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used the temperature structure of an equilibriumHo! Ñich
di†usion model, which can be appreciably di†erent from
that in our full transport models. We cannot say with cer-
tainty that this fully explains why our results and those of

di†er so much. It could be due to that the expansionHo! Ñich
opacity should be treated di†erently in the energy equation
than is described in (1990 ; see Blinnikov 1996,Ho! Ñich
1997).

There are, of course, uncertainties also in our models. In
particular, the role of NLTE e†ects needs to be further
examined, but we cannot envisage that they are able to
explain the big di†erence between us and (1991) forHo! Ñich
the Ðrst hours after shock breakout. At this epoch the
extinction is totally dominated by electron scattering and
spectral lines are not so important (see Fig. 10). We see
virtually no di†erence in our results for the Ðrst day, when
we treat the lines as fully absorptive or as totally scattering-
dominated. The NLTE e†ects set in later, and are very
important after a couple of weeks (see Baron et al. 1996).
We are therefore conÐdent that our results for this epoch
are more accurate than (1991).Ho! ÑichÏs

We note that even V -Ñux is lower than theHo! ÑichÏs
observed after the new reductions by West & McNaught
(1992). A possible explanation for the discrepancy between
models and observations is that the stars, used to calibrate
the early plates of the supernova by West & McNaught
(1992), are too cool for an object with a color temperature of

K. (We Ðnd at t \ 0.128 day thatT
c
D 105 T

c
\ 1.14

] 105, 1.05 ] 105, 9.8 ] 104 K for the runs 14E0.7, 14E1,
and 14E1.3, respectively.) The temperature at t \ 0.128 days
decreases with increasing explosion energy because of the
earlier emergence of the shock and the faster adiabatic
cooling. It should be emphasized that our models are much
hotter than equilibrium di†usion models (e.g., Arnett 1988 ;
Woosley 1988 ; Utrobin 1993), and a comparison between
observations and our results is therefore more sensitive to
calibration errors than are equilibrium di†usion models. As
we will see in ° 6.1 our models Ðt the early IUE observations
well, and since these observations are less likely to have the
same error, we cannot exclude calibration errors to be the
cause of the mismatch in V . T his would mean that the early
true V Ñux was lower than hitherto believed. We point out
that we have changed various parameters in our models to
try to make our V Ñux increase faster and thereby Ðt the
observations better. These experiments included enhancing
the iron abundance, and varying the explosion energy and
presupernova model within the limits allowed by the global
light curve. However, none of these attempts reduced the
discrepancy. (See, e.g., the results for two di†erent initial
radii in Fig. 14.)

6. BEFORE AND AFTER THE PEAK OF THE LIGHT CURVE

After the minimum around day D10, the observed bolo-
metric light curve showed an almost exponential increase
up to day D60, and subsequently formed a plateau-like
broad peak around day D100. After a relatively rapid drop,
the luminosity then declined slowly between t \ 120È400
days at the rate of 56Co decay. The energy source
responsible for the broad peak of the light curve, and the
tail, is therefore without doubt the radioactive decay of
56Ni ] 56Co ] 56Fe . The total mass of initial 56Ni in our
models is which is the same mass as in theMNi B 0.078 M

_
,

models of Shigeyama & Nomoto (1990). The theoretical
bolometric light curves for models 14E1, 14E1M, and

FIG. 15.ÈBolometric light curves for 14E1 (with mixed composition),
14E1M (mild mixing of 56Ni), and the unmixed model 14E1U. Squares are
the data of Catchpole et al. (1987), and crosses are those of Hamuy et al.
(1988).

14E1U with a di†erent extent of mixing are shown in Figure
15. It is clearly seen that the shape of the modeled light
curve is strongly dependent on the distribution of hydrogen
and 56Ni in the ejecta, i.e., the amount of mixing that has
occurred.

For the model with standard mixing (14E1 with 56Ni
mixed out to v D 4000 km s~1, Fig. 16), there is signiÐcant
heating of the outer layers owing to radioactivity. The

FIG. 16.ÈAbundance distribution as a function of expansion velocity
for the model 14E1 with mixing.

Blinnikov+ 00

Catchpole + 87
Hamuy + 88

SN 1987A (type-II peculiar)

3.2. SN 1999ex

Table 7 contains theUBVRIz photometry for SN 1999ex,
as well as the method used to determine magnitudes. We
present here a total of 32 nights of data. The light curves are
presented in Figure 7. Clearly, the observations began well
before maximum light thanks to our continuous follow-up
of the host galaxy owing to the prior discovery of the Type

Ia SN 1999ee. The first detection occurred on JD
2,451,481.6 (1999 October 30) in all filters. Excellent seeing
images obtained on the previous night allowed us to place
reliable upper limits to the SN brightness. Hence, in what
follows, we assume that shock breakout took place on JD
2,451,480.5. Given our nightly observations of IC 5179, we
can attach an uncertainty of !0.5 days to this estimate.
Undoubtedly, these are the earliest observations of an SN
Ib/c, which reveal the SN evolution right after explosion.
The most remarkable feature in this figure is the early dip in
the U and B light curves—covering the first 4 days of evolu-
tion—after which, the SN steadily rose to maximum light.
The dip is absent in VRIz, yet it is possible to notice a slight
change in the rate of brightening at the earliest epochs. This
early upturn is reminiscent of the Type II SN 1987A
(Hamuy et al. 1988) and the Type IIb SN 1993J (Schmidt et
al. 1993; Richmond et al. 1994), both of which showed a first
phase of rapid dimming followed by a second phase of
steady brightening. Until now, this dip had never been
observed in a SN Ib/c. Although this is a generic feature of
core collapse or thermonuclear explosion models, in x 4.2
we argue that these observations favor the core collapse
nature of SN Ib/c.

SN 1999ex reached Bmax = 17.35 ! 0.02 on JD
2,451,498.1 and Vmax = 16.63 ! 0.04 3 days later on JD
2,451,501.2. This implies that our observations began 17
nights before Bmax and extended until 24 days after peak.
The upper limits on JD 2,451,480.5 strongly suggest that
shock breakout occurred 18 days before Bmax. Table 6 sum-
marizes peak magnitudes and time of occurrence for each
filter.

Figure 8 shows the U"B and B"V color curves for SN
1999ex, both of which track photospheric temperature var-
iations. Initially the photosphere displayed a rapid cooling
in which the B"V color increased from 0.2 to 1.3 in only
4 days. Then the photospheric temperature increased so the
SN evolved back to the blue. This phase extended for 10

B+1

V

I-1

Fig. 6.—Template fitting for SN 1999ee. Solid line is SN 1992bc, and
dashed line is SN 1991T, both modified for time dilation and K-correction
for the corresponding redshift of SN 1999ee.

: CTIO 0.9-m
: YALO
: other

Fig. 7.—UBVRIz light curves of SN 1999ex. Open circles and filled
circles show photometry from the YALO and CTIO 0.91 m telescopes,
respectively. Upper limits derived from images taken on JD 2,451,480.5 are
also included. The solid line through the U data is drawn to help the eye to
see the initial upturn.

Fig. 8.—B"V and U"B color curves of SN 1999ex as a function of time
sinceBmaximum.

No. 4, 2002 PHOTOMETRY OF SUPERNOVAE IN IC 5179 2109
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No. 2, 2009 NGC 2770: SN Ib FACTORY? 1309

Figure 1. Image of NGC 2770 from I (red color), Hα (blue) and Hα offband
(green) filters. The field of view is about 2′ × 2.′5 or 15.6 kpc × 29.5 kpc in
physical dimensions. Blue indicates Hα emission which nicely show the SF
regions in the spiral arms of the galaxy. The positions of the three SNe are
shown of which two are still visible in the image.

and Sloan Digital Sky Survey (SDSS) ugriz images. Further-
more, we obtained the infrared and radio fluxes from Cutri
et al. (2003), Moshir et al. (1990), Dressel & Condon (1978),
and Condon et al. (1998) reported in the NASA Extragalactic
Database (NED). These data (see Table 2) were used to fit the
broadband SED with templates from the GRASIL code (Silva
et al. 1998).

In the GRASIL code each SED template is calculated by the
following procedure: at the first stage an initial gas reservoir,
infalling gas rate, and star formation (SF) history are assumed
and then at a given time the emission of the resulting stellar
population is summed up. Finally, the total galaxy spectrum
is calculated by means of a two-dimensional radiative transfer
method, applied to photons reprocessed by dust. After we found
the best-fitting template we derived several galaxy properties
from the SED (as in Michałowski et al. 2008a). SFR, SN
rate (SNR), stellar, dust, gas, and total baryonic masses are
given as output from GRASIL for the best-fitting template. The
infrared luminosity was obtained by integrating the SED over
the range of 8–1000 µm. The average extinction (outside of
molecular clouds) was calculated as AV = 2.5 log (Vobs/Vem),
where Vobs is observed V-band starlight and Vem is starlight
extinguished by molecular clouds only; see Silva et al. (1998).
This parameter describes the extinction averaged throughout
the galaxy as opposed to the line-of-sight extinction derived
from optical GRB afterglows. RV was calculated comparing the
extinction in the V and B bands: RV = AV /E(B − V ).

The SED of NGC 2770 is well represented by an average
model composed of the spiral Sc (NGC 6946) and Sb galaxies,
taken from Silva et al. (1998). From the SED fit (see Figure 2)
we derive an SFR of ∼ 1.1M⊙ yr−1 and a stellar mass of 2.1×
1010 M⊙ (see Michałowski et al. 2008a, for details on how
these are derived from the SEDs). The resulting specific star

Figure 2. Modeling of the broadband SED of NGC 2770 from UV to radio
wavelength using archival data compiled from the NASA Extragalactic Database
(NED) and publicly available optical and ultraviolet data from the SDSS and
GALEX archives. Error bars are mostly smaller than the symbols. The solid
line shows the best-fit model from the GRASIL code (Silva et al. 1998), which
is the average of Sb and Sc templates (based on NGC 6946).

Table 2
Fluxes from the Literature Taken for the SED Fitting

Filter Wavelength (µm) Flux (Jy)

FUV 0.1520 2900 ± 300 × 10−6

NUV 0.229 4900 ± 500 × 10−6

u 0.358 15.1 ± 0.6 × 10−3

g 0.485 42.9 ± 1.6 × 10−3

r 0.627 54.9 ± 2.0 × 10−3

i 0.769 67.9 ± 2.4 × 10−3

z 0.921 85.5 ± 3.8 × 10−3

J 1.25 98.9 ± 2.02 × 10−3

H 1.64 122 ± 4 × 10−3

K 2.17 98.8 ± 3.43 × 10−3

IRAS 12.0 < 3×10−1

IRAS 25.0 19.5 ± 2.89 × 10−2

IRAS 59.9 15.8 ± 1.27 × 10−1

IRAS 99.8 53.0 ± 4.77 × 10−1

13 cm 1.26 × 105 12.0 ± 3.0 × 10−3

21 cm 2.14 × 105 17.8 ± 1.8 × 10−3

formation rate (SSFR) is 0.05 Gyr−1. The SFRs derived from
different methods (radio, IR, UV, SED modeling) differ by about
a factor of 2. This is not surprising since the UV SFR estimate is
affected by extinction and the different methods trace different
parts of SF in the galaxy. Still, the values indicate that the SFR is
not particularly high in NGC 2770. The SFR in radio is directly
connected to the SNR as the nonthermal radio flux is produced
by relativistic electrons accelerated in the SN shocks. Also the
SNR both from radio data and the SED modeling is therefore
rather low with 0.01–0.02 SNe yr−1 which is comparable to
the SNR of the Milky Way (MW). In addition to the SED fit,
we also searched the literature for global measurements and
properties of NGC 2770. Those, together with the SED outputs,
are presented in Table 3.

We then compare the global properties of NGC 2770 to those
of other galaxies, which did not necessarily host several SNe,
by using a sample of more than 100 nearby spiral galaxies
from Broeils & Rhee (1997) which also includes NGC 2770.
This sample is based on two H i surveys of spiral and irregular

NGC 2770 (D=27Mpc) 
“SN Factory”

Thöne+ 09

Most importantly, the inferred rate of X-ray outbursts indicates
that all core-collapse supernovae produce detectable shock break-out
emission. Thus, we predict that future wide-field X-ray surveys will
uncover hundreds of supernovae each year at the time of explosion,
providing the long-awaited temporal and positional triggers for
neutrino and gravitational wave searches.

Discovery of the X-ray outburst

On 2008 January 9 at 13:32:49 UT, we serendipitously discovered an
extremely bright X-ray transient during a scheduled Swift X-ray
Telescope (XRT) observation of the galaxy NGC 2770 (distance
d 5 27 Mpc). Previous XRT observations of the field just two days earlier
revealed no pre-existing source at this location. The transient, hereafter
designated as X-ray outburst (XRO) 080109, lasted about 400 s, and was
coincident with one of the galaxy’s spiral arms (Fig. 1). From observa-
tions described below, we determine that XRO 080109 is indeed located
in NGC 2770, and we thus adopt this association from here on.

The temporal evolution is characterized by a fast rise and expo-
nential decay, often observed for a variety of X-ray flare phenomena
(Fig. 1). We determine the onset of the X-ray emission to be 9z20

{8 s
before the beginning of the observation, implying an outburst start
time (t0) of January 9.5644 UT. The X-ray spectrum is best fitted by a
power law (N(E) / E2C, where N and E are the photon number and
energy, respectively) with a photon index of C 5 2.3 6 0.3, and a
hydrogen column density of NH~6:9z1:8

{1:5|1021 cm{2, in excess of
the absorption within the Milky Way (see Supplementary
Information). The inferred unabsorbed peak flux is FX,p <
6.9 3 10210 erg cm22 s21 (0.3–10 keV). We also measure significant
spectral softening during the outburst.

The XRO was in the field of view of the Swift Burst Alert Telescope
(BAT; 15–150 keV)beginning30 minbefore andcontinuing throughout
the outburst, but no c-ray counterpart was detected. Thus, the outburst
was not a GRB (see also Supplementary Information). Integrating over
the duration of the outburst, we place a limit on the c-ray fluence of
fc= 8 3 1028 erg cm22 (3s), a factor of three times higher than an
extrapolation of the X-ray spectrum to the BAT energy band.

The total energy of the outburst is thus EX < 2 3 1046 erg, at least
three orders of magnitude lower10 than GRBs. The peak luminosity is
LX,p < 6.1 3 1043 erg s21, several orders of magnitude larger than the
Eddington luminosity (the maximum luminosity for a spherically
accreting source) of a solar mass object, outbursts from ultra-luminous
X-ray sources and type I X-ray bursts. In summary, the properties of
XRO 080109 are distinct from those of all known X-ray transients.

The birth of a supernova

Simultaneous observations of the field with the co-aligned
Ultraviolet/Optical Telescope (UVOT) on board Swift showed no
evidence for a contemporaneous counterpart. However, UVOT
observations just 1.4 h after the outburst revealed11 a brightening
ultraviolet/optical counterpart. Subsequent ground-based optical
observations also uncovered11–13 a coincident source.

We promptly obtained optical spectroscopy of the counterpart
with the Gemini North 8-m telescope beginning 1.74 d after the
outburst (Fig. 2). The spectrum is characterized by a smooth con-
tinuum with narrow absorption lines of Na I (wavelengths 5,890
and 5,896 Å) at the redshift of NGC 2770. More importantly, we
note broad absorption features near 5,200 and 5,700 Å and a drop-
off beyond 7,000 Å, strongly suggestive of a young supernova.
Subsequent observations confirmed these spectral characteristics11,14,
and the transient was classified11,15 as type Ibc SN 2008D based on the
lack of hydrogen and weak silicon features.

Thanks to the prompt X-ray discovery, the temporal coverage of
our optical spectra exceeds those of most supernovae, rivalling even
the best-studied GRB-associated supernovae, and SN 1987A (Fig. 2).
We see a clear evolution from a mostly featureless continuum to
broad absorption lines, and finally to strong absorption features with
moderate widths. Moreover, our spectra reveal the emergence of
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Figure 1 | Discovery image and X-ray light curve of XRO 080109/
SN 2008D. a, X-ray (left) and ultraviolet (right) images of the field obtained
on 2008 January 7 UT during Swift observations of the type Ibc supernova
2007uy. No source is detected at the position of SN 2008D to a limit of
=1023 counts s21 in the X-ray band and U> 20.3 mag. b, Repeated
ultraviolet and X-ray observations of the field from January 9 UT during which
we serendipitously discovered XRO 080109 and its ultraviolet counterpart.
The position of XRO 080109 is right ascension a 5 09 h 09 min 30.70 s,
declination d 5 33u 089 19.10 (J2000) (63.50), about 9 kpc from the centre of
NGC 2770. c, X-ray light curve of XRO 080109 in the 0.3–10 keV band. The
data were accumulated in the photon counting mode and were processed using
version 2.8 of the Swift software package, including the most recent calibration
and exposure maps. The high count rate resulted in photon pile-up, which we
correct for by fitting a King function profile to the point spread function (PSF)
to determine the radial point at which the measured PSF deviates from the
model. The counts were extracted using an annular aperture that excluded the
affected 4 pixel core of the PSF, and the count rate was corrected according to
the model. Error bars, 61s. Using a fast rise, exponential decay model (red
curve), we determine the properties of the outburst, in particular its onset
time, t0, which corresponds to the explosion time of SN 2008D. The best-fit
parameters are a peak time of 63 6 7 s after the beginning of the observation,
an e-folding time of 129 6 6 s, and peak count rate of 6.2 6 0.4 counts s21

(90% confidence level using Cash statistics). The best-fit value of t0 is January 9
13:32:40 UT (that is, 9 s before the start of the observation) with a 90%
uncertainty range of 13:32:20 to 13:32:48 UT.
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Schawinski+ 08SNLS-04D2d (type II, z=0.1854)

approaches the surface does radiation diffuse far
enough ahead of the shock wave to raise the
temperature of the stellar photosphere. This phase
is sometimes referred to as “shock breakout,”
although the associated radiation is from the
“radiative precursor” of the shock, long before
the shock actually reaches the surface. This
radiative precursor raises the temperature of the
star to ~105 K before the surface expands
dramatically (8).

Shock breakouts have been inferred for a few
relatively local GRBs and x-ray flashes, which
may involve shocks traveling through dense
winds outside compact blue stars, including the
recent SN 2008D (9–14). Here, we describe the
brightening of a red supergiant due to the theo-
retically predicted radiative precursor before the
supernova shock reaches the surface of the star.
Such observations provide information about the
density profile inside the progenitor star (15) and
the physics of radiative shocks, and knowledge
of the spectrum of the associated ultraviolet (UV)
flash has implications for the ionization of the
circumstellar medium (16, 17).

Although core-collapse supernovae are ex-
pected to be most luminous around the time of
shock breakout, most of this energy emerges as
extreme UVor soft x-ray radiation. Hence, core-
collapse supernovae are typically only discov-
ered several days after the supernova explosion
near the peak of their optical light curve; ob-
servations of early light curves are rare (18, 19).
To circumvent this problem, we exploit two
complementary data sets: an optical survey to
locate supernovae and UV data to search for
serendipitously associated shock breakouts. The
first is the Supernova Legacy Survey (SNLS)
(20), which studies distant supernovae using data
taken every 4 days at the 3.6-m Canada-France-

B

A

Fig. 1. (A) Composite of the optical SNLS and the UV GALEX light curves, or observed fluxes as a function
of modified Julian date. All fluxes are host galaxy subtracted and are not corrected for internal extinction.
The gray box indicates the time of the radiative precursor. The points highlighted by circles indicate five
phases of the radiative precursor in the UV, as observed by GALEX. (B) These five phases are illustrated by
a time sequence of original near-UV images (upper row, 1 × 1 arcmin) and difference images (lower row,
with a pre-supernova image subtracted) to emphasize the transient source. Note the drop from point 2 to
the minimum at 3 and the rise to 4, clearly visible in the GALEX images. The lack of optical data during the
UV event is due to both poor weather conditions and technical problems. Both GALEX and SNLS light
curves are available as tables in (25).

Fig. 2. The GALEX near-UV and
far-UV flux against time (modified
Julian date in days). This is a
zoomed-in version of the shaded
time range of Fig. 1 and we mark
the same five data points. The
background levels are shown
before and after the supernova
(left and right panels), and the
central panels show the event
itself. The radiative precursor is
highlighted in yellow. Models for
the post-explosion expansion are
shaded in green; these models
assume an initial photospheric
radius of 500 to 1000 R◉. The
width of the green band is due to
the range of assumed expansion
velocities (1 to 2 × 107 m s−1).
These models assume adiabatic
free expansion of a radiation-
dominated plasma and black-body
emission from a well-defined pho-
tosphere. The models were only
fitted to the near-UV data but are
also consistent with the far-UV data.

11 JULY 2008 VOL 321 SCIENCE www.sciencemag.org224
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approaches the surface does radiation diffuse far
enough ahead of the shock wave to raise the
temperature of the stellar photosphere. This phase
is sometimes referred to as “shock breakout,”
although the associated radiation is from the
“radiative precursor” of the shock, long before
the shock actually reaches the surface. This
radiative precursor raises the temperature of the
star to ~105 K before the surface expands
dramatically (8).

Shock breakouts have been inferred for a few
relatively local GRBs and x-ray flashes, which
may involve shocks traveling through dense
winds outside compact blue stars, including the
recent SN 2008D (9–14). Here, we describe the
brightening of a red supergiant due to the theo-
retically predicted radiative precursor before the
supernova shock reaches the surface of the star.
Such observations provide information about the
density profile inside the progenitor star (15) and
the physics of radiative shocks, and knowledge
of the spectrum of the associated ultraviolet (UV)
flash has implications for the ionization of the
circumstellar medium (16, 17).

Although core-collapse supernovae are ex-
pected to be most luminous around the time of
shock breakout, most of this energy emerges as
extreme UVor soft x-ray radiation. Hence, core-
collapse supernovae are typically only discov-
ered several days after the supernova explosion
near the peak of their optical light curve; ob-
servations of early light curves are rare (18, 19).
To circumvent this problem, we exploit two
complementary data sets: an optical survey to
locate supernovae and UV data to search for
serendipitously associated shock breakouts. The
first is the Supernova Legacy Survey (SNLS)
(20), which studies distant supernovae using data
taken every 4 days at the 3.6-m Canada-France-
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Fig. 1. (A) Composite of the optical SNLS and the UV GALEX light curves, or observed fluxes as a function
of modified Julian date. All fluxes are host galaxy subtracted and are not corrected for internal extinction.
The gray box indicates the time of the radiative precursor. The points highlighted by circles indicate five
phases of the radiative precursor in the UV, as observed by GALEX. (B) These five phases are illustrated by
a time sequence of original near-UV images (upper row, 1 × 1 arcmin) and difference images (lower row,
with a pre-supernova image subtracted) to emphasize the transient source. Note the drop from point 2 to
the minimum at 3 and the rise to 4, clearly visible in the GALEX images. The lack of optical data during the
UV event is due to both poor weather conditions and technical problems. Both GALEX and SNLS light
curves are available as tables in (25).

Fig. 2. The GALEX near-UV and
far-UV flux against time (modified
Julian date in days). This is a
zoomed-in version of the shaded
time range of Fig. 1 and we mark
the same five data points. The
background levels are shown
before and after the supernova
(left and right panels), and the
central panels show the event
itself. The radiative precursor is
highlighted in yellow. Models for
the post-explosion expansion are
shaded in green; these models
assume an initial photospheric
radius of 500 to 1000 R◉. The
width of the green band is due to
the range of assumed expansion
velocities (1 to 2 × 107 m s−1).
These models assume adiabatic
free expansion of a radiation-
dominated plasma and black-body
emission from a well-defined pho-
tosphere. The models were only
fitted to the near-UV data but are
also consistent with the far-UV data.
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SN II-P Light Curves with Kepler 5

Fig. 4.— Left: The Kepler light curve of KSN2011d focused on the time expected for shock breakout. The blue dots are individual Kepler
measurements and the red symbols show 3.5-hour medians of the Kepler data. An errorbar at �1.5 days indicates the 3-� uncertainty
on the median points.The green line shows the best fit photospheric model light curve. The lower panel displays the residuals between
the observations and the model fit. The thick red line is a Gaussian smoothed residual light curve using a full-width at half-maxmimum
of two hours. The dashed red lines indicate 3� deviations of the Gaussian smoothed curve. The residual at the time expected for shock
breakout is more than 5� implying that the feature is unlikely to be a random fluctuation. Right: A simulated light curve created using
the statistical properties of the Kepler photometry and the best fit photospheric model. In addition, a Nakar & Sari (2010) shock breakout
model (light green line) for an explosion energy of 2 B and radius of 490 R� is compared with both the data and simulation.

photospheric model to zero flux predicts shock breakout
at t0 = 2455873.75± 0.05 BJD which corresponds to the
time of the largest deviation from the model.
When we subtract the best fit photosphere model for

KSN2011d there remains seven Kepler photometric ob-
servations within five hours of t0 that are 3� or more
above zero (lower panel in Fig. 4). To avoid bias that
might come from dividing the data into bins, we have
smoothed the light curve residuals using a Gaussian
with a full-width at half-maximum (FWHM) of 3 hours.
There is a clear 6� peak at the time expected for breakout
and we conclude that this is, indeed, the shock breakout
from KSN2011d. The shock breakout flux is 12% of the
peak flux of the supernova, corresponding to a Kepler
magnitude of 22.3±0.2 after correcting for Milky Way
extinction.
In the Nakar & Sari (2010) shock breakout model, the

initial rise is the result of di↵usion of the shock emis-
sion before the shock reaches the stellar surface and is
only of order five minutes. This is too short a time for
even the Kepler cadence, so the rise to shock breakout
is unresolved. After shock breakout the flux decay fol-
lows a t�4/3 power-law in time until the expanding pho-
tosphere dominates the luminosity. This decay is rela-
tively slow and allows the breakout to remain detectable
for several hours. From the Nakar & Sari (2010) formu-
lation, we can estimate the ratio between the peak flux
from the shock breakout, F

SB

, and the maximum photo-
spheric flux, F

max

, which we approximate as the bright-
ness 10 days after explosion. Using the ratio between
the shock peak and photosphere maximum is particu-
larly useful since it eliminates the uncertainty caused by
distance and dust extinction. In the rest-frame optical
(5500Å) the flux ratio is

F
SB

/F
max

= 0.25 M0.54
15 R0.73

500 E�0.64
51 (1)

where M15 is the progenitor mass in units of 15 M�, R500

is the progenitor radius in units of 500 R�, and E51 is
the explosion energy in units of 1051 erg. So we expect
the shock breakout in a typical RSG to peak at about
25% of visual brightness of the supernova at maximum.
Applying the Nakar & Sari (2010) model to KSN2011d

(radius of 490 R�, energy of 2 B and a progenitor mass of
15 M�), predicts a breakout temperature of 2⇥105 �K,
and equation 1 gives F

SB

/F
max

= 0.16, meaning the
shock should be 2 mag fainter in the optical than the
supernova at maximum. The Kepler 30 minute cadence
will smooth the sharp peak of the breakout and lower
the maximum by 20% so we expect the ratio to be
F
SB

/F
max

= 0.13. The excess flux seen in Fig. 4 peaks
at a relative flux of 0.12±0.2 and is consistent with the
Nakar & Sari (2010) prediction.
We use a blackbody spectrum to extrapolate the shock

breakout flux down to the optical and this is likely a poor
approximation. So it is surprising that the semi-analytic
model of Nakar & Sari (2010) works so well in matching
the observed breakout. Tominaga et al. (2011) calcu-
lated realistic spectra at breakout for a variety of RSG
models. While color temperatures and integrated lumi-
nosities varied greatly, the peak optical flux at break-
out was fairly consistent: between 2 ⇥ 1037 to 1⇥1038

erg s�1 Å�1, corresponding to absolute magnitudes be-
tween �14.2 and �15.9 mag. The Tominaga et al. (2011)
model for a 15 M�, 1 B and 500 R� RSG predicts a peak
at M

Kp

= �14.4 9 mag. Doubling the explosion energy
would brighten the breakout by about 0.2 mag, yield-
ing a luminosity of M

Kp

= �14.6 mag. The observed
shock breakout from KSN2011d is M

Kp

= �15.6 ± 0.3
mag (after correction for Milky Way extinction; assum-

9 Kp⇡ 0.2g + 0.8r where g and r are SDSS magnitudes (Kepler
Calibration webpage)

Garnavich + 16

Kepler

© NASA
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Figure 12. Top: best fit to KSN 2011d. Blue points are the 2 hour binned data. The models are valid only for the times where
the best fit red line is drawn. Bottom: residuals.
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Figure 13. Significance of the departure of the shock-
breakout identified by G16. Top: the early time light curve
binned to 3.5 hour intervals with di↵erent binning phases,
o↵set by 0.1 for visual clarity. The data have been fit to a
9th order polynomial (excluding the two points in red) to
test departure from a smooth function. Bottom: residuals
from the smooth functions. Binning has a dramatic e↵ect on
the significance and shape of the departure, which at most
is 3.85 �, but can drop to 1.56 �.

Universe I-Core program by the Israeli Committee for

Planning and Budgeting and the ISF; by an ISF grant;

Figure 14. Histogram of P-values of ten consecutive points
(not binned) with respect to the background in the data
up to two days before the SN explosion. The P-value of
the claimed “shock-breakout” is shown in the vertical dotted
line. Several events have less likely departures in the noise.

by the Israeli ministry of science and the ISA; and by
Kimmel and YeS awards.
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KSN 2011d (type II, z=0.087)

optical
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Survey programs for optical transient objects

7

Untargeted optical transient surveys 
with wide-field cameras
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A limitation of survey programs

8

discovery by optical telescope first 
follow-up obs. by other telescopes/satellites 
after the discovery 
multi-messenger obs. is impossible

To conduct multi-messenger obs. of shock 
breakout, we need to know 

when 
where } a SN appears
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Gravitational lensing

9

Cosmic smiley 
NASA & ESA

NASA



諏訪　雄大 /182017/9/12 Figure 1. Coadded WFC3-IR F125W and F160W exposures of the MACS J1149.5+2223 galaxy-cluster field taken with HST. The top panel shows images acquired
in 2011 before the SN appeared in S1–S4 or SX. The middle panel displays images taken on 2015 April 20 when the four images forming the Einstein cross are close
to maximum brightness, but no flux is evident at the position of SX. The bottom panel shows images taken on 2015 December 11 which reveal the new image SX of
SN Refsdal. Images S1–S3 in the Einstein cross configuration remain visible in the 2015 December 11 coadded image (see Kelly et al. 2015a and Rodney et al. 2015b
for analysis of the SN light curve).

4

The Astrophysical Journal Letters, 819:L8 (6pp), 2016 March 1 Kelly et al.

Strongly lensed SNe

There have been three lensed SN observations so far 
PS1-10afx (Ia; Quimby+ 2013), SN Refsdal (CC; Kelly+ 2015), iPTF16geu 
(Ia; Goobar+ 2017) 

SN Refsdal 
four images were found at the same time 
one more event had been predicted one year after the images 
another image indeed appeared! (Kelly+ 2016)

10
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Time delay

11

source

image A

image B

ΔtA

ΔtB

ΔtAB=ΔtA-ΔtB

lens galaxy
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Image evolution: an example

12
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A strategy
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Supernova forecast with strong lensing 3
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Figure 2. An example light curve in i-band of an event with
zs = 0.87 and zl = 0.314. Light curve shape is taken from a typi-
cal Type Ib/c SN, SN1999ex. First, second, third, and fourth im-
ages correspond to thick-solid, thin-solid, thick-dashed, and thin-
dashed lines, respectively. Time delays from the first image are
19.8 (second), 25.9 (third), and 44.6 (fourth) days. The arrow in-
dicates the time of SBO of the fourth image, which is bright in
UV/X-ray bands for the case of a Type Ib/c SN. Horizontal grey
line indicates limiting magnitude of LSST. In the small panel, spa-
cial positions of images are shown with a typical seeing FWHM
of LSST (0.75 arcsec). Numbers in circles present corresponding
image in LC.

Oguri & Marshall (2010) only took into account the peak
magnitude, we construct the LC by using a typical Type
Ib/c SN, SN1999ex (Stritzinger et al. 2002). In the figure,
the limiting magnitude of LSST per visit (10σ) is shown as
a grey horizontal line. One can see that the first image can
be observed about 30 days before its peak and the second
image will appear above the detection threshold 18 days af-
ter the first image emergence. The third and fourth ones will
be found about 28 and 58 days after the first image. In this
case, the SBO emission of the fourth image will be observed
after the emergence of the third image.

3 STRATEGY

In this section, we discuss a strategy to perform a multi-
messenger observation campaign for SBO of fourth images
from lensed SNe. An ideal scenario is as follows:

(i) Find a new SN by LSST survey.
(ii) A second image appears O(1) d after the first image.
(iii) One calculates the lens potential based on these two

images and predict the position and time of the third image.
(iv) By observing the third image with deeper and more

frequent observations, one calibrates the lens potential
model and LC evolution, and predicts the fourth image more
precisely than the third one.

(v) One targets the SBO of the fourth image using mul-
tiple telescopes.

In Figure 3, we show our flowchart of the event selec-
tion. In this figure, the first and second images should be
detected by LSST, and other telescopes are able to conduct
more frequent observations for third and fourth images. In
order to observe the SBO, the most important part is the

Find a new SN

Does  
2nd SN appear  

in ~1 arcsec?

Yes

Calculate lens potential 
and predict 3rd one

Does 3rd SN appear?

No

Yes

No

Confirm and refine 
model by frequent 

observation of 3rd event 
and predict 4th event

Target SBO of 4th event

Figure 3. A flowchart of the event selection. First and second im-
ages are found by LSST and third and fourth images are observed
by other telescopes.

time precision of the fourth image. If we can reduce the er-
ror, by intensively observing the third image, up to ∼< 1 d,

the feasibility of the SBO observation becomes remarkably
high. For predicting the third image properties, we need to
determine at least five lens model parameters if we employ
the singular isothermal ellipsoid (SIE), which is used most
frequently to model lensing galaxies, assuming redshifts are
determined well by photometric data: velocity dispersion; el-
lipticity; orientation of the lens galaxy; source position. Up
to six degrees of freedom can be fixed by observation of the
first two images: two image positions; flux ratio; time delay.
Hence, in principle, the prediction is possible. Of course, for
a more realistic lens model, there are more parameters to
be determined. But on the other hand, the observation of
the third image does provide significantly more information
since, together with the first and second image, there are
now twelve observables: three image positions; three flux ra-
tios; three time delays.

By using the same mock data as Figure 2, we attempt
to predict the time delay and position of the fourth image
from information of the previous three images with glafic
(Oguri 2010), which is a public software package for analyz-
ing gravitational lensing (see Appendix A). A similar study
was done in Oguri et al. (2003), but it was more interested
in cosmological applications. As input data, we employ sky
positions of three images, the redshift of host galaxy, flux
ratios, and time delays with respect to the first image, with
1σ errors of 0.75 arcsec, 0.5, 50%, and 5 days, respectively.
The best fit is obtained with the delay time for the fourth
image being 47.0 days, which is slightly (2.4 day) later than
the correct value. Smaller error values lead to better pre-
diction. Therefore, after the detection of the third image,
the prediction of fourth image is doable. Note that this re-

MNRAS 000, 1–?? (2017)
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Figure 2. An example light curve in i-band of an event with
zs = 0.87 and zl = 0.314. Light curve shape is taken from a typi-
cal Type Ib/c SN, SN1999ex. First, second, third, and fourth im-
ages correspond to thick-solid, thin-solid, thick-dashed, and thin-
dashed lines, respectively. Time delays from the first image are
19.8 (second), 25.9 (third), and 44.6 (fourth) days. The arrow in-
dicates the time of SBO of the fourth image, which is bright in
UV/X-ray bands for the case of a Type Ib/c SN. Horizontal grey
line indicates limiting magnitude of LSST. In the small panel, spa-
cial positions of images are shown with a typical seeing FWHM
of LSST (0.75 arcsec). Numbers in circles present corresponding
image in LC.

Oguri & Marshall (2010) only took into account the peak
magnitude, we construct the LC by using a typical Type
Ib/c SN, SN1999ex (Stritzinger et al. 2002). In the figure,
the limiting magnitude of LSST per visit (10σ) is shown as
a grey horizontal line. One can see that the first image can
be observed about 30 days before its peak and the second
image will appear above the detection threshold 18 days af-
ter the first image emergence. The third and fourth ones will
be found about 28 and 58 days after the first image. In this
case, the SBO emission of the fourth image will be observed
after the emergence of the third image.

3 STRATEGY

In this section, we discuss a strategy to perform a multi-
messenger observation campaign for SBO of fourth images
from lensed SNe. An ideal scenario is as follows:

(i) Find a new SN by LSST survey.
(ii) A second image appears O(1) d after the first image.
(iii) One calculates the lens potential based on these two

images and predict the position and time of the third image.
(iv) By observing the third image with deeper and more

frequent observations, one calibrates the lens potential
model and LC evolution, and predicts the fourth image more
precisely than the third one.

(v) One targets the SBO of the fourth image using mul-
tiple telescopes.

In Figure 3, we show our flowchart of the event selec-
tion. In this figure, the first and second images should be
detected by LSST, and other telescopes are able to conduct
more frequent observations for third and fourth images. In
order to observe the SBO, the most important part is the
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Figure 3. A flowchart of the event selection. First and second im-
ages are found by LSST and third and fourth images are observed
by other telescopes.

time precision of the fourth image. If we can reduce the er-
ror, by intensively observing the third image, up to ∼< 1 d,

the feasibility of the SBO observation becomes remarkably
high. For predicting the third image properties, we need to
determine at least five lens model parameters if we employ
the singular isothermal ellipsoid (SIE), which is used most
frequently to model lensing galaxies, assuming redshifts are
determined well by photometric data: velocity dispersion; el-
lipticity; orientation of the lens galaxy; source position. Up
to six degrees of freedom can be fixed by observation of the
first two images: two image positions; flux ratio; time delay.
Hence, in principle, the prediction is possible. Of course, for
a more realistic lens model, there are more parameters to
be determined. But on the other hand, the observation of
the third image does provide significantly more information
since, together with the first and second image, there are
now twelve observables: three image positions; three flux ra-
tios; three time delays.

By using the same mock data as Figure 2, we attempt
to predict the time delay and position of the fourth image
from information of the previous three images with glafic
(Oguri 2010), which is a public software package for analyz-
ing gravitational lensing (see Appendix A). A similar study
was done in Oguri et al. (2003), but it was more interested
in cosmological applications. As input data, we employ sky
positions of three images, the redshift of host galaxy, flux
ratios, and time delays with respect to the first image, with
1σ errors of 0.75 arcsec, 0.5, 50%, and 5 days, respectively.
The best fit is obtained with the delay time for the fourth
image being 47.0 days, which is slightly (2.4 day) later than
the correct value. Smaller error values lead to better pre-
diction. Therefore, after the detection of the third image,
the prediction of fourth image is doable. Note that this re-
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model LC from SN 1999ex
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LSST is great

LSST (2022~) 
8.4 m mirror, 15 s exposure, 9.6 deg2 of f.o.v., 6 bands 
~24 mag of 5σ depth, 0.75 arcsec (FWHM) resolution, 5 day 
cadence 
will detect O(106) SNe 

In LSST era, we will have number of strongly lensed SNe 
~130 in 10 year observation (conservative estimate)  
(mpeak<22.6 (25σ), Δθ>0.5 arcsec; Oguri & Marshall 2010) 
could be ~1000, depending on criteria (Goldstein & Nugget 2017) 
Ia 34%; Ib/c 31%; IIL 5%; IIP 15%; IIn 15% 
~1/4 have four images

14

The Large Synoptic Survey Telescope
https://gallery.lsst.org/bp/#/folder/2334406/
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Target-of-Opportunity (ToO) observation is necessary for 
transient observation 

After the discovery of 1st/2nd/3rd images, we have to 
trigger ToO obs. to catch 4th image 

A typical duration of ToO obs. is <~ 1 night for an 8m-size 
telescope 

Question: how precisely can we predict when and where the 
4th image appears w/ 1st-2nd-3rd image information?

Key for SN forecast

15
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glafic

16

glafic

2

Figure 1.1: Example of lens equation solving for point sources. I use square grids (thin black
lines) that are adaptively refined near critical curves to derive image positions for a given
source. Upper panels show image planes, and lower panels are corresponding source planes.
Critical curves and caustics are drawn by blue lines. Positions of sources and images are
indicated by red triangles. Left panels show an example from a simple mass model that
consist of NFW and SIE profiles. A source near the center is producing 7 lensed images. In
right panels, I add small galaxies to the primary NFW lens potential. This time 5 lensed
images are produced.

im
age plane (θ

i )
source plane (β

i )

• public software for strong 
   lensing analysis
  (“parametric” mass modeling)

• adaptive grid to solve lens 
   equation efficiently

• support many lens potentials

• please use!

http://www.slac.stanford.edu/~oguri/glafic/

from YITP seminar slide by Masamune Oguri
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Precision of ‘prediction’
Lens model parameters 

Singular Isothermal Ellipsoid 
(SIE) model 

velocity dispersion, ellipticity, 
orientation of lens gal., source 
position 

Observables 
position x3, zSN, flux ratio x3, 
time delays x3, with some error 
(0.75 arcsec, 0.5, 50%, 5 days now) 

Result (w/ glafic) 
best fit: Δt1st-4th=44.741 d 

‘answer’: Δt1st-4th=44.576 d 

Error estimation needs MCMC, 
which will be done next

17
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Figure 2. An example light curve in i-band of an event with
zs = 0.87 and zl = 0.314. Light curve shape is taken from a typi-
cal Type Ib/c SN, SN1999ex. First, second, third, and fourth im-
ages correspond to thick-solid, thin-solid, thick-dashed, and thin-
dashed lines, respectively. Time delays from the first image are
19.8 (second), 25.9 (third), and 44.6 (fourth) days. The arrow in-
dicates the time of SBO of the fourth image, which is bright in
UV/X-ray bands for the case of a Type Ib/c SN. Horizontal grey
line indicates limiting magnitude of LSST. In the small panel, spa-
cial positions of images are shown with a typical seeing FWHM
of LSST (0.75 arcsec). Numbers in circles present corresponding
image in LC.

Oguri & Marshall (2010) only took into account the peak
magnitude, we construct the LC by using a typical Type
Ib/c SN, SN1999ex (Stritzinger et al. 2002). In the figure,
the limiting magnitude of LSST per visit (10σ) is shown as
a grey horizontal line. One can see that the first image can
be observed about 30 days before its peak and the second
image will appear above the detection threshold 18 days af-
ter the first image emergence. The third and fourth ones will
be found about 28 and 58 days after the first image. In this
case, the SBO emission of the fourth image will be observed
after the emergence of the third image.

3 STRATEGY

In this section, we discuss a strategy to perform a multi-
messenger observation campaign for SBO of fourth images
from lensed SNe. An ideal scenario is as follows:

(i) Find a new SN by LSST survey.
(ii) A second image appears O(1) d after the first image.
(iii) One calculates the lens potential based on these two

images and predict the position and time of the third image.
(iv) By observing the third image with deeper and more

frequent observations, one calibrates the lens potential
model and LC evolution, and predicts the fourth image more
precisely than the third one.

(v) One targets the SBO of the fourth image using mul-
tiple telescopes.

In Figure 3, we show our flowchart of the event selec-
tion. In this figure, the first and second images should be
detected by LSST, and other telescopes are able to conduct
more frequent observations for third and fourth images. In
order to observe the SBO, the most important part is the

Find a new SN
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and predict 3rd one

Does 3rd SN appear?
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Figure 3. A flowchart of the event selection. First and second im-
ages are found by LSST and third and fourth images are observed
by other telescopes.

time precision of the fourth image. If we can reduce the er-
ror, by intensively observing the third image, up to ∼< 1 d,

the feasibility of the SBO observation becomes remarkably
high. For predicting the third image properties, we need to
determine at least five lens model parameters if we employ
the singular isothermal ellipsoid (SIE), which is used most
frequently to model lensing galaxies, assuming redshifts are
determined well by photometric data: velocity dispersion; el-
lipticity; orientation of the lens galaxy; source position. Up
to six degrees of freedom can be fixed by observation of the
first two images: two image positions; flux ratio; time delay.
Hence, in principle, the prediction is possible. Of course, for
a more realistic lens model, there are more parameters to
be determined. But on the other hand, the observation of
the third image does provide significantly more information
since, together with the first and second image, there are
now twelve observables: three image positions; three flux ra-
tios; three time delays.

By using the same mock data as Figure 2, we attempt
to predict the time delay and position of the fourth image
from information of the previous three images with glafic
(Oguri 2010), which is a public software package for analyz-
ing gravitational lensing (see Appendix A). A similar study
was done in Oguri et al. (2003), but it was more interested
in cosmological applications. As input data, we employ sky
positions of three images, the redshift of host galaxy, flux
ratios, and time delays with respect to the first image, with
1σ errors of 0.75 arcsec, 0.5, 50%, and 5 days, respectively.
The best fit is obtained with the delay time for the fourth
image being 47.0 days, which is slightly (2.4 day) later than
the correct value. Smaller error values lead to better pre-
diction. Therefore, after the detection of the third image,
the prediction of fourth image is doable. Note that this re-

MNRAS 000, 1–?? (2017)

model LC from SN 1999ex

Data is taken from mock sample by Oguri & Marshall (2010)
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Summary

Shock breakout is the first flush of supernova 
Number of survey programs are running 
multi-messenger obs. is required 

Strongly lensed SNe are potential probes 
O(100) lensed SNe will be detected by LSST (~5 years from now) 
SN with 4 images is an ideal target  
With conservative error, prediction is feasible (within 1 day)
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