.18 mag, 0.15 mag),
(0.75 mag, 1.10 mag), (1.51 mag, 2.38 mag), and
(2.27 mag, 3.65 mag), respectively. Here, we assume
the SMC reddening law for the host galaxy.

Figure 2 shows comparisons of UV LCs with the model
with MZAMS = 20M" and E = 1.2 × 1051 ergs. The
model LCs are consistent with the observations within
the uncertainty, while they are slightly fainter than the
observations for EB−V,host = 0.14 mag. The explosion
energy of SNLS-04D2dc is consistent with the canonical
value of the explosion energies of core-collapse SNe [e.g.,
SN 1987A: E = (1.1 ± 0.3) × 1051 ergs, Blinnikov et al.
2000]. Although the 56Ni-56Co radioactive decay does
not contribute to the shock breakout, we expediently as-
sume a canonical 56Ni ejection without mixing to the
envelope [the ejected 56Ni mass M(56Ni) = 0.07M",
e.g., SN 1987A: Blinnikov et al. 2000], and thus Mej =
16.9M" to yield 0.07M" of 56Ni.

The second peak in the NUV LC at t ∼ 3 days is repro-
duced by the model and explained by the shift of the peak
wavelength as Schawinski et al. (2008) and Gezari et al.
(2008) suggested. The bolometric LC and the evolution
of color temperature are shown in Figure 3. Figure 3
also shows the velocity evolution of photosphere defined
as a position where the radiation and gas are decoupled.
Although the bolometric luminosity declines monotoni-
cally after the shock breakout, the radiation energy in
the NUV band increases with time because the peak
wavelength shifts long (Fig. 1). After the NUV second

2

multicolor LC model reproducing well the shock breakout
and plateau consistently and constrain SN and progeni-
tor properties. Furthermore, based on the multicolor LC
model, we present an apparent B-band light curve of a
shock breakout of a SN being identical to SNLS-04D2dc
at z = 1.

In § 2, the applied models and the radiation hydrody-
namics calculations are described. In § 3, the multicolor
LCs of SNLS-04D2dc are compared with the synthetic
LCs. In § 4, conclusion and discussion are presented.

2. METHODS & MODELS

We apply the multigroup spherical radiation hydro-
dynamics code STELLA (Blinnikov et al. 1998, 2000,
2006). STELLA adopts variable Eddington factors, a
gray transfer of γ-ray from radioactive nuclei, LTE ion-
ization states, and a multigroup expansion opacity and
solves the time-dependent equations implicitly for the an-
gular moments of intensity averaged over fixed frequency
bands (for details, see Blinnikov et al. 2006 and refer-
ences therein). Multigroup radiative transfer is coupled
with hydrodynamics, which enables to acquire the spec-
tral energy distributions (SEDs) self-consistently. The
color temperature of a SN is estimated from a black-body
fitting of the SED. In this Letter we adopt 100 frequency
bins dividing logarithmically from λ = 1 Å to 5× 104 Å;
the large number of frequency bins allows to describe
accurately a non-equilibrium continuum radiation.

A progenitor model is a non-rotating solar-metallicity
star constructed by a stellar evolution calculation
(Umeda & Nomoto 2005). The calculation includes
a metallicity-dependent mass loss (Kudritzki 2000)
and thus the presupernova model has a self-consistent
RpreSN, luminosity, temperature, envelope mass, and to-
tal mass.9 Since the shock breakout and plateau de-
pend on Mej, E, and RpreSN (e.g., Eastman et al. 1994;
Matzner & McKee 1999), our calculation achieves self-
consistent multicolor LCs from the shock breakout to
plateau and tail. In this Letter we present a SN explosion
of a star with a zero-age main-sequence mass MZAMS =
20M! having a presupernova mass MpreSN = 18.4M!,
H envelope mass Menv = 13.4M!, and presupernova ra-
dius RpreSN = 800R!. An extensive investigation will be
presented in a forthcoming paper.

3. COMPARISONS WITH OBSERVATIONS

Schawinski et al. (2008) and Gezari et al. (2008) found
a UV brightening at the SNLS-04D2dc position which
lasts several days from ∼ 15 days before the first SNLS
observation. Although the optical observation of the
shock breakout is not available, the UV-optical LCs of
the shock breakout and plateau can be compared with
the synthetic multicolor LCs. We assume the date of
shock breakout to be 2453062.2 JD (t = 0) and compare
the model and observations with reference to the date.
In this Letter the epochs are described in the observer
frame.

The multigroup spherical radiation hydrodynamics cal-
culation provides wavelength- and time-dependent fluxes
at the SN surface. When a SN is observed from a given

9 We note that the presupernova progenitor structure depends on
the treatments of physics, e.g., rotation, mass loss, mixing length,
and overshooting (e.g., Limongi & Chieffi 2006).
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Fig. 1.— Top: Sensitivity curves of multicolor bands (red: FUV-
band, green: NUV-band, blue: g-band, magenta: r-band, cyan:
i-band, and black: z-band). For illustration purpose, each filter
band is blueshifted to the rest frame to compensate for z = 0.185.
Bottom: Evolution of intrinsic SEDs of a SN IIP model with
MZAMS = 20M! and E = 1.2 × 1051 ergs at t = 0 day (red),
0.5 days (green), 2 days (blue), 10 days (magenta), 20 days (cyan),
50 days (black), and 90 days (orange). A synthetic non-LTE spec-
trum is also shown (violet, Gezari et al. 2008). The inset enlarges
the UV emission at t = 0, 0.5, and 2 days and the non-LTE spec-
trum.

direction, lights from different parts of the SN surface are
radiated at different time and at different radii (for de-
tails, see Klein & Chevalier 1978; Imshennik et al. 1981;
Ensman & Burrows 1992; Blinnikov et al. 2002, 2003).
Thus, we take into account a light travel time cor-
rection and limb darkening in the Eddington approxi-
mation (Klein & Chevalier 1978). Figure 1 shows cor-
rected wavelength-dependent luminosities Lλ for a SN
IIP model with MZAMS = 20M! and E = 1.2×1051 ergs.

The SED at t = 2 days is compared with synthetic
non-LTE spectrum (55.6 hr, Gezari et al. 2008; see also
Dessart & Hillier 2005) which gives similar optical color.
Although the epochs are different because of adopting
different progenitor models, the UV SED and spectrum
derived from the independent calculations are distinctly
consistent. The consistency justifies both theoretical cal-
culations.

In order to predict multicolor observations from the
multicolor theoretical model, the model lights are di-
luted,10 redshifted, reddened, and then convolved with
the sensitivities of the satellite and telescope (GALEX:
Morrissey et al. 2005, 2007, the MegaPrime/MegaCam
on the Canada-France-Hawaii Telescope (CFHT) for
SNLS: Astier et al. 2006). For illustration purpose, the
sensitivity curves blueshifted to the rest frame to com-
pensate for z = 0.185 are shown in the top panel of Fig-
ure 1. In this Letter the bands are described in the ob-
server frame.

3.1. Ultraviolet light curves of shock breakout

10 The distance is derived with the five-year result of Wilkinson
Microwave Anisotropy Probe (Komatsu et al. 2009).

for RSG,  Tominaga+(2009)

compact star = high T,                
sub-relativistic velocity

Shock breakout from compact progenitor
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Shock breakout from compact progenitor
➡ It is known that the shock wave propagates their 

atmosphere at sub-relativistic speeds

➡ We need special relativistic radiation-hydrodynamics 

simulations

➡ I present results of our recent study on shock breakout 

simulations with SR-RHD code we developed 

Matzner&McKee(1999)
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Er(t,x) =
∫

Er,ν(t, x)dν =
∫
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F i
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F i

r,ν(t, x)dν =
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liIν(t,x, l)dνdΩ

P ij
r (t, x) =
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P ij

r,ν(t, x)dν =
∫

liljIν(t, x, l)dνdΩ

∂Iν(t,x, l)
∂t

+ (l ·∇)Iν(t, x, l) = ην +
∫

g(ν, l; ν′l′)ρσνIν′(t, x, l′)dν′dΩ′ − ρ(κν + σν)Iν(t,x, l) (69)

∂Er

∂t
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=ρ0κ0(arT
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∂P ij
r

∂xj
=ρ0κ0arT

4
g0β

i + ρ0σ0Erβ
i − ρ0(κ0 + σ0)(F i

r − βjP
ij
r )

Moment equations

Transfer equation

M1 Closure relation
P ij

r = DijEr, Dij =
1 − χ

2
δij +

3 − χ

2
ninj

ni =
F i

r√
F i

r Fr,i

, f i =
F i

r

Er
, χ =

3 + 4f ifi

5 + 2
√

4 − 3f ifi

Livermore (1984)

➡ advection term: HLL

➡ source term: implicit method

➡ Moment equations written in “mixed frame”

see, Takahashi+,Takahashi&Ohsuga(2013a,b)

Radiation Hydrodynamics code
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を R.H.Sに代入して、

∂Er

∂t
+

∂F i
r

∂xi
=γρ0κ0arT

4
g0 − γρ0(κ0 − σ0γ

2β2)Er + γρ0[κ0 − σ0(2γ2 − 1)]βjF
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j
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(13)
となる。非相対論 (γ → 1,β $ 1)の場合は以下の通り、

∂Er
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このようにして得られた Eq.(13)は laboratory-frameで定義された放射の物理量と comoving-frameで定義され
た opacityが混在しており、mixed-frameでの定式化と呼ばれる。

1.1.2 Hydrodynamics

流体部分の方程式は
∂(ρ0Γ)

∂t
+
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(15)

である。

1.2 Numerical method

数値的に radiation hydrodynamicsの方程式を解くには以下のようにする。

1.2.1 Operator splitting

まずは、方程式を advection partと source partに分ける。
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EOS: ideal gas



1D SR-RHD simulation

SNGRB 2014@riken, Aug 27, 2014 



➡ Plane-parallel

➡ Polytropic : P ∝ ρ4/3   → Analytical expression of profiles

➡ mass M＊,radius R＊,luminosity L＊ -> atmosphere model

➡ a compact star with M＊=10M◉,R＊=1R◉,L＊=0.1Ledd

となるので、この式を ρ(x = 0) = 0から積分すると

4ρ1/3 =
GM∗
KR∗

x ⇒ ρ =
(

GM∗
4KR∗

)3

x3 (63)

圧力分布は
Ptot =

1
K3

(
GM∗
4R∗

)4

x4 (64)

となる。Eq. (57)のK の表式を代入し、半径の関数として表した場合には

ρ =
a

192
β4
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(
µmH

kB
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)3(
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R∗

)3

Ptot =
a

768
β4

1 − β

(
µmH

kB

)4(GM∗
R∗

)4(
1 − r

R∗

)4
(65)

が得られる。

2.3 星の物理量による表現
得られた表式のうち、M∗, R∗は星のパラメータとして、β のみ決まらない。これを決めるには Luminosityにつ
いて成り立つ式を用いる必要がある。radiation energy densityが拡散し、表面から逃げていくことで星が光ると
思うと

d(aT 4)
dr

= 3
dPrad

dr
=

3κρLr

4πr2c
(66)

再び、星表面のみを考えることで
dPrad

dr
=

κρL∗
4πR2

∗c
(67)

ここで、L∗ は星の luminosityである。この式に、Eq. (65)を代入すると

a
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)4 1
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κL∗

4πR2
∗c

a

192
β4

1 − β

(
µmH

kB

)4(GM∗
R∗

)3

x3

⇒ 1 − β =
κL∗

4πcGM∗
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L∗
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(68)

ここで、Eddington Luminosity
Ledd =

4πcGM∗
κ

(69)

を導入した。

2.4 Opacity

free-free absorption coefficientは
αff

R = 1.7 × 10−25T−7/2Z2neni (70)

よって、κ0 は

κff = 4 × 10−7

(
ρ

10−10 g cm−3

)(
T

106 K

)−7/2

(71)

となる。一方、散乱に対しては electron scatteringを仮定し、

σ0 = 0.2(1 + X) cm2 g−1 (72)
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➡ mass M＊,radius R＊,luminosity L＊

➡ a compact star with M＊=10M◉,R＊=1R◉,L＊=0.1Ledd 

➡ we inject a strong shock from the inner boundar

➡ vin=109 cm/s

Shock injection
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➡ initial setup

Results of 1D shock breakout 
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➡ initial setup

➡ strong shock propagates to the 
surface

➡ gas and radiation are strongly 
coupled with each other

➡ velocity reaches 0.1-0.2c before 
the breakout

➡ after the breakout, 

Results of 1D shock breakout 
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2D SR-RHD simulation
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➡ 2D RHD simulations

➡ 1987A progenitor: BSG with R★=50R◉, M★=14.6M◉ 
(Nomoto&Hashimoto 1988, Shigeyama&Nomoto 1990) 

➡ 3x108cm≦r≦4R★, 0≦θ≦π

➡ energy injection: Eexp=1051[erg],texp=0.1[s]

➡ asphericity: parameter a

Shock breakout in 2D

Shigeyama&Nomoto(1990)
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dEint/dt∝Eexp/texp[1+a cos(2θ)]r = Rout

θ

computational domain



➡ 2D RHD simulations

➡ Absorption: free-free

➡ Scattering: e- scattering    κ=0.2(1+X) cm2/g with X=0.565

Shock breakout in 2D

Shigeyama&Nomoto(1990)
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➡ 1987A progenitor: BSG

➡ spherical case: a=0
radiation energy density           mass density

t=  200 s

Shock breakout in 2D
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dE/dt∝Eexp/texp[1+a cos(2θ)]



radiation energy density           mass density

➡ 1987A progenitor: BSG

➡ aspherical case: a=0.5

t=  100 s

Shock breakout in 2D
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radiation energy density           mass density

t= 5000 s

➡ 1987A progenitor: BSG

➡ aspherical case: a=0.5

Shock breakout in 2D
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➡ Light curve calculations

➡ spherical case:  LC consistent with 1D RHD calculations by 
Shigeyama+(1988), Ensmann&Burrows(1992) for SN 1987A

➡ aspherical case: wide variety of light curves depending on the 
viewing angle

Shock breakout in 2D
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Shock breakout in 2D
➡ Light curve calculations

➡ spherical case:  Lemit evolution consistent with 1D RHD calculations 
by Shigeyama+(1988), Ensmann&Burrows(1992) for SN 1987A

➡ aspherical case: wide variety of light curves depending on the 
viewing angle
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★ Introduction for SN shock breakout

★Detected events, possible events

★What can we learn from SN shock breakout

★Our works

★ Summary
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SN Shock breakout as a unique probe
➡ increasing number of detections

➡ LCs are characterized by R★/c,R★/vej,

➡ information on the progenitor radius, explosion energy,asphericity

➡ multi-D SR-RHD simulations are ongoing
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