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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 13:32:49UT, we serendipitously discovered an
extremely bright X-ray transient during a scheduled Swift X-ray
Telescope (XRT) observation of the galaxy NGC2770 (distance
d5 27Mpc).PreviousXRTobservationsof the field just twodays earlier
revealed no pre-existing source at this location. The transient, hereafter
designated as X-ray outburst (XRO) 080109, lasted about 400 s, andwas
coincident with one of the galaxy’s spiral arms (Fig. 1). From observa-
tions described below, we determine that XRO080109 is indeed located
in NGC2770, 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, whereN and E are the photon number and
energy, respectively) with a photon index of C5 2.36 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<
6.93 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)beginning30minbeforeandcontinuing 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= 83 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< 23 1046 erg, at least
three orders of magnitude lower10 than GRBs. The peak luminosity is
LX,p< 6.13 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
XRO080109 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 XRO080109/
SN2008D. 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 SN2008D to a limit of
=1023 counts s21 in the X-ray band and U> 20.3mag. b, Repeated
ultraviolet andX-ray observations of the field from January 9 UT duringwhich
we serendipitously discovered XRO080109 and its ultraviolet counterpart.
The position of XRO080109 is right ascension a5 09 h 09min 30.70 s,
declination d5 33u 089 19.10 (J2000) (63.50), about 9 kpc from the centre of
NGC2770. c, X-ray light curve of XRO080109 in the 0.3–10 keV band. The
datawere accumulated in thephotoncountingmode andwereprocessedusing
version 2.8 of the Swift software package, including themost recent calibration
and exposuremaps. The high count rate resulted in photon pile-up, which we
correct for by fitting aKing 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 SN2008D. The best-fit
parameters are a peak time of 636 7 s after the beginning of the observation,
an e-folding time of 1296 6 s, and peak count rate of 6.26 0.4 counts s21

(90%confidence level usingCash statistics). Thebest-fit valueof t0 is January 9
13:32:40UT (that is, 9 s before the start of the observation) with a 90%
uncertainty range of 13:32:20 to 13:32:48UT.
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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 13:32:49UT, we serendipitously discovered an
extremely bright X-ray transient during a scheduled Swift X-ray
Telescope (XRT) observation of the galaxy NGC2770 (distance
d5 27Mpc).PreviousXRTobservationsof the field just twodays earlier
revealed no pre-existing source at this location. The transient, hereafter
designated as X-ray outburst (XRO) 080109, lasted about 400 s, andwas
coincident with one of the galaxy’s spiral arms (Fig. 1). From observa-
tions described below, we determine that XRO080109 is indeed located
in NGC2770, 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, whereN and E are the photon number and
energy, respectively) with a photon index of C5 2.36 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<
6.93 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)beginning30minbeforeandcontinuing 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= 83 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< 23 1046 erg, at least
three orders of magnitude lower10 than GRBs. The peak luminosity is
LX,p< 6.13 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
XRO080109 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 XRO080109/
SN2008D. 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 SN2008D to a limit of
=1023 counts s21 in the X-ray band and U> 20.3mag. b, Repeated
ultraviolet andX-ray observations of the field from January 9 UT duringwhich
we serendipitously discovered XRO080109 and its ultraviolet counterpart.
The position of XRO080109 is right ascension a5 09 h 09min 30.70 s,
declination d5 33u 089 19.10 (J2000) (63.50), about 9 kpc from the centre of
NGC2770. c, X-ray light curve of XRO080109 in the 0.3–10 keV band. The
datawere accumulated in thephotoncountingmode andwereprocessedusing
version 2.8 of the Swift software package, including themost recent calibration
and exposuremaps. The high count rate resulted in photon pile-up, which we
correct for by fitting aKing 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 SN2008D. The best-fit
parameters are a peak time of 636 7 s after the beginning of the observation,
an e-folding time of 1296 6 s, and peak count rate of 6.26 0.4 counts s21

(90%confidence level usingCash statistics). Thebest-fit valueof t0 is January 9
13:32:40UT (that is, 9 s before the start of the observation) with a 90%
uncertainty range of 13:32:20 to 13:32:48UT.
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strongHe I features within a few days of the outburst (see also ref. 16).
Thus, SN 2008D is a He-rich type Ibc supernova, unlike17 GRB-
associated supernovae. Observations at high spectral resolution fur-
ther reveal significant host galaxy extinction, with AV< 1.2–2.5mag
(see Supplementary Information).

The well-sampled ultraviolet/optical light curves in ten broadband
filters (2,000–10,000 Å) exhibit two distinct components (Fig. 3).
First, an ultraviolet-dominated component that peaks about a day
after the X-ray outburst, and which is similar to very early observa-
tions18 of the GRB-associated SN 2006aj. The second component is
significantly redder and peaks on a timescale of about 20 d, consistent
with observations of all type Ibc supernovae. Accounting for an
extinction of AV5 1.9mag (Fig. 3), the absolute peak brightness of
the second component is MV<216.7mag, at the low end of
the distribution19 for type Ibc supernovae and GRB-associated
supernovae.

A shock break-out origin

As some type Ibc supernovae harbour GRBs, we investigate the
possibility that the XRO is produced by a relativistic outflow. In
this scenario, the X-ray flux and simultaneous upper limits in the
ultraviolet/optical require the outflow to be ultra-relativistic with a
bulk Lorentz factor c< 90, but its radius to be only R< 1010 cm; here
c; (12 b2)21/2 and b; v/c, where v is the outflow velocity and c is
the speed of light. However, given the observed duration of the out-
burst, we expect20 R< 4c2ct< 1017 cm, indicating that the relativistic
outflow scenario is not self-consistent (see Supplementary Infor-
mation for details).

We are left with a trans- or non-relativistic origin for the outburst,
and we consider supernova shock break-out as a natural scenario.
The break-out is defined by the transition from a radiation-mediated
to a collisional (or collisionless21) shock as the optical depth of the
outflow decreases to unity. Such a transition has long been pre-
dicted4,5 to produce strong, thermal ultraviolet/X-ray emission at
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Figure 3 | Optical and ultraviolet light curves of XRO080109/SN2008D,
and model fit. a, Optical and ultraviolet light curves. Data are from Swift
UVOT (circles), Palomar 60-inch telescope (squares), Gemini/GMOS
(diamonds), and the SLOTIS telescope (triangles). Tables summarizing the
observations and data analysis are available in Supplementary Information.
The data have not been corrected for host galaxy extinction and have been
offset (as labelled) for clarity.We fit the data before 3 dwith a cooling envelope
blackbody emission model6 (dashed lines) that accounts for host extinction
(AV).We find a reasonable fit to the data withR*< 1011 cm, EK< 23 1051 erg,
Mej< 5M8 and AV< 1.9mag, consistent with the constraints from the high-
resolution optical spectrum.The radius and temperature of the photosphere at
1 d are Rph< 33 1014 cm and Tph< 104K, respectively. Error bars are 1s;
down-pointing arrows are upper limits (3s). b, The absolute bolometric
magnitude light curve (corrected for host extinction). The dashed lines are the
same cooling envelopemodel described above, while the short-dashed lines are
models of supernova emission powered by radioactive decay. The solid lines
are combined models taking into account the decay of 56Ni (thin line) and
56Ni156Co (thick line). The supernova models provide an independent
measure of EK andMej, as well asMNi (see Supplementary Information for a
detailed discussion of themodels).We find values that are consistent to within
30% with those inferred from the cooling envelope model.
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Figure 2 | Optical spectra of XRO080109/SN2008D, andmodel fit. a, The
spectra are plotted logarithmically in flux units and shifted for clarity. b, A
model fit to the January 25UT spectrum using the spectral fitting code
SYNOW. We identify several strong features attributed to He I, O I and Fe II,
indicating a type Ibc classification. In addition, we find an absorption feature
at 6,200 Å that can be identified as Si II or high velocity H I (HV H; see
Supplementary Information for details). The observations were performed
using the following facilities: The Gemini Multi-Object Spectrograph
(GMOS) on the Gemini North 8-m telescope (black); the Dual Imaging
Spectrograph (DIS) on the Apache Point 3.5-m telescope (blue); the Double
Spectrograph (DBSP) on the Palomar Hale 200-inch telescope (green); and
the LowResolution Spectrograph (LRS) on theHobby-Eberly 9.2-m telescope
(magenta). The details of the observational set-up and the exposure times are
provided in Supplementary Information. The data were reduced using the
gemini package within the Image Reduction and Analysis Facility (IRAF)
software for the GMOS data. All other observations were reduced using
standard packages in IRAF. The supernova spectra were extracted from the
two-dimensional data using a nearby background region to reduce the
contamination from host galaxy emission. Absolute flux calibration was
achieved using observations of the standard stars Feige 34 and G191B2B.
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strongHe I features within a few days of the outburst (see also ref. 16).
Thus, SN 2008D is a He-rich type Ibc supernova, unlike17 GRB-
associated supernovae. Observations at high spectral resolution fur-
ther reveal significant host galaxy extinction, with AV< 1.2–2.5mag
(see Supplementary Information).

The well-sampled ultraviolet/optical light curves in ten broadband
filters (2,000–10,000 Å) exhibit two distinct components (Fig. 3).
First, an ultraviolet-dominated component that peaks about a day
after the X-ray outburst, and which is similar to very early observa-
tions18 of the GRB-associated SN 2006aj. The second component is
significantly redder and peaks on a timescale of about 20 d, consistent
with observations of all type Ibc supernovae. Accounting for an
extinction of AV5 1.9mag (Fig. 3), the absolute peak brightness of
the second component is MV<216.7mag, at the low end of
the distribution19 for type Ibc supernovae and GRB-associated
supernovae.

A shock break-out origin

As some type Ibc supernovae harbour GRBs, we investigate the
possibility that the XRO is produced by a relativistic outflow. In
this scenario, the X-ray flux and simultaneous upper limits in the
ultraviolet/optical require the outflow to be ultra-relativistic with a
bulk Lorentz factor c< 90, but its radius to be only R< 1010 cm; here
c; (12 b2)21/2 and b; v/c, where v is the outflow velocity and c is
the speed of light. However, given the observed duration of the out-
burst, we expect20 R< 4c2ct< 1017 cm, indicating that the relativistic
outflow scenario is not self-consistent (see Supplementary Infor-
mation for details).

We are left with a trans- or non-relativistic origin for the outburst,
and we consider supernova shock break-out as a natural scenario.
The break-out is defined by the transition from a radiation-mediated
to a collisional (or collisionless21) shock as the optical depth of the
outflow decreases to unity. Such a transition has long been pre-
dicted4,5 to produce strong, thermal ultraviolet/X-ray emission at
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blackbody emission model6 (dashed lines) that accounts for host extinction
(AV).We find a reasonable fit to the data withR*< 1011 cm, EK< 23 1051 erg,
Mej< 5M8 and AV< 1.9mag, consistent with the constraints from the high-
resolution optical spectrum.The radius and temperature of the photosphere at
1 d are Rph< 33 1014 cm and Tph< 104K, respectively. Error bars are 1s;
down-pointing arrows are upper limits (3s). b, The absolute bolometric
magnitude light curve (corrected for host extinction). The dashed lines are the
same cooling envelopemodel described above, while the short-dashed lines are
models of supernova emission powered by radioactive decay. The solid lines
are combined models taking into account the decay of 56Ni (thin line) and
56Ni156Co (thick line). The supernova models provide an independent
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30% with those inferred from the cooling envelope model.

Jan 11
Jan 12
Jan 13
Jan 14
Jan 15
Jan 16
Jan 17
Jan 18
Jan 18

Jan 19
Jan 22
Jan 25
Jan 30
Jan 30
Jan 31
Feb 1 
Feb 7 
Feb 9 

Feb 11

Feb 11
Feb 12
Feb 15
Feb 19
Feb 22

Feb 23

Feb 25
Feb 27
Feb 27

Mar 1 

Mar 2 

Mar 6 

Mar 14

Fl
ux

  (
er

g 
cm

–2
 s

–1
 Å

–1
)

Jan. 25Fe II

He I He I He I 

Si II / HV H O I 

Si II
HV H 

Wavelength  (Å)
4,500

a

b

5,000 5,500 6,000 6,500 7,000 7,500 8,000 8,500 9,000

Figure 2 | Optical spectra of XRO080109/SN2008D, andmodel fit. a, The
spectra are plotted logarithmically in flux units and shifted for clarity. b, A
model fit to the January 25UT spectrum using the spectral fitting code
SYNOW. We identify several strong features attributed to He I, O I and Fe II,
indicating a type Ibc classification. In addition, we find an absorption feature
at 6,200 Å that can be identified as Si II or high velocity H I (HV H; see
Supplementary Information for details). The observations were performed
using the following facilities: The Gemini Multi-Object Spectrograph
(GMOS) on the Gemini North 8-m telescope (black); the Dual Imaging
Spectrograph (DIS) on the Apache Point 3.5-m telescope (blue); the Double
Spectrograph (DBSP) on the Palomar Hale 200-inch telescope (green); and
the LowResolution Spectrograph (LRS) on theHobby-Eberly 9.2-m telescope
(magenta). The details of the observational set-up and the exposure times are
provided in Supplementary Information. The data were reduced using the
gemini package within the Image Reduction and Analysis Facility (IRAF)
software for the GMOS data. All other observations were reduced using
standard packages in IRAF. The supernova spectra were extracted from the
two-dimensional data using a nearby background region to reduce the
contamination from host galaxy emission. Absolute flux calibration was
achieved using observations of the standard stars Feige 34 and G191B2B.

NATURE |Vol 453 |22 May 2008 ARTICLES

471
Nature   Publishing Group©2008

Optical Spectra

He I, OI, FeII, Si II/H I 
features

type Ib or Ic or IIb

非球対称爆発?

2010年10月7日木曜日



22 Soderberg et al.

0.
1

0.
02

0.
05

0.
2

co
un

t s
−1

 k
eV

−1

10.5 2 50.
5

1
1.

5

ra
tio

channel energy (keV)

0.
01

0.
1

co
un

t s
−1

 k
eV

−1

10.5 2 5

1
2

3

ra
tio

channel energy (keV)

Power−law

Black Body

Figure 1. Swift/XRT spectrum of the X-ray outburst fit with power-law (top) and blackbody

(bottom) models. A comparison of the model residuals (lower panels) reveals that the power-law

model provides a better fit to the data.

X-ray Spectrum

High energy excess

Bulk Compton?

Suzuki & T.S. 2010

2010年10月7日木曜日



No. 2, 2010 SUPERNOVA SHOCK BREAKOUT LIGHT CURVES L155

2.1. Hydrodynamical Model

As we noted in the previous section, the time when the shock
wave propagating in different radial directions reaches the stellar
surface (referred to as the emergence time in this Letter) can
take various values. To calculate light curves during the shock
breakout, we must know the emergence time at each point on
the stellar surface. Then, we perform a series of hydrodynamical
calculations of a supernova explosion of a blue supergiant
progenitor using a two-dimensional (2D) relativistic Eulerian
hydrodynamic code, which is developed according to Del Zanna
& Bucciantini (2002). Details of the calculations are described
in the forthcoming paper (A. Suzuki & T. Shigeyama 2010, in
preparation). In the following, we present the brief summary
of the calculations. The code integrates the basic equations
of the special relativistic hydrodynamics in 2D spherical polar
coordinates (r, θ ), where r is the distance from the origin and θ
is the angle measured from the symmetry axis. The equation of
state for an ideal gas of the adiabatic index 4/3 is assumed. The
progenitor model is the same as used in Shigeyama & Nomoto
(1990), i.e., a progenitor model of SN 1987A. To generate a
strong shock wave propagating in the stellar interior, we impose
the following initial condition on the radial component vin of
the velocity at the inner boundary (r = rin ! 108 cm),

vin(θ ) =
√

2Eexp

4πr2
in∆rinρin

1 + α cos(2θ )
√

1 − 2α/3 + 7α2/15
, (1)

where Eexp = 1051 erg is the explosion energy, ρin is the
density at the inner boundary, and ∆rin is the width of the
radial zone at the inner boundary. Here, we have introduced
a parameter α characterizing the extent of the aspherical
explosion. Using this parameter, we can express the ratio of the
radial component of the velocity at (rin, 0) to that at (rin,π/2)
as vin(0)/vin(π/2) = (1 + α)/(1 − α). Maeda et al. (2002)
calculated the density and the velocity distribution of ejected
matter as a result of aspherical supernova explosions by a series
of 2D hydrodynamical calculations and obtained the distribution
of heavy elements, such as 56Ni, synthesized in the ejecta. Maeda
et al. (2006) studied the optical emission from the ejecta by using
a Monte Carlo radiative transfer calculation. They found that the
axis ratio of the Ni blob in the ejecta is at most a few even for the
model with vin(0)/vin(π/2) = 8, which corresponds to α = 7/9
in our model. Therefore, all models considered here must be
observed as explosions with the axis ratio smaller than a few. It
should be noted that there are many other candidates for the form
of the angular dependence of the initial condition for vin. In this
study, we adopt one of the simplest form, Equation (1), because
it has an advantage in clarifying general behaviors of light
curves during the shock breakout originated from an aspherical
explosion. However, due to this simple treatment of asphericity,
our model fails to reproduce gamma-ray burst associated SNe
even if we choose large α. Results of simulations of jet-driven
explosions (e.g., Tominaga 2009) show that matter located near
the equatorial plane falls back to the central object, which
strongly affects the velocity of the shock wave propagating
along the direction. To calculate the propagation velocity of
the shock accurately, we need to perform simulations of the
explosion including self-gravity. For the boundary condition at
the stellar surface, we assume the free boundary condition, i.e.,
the derivatives of physical quantities with respect to r at the
stellar surface are assumed to be zero.

The thus generated shock wave propagates outward and
finally reaches the surface. Figure 1 shows the emergence time

Figure 1. Emergence time as a function of the angle θ for various α. The
circles, squares, and triangles are correspond to models with α = 0.8, 0.5, and
0.2, respectively. The solid, dashed, and dotted curves are calculated by the
empirical formula (2) for α = 0.8, 0.5, and 0.2.
(A color version of this figure is available in the online journal.)

T (α, θ ) as a function of the angle θ for various α. The emergence
time is defined so that T (α, 0) = 0. The circles, squares, and
triangles in Figure 1 correspond to models with α = 0.8, 0.5,
and 0.2, respectively. We find that the behavior of the emergence
time in the range of 0 ! α ! 0.8 is well approximated by the
following empirical formula:

T (α, θ ) = 65α(1 + 3.6α)(sin2 θ − 0.2 sin4 θ ). (2)

The lines in Figure 1 are plotted using this formula.
To model the shock breakout accurately, we must treat the

coupling of radiation and matter by solving the equations of
radiation hydrodynamics, because the optical depth of the shock
falls below unity after the shock emergence. However, thermal
photons having been emitted by the shock front diffuse out from
the envelope when the optical depth τs of the shock decreases
to the speed of light divided by the shock velocity, c/Vs. In the
case of the explosion of a blue supergiant progenitor with the
explosion energy of Eexp = 1051 erg, the shock velocity reaches
∼0.03c at the moment of the shock emergence, which leads to
the optical depth at the shock breakout of τs ∼ 30. The radiation
field at such a large optical depth is expected to approach
the black body. Furthermore, in the Rosseland approximation,
the fraction of the anisotropic part of the radiation field is
on the order of 4/(3πτs), which is much smaller than unity.
Thus, we assume that isotropic black body radiation with a
constant flux lasts for a time interval τ after the shock reaches
the stellar surface. We need the temperature Tr of the radiation
emitted by the matter behind the shock wave when the shock
reaches the surface in order to evaluate the flux at each point
on the stellar surface. In the hydrodynamical calculations, we
assumed the equation of state for an ideal gas of the adiabatic
index 4/3, which is a good approximation if the pressure is
radiation dominated. Therefore, we estimate Tr by assuming
that the post-shock pressure ps at the outer boundary is equal
to the radiation pressure given by aT 4

r /3, where a(= 7.566 ×
10−15 erg cm−3 K−4) is the radiation constant. We find that the
post-shock pressure when the shock reaches the stellar surface
is almost independent of the angle θ , ps ! 2.4 × 109 erg cm−3,
which leads to the radiation temperature of Tr ! 106 K.

軸対称超新星爆発
衝撃波が星表面を通過す
る頃の光度曲線の視線方
向依存性を調べる

衝撃波が表面に到達する
までの時間の角度依存性

SN 1987A progenitor model

M=14 M⦿, R*=3×1012 cm
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Figure 2. Schematic view of the geometry of the aspherical shock breakout.
(A color version of this figure is available in the online journal.)

2.2. Derivation of Light Curves

We calculate light curves during the shock breakout for a
given emergence time distribution T (α, θ ). A schematic view of
the geometry considered here is shown in Figure 2.

At first, we introduce the viewing angle Θ as the angle
between the line of sight and the symmetry axis. We de-
fine Cartesian coordinates (x, y, z) so that the z-axis is iden-
tical with the line of sight. The symmetry axis is assumed
to be in the x–z plane. Thus, a unit vector parallel to the
symmetry axis is expressed as (sin Θ, 0, cos Θ) in the coor-
dinate system. We consider the flux F (t, θ0,φ0,α) at a point
(R sin θ0 cos φ0, R sin θ0 sin φ0, R cos θ0) on the surface of a pro-
genitor star with the radius R(! 3 × 1012 cm) at a time t. Using
the angle χ between the symmetry axis and the position vector
of the point given by

cos χ = cos θ0 cos Θ + sin θ0 sin Θ cos φ0, (3)

we can express the emergence time at the point as T (α,χ ). As
we noted in the previous section, we assume that black body
radiation with a constant flux lasts for a time interval τ after the
shock emergence. The time interval τ is the diffusion timescale
of photons emitted from the shock front. The value depends
on the explosion energy, the mass of the ejected matter, and
the structure of the envelope. Matzner & McKee (1999) studied
the shock breakout emission by using the self-similar solution
derived by Sakurai (1960) and confirmed that the results are
consistent with those of numerical simulations. They derived
40 s for the explosion of a blue supergiant progenitor with the
explosion energy of 1051 erg and the ejecta mass of 10 M#.
Thus, we set τ = 40 s in this study. The flux is expressed as

F (t, θ0,φ0,α) =
{

σSBT 4
r for T (α,χ ) < t < T (α,χ ) + τ,

0 otherwise,
(4)

where σSB = 5.67 × 10−5 erg cm−2 s−1 K−4 is the
Stefan–Boltzmann constant.

Next, we consider an observer located at (0, 0,D). The
distance D is sufficiently larger than the radius R, i.e., the
progenitor star is regarded as a point source for the observer.
A photon observed at a time t was emitted from the source
position (R sin θ0 cos φ0, R sin θ0 sin φ0, R cos θ0) at t0 = t −
(D − R cos θ0)/c. Therefore, the luminosity L(t,α, Θ) at the
position of the observer at t is obtained by integrating the flux
F (t0, θ0,φ0) multiplied by R2 sin θ0 with respect to 0 ! θ0 <

Figure 3. Light curves during the shock breakout for various viewing angles Θ
and a fixed α(= 0.5). The solid, dashed, dotted, and dash-dotted lines represent
models with Θ = 0◦, 30◦, 60◦, and 90◦, respectively.
(A color version of this figure is available in the online journal.)

π/2 and 0 ! φ0 < 2π ,

L(t,α, Θ) = R2
∫ π/2

0

∫ 2π

0
F (t0, θ0,φ0,α) sin θ0dθ0dφ0. (5)

When we approximate the form of the emergence time as
T (α, θ ) = A(α) sin2 θ and assume Θ = 0, we can carry out the
integration in the above formula (5) and derive the following
approximate formulae of the luminosity:

L(t,α, 0) !






2πR2σSBT 4
r [1 − f (α, t)]

for D−R
c

< t < D−R
c

+ τ,

2πR2σSBT 4
r [f (α, t − τ ) − f (α, t)]

for D−R
c

+ τ < t < D
c

+ A(α),

2πR2σSBT 4
r f (α, t − τ )

for D
c

+ A(α) < t < D
c

+ τ + A(α),
0 otherwise,

(6)

where we have defined a function f (α, t) as

f (α, t) = −R +
√

R2 − 4cA(α)[ct − cA(α) − D]
2cA(α)

. (7)

We find that the above approximate formula agrees with numer-
ically calculated light curves within 10% error if we define the
function A(α) as

A(α) = 52α(1 + 3.6α). (8)

3. RESULTS

We calculate light curves during the shock breakout by using
Equations (2)–(5). The distance D is set to be D = 100R.

Ensman & Burrows (1992), who tackled the problem with
a multi-group radiation-hydrodynamics code, calculated light
curves of the breakout emission for a similar progenitor model.
Some general features of their results are (1) the peak luminosity
reaches ∼1045 erg s−1, (2) the duration of the emission is a few
minutes, and (3) the radiation temperature is on the order of
106 K. Despite the approximate treatment of emissions from
the shock, light curves calculated by our method successfully
reproduce the features.

視線方向と光度曲線
θ: 視線方向と対称軸のなす角
度

対称軸に近い方向

極からの放射⇨赤道からの
放射

対称軸垂直方向

赤道からの放射⇨極からの
放射

α=0.5

vr ∝ r 1+α cos2θ( ) / 1+α( )
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Figure 4. Light curves during the shock breakout for a fixed viewing angle
Θ = 0◦ and various α. The solid, dashed, dotted, and dash-dotted lines represent
models with α = 0.8, 0.5, 0.2, and 0, respectively.
(A color version of this figure is available in the online journal.)

3.1. The Dependence on the Viewing Angle

Figure 3 shows light curves for various viewing angles Θ
and a fixed α(= 0.5). A clear distinction between models with
small viewing angles and those with large viewing angles is
recognized. For small viewing angle models, the luminosity
gradually rises after a sudden brightening and eventually reaches
the peak value. For large viewing angle models, on the other
hand, the luminosity suddenly reaches the peak value and then
begins to decline.

This behavior is easily explained by considering how photons
emitted from the stellar surface travel to the observer. In the
case of small viewing angles, the shock wave initially emerges
from the point on the symmetry axis (θ0 " 0) and then points
with θ0 > 0 experience the shock emergence one after another.
Because the emergence time distributions T (α, θ ) flatten at
θ = π/2 as shown in Figure 1, the shock emergence at points
with θ0 " π/2 is expected to occur almost simultaneously. In
other words, in a later epoch, the observer receives more photons
than in the earlier epoch. This is the reason why the luminosity
reaches the peak value after a gradual increase for small viewing
angle.

Next, we consider models with large viewing angles. In
this case, the shock wave initially emerges from points with
θ0 " π/2. Photons emitted from the points need longer time
to reach the position of the observer than those from points
with θ0 < π/2. Because of the combined effect of the time
delay and the early emergence of the shock, photons from
points with θ0 " π/2 reach the position of the observer almost
simultaneously, which leads to a more sudden brightening to the
peak luminosity.

3.2. The Dependence on the Parameter α

Next, we investigate how the degree of asphericity of
an explosion, which is characterized by the parameter α in
Equation (1), affects the light curve during the shock breakout.

Figure 4 shows light curves for a fixed viewing angle Θ(= 0◦)
and various α. The dash-dotted line represents the model with
α = 0, i.e., a spherical explosion. In this case, the shock breakout
simultaneously occurs in the same way at every point on the
stellar surface. Therefore, the luminosity does not evolve with

Figure 5. Same as Figure 4, but for Θ = 90◦.
(A color version of this figure is available in the online journal.)

time. The duration of the emission is roughly determined by
light-travel time across the stellar radius, R/c " 100 s. For
models with a larger α, the duration of the emission is longer than
that of the model with α = 0. This is because the shock emerges
at points with θ0 > 0 after it does at the point with θ0 = 0.
Therefore, the duration of the emission is roughly estimated
as R/c + T (α,π/2). Furthermore, since the total energy of the
burst is same for all models, the average luminosity is small for
models with large α.

Figure 5 shows light curves for a fixed viewing angle
Θ(= 90◦) and various α. In this case, the duration of the
emission takes a similar value for all models. For models with a
large α, the feature claimed above, i.e., the sudden rise and the
subsequent gradual decrease of the luminosity, is prominent.

4. CONCLUSIONS

In this Letter, we investigate effects of an aspherical explo-
sion on the light curves during the supernova shock breakout.
To obtain the emergence time distribution T (α, θ ), we perform
a series of 2D hydrodynamical calculations of aspherical su-
pernova explosions. We establish an approximate way to calcu-
late light curves during the shock breakout using results of the
simulations and confirm that resultant light curves successfully
reproduce some features of the emission from the supernova
shock breakout.

We find that the light curves strongly depend on the viewing
angle and the degree of asphericity of an explosion. For
small viewing angles from the symmetry axis, the luminosity
gradually increases and then reaches the peak value. In contrast,
for large viewing angles, the luminosity suddenly reaches the
peak value and then gradually decreases. For a larger degree of
asphericity, the light curve can be distinguished from that of a
spherical symmetric explosion irrespective of the viewing angle.
These features allow us to use light curves during the supernova
shock breakout as a probe for the explosion geometry of CCSNe.
It is noteworthy that the light curve of the shock breakout of SN
2008D (Soderberg et al. 2008) is similar to that of models with
large viewing angles, e.g., the model with α = 0.5 and Θ = 90,
except for the duration. The nebular phase observations of SN
2008D (Tanaka et al. 2009) revealed that SN 2008D was a
side-viewed bipolar explosion, which also prefers large viewing
angle models.

 非球対称性の違い

θ=0 θ=π/2
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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 13:32:49UT, we serendipitously discovered an
extremely bright X-ray transient during a scheduled Swift X-ray
Telescope (XRT) observation of the galaxy NGC2770 (distance
d5 27Mpc).PreviousXRTobservationsof the field just twodays earlier
revealed no pre-existing source at this location. The transient, hereafter
designated as X-ray outburst (XRO) 080109, lasted about 400 s, andwas
coincident with one of the galaxy’s spiral arms (Fig. 1). From observa-
tions described below, we determine that XRO080109 is indeed located
in NGC2770, 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, whereN and E are the photon number and
energy, respectively) with a photon index of C5 2.36 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<
6.93 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)beginning30minbeforeandcontinuing 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= 83 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< 23 1046 erg, at least
three orders of magnitude lower10 than GRBs. The peak luminosity is
LX,p< 6.13 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
XRO080109 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 XRO080109/
SN2008D. 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 SN2008D to a limit of
=1023 counts s21 in the X-ray band and U> 20.3mag. b, Repeated
ultraviolet andX-ray observations of the field from January 9 UT duringwhich
we serendipitously discovered XRO080109 and its ultraviolet counterpart.
The position of XRO080109 is right ascension a5 09 h 09min 30.70 s,
declination d5 33u 089 19.10 (J2000) (63.50), about 9 kpc from the centre of
NGC2770. c, X-ray light curve of XRO080109 in the 0.3–10 keV band. The
datawere accumulated in thephotoncountingmode andwereprocessedusing
version 2.8 of the Swift software package, including themost recent calibration
and exposuremaps. The high count rate resulted in photon pile-up, which we
correct for by fitting aKing 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 SN2008D. The best-fit
parameters are a peak time of 636 7 s after the beginning of the observation,
an e-folding time of 1296 6 s, and peak count rate of 6.26 0.4 counts s21

(90%confidence level usingCash statistics). Thebest-fit valueof t0 is January 9
13:32:40UT (that is, 9 s before the start of the observation) with a 90%
uncertainty range of 13:32:20 to 13:32:48UT.
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Figure 4. Nebular spectrum of SN 2008D (blue line) compared with that of SNe
1998bw (broad Ic; Patat et al. 2001), 2002ap (broad Ic; Mazzali et al. 2007),
2005kl (Ic; Maeda et al. 2008), and 2004gq (Ib; Maeda et al. 2008). The epochs
are given as days since the explosion (days since the discovery are given for the
two epochs marked with ∗ as light curves are not available). The spectra are
normalized to the peak flux of the [O i]λλ6300, 6364 line of SN 2008D. The
spectra are shifted by 16, 12, 8, 4, and 0 from top to bottom for clarity.
(A color version of this figure is available in the online journal.)

H ii region, the broad [O i] line of the SN could possibly be
contaminated by the narrow [O i] line from the H ii region.
Since the strength of the narrow [O i] line is ∼0–1/15 of
Hα around the SN position, we subtract the scaled, Gaussian-
fitted Hα profile at the position of [O i]. Figure 5 shows the
original profile (no correction, top) compared with the profiles
corrected with 1/30 and 1/15 of the Hα line (middle and
bottom, respectively). Although the peak at v ∼ 0 km s−1

in the original spectrum may be due to the contamination of
the narrow emission line, the broad, double-peak profile is not
affected by the contamination.

The [O i] line shows a double-peaked profile, while such
clear two peaks are not seen in the [Ca ii] line. Although these
properties were also seen in the spectrum taken at texp = 109
days (Modjaz et al. 2009), transparency of the ejecta was not
sure at such a transition epoch from photospheric to nebular
phases. In fact, the evolution of the profile from texp = 109 days
is not significant. Possible change can be seen in the redder
peak of the [O i] line. At texp = 109 days it is clearly located at
v ∼ 0 km s−1, but the position can be redder at texp = 363 days,
depending on the contamination of narrow [O i] line from the
H ii region.

The [O i] line profile is compared with other SNe in the left
panel of Figure 6. Double-peaked profiles are also seen in other
Type Ib/c SNe (Sollerman et al. 1998; Mazzali et al. 2005;
Valenti et al. 2008b; Maeda et al. 2008; Modjaz et al. 2008a). The
fraction of SNe showing a double-peaked [O i] line is roughly
40 ± 10% (Maeda et al. 2008).

Since our observation is late enough for the ejecta to be
optically thin, the double-peaked profile of the [O i] line is
unlikely to be caused by optical depth effects (Taubenberger
et al. 2009). It is also unlikely to be caused by a combination of

 0

 5

 10

 15

-10 -5  0  5  10

N
or

m
al

iz
ed

 fl
ux

 +
 c

on
st

Doppler velocity (103 km s-1)

SN 2008D
[O I] 6300 no correction

host [O I]
1/30 Hα

host [O I]
1/15 Hα

Figure 5. [O i] line profile of SN 2008D and possible contamination by the
narrow [O i] line from the H ii region. Top: line profile extracted as in Section 2.1
without correction of a possible narrow [O i] line. Middle and bottom: line
profiles corrected for a possible narrow [O i] line. The strength of the narrow
[O i] line is assumed to be 1/30 and 1/15 of the Hα line, respectively. The gray
lines show unbinned spectra while the black lines show the spectra binned into
10 Å.

 0

 5

 10

 15

 20

-15 -10 -5  0  5  10  15

N
or

m
al

iz
ed

 fl
ux

 +
 c

on
st

Doppler velocity (103 km s-1)

[O I] 6300

98bw
(broad Ic)

04gq (Ib)

02ap
(broad Ic)

08D (Ib)

05kl (Ic)

03jd
(broad Ic)

 0

 5

 10

 15

 20

-15 -10 -5  0  5  10  15

N
or

m
al

iz
ed

 fl
ux

 +
 c

on
st

Doppler velocity (103 km s-1)

[O I] 6300
Model BP8

0o

30o

60o

70o

90o

Figure 6. Left: profiles of the [O i] λλ6300, 6364 lines plotted vs. Doppler
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Right: profiles calculated with model BP8 by Maeda et al. (2006, 2008). The
number represents the viewing angle measured from the polar direction. The
spectra are shifted by 16, 12, 8, 4, and 0 from top to bottom.

the two [O i] lines (λλ 6300 and 6364) since the strength of the
two peaks is comparable (the strength ratio is 3:1 in optically
thin limit; Leibundgut et al. 1991).

In addition, if the double-peaked [O i] profile were caused
by asphericity in the distribution of the heating source (56Ni),
the [Ca ii] line would also show a double-peaked profile. Thus,
the profile of [O i] line reflects the distribution of excited O i. The
[O i] and [Ca ii] lines may arise from different sites (Fransson
& Chevalier 1989).

Nebular phase spectrum
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Figure 7. Schematic illustration of a bipolar explosion model for SN 2008D.
O-rich material forms a torus-like distribution. The emission line from the torus-
like distribution has a double-peaked profile if it is seen from near the equatorial
direction (! 50◦ from the pole).
(A color version of this figure is available in the online journal.)

4.2. Comparison with the Model

A simple explanation for the double-peaked [O i] profile is
that oxygen has a torus-like distribution and our line of sight is
near the plane of the torus (Maeda et al. 2002, 2008; Mazzali
et al. 2005; Modjaz et al. 2008a; but see also discussion by
Milisavljevic et al. 2009). The torus-like distribution of the
pre-SN elements, such as oxygen and carbon, can be realized
in a bipolar explosion (see Figure 7 for a schematic picture),
where more energy is deposited in the polar region, and
nucleosynthesis takes place there (e.g., Nagataki et al. 1997;
Khokhlov et al. 1999; Maeda & Nomoto 2003). A bipolar
explosion has also been suggested for SN 2008D by polarimetric
observations (Gorosabel et al. 2008).

Nebular emission profiles from bipolar models have been
examined by Maeda et al. (2006), and compared to nebular
spectra of various SNe Ib/c (Maeda et al. 2008). In the right-
hand panel of Figure 6, the profiles calculated with a bipolar
explosion model BP8 (highly aspherical model) by Maeda et al.
(2006) are shown for comparison. The kinetic energy of the
model is 2 × 1051 erg (fv = 0.7 defined in Maeda et al. 2006),
which is smaller than that estimated for SN 2008D (e.g., Tanaka
et al. 2009). This is because the models of Maeda et al. (2006)
include only the C+O core. In SN 2008D, and in the models of
Tanaka et al. (2009), the He layer is present, and it contains the
rest of the kinetic energy.

The line profile of SN 2008D is explained most nicely by
a viewing angle of ∼60◦–70◦. The double-peaked profile is
seen only when the viewing angle is >50◦. If the asphericity is
smaller, this dividing angle is larger. Since the viewing angle
and degree of asphericity have a degenerate effect, we cannot
argue that a large asphericity as in model BP8 is preferred for
SN 2008D. However, it is true irrespective of the models that
our line of sight should be >50◦ from the polar direction. If
the angle is smaller, the [O i] line would show a single-peaked
profile (see SNe 1998bw, 2004gq, and 2002ap, and models in
Figure 6).

5. CONCLUSIONS

We have presented spectroscopic and photometric observa-
tions of SN 2008D at nebular phases. Flux measurements of the
narrow emission lines from the H ii region at the site of the SN

and the estimates of the local metallicity were also given. In
photometric observations, the SN was detected in R and I. The
brightness at nebular phases is consistent with the prediction of
explosion models with an ejected 56Ni mass of 0.07 M$, which
explain the light curve at early phases.

In the nebular spectrum taken at a sufficiently late phase, the
[O i] line clearly shows a double-peaked profile, while such a
profile is not seen in the [Ca ii] line. The evolution of the profile
from texp = 109 days (Modjaz et al. 2009) turned out not to
be significant. The double-peaked profile cannot be explained
by a spherically symmetric explosion, and it strongly indicates
that SN 2008D is an aspherical explosion. The profile can be
explained by a torus-like distribution of excited O i viewed from
the side (Figure 7). Our line of sight is >50◦ from the polar
direction, irrespective of the degree of asphericity.
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(Busso et al. 1999) and helium burning in massive stars (the
weak s-process), which only contributes material with A< 90
and hence elements lighter than or up to Zr (e.g., Prantzos
et al. 1990; Raiteri et al. 1992).

In the Galaxy, interpretations of the metal-poor stellar
abundances suggest that s-process contributions do not occur
until ½Fe=H"#$2 and are not significant until near ½Fe=H"#$1
(e.g., Travaglio et al. 1999, 2004). Qian & Wasserburg (2001)
developed a phenomenological model that interprets all heavy
element abundances in Galactic stars in terms of pure r-process

contributions up to ½Fe=H" ¼ $1:0. However, it is not clear
that the s- and r-process abundance ratios in the dwarf galaxies
need to coincide with those in the Galaxy as a function of time
or [Fe/H]. The lower star formation efficiency in the dwarf
galaxies (Tolstoy et al. 2003; Matteucci 2003) means that
metals will build up more slowly with time than in the Galaxy,
and thus we might expect contributions from more metal-poor
stars (e.g., metal-poor AGB stars) at a given time or metallicity.
Coupled with the fact that stellar yields are often metallicity
dependent, the s- and r-process ratios in stars in dwarf galaxies

Fig. 2.—Value of [! / Fe] vs. metallicity for the individual ! -elements Mg, Ca, Ti, and the mean of the three using the same symbol coding as in Fig. 1. We have
also added stars without kinematic information as hollow data points (all Galactic references in Table 1). The dSph stars (black squares; from Shetrone et al. 2003,
2001; Geisler et al. 2004) clearly lie beneath most of the Galactic data for [Ca/Fe] and [Ti/Fe], with a wider spread in [Mg /Fe]. The average dSph ! -index
[(Mg+Ca+Ti)/3Fe] is significantly offset from the Galactic data. The mean of the extreme retrograde stars (black dots) generally lies between the mean of the dSph
stars and the majority of the halo stars.
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矮小銀河の星の元素組成

□が矮小銀河の星

他の点は銀河系の星

矮小銀河の星は鉄が多い
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観測とモデルの比較
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lar metallicities (Kinman et al. 1980; Smith & Dopita
1983; Smith 1984; Bell 1985). A third option, if we forgo
Clayton’s model, could be that there is a source of Y in
the Galactic halo that is not present in the higher metal-
licity dSph stars. Since most studies of SN II yields do
not include the first s-process peak, we cannot compare
this hypothesis with any models. The first option is the
most consistent with the overall abundance patterns.

The Y enrichment in the metal-rich Fornax star, Fnx 21,
is consistent with other s-process enrichments in this star
(discussed below).

8.6. s-Process and r-Process Elements

In the Sun Eu is largely an r-process element (95%, Burris
et al. 2000). The site of the r-process has been suggested to be
low-mass SNe II (Mathews, Bazan, & Cowan 1992), but the
site for the r-process is still a matter of debate (e.g.,
Wallerstein et al. 1997; Tsujimoto & Shigeyama 2001; Qian
2002). However, most of these models share a common pre-
diction: SNe II are the source of the r-process. Thus, [Eu/H]
should rise whenever SNe II contribute to the ISM, and only
when SNe Ia and AGB stars contribute to the ISM should
[Eu/H] remain constant and the [Eu/Fe] ratio decline. The
Eu abundances are plotted in Figure 12. In Leo I and Fornax

the [Eu/H] abundance increases with metallicity as expected,
if there has been some ongoing star formation with SNe II
contributing to the ISM. A similar slope is also seen in the
Galactic halo stars (Gratton & Sneden 1991, 1994;
McWilliam et al. 1995; Burris et al. 2000). Thus, we predict a
burst of star formation between [Fe/H] = !1.5 to !1.1 for
Leo I and !1.5 to !1.2 for Fornax. These predictions are
provisional, given the few number of points and the large
error bars. On the other hand, the Sculptor [Eu/H] abun-
dances are relatively flat over the entire metallicity range
sampled, which implies little to no later contribution of SNe
II to the ISM. Thus, for Sculptor we predict that only a
single burst occurred or that the material from SNe II was
completely lost from the galaxy in any later bursts. The
Carina abundances will be discussed separately below.

Oddly, the most metal-poor star in Sculptor, H-400, has a
larger [Eu/H] abundance than Galactic halo stars of similar
metallicity. The top panel of Figure 12 shows that this star
has [Eu/Fe] = +1.0, and, as we will show later, an
r-process–dominated abundance pattern. This type of super
r-process–rich abundance pattern has been seen among
Galactic halo stars (McWilliam et al. 1995) and attributed

Fig. 10.—Mn and Cu abundances for our sample: Carina (red squares),
Sculptor (blue circles), Fornax (green triangles), Leo I (magenta pentagons),
and the globular cluster abundances (large open squares). The small
symbols are taken from the literature to represent the disk, and halo
populations: Gratton 1989 (small squares), McWilliam et al. 1995 (small
triangles), Gratton & Sneden 1988 (small squares), Sneden et al. 1991 (small
squares) and Primas et al. 2000 (crosses). ! is defined as the average of the
Mg and Ca abundances. The error bars presented here are the systematic
errors in Tables 7–10 and the internal errors from Table 11 added in
quadrature.

Fig. 9.—Iron peak abundances for our sample: Carina (red squares),
Sculptor (blue circles), Fornax (green triangles), Leo I (magenta pentagons),
and the globular cluster abundances (large open squares). The symbol types
are the same as Fig. 2 with the addition of Sneden et al. 1991 (small squares)
and Primas et al. 2000 (crosses). The error bars presented here are the
systematic errors in Tables 7–10 and the internal errors from Table 11
added in quadrature.
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lar metallicities (Kinman et al. 1980; Smith & Dopita
1983; Smith 1984; Bell 1985). A third option, if we forgo
Clayton’s model, could be that there is a source of Y in
the Galactic halo that is not present in the higher metal-
licity dSph stars. Since most studies of SN II yields do
not include the first s-process peak, we cannot compare
this hypothesis with any models. The first option is the
most consistent with the overall abundance patterns.

The Y enrichment in the metal-rich Fornax star, Fnx 21,
is consistent with other s-process enrichments in this star
(discussed below).

8.6. s-Process and r-Process Elements

In the Sun Eu is largely an r-process element (95%, Burris
et al. 2000). The site of the r-process has been suggested to be
low-mass SNe II (Mathews, Bazan, & Cowan 1992), but the
site for the r-process is still a matter of debate (e.g.,
Wallerstein et al. 1997; Tsujimoto & Shigeyama 2001; Qian
2002). However, most of these models share a common pre-
diction: SNe II are the source of the r-process. Thus, [Eu/H]
should rise whenever SNe II contribute to the ISM, and only
when SNe Ia and AGB stars contribute to the ISM should
[Eu/H] remain constant and the [Eu/Fe] ratio decline. The
Eu abundances are plotted in Figure 12. In Leo I and Fornax

the [Eu/H] abundance increases with metallicity as expected,
if there has been some ongoing star formation with SNe II
contributing to the ISM. A similar slope is also seen in the
Galactic halo stars (Gratton & Sneden 1991, 1994;
McWilliam et al. 1995; Burris et al. 2000). Thus, we predict a
burst of star formation between [Fe/H] = !1.5 to !1.1 for
Leo I and !1.5 to !1.2 for Fornax. These predictions are
provisional, given the few number of points and the large
error bars. On the other hand, the Sculptor [Eu/H] abun-
dances are relatively flat over the entire metallicity range
sampled, which implies little to no later contribution of SNe
II to the ISM. Thus, for Sculptor we predict that only a
single burst occurred or that the material from SNe II was
completely lost from the galaxy in any later bursts. The
Carina abundances will be discussed separately below.

Oddly, the most metal-poor star in Sculptor, H-400, has a
larger [Eu/H] abundance than Galactic halo stars of similar
metallicity. The top panel of Figure 12 shows that this star
has [Eu/Fe] = +1.0, and, as we will show later, an
r-process–dominated abundance pattern. This type of super
r-process–rich abundance pattern has been seen among
Galactic halo stars (McWilliam et al. 1995) and attributed

Fig. 10.—Mn and Cu abundances for our sample: Carina (red squares),
Sculptor (blue circles), Fornax (green triangles), Leo I (magenta pentagons),
and the globular cluster abundances (large open squares). The small
symbols are taken from the literature to represent the disk, and halo
populations: Gratton 1989 (small squares), McWilliam et al. 1995 (small
triangles), Gratton & Sneden 1988 (small squares), Sneden et al. 1991 (small
squares) and Primas et al. 2000 (crosses). ! is defined as the average of the
Mg and Ca abundances. The error bars presented here are the systematic
errors in Tables 7–10 and the internal errors from Table 11 added in
quadrature.

Fig. 9.—Iron peak abundances for our sample: Carina (red squares),
Sculptor (blue circles), Fornax (green triangles), Leo I (magenta pentagons),
and the globular cluster abundances (large open squares). The symbol types
are the same as Fig. 2 with the addition of Sneden et al. 1991 (small squares)
and Primas et al. 2000 (crosses). The error bars presented here are the
systematic errors in Tables 7–10 and the internal errors from Table 11
added in quadrature.
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SNe Iaの元素合成?

観測 [Mn/Fe]<0

[Mn/Fe]~0 in SNe Ia
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dSph銀河でのGRB 元素合成
近傍dSph銀河の星の元素組成の起源はGRBか?

GRBは非球対称性の強い超新星(SNe Ic)が起源

非球対称超新星での元素合成

軸対称爆発

Nagataki+ 1997

E=1052 erg, M0=40 M⦿, Mej=14 M⦿, Mrem=2.4 M⦿

No H-rich envelope, No He envelope

vr ∝ r 1+α cos2θ( ) / 1+α( )
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1

Z A Z A
n 1 K 29-70
H 1-3 Ca 30-73
He 3,4,6 Sc 32-76
Li 6-9 Ti 34-80
Be 7-12 V 36-83
B 8,10-14 Cr 38-86
C 9-18 Mn 40-89
N 11-21 Fe 42-92
O 13-22 Co 44-96
F 14,16-26 Ni 46-99
Ne 15-41 Cu 48-102
Na 17-44 Zn 51-105
Mg 19-47 Ga 53-108
Al 21-51 Ge 55-112
Si 22-54 As 57-115
P 23-57 Se 59-118
S 24-60 Br 61-121
Cl 26-63 Kr 63-124
Ar 27-67

Table. I: Nuclei included in the reaction network.

原子核反応
1266核種の反応

反応率

Angulo+ 1999

Rauscher + 2008

反応式はfully implicitに積分

テスト粒子(200x20)のρ(t), T(t)を記
憶

post processとして計算

Ye=constant parameter(=0.499)
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元素組成の方向依存性
組成は放出方向によって異なる

θ~0

鉄族が多い

Tpeakが高い

θ~90

鉄族元素が少ない

Tpeakが低い
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元素組成の方向依存性
O/Mg

方向に依存しない

爆発前の元素合成

爆発した星の質量の指標

Zn/Fe

θ~0-0.6観測値に近い

Mn/Fe

高すぎる(Ye=0.499)

Ye=0.5⇨[Mn/Fe]~-1.2。低すぎる
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次世代の星に

星間物質との混合過程

放出方向による違いがどう変化するか

掃き集めるガスの量は?

[Fe/H]?

球対称爆発: MH~5×104 M⦿ (E/1051 erg)0.97
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爆発のさせ方

中心に残る残骸(中性子星またはブラックホール)の質
量を仮定

爆発機構の情報を引き出せるか

2010年10月7日木曜日


