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Fig. 1.5.— Optical(-infrared) quasi-bolometric light curves of Type Ic SNe 1998bw (Patat et al.
2001), 1994I (Richmond et al. 1996), Type Ia SN 1992A, and Type II SN 1999em (Elmhamdi
et al. 2003). The timescale around the peak is a few tens days in Type Ia and Ic SNe. In Type II
SNe, plateau phases lasts until ∼ 100 days after the explosion. After ∼ 100 days after explosion,
the behavior of all types of SNe is similar, which is determined by the decay timescale of 56Co,
and escaping efficiency of γ-ray.

SNe 1998bw, 1994I, 1992A in Fig. 1.5). This is because the SN ejecta is optically thick soon after
the explosion and optical photons are trapped. As a result, the optical radiation from the surface is
delayed.

A typical optical depth of electron scattering in SN ejecta is estimated as following:

τopt = neσR ∼ (3Mej/4πR3mH)σR ∼ (3σ/8πmH)(Mej/EK)t−2 ∼ 104(t/day)−2. (1.4)

Here, we assume Mej = 4/3πR3nemH (ejecta are singly-ionized), and EK = 1/2Mejv2 =
1/2Mej(R/t)2. As typical parameters, ejecta mass and kinetic energy are assumed to be Mej ∼
1M" and EK ∼ 1051 erg. This simple estimate means that the effect of photon diffusion is
important until t ∼ 100 days (Fig. 1.5). The timescale of the LC (τLC) is roughly scaled as
following (Arnett 1982):

τLC ∝ κ1/2M3/4
ej E−1/4

K , (1.5)
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Fig. 1.2.— Early phase optical spectra of Type II SN 1999em (Leonard et al. 2002b), Type Ia
SN 1994D (Patat et al. 1996), Type Ib 2005bf (Anupama et al. 2005a) and Type Ic SN 1994I
(Clocchiatti et al. 1996). Hα (in Type II, red line), Si II λλ5979, 6355 (in Type Ia, green lines)
He I λλ 5875, 6678, 7065 (in Type Ib, blue lines) are marked. Epoch for SNe 1999em and 1994D
is given as days after the maximum brightness.

collapse). It is thought that the star is bounced by the formation of an extremely dense core and it
finally explodes. However, in spite of more than forty years of effort after Colgate &White (1966)
2, numerical simulations of the core-collapse have not succeeded in finding a route to explosions
yet. We do not know the exact mechanisms for the supernova explosion (see also §1.3).

The trigger of thermonuclear explosion is different from that of core-collapse SNe. In usual
stars, pressure increases with increasing temperature. Thus, once the temperature goes up in the
star, it increases the pressure and the star experiences the expansion, which decreases the temper-
ature. This is the mechanism for stabilization in usual stars. On the other hand, in degenerate stars
like white dwarfs, pressure is independent on the temperature. Therefore, even if the temperature
increases, it is not stabilized by the expansion. This can cause a catastrophic temperature increase.
If a C+O white dwarf is in a binary system, it can be fed via a companion star. When the mass

2Note that more than seventy years have passed since the first speculation by Baade & Zwicky (1934).
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Type Ia SNe @ z~ 0.2 (μ~40, d~ 1 Gpc)

Core-collapse SNe @ z ~ 0.05 (μ~37, d~200 Mpc) 

Ia

IIP

Ib
Ic



Supernova Survey

Survey
Diameter

(m)
FOV
(deg2)

Depth
(R mag)

Area/day
(deg2)

LOSS 0.76 0.01 19 1000 galaxy

ROTSE-III 0.45 3.42 18.5 450

PTF 1.26 7.8 21 1000

Pan-STARRS 1.8 7 21.5 6000

SDSS-II 2.5 1.5 22.6 150

SNLS 3.6 1 24.3 2

GOODS 2.5 (HST) 0.003 26 0.04

HSC 8.2 1.75 26.5 1.75

KWFC 1.08 4

(partly taken from Rau et al. 2009, PASP, 121, 1334)
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SN Survey with KWFC

KISS: KIso Supernova Survey

• Survey in blue band 
(B or g, possibly + U or u)

• 3-day cadence

• 15 min exp.  (B/g~22 mag) => ~300 deg2

• 1.5 min exp. (B/g~21 mag) => ~2700 deg2

• 1-day cadence

• 15 min exp. (B/g~22 mag) => ~100 deg2

• 1.5 min exp. (B/g~21 mag) => ~900 deg2
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Unsolved Problem 
- Type Ia SNe -
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Figure 2. Model light curve of a Type Ia supernova having collided with a red
giant companion at a separation distance a = 2 × 1013 cm. The luminosity due
to the collision is prominent at times t < 8 days and for viewing angles looking
down on the collision region (θ = 0◦). At later times, the emission is powered
by the radioactive decay of 0.6 M# of 56Ni located in the inner layers of ejecta
(v < 109 cm s−1). The black dashed line shows the analytic prediction for the
early phase luminosity (Equation (22)).

5. OBSERVATIONAL PROSPECTS

The results derived here suggest a new means for constraining
supernova companions using early photometric observations.
Table 1 summarizes the analytic estimates of the collision emis-
sion for various SNe Ia progenitors. The basic predicted signa-
tures appear to be quite robust, as they rely only on established
physics familiar from the core collapse SNe context. However,
further numerical studies using multi-dimensional radiation-
hydrodynamics calculations (and including non-equilibrium ef-
fects) will be needed to refine the detailed light-curve and spec-
trum predictions.

For all companion types, signatures of the collision will
be prominent only for viewing angles looking down upon the
shocked region, or ∼10% of the time. Detection will, therefore,
require high cadence observations of many supernovae at the
earliest phases (!5 days) and at the bluest wavelengths possible.
Ironically, these observations may sometimes be easier for
distant SNe. At redshifts z " 0.5, the UV flux would be
redshifted into the U-band, while cosmological time dilation
would prolong the light curve by a factor (1 + z).

Detecting the collision signatures becomes significantly eas-
ier for larger separation distances. Current optical and UV data
sets likely already constrain RG companions (a & 1013 cm). On-
going or upcoming surveys could be tuned to probe the larger
(M " 3 M#) MS companions (a & 1012 cm). Optical detection
of the smallest ∼1 M# MS companions (a & 1011 cm) will
be challenging, requiring measurement of subtle differences in
the light curves at t ! 2 day. However, in all cases the prompt
X-ray burst should be bright. Proposed X-ray surveys (e.g.,
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Figure 3. Signatures of companion interaction in the early broadband light curves of Type Ia supernovae. We model three different progenitor scenarios: an RG
companion at a = 2 × 1013 cm (green lines), a 6 M# MS companion at a = 2 × 1012 cm (blue lines), and a 2 M# MS companion at a = 5 × 1011 cm (red lines). The
ultraviolet light curves are constructed by integrating the flux in the region 1000–3000 Å and converting to the AB magnitude system. For all light curves shown, the
viewing angle is θ = 0◦.
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Figure 3. Signatures of companion interaction in the early broadband light curves of Type Ia supernovae. We model three different progenitor scenarios: an RG
companion at a = 2 × 1013 cm (green lines), a 6 M# MS companion at a = 2 × 1012 cm (blue lines), and a 2 M# MS companion at a = 5 × 1011 cm (red lines). The
ultraviolet light curves are constructed by integrating the flux in the region 1000–3000 Å and converting to the AB magnitude system. For all light curves shown, the
viewing angle is θ = 0◦.
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No. 2, 2010 SEARCHING FOR SHOCK EMISSION IN THE SDSS-II TYPE Ia SNe 1693

Figure 1. Left: 108 Type Ia SNe from the SDSS-II Supernova Survey normalized in peak flux (B band) and rise stretch to the template. The vertical line shows the
cutoff phase for the fitting process; no points earlier than −10 days were included in the fits. Right: simulated light curves from SNANA, matching the cadence and
signal-to-noise of SDSS-II. The ∼350 simulated curves shown here were fit with the 2-stretch fitter, then 2-stretch corrected to the template. The unshocked light
curves are shown as black dots, with the template drawn in red. The blue circles indicate the 10% of SNe which had shocks added. The simulated shock emission
is shown as a blue line and has a width of 2 days and an amplitude of 20% of the peak SN flux. This represents an example of one simulated set of shocks with a
10% shock fraction, 2 day shock width, and 0.2 shock amplitude. Errors are not included; see Hayden et al. (2010) for similar SDSS-II light curves with error bars
included. The shocked light curves in blue add a noticeable dispersion to the early light curve. The Brown–Forsythe test indicates a statistically significant difference
in the variances between this set and an unshocked set of simulated light curves.

only ∼10% would have an associated shock emission visible to
an observer on Earth.

For this analysis, we chose to simulate the shock emission.
Analyzing individual light curves for shock emission is difficult
for many reasons. There is noise in the early data and the time
of explosion is not measured particularly well when the fit is
restricted to points beyond −10 days. Using composite light
curves containing hundreds of points helps to reduce the impact
of the fitting error by allowing for robust statistical testing. With
the SDSS-II Type Ia light curves, analyzing simulated shocks
was the most robust way to set limits on shock emission in the
data. Analyzing individual light curves without using simulated
shocks would require small fit errors and an even more rapid
cadence, in order to get several observations including shock
emission (allowing for robust statistical testing) and not just
one. It is also necessary for us to produce simulated shocks in
order to populate the parameter space, as Kasen (2010) provides
three theoretical curves. To incorporate shocks into simulated
light curves, we first fit the SNANA generated light curves
(in the B band) with the 2-stretch fitter (Hayden et al. 2010).
As with the real data, the fit is restricted to the period from
10 days before peak to 25 days after. For both the data and
the simulations, SNe with rise time and fall time errors greater
than 4 days are excluded. We then 2-stretch correct the simulated
curves (divide the rise portion by the fitted rise stretch and the fall
portion by the fitted fall stretch) so that the light curves match
the MLCS2k2 template that was used in the fitting process.
At this point in the process, all of the simulated light curves
are in the SN rest frame and have been 2-stretch corrected to
the template. For a fraction of these light curves, we then add
the fading half of a Gaussian function to the simulated data
at the time of explosion, creating a simulated shock. We use this
Gaussian because it allows greater flexibility in the magnitude
and width of the shock. Kasen (2010) provides three shocked
light curves, so our Gaussian method allows population of the

parameter space for shocks on a much finer scale. The beginning
of the shock (the peak of the Gaussian) is allowed to fluctuate
with a 0.5 day standard deviation to allow for the uncertainty in
the time of explosion. There are three variables that we consider
in this study: the width of the Gaussian light curve (ranging
from 0.5 to 5 days, referred to as “shock width” or σ ), the
amplitude of the shock (as a percent of maximum flux, referred
to as “shock amplitude” or S), and the fraction of simulated
SNe that are shocked (5%, 10%, or 20%, referred to as “shock
fraction”). The percentage of visible shocks is the product of
the fraction of SNe Ia that come from SD progenitors and the
fractional solid angle of shock emission.

Figure 1 shows the SDSS-II light curves used in this analysis,
as well as an example of simulated shocks in the SNANA light
curves. In the left panel, the SDSS-II light curves (in the B
band) have been 2-stretch corrected (using only data between
−10 and 25 days in the fit) to the template. At first glance, the
data indicate that shocks are not clearly present in the SDSS-II
data when compared to the SNANA light curves simulated with
the same cadence and noise properties; there are no obvious
shocks in the 108 real light curves passing the selection cuts.
The right panel shows approximately 350 simulated light curves
randomly selected from the full sample of 695, and treated in the
same manner as the real data. The blue circles represent the 10%
of SNe that were given a simulated shock (i.e., a shock fraction
of 10%). The template light curve is the red line, and the added
shock is the blue line. The blue points, the points that have been
given a simulated shock, are simply the red line plus the blue
line, with the noise from the data. The blue points display a
clear increase in variance due to the simulated shock, which in
this particular case adds 20% of the SN peak flux at the time of
explosion and then fades as a Gaussian with a width of 2 days.
To quantify the detection of shocks, we test for a difference in
variance between “shocked” and “unshocked” samples using the
Brown–Forsythe test (Brown & Forsythe 1974), described in the

Hayden+10 (SDSS), see also Bianco+11 (SNLS)

Observations Simulationsv.s.
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11dh
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Fig. 4.— Hertzsprung-Russell diagram showing the luminosities and tem-
peratures of the progenitors of SNe 2011dh (�), 1993J (�; Maund et al. 2004;
Aldering et al. 1994), 2008cn (•; Elias-Rosa et al. 2009), and 2009kr (�;
Fraser et al. 2010b; Elias-Rosa et al. 2010). Overlaid are stars stellar evolu-
tion tracks for solar (red solid) and LMC (blue dashed) metallicities. At the
end of each track the corresponding initial mass is indicated.
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No. 2, 2008 XRT 080109/SN 2008D L137

Fig. 1.—Model predictions for the photospheric spectral luminosity in the
shock breakout phase. The curves are for 1880 (dashed curve), 2510˚ ˚A A
(dotted curve), 3450 (long-dashed curve), and 5440 (dash-dotted curve).˚ ˚A A
The model assumes reference values of the physical parameters, but can be
scaled to other values, as described in the text.

∼ a day or days. Such emission was seen in the early obser-
vations of SN 1987A (Hamuy et al. 1988), and Chevalier (1992)
developed an analytical theory to describe the emission. The
main approximation in this approach was that the supernova
be well into its free expansion phase, which requires a relatively
small radius progenitor star. The model should thus be appli-
cable to Type Ib/c supernovae and we consider the Type Ic’s
SN 1999ex (Stritzinger et al. 2002) and SN 2006aj (Campana
et al. 2006; Modjaz et al. 2006), as well as SN 2008D. In all
these cases, there are observations at an age ∼1 day. Here the
theory of Chevalier (1992) is extended so it can be compared
to detailed observations.

After correcting for a typographical error, equation (2.8) in
Chevalier (1992) for the density of outer freely expanding gas
at velocity v becomes

!10.1898 3.59 !2.59 7.18 !3 !3r p 1.4 # 10 E M F t v g cm , (1)51 0 1

where is the ejecta mass in units of and is a factorM M F0 , 1

that describes by how much the velocity of an element of gas
increases after it has first been shocked. This expression was
derived for the case of SN 1987A, which had a progenitor with
a radiative envelope, like SNe Ib/c. In a planar blow off

, but is reduced in a spherical expansion. TakingF p 1.811

leads to density and pressure profiles that agree withF p 1.351

results of Matzner & McKee (1999, their eqs. [46] and [47])
for the outer parts of an exploded star with a radiative envelope,
and we use that as a reference value.

Given the density structure, the photospheric radius can be
found by integrating in to the point where . Takingkr t p 1

g cm , the photospheric radius is then!2k p 0.2

14 0.39 !0.28 0.78 0.78r p 3.0 # 10 E M (F /1.35) t cm, (2)ph 51 0 1 d

where is the age in days. The velocity of freely expandingtd

gas at the photosphere is

4 0.39 !0.28 0.78 !0.22 !1v p 3.4 # 10 E M (F /1.35) t km s . (3)51 0 1 dph

The luminosity at the photosphere can be found by allowing
for a diffusion wave to move back into the exploded star (Che-
valier 1992),

42 0.91 !0.74 !0.17 !0.34 !1L p 3.3 # 10 E M R (F /1.35) t ergs s ,c 51 0 12 1 d

(4)

where is the radius of the progenitor star in units of 12R 1012

cm. Because the inner layers are shocked at a lower velocity
and are observed at a later time than the X-ray observations,
the radiation field in this case can be approximated by a black-
body. Using , where j is Stefan-Boltzmann’s2 4L p 4pr jTc ph e

constant and is the effective temperature of the photosphere,Te

we have from equations (2) and (4)

4 0.03 !0.04 0.25 !0.43 !0.48T p 1.4 # 10 E M R (F /1.35) t K. (5)e 51 0 12 1 d

These results can be compared with those of Waxman et al.
(2007) who also assumed that the photosphere is in the outer
shock-accelerated part of the supernova density profile, but
otherwise used a different method. The scaling with parameters
is similar, although not exactly that found here, and, for the
same reference values, Waxman et al. (2007) obtain r pph

cm and . The agreement with the14 43.2 # 10 T p 2.6 # 10e

found here is good, but the value of found here is smallerr Tph e

by a factor of 1.9, or the luminosity is smaller by 12. The
method of Waxman et al. (2007) does not include radiative
diffusion, whereas that of Chevalier (1992) used here does. We
find that the luminosity decreases by 1.9 because of diffusion,
for the standard parameters at , a relatively small effect.t p 1d

The photospheric radius and temperature determine the
spectral luminosity evolution, as shown in Figure 1 for four
wavelengths relevant to the Swift UVOT bands. The results
in Figure 1 assume the reference values for the physical pa-
rameters ( , M,, ), but can be used forE p 1 M p 1 R p 151 12

other values by scaling the luminosity by a factor
and the time by a factor . When0.88 !0.68 0.81 !0.06 0.08 !0.52E M R E M R51 0 12 51 0 12

the wavelength is in the Rayleigh-Jeans part of the spectrum,
we have .1.1L ∝ tn

For the theory described here to be applicable, the photo-
sphere must be within the steep power part of the supernova
density profile. If there is no surrounding medium, the limi-
tation at the high-velocity end is the maximum velocity at shock
breakout, which is 0.58 !0.42 !0.32 !1v ≈ 129,000E M R km s51 0 12max

(Matzner & McKee 1999). Using equation (3) and the reference
values, this velocity corresponds to the velocity at the photo-
sphere at an age of 0.002 days. If the supernova is surrounded
by a dense, optically thick wind, the time at which the theory
becomes applicable is after the shock wave has broken out
from the wind. Also, because the density distribution at small
radii becomes flatter than the steep power law, the actual value
of should gradually become smaller than the value estimatedrph

here. To estimate this effect, we used the harmonic mean den-
sity profile of Matzner & McKee (1999) (their eq. [46]) to
estimate the value of more accurately. For the referencerph

parameters and an age of 1 day, the value of is 20% smallerrph

with the more accurate density distribution.
Another requirement of the applicability of the simple model

Tanaka+09

SN Ib 2008D
25 Msun star

E = 8 x 1051 erg
R = 1.3 Rsun 

(WR star)
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Expected Number
 of SN Detection

Exp. time
(min)

Limiting mag
(B/g)

Survey area
(deg2)

# of SN Ia # of SN IIP # of SN Ibc

Deep 15 22 100 110 (10) 6 (0.18) 2 (0.04)

Wide 1.5 21 900 300 (18) 15 (0.45) 5 (0.025)

1-month survey
(1-day cadence, B-band)

Number in () = Number of discovery
 at < 5 days after the explosion
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Example of Type Ibc SNe



IRSF
(NIR phot)

miniTAO
(NIR phot)

Pirika
(Opt. spec)

OAO188
(NIR phot/spec)

MITSuME
(Opt. phot)

KANATA
(Opt. spec)

Kagoshima
(Opt. phot)

Subaru
(Any)

KISO/KWFC
(Opt. survey)



• High cadence!!

• Competition in the “time” domain

• Catch the very moment of SN explosion

• Radius of the massive stars 
at the very final stage of the evolution

• Progenitor of Type Ia SNe

• Expected Results with KISS (# in 1 month)

• Deep:  (=> Morokuma-san’s talk)
* Core-collapse SNe ~ 10  (~0.2 very early detection, 0.04 SNe Ibc)
* Type Ia SNe ~ 100 (~10 very early detection)

• Wide:
* Core-collapse SNe ~ 20 (~0.5 very early detection, 0.025 SNe Ibc)
* Type Ia SNe ~300 (~20 very early detection)

KISS: KIso Supernova Survey

(!!strongly affected by the bad weather!!)


