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in the supernova spectrum suggests a much more compact source.
The large emission radius may be explained in this case by the
existence of a massive stellar wind surrounding the progenitor, as is
common for Wolf–Rayet stars. The thermal radiation is observed
once the shock driven into the wind reaches a radius,,R shell, where
the wind becomes optically thin.
The characteristic variability time is R shell/c < 200 s, consistent

with the smoothness of the X-ray pulse and the rapid thermal X-ray
flux decrease at the end of the pulse. We interpret this as providing,
for the first time, a direct measurement of the shock break-out16,17 of
the stellar envelope and the stellar wind (first investigated by
Colgate18). The fact that R shell is larger than RX

BB suggests that the
shock expands in a non-spherical manner, reaching different points
on the R shell sphere at different times. This may be due to a non-
spherical explosion (such as the presence of a jet), or a non-spherical
wind19,20. In addition, the shock break-out interpretation provides us
with a delay between the supernova explosion and the GRB start of
& 4ks (ref. 21; see Fig. 1).
As the shock propagates into the wind, it compresses the wind

plasma into a thin shell. The mass of this shell may be inferred from
the requirement that its optical depth be close to unity, Mshell <
4pR2

shell=k< 5£ 1027M( (k < 0.34 cm2 g21 is the opacity). This
implies that the wind mass-loss rate is _M<Mshellvwind=Rshell <
3£ 1024M( yr21; for a wind velocity vwind ¼ 108 cm s21, typical
for Wolf–Rayet stars. Because the thermal energy density behind a
radiation-dominated shock is aT 4 < 3rv2s (r is the wind density at
R shell and v s the shock velocity) we have r < 10212 g cm23, which

implies that the shock must be (mildly) relativistic, vs . c: This is
similar to GRB 980425/SN 1998bw, where the ejection of a mildly
relativistic shell with energy of . 5£ 1049 erg is believed to have
powered radio22–24 and X-ray emission7.
The optical–ultraviolet emission observed at an early time of

t & 104 s may be accounted for as the low-energy tail of the thermal
X-ray emission produced by the (radiation) shock driven into the
wind. At a later time, the optical–ultraviolet emission is well above
that expected from the (collisionless) shock driven into the wind.
This emission is most probably due to the expanding envelope of the
star, which was heated by the shock passage to a much higher
temperature. Initially, this envelope is hidden by the wind. As the
star and wind expand, the photosphere propagates inward, revealing
shocked stellar plasma. As the star expands, the radiation temperature
decreases and the apparent radius increases (Fig. 3). The radius inferred
at the peak of the ultraviolet emission,RUV

BB < 3£ 1014 cm, implies that
emission is arising from the outer, 4pðRUV

BB Þ2=k< 1023M( shell at
the edge of the shocked star. As the photosphere rapidly cools, this
component of the emission fades. The ultraviolet light continues to
plummet as cooler temperatures allow elements to recombine and
line blanketing to set in, while radioactive decay causes the optical

Figure 1 | Early Swift light curve of GRB 060218. GRB 060218 was
discovered by the BATwhen it came into the BAT field of view during a
pre-planned slew. There is no emission at the GRB location up to23,509 s.
Swift slewed again to the burst position and the XRT and UVOT began
observing GRB 060218 159 s later. For each BAT point we converted the
observed count rate to flux (15–150 keV band) using the observed spectra.
The combined BATandXRTspectra were fitted with a cut-off power law plus
a blackbody, absorbed by interstellar matter in our Galaxy and in the host
galaxy at redshift z ¼ 0.033. The host galaxy column density is Nz

H ¼
5:0£ 1021 cm22 and that of our Galaxy is (0.9–1.1) £ 1021 cm22. Errors are
at 1j significance. At a redshift z ¼ 0.033 (corresponding to a distance of
145Mpc with H0 ¼ 70 km s21Mpc21) the isotropic equivalent energy,
extrapolated to the 1–10,000-keV rest-frame energy band, is
E iso ¼ (6.2 ^ 0.3) £ 1049 erg. The peak energy in the GRB spectrum is at
Ep ¼ 4:9þ0:4

20:3 keV: These values are consistent with the Amati correlation,
suggesting that GRB060218 is not an off-axis event26. This conclusion is also
supported by the lack of achromatic rise behaviour of the light curve in the
three Swift observation bands. The BAT fluence is dominated by soft X-ray
photons and this burst can be classified as an X-ray flash27. AV-band light
curve is shown with red filled circles. For clarity the V flux has been
multiplied by a factor of 100. Magnitudes have been converted to fluxes
using standard UVOT zero points and multiplying the specific flux by the
filter FullWidth at Half Maximum (FWHM). Gaps in the light curve are due
to the automated periodic change of filters during the first observation of the
GRB.

Figure 2 | Long-term Swift light curve of GRB 060218. a, The XRT light
curve (0.3–10 keV) is shown with open black circles. Count-rate-to-flux
conversion factors were derived from time-dependent spectral analysis. We
also plotted (filled grey circles) the contribution to the 0.3–10-keV flux by
the blackbody component. Its percentage contribution is increasing with
time, becoming dominant at the end of the exponential decay. The X-ray
light curve has a long, slow power-law rise followed by an exponential (or
steep power-law) decay. At about 10,000 s the light curve breaks to a
shallower power-law decay (dashed red line) with an index of 21.2 ^ 0.1,
characteristic of typical GRB afterglows. This classical afterglow can be
naturally accounted for by a shock driven into the wind by a shell with
kinetic energy E shell < 1049 erg. The t21 flux decline is valid at the stage
where the shell is being decelerated by the wind with the deceleration phase
beginning at tdec & 104 s for _M* 1024ðvwind=108ÞM( yr21 (where vwind is in
units of cm s21), consistent with the mass-loss rate inferred from the
thermal X-ray component. Error bars are 1j. b, TheUVOT light curve. Filled
circles of different colours represent different UVOT filters: red, V (centred
at 544 nm); green, B (439 nm); dark blue, U (345 nm); light blue, UVW1
(251 nm); magenta, UVM1 (217 nm); and yellow, UVW2 (188 nm). Specific
fluxes have been multiplied by their FWHM widths (75, 98, 88, 70, 51 and
76 nm, respectively). Data have been rebinned to increase the signal-to-noise
ratio. The ultraviolet band light curve peaks at about 30 ks owing to the
shock break-out from the outer stellar surface and the surrounding dense
stellar wind, while the optical band peaks at about 800 ks owing to
radioactive heating in the supernova ejecta.
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photometry we measure a spectral index b5 0.94 at,1.7 d after the
GRB). The afterglow is also bright in the ultraviolet9, where extinc-
tion would be more severe. X-ray spectra (V.M. et al., manuscript in
preparation) also show little absorbingmaterial along the line of sight
(yielding a rest-frame hydrogen column densityNH, 23 1020 cm22

at 90% confidence level). Furthermore, by modelling the broad-
band optical/X-ray spectral energy distribution (see Supplementary
Fig. 1), we can estimate that the source was affected by less than
0.2mag of extinction in the observed R band. Allowing for this
amount of extinction, we can refine our limit for the supernova peak
magnitude to MV.213.7.

So far only type-Ib/c events have been clearly associated with
GRBs1 and, had the progenitor of GRB 060614 been one of them,
its expected colour at maximum light would be B2V< 0.56 0.1, as
measured in well-observed events such as SN 2006aj10, SN 2002ap16

and SN 1998bw2, as well in several other type-Ib/c supernovae. From
the tables of ref. 17, we find that this colour corresponds to an effec-
tive temperature T< 6,500 K, which, combined with the lower
limit to the absolute magnitude, provides a strict upper limit to the
bolometric luminosity, at maximum light, of L, 1041 erg s21.
Therefore the radius of the emitting region is constrained
to be R<

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L=(4psT4)

p
v2:8|1014cm (where s is the Stefan–

Boltzmann constant). As the rise times to maximum light of type-
Ib/c supernovae range between 10 and 20 d (refs 10, 18–20) in the V
band, the upper limit to the radius implies an upper limit to the
expansion velocity in the range 1,600–3,200 km s21. This value is

an order of magnitude smaller than that observed in supernovae
associated with GRBs7,15.

The low expansion velocity and the faint luminosity implied for a
possible supernova progenitor are reminiscent of a class of very faint
core-collapse supernovae recently discovered21 in the local Universe.
They are of type II, have absolute magnitudes at maximum in the
range 213.MV.215, and show very small expansion velocities
(,1,000 km s21). The properties of such objects may well be consist-
ent with the available data on GRB 060614.

Faint type-II supernovae have been interpreted in terms of the
collapse of massive stars with an explosion energy so small that most
of the 56Ni falls back onto the compact stellar remnant22. Such super-
novae share properties with the present case, both in terms of obser-
vational characteristics and because they are expected to give rise to a
black hole (which is believed to be necessary for the production of a
GRB). However, the possibility that such supernova progenitors are
able to produce GRBs has yet to be explored. In particular, the stellar
envelope would need to be absent for the relativistic jets to emerge
out of the star. GRB 060614 might thus be an example of a fallback
supernova of type Ib/c. The small amount of nickel (,1023M[),
responsible for the very low luminosity, might possibly also provide
little heating to the ejecta, leading to an unusually low temperature
(T< 2,000 K) and allowing for larger expansion velocities (as v /
T22). In any case, GRB 060614may be the prototype of a new class of
GRBs originating from a new kind of massive star death, different
from those producing both classical long-duration (associated with
bright type-Ib/c supernovae) and short-duration (possibly origin-
ating in binary system mergers23) GRBs. Some evidence for this idea
comes from the high-energy properties of this GRB, which contem-
poraneously exhibits features typical of both the long and short GRB
classes8. Indeed, scenarios in which the GRB was not directly con-
nected to a supernova explosion24 cannot be excluded by our data
(though they are not required). For example, our data would be
compatible with a supernova exploding before the GRB25. Also, a
binary merger mechanism26, similar to that proposed to power
short-duration GRBs, or some type of collapsar model27, are not
expected to produce a supernova. These results challenge the com-
monly accepted scenario in which long-duration GRBs are produced
only together with very bright supernova explosions. Not all GRBs
are produced in such a way.
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Figure 2 | R-band light curve of the GRB 060614 afterglow. Red open
circles show data from the literature13,14,29 (not used in the fits); red filled
circles represent our VLT data (see Supplementary Table 1). Error bars
(smaller than symbols for most of our data) show the 1s errors. Photometry
was performed adopting large apertures in order to include all the flux from
the host galaxy. Flux calibration was achieved by observing several Landolt
standard fields. The data were modelled as the sum (solid lines) of three
components: the afterglow (dotted lines), the host (dashed lines) and a
supernova akin to SN 1998bw but rescaled in flux (‘bw’; dot-dashed lines).
The different colours correspond to different contributions from the
supernova: no contribution (blue), a supernova fainter by 5.6mag (green),
and a supernova fainter by 4mag (yellow). The model shown by green lines
corresponds to the brightest supernova allowed by our data,MV.213.5, at
the 3s level. At the 2s level, the limit isMV.212.9. Themodel shownby the
yellow lines is clearly inadequate. The inset shows an expanded version of the
plot around the peak of a putative supernova. The afterglow component is
described by a broken power law with decay indices a15 1.086 0.03 and
a25 2.486 0.07, respectively before and after the break at
tbreak5 1.396 0.04 d (x2/d.o.f.5 15.5/20). Interpreting this as a jet break,
the inferred jet half-opening angle is q< 12u.
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No. 1, 2006 PHOTOMETRY AND SPECTROSCOPY OF SN 2006aj L23

Fig. 2.—Observed V light curve of GRB 060218/SN 2006aj based on the
FLWO 1.2 m data (filled points) and Swift UVOT data taken from the GCN
(open points). Superimposed is the V light curve of SN 1998bw, k-corrected
and time-dilated to , stretched by a factor of 0.6, dimmed by 0.46z p 0.0335
mag of Galactic extinction, the SN host galaxy contribution added, and shifted
by 0.35 mag to match that of SN 2006aj (solid line). No correction for host
galaxy extinction has been applied to SN 2006aj or the comparison light curve
of SN 1998bw. See § 3 for details. [See the electronic edition of the Journal
for a color version of this figure.]

Fig. 3.—MMT spectrum of GRB 060218/SN 2006aj taken on March
03.00 UT, which corresponds to days after the burst andDT p 12.85
∼3 days after V maximum. The broad absorption trough at 5900 dueÅ
to blueshifted Si ii l6355 is visible, as well as the broad Fe ii blends at
∼4400 and O i l7774 at 7300 . For clarity, the host galaxy emission˚ ˚A A
lines have been removed and the spectra have been scaled and shifted.
From the sample of representative spectra of broad-lined SNe Ic at com-
parable phases, it is clear that SN 1997ef and SN 2002ap are better matches
than SN 1998bw.

we find a good fit to our V-band data if we stretch the time axis
of the light curve of SN 1998bw by a “stretch factor” of s p
. The combined fit of the mag host galaxy (Cool0.6 V p 20.21

et al. 2006) added to the stretched SN 1998bw V-band light curve
dimmed by 0.35 mag is shown with the solid line. Our V-band
light curve of SN 2006aj peaks at days (i.e.,DT p 10.0! 0.5
2006 February 28.15 UT and at days in the rest frameDT p 9.7
of SN 2006aj) at an apparentmagnitudemV p 17.45! 0.05 mag.
After correcting for a Galactic extinction of mag andA p 0.46V
host galaxy light contamination, this value corresponds to a peak
absolute magnitude of mag for SN 2006aj.M p !18.7! 0.2V
The rise time for SN 2006aj is the shortest ever measured for a
SN Ic and is significantly shorter than for GRB 980425/SN
1998bw and GRB 030329/SN 2003dh (∼14–16 days; Galama et
al. 1998; Matheson et al. 2003), while SN 2006aj is almost as
bright as SN 1998bw. This is an unusual behavior compared to
the sample of GRB-related SNe (see Fig. 3 in Stanek et al. 2005).
We note that there is a hint of a short plateau phase between ∼12
and 15 days after the burst. Thus, we conclude that SN 2006aj is
a fast-evolving SN and that the SN dominated the light of the OT.
In order to study the SN component of GRB 060218/SN

2006aj more closely, we plot in Figure 3 our MMT spectrum
from UT 2006 March 03, at days, thus ∼3 daysDT p 12.85
after V maximum, when the SN fully dominates the total light
output. The broad absorption trough at 5900 (rest wave-Å
length) due to blueshifted Si ii l6355 is visible, as well as the
broad Fe ii blends at ∼4400 , while no lines of hydrogen orÅ
helium are detected. For comparison, we show spectra of other
broad-lined SNe Ic at similar phases: the classical SN 1998bw
(Patat et al. 2001), the SNe 1997ef (Iwamoto et al. 2000), and
2002ap (Foley et al. 2003; M. Modjaz et al. 2006, in prepa-
ration). The spectrum of SN 2006aj exhibits features that are
more well defined and narrow than those of SN 1998bw, which

indicates that the expansion velocities in SN 2006aj were lower
than in SN 1998bw and, by extension, in SN 2003dh. Our
earlier spectra of SN 2006aj in addition to this spectrum are
very similar to those of SN 1997ef and SN 2002ap, which are
broad-lined SNe that had no obvious association with GRBs
and are thought to be due to less energetic explosions than SN
1998bw (Iwamoto et al. 2000; Foley et al. 2003). This visual
match is supported by cross-correlating the spectra with our
comprehensive library of SN Ic and GRB/SN spectra (M. Mod-
jaz et al. 2006, in preparation) via our SN-identification al-
gorithm (Matheson et al. 2005; S. Blondin et al. 2006, in prep-
aration). Thus, the spectra of SNe associated with GRBs seem
to display a certain variety of expansion velocities. Considering
both the light curve and spectral properties of SN 2006aj, we
conclude that its expansion velocities lie between that of SN
1998bw and of SN 2002ap, while a large synthesized 56Ni mass
is needed to explain the large luminosity, in addition to a ge-
ometry and ejecta mass that support the fast escape of photons.
We encourage polarization studies and nebular line spectros-
copy to constrain the geometry of the explosion. Also, late-
time observations should give a cleaner window into the core
of the ejecta and help constrain density distribution and the
abundance of nucleosynthesis products.

3.2. Host Galaxy

For the adopted luminosity distance of 143 Mpc, the pre-
burst broadband SDSS photometry yields an absolute mag-
nitude for the host galaxy of mag. This valueM p !16.0V, host
is less than that for the Small Magellanic Cloud, a dwarf
galaxy with mag. We generated a spectrum ofM p !16.9V
the host galaxy emission lines by averaging the MMT spectra
and subtracting a lower order fit to the continuum. The emis-
sion-line fluxes were measured with the splot task in IRAF
and are given here corrected for Galactic extinction and nor-
malized to Hb [where ergs cm!2!15F(Hb) p 0.9! 0.1# 10
s!1]: , , , [O iii] ,Hb p 1.0 Ha p 3.0 Hg p 0.3 l4959 p 1.2
[O iii] , [O ii] , and [N ii]l5007 p 4.0 l3727 p 1.6
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Fig. 5.— A comparison of the time-evolving photospheric expansion velocity of SN 2010ay and other SNe Ic-BL (red) and GRB-SNe (blue)
from the literature. Typical uncertainties in velocity estimates are 10%. For each SN, we fit a power law of the form vph = v30ph(t/30)

α ,

where t is the time in days, v30ph is the velocity at 30 days since explosion (dashed vertical line), and α is the velocity gradient. The velocities

for SNe 1997ef, 2003dh, 2003lw are from Mazzali et al. (2006), as determined by spectral modeling. The velocities for all other SNe are
measured from the Si II λ6355Å feature as follows: SN2007ru are from Sahu et al. (2009); SNe 1998bw, 2006aj, and 2010bh are from
Chornock et al. (2010), from spectra in references therein; SN2007bg are from Young et al. (2010); SNe 2002ap, 2009bb, and 2003jd are
from Pignata et al. (2011) and references therein.

(2010): the Type Ic SNe 2004ge (MNi/Mej ∼ 0.4) ans
2005eo (MNi/Mej ∼ 0.2), the Type Ib SN2005hg (∼ 0.4),
and the Type Ic-BL SN2007D (∼ 0.6).
The large value ofMNi we estimate for SN2010ay raises

the question of whether a process other than Ni decay
may be powering its light-curve. An independent test
of the physical process powering the light-curve is the
decay rate of the late-time light curve which should be
≈ 0.01 mag day−1 for SNe powered by radioactive de-
cay of 56Co. For SN2007bi, Gal-Yam et al. (2009) derive
MNi = 3.5 M" from the measured peak magnitude and
find that the late-time light curve is consistent with the
decay rate of 56Co. While the Pan-STARRS1 3π sur-
vey also observed the field in 2011 March, the SN was
not detected in our subtracted images and the limits are
not constraining in the context of 56Co decay (see §2.2
and Table 2). Another possible process is a radiation-
dominated shock that emerges due to interaction with an
opaque circumstellar medium, as has recently been pro-
posed by Chevalier & Irwin (2011) for the ultra-luminous
SNe SN2006gy and SN2010gx (Pastorello et al. 2010;
Quimby et al. 2011). However, while this class of
ultra-luminous objects shares some spectroscopic sim-
ilarities to SNe Ic (Pastorello et al. 2010), they show
peak luminosities ∼ 4 − 100× higher than SN2010ay

(Chomiuk et al. 2011; Quimby et al. 2011).

4. CONSTRAINTS ON RELATIVISTIC EJECTA

We use our EVLA upper limits for SN2010ay spanning
∆t ≈ 29 − 433 days to constrain the properties of the
shockwave and those of the local circumstellar environ-
ment. The radio emission from SNe Ibc and GRBs is pro-
duced by the dynamical interaction of the fastest ejecta
with the surrounding material (Chevalier 1982). The ki-
netic energy of the ejecta is converted, in part, to internal
energy of the shocked material which itself is partitioned
between relativistic electrons (εe) and amplified magnetic
fields (εB). Following the breakout of the shockwave from
the stellar surface, electrons in the environment of the
explosion are shock-accelerated to relativistic velocities
with Lorentz factor, γe and distributed in a power-law
distribution characterized byN(γe) ∝ γ−p

e . Here, p char-
acterizes the electron energy index. The particles gyrate
in amplified magnetic fields and give rise to non-thermal
synchrotron emission that peaks in the radio and mm-
bands in the days to weeks following explosion with ob-
served spectral index, Fν ∝ ν−(p−1)/2. At lower frequen-
cies the emission is suppressed due to synchrotron self-
absorption which defines a spectral peak, νp (Chevalier
1998).
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Table 7
Sample Averages

SN Type MVpeak MRpeak MNi τc M
3/4
ej E

−1/4
K Mej

a EK
a

(mag) (mag) (M") (days) ((1051erg)−1/4(M")3/4) (M") (1051 erg)

SNe Ib −17.6 ± 0.9 −17.9 ± 0.9 0.20 ± 0.16 13 ± 3 1.7 ± 0.3 2.0+1.1
−0.8 1.2+0.7

−0.5

SNe Ic −18.0 ± 0.5 −18.3 ± 0.6 0.24 ± 0.15 12 ± 4 1.5 ± 0.4 1.7+1.4
−0.9 1.0+0.9

−0.5

SNe Ic-BL −18.3 ± 0.8 −19.0 ± 1.1 0.58 ± 0.55 14 ± 3 1.7 ± 0.4 4.7+2.3
−1.8 11+6

−4

Engine-driven SNe −18.9 ± 0.3 −18.9 ± 0.4 0.40 ± 0.18 12 ± 3 1.5 ± 0.3 3.6+2.0
−1.6 9.0+5.0

−4.0

Note. a Typical photospheric velocities of vph = 10,000 km s−1 are assumed for SNe Ib and Ic and vph = 20,000 km s−1 for SNe Ic-BL and engine-driven SNe.

Figure 23. Model-derived Nickel-56 mass, MNi, and peak absolute magnitude,
MR, are compared for SNe Ib (blue), Ic (red) and broad-lined Ic (red encircled
black) for the literature (triangles) and P60 (circles) samples. Engine-driven SNe
Ic-BL are highlighted by stars. A clear trend is seen with an observed scatter
due to the diversity in light curve widths. We find a best fit for the function,
log(MNi) ≈ −0.41 MR − 8.3 (gray solid line). The distributions of MR and
MNi are shown on the bottom and side panels, respectively, with engine-driven
explosions shown by tick marks. SNe Ic-BL are more luminous and synthesize
more Nickel-56 than SNe Ib and ordinary SNe Ic. Engine-driven explosions are
statistically consistent with the SNe Ic-BL population.
(A color version of this figure is available in the online journal.)

depend on vph as follows:

Mej ≈ 0.8
( τc

8d

)2
(

vph

10,000 km s−1

)
M", (1)

EK,51 ≈ 0.5
( τc

8d

)2
(

vph

10,000 km s−1

)3

erg. (2)

For SNe Ib and Ic, we adopt vph ≈ 10,000 km s−1 at maximum
light, in line with spectroscopic observations (Matheson et al.
2001). For SNe Ic-BL and engine-driven SNe, the observed
range of vph values is broader; we adopt vph = 20,000 km s−1

for the SNe Ic-BL at maximum light (e.g., Pian et al. 2006).
Combining these assumptions with our average τc estimates
for the combined sample (Table 6), we find typical values of
Mej ≈ 2 M" and EK,51 ≈ 1 erg for SNe Ib and Ic, while for SNe
Ic-BL we find higher values, Mej ≈ 5 M" and EK,51 ≈ 10 erg
(Figure 24). For the three local engine-driven explosions, we
estimate Mej ≈ 4 M" and EK,51 ≈ 9 erg (Table 7). Thus, based
on these reasonable estimates of vph, we find no evidence for
different explosion parameters among SNe Ib and Ic, while those
of SNe Ic-BL are distinct and more closely resemble the values
inferred for engine-driven explosions.

Figure 24. Our light curve modeling for each of the SNe Ib (blue), Ic (red), and
Ic-BL (red/black) in our extended sample results in a degenerate solution for
Mej and EK . Making reasonable assumptions for the photospheric velocities,
vph, breaks this degeneracy. We assume that SNe Ibc have vph = 10,000 km s−1

and SNe Ic-BL have vph = 20,000 km s−1 at the epoch of maximum light
(gray lines). The intersection point of the vph lines with each of the degenerate
modeling solutions represents the implied physical parameters. We find average
values of Mej ≈ 2 M" and EK,51 ≈ 1 erg for SNe Ib and Ic while SNe Ic-BL
show more extreme parameters: Mej ≈ 5 M" and EK,51 ≈ 10 erg.
(A color version of this figure is available in the online journal.)

7. IMPLICATIONS FOR SNe Ibc PROGENITORS

Here we consider the implications for the progenitors of SNe
Ibc based on their derived explosion parameters together with
host galaxy and/or explosion site diagnostics. While we derive
similar explosion properties for SNe Ib and Ic, their explosion
site properties imply statistically significant dissimilarities. SNe
Ic favor the more luminous and metal-rich regions of their host
galaxies than SNe Ib (Kelly et al. 2008; Modjaz et al. 2011
but see Anderson et al. 2010). These explosion site diagnostics
suggest that SNe Ic progenitors are more massive and/or
younger and characterized by a slightly higher metal content
than the progenitors of SNe Ib. More massive progenitors may
produce explosions with larger Mej values unless they are able
to lose mass more efficiently throughout. Since the line-driven
winds of Wolf-Rayet stars are enhanced at higher metallicity
(Ṁ ∝ Z0.8; Vink & de Koter 2005), we speculate that SNe Ic
progenitors are initially more massive than those of SNe Ib but
lose mass more efficiently, resulting in explosion parameters
that appear indistinguishable from their helium-rich cousins.

Next, we consider the more extreme explosion parameters
we infer for SNe Ic-BL in comparison to those of SNe Ibc.
Explosion site metallicities for SNe Ic-BL do not reveal strong
dissimilarities from those of SNe Ib and Ic (Anderson et al.
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SN 1998bw, as well as equation (5), using the average stretch and
luminosity factor for SN 2006aj relative to SN 1998bw (save, 2006aj =
0.65, kave, 2006aj = 0.72, see Table B1). Finally, the Arnett model is
also plotted to fit the bolometric LC of SN 2006aj.

The results of the Arnett model for the bolometric LC of SN
2006aj are MNi = 0.131 M!, Mej = 1.99 M! and Ek = 0.79 ×
1052 erg, while the results of the Arnett model applied to equation
(5) are MNi = 0.139 M!, Mej = 2.12 M! and Ek = 0.84 × 1052 erg.
These correspond to relative differences of MNi: 6 per cent, Mej:
6 per cent and Ek: 6 per cent.

5.2.2 UBVRIJH bolometric light curves

Next, the UBVRIJH bolometric properties of SN 2006aj were de-
termined. As before equation (5) is plotted using the average stretch
factors for SN 2006aj listed in Table B1, as well as the Arnett model.
It is found for the bolometric LC of SN 2006aj MNi = 0.178 M!,
Mej = 2.05 M! and Ek = 0.82 × 1052 erg, while for equation (5) it is
found MNi = 0.203 M!, Mej = 2.33 M! and Ek = 0.93 × 1052 erg.
Again relative differences of MNi: 13 per cent, Mej: 12 per cent and
Ek: 12 per cent are seen.

When these results are compared to the values found in the liter-
ature (MNi ≈ 0.2 M!, Mej ≈ 2 M! and Ek ≈ 0.2 × 1052 erg; Pian
et al. 2006; Mazzali et al. 2006a), good agreement is seen between
the various permutations of the bolometric LC of SN 2006aj. As
noted in Cano et al. (2011b), when the Arnett model is used to anal-
yse SN 2006aj, the kinetic energy is overestimated to that found by
Pian et al. (2006) and Mazzali et al. (2006a). An in-depth look at
the caveats and limitations of the Arnett model are found in Cano
et al. (2011b), Cano (2012), as well as in Section 8.

In summary, in both case studies and across three filter ranges, it
is seen that it is possible to use the average stretch and luminosity
factors as a proxy of the shape and brightness of the bolometric
LC, and it is possible to recover the bolometric properties of both
SN 2010bh and SN 2006aj using this method. The average relative
errors between the derived bolometric properties obtained from the
transformed bolometric LCs to those obtained from the actual SN
are of the order of 8–13 per cent The next step is to repeat this
procedure for the rest of the GRB SNe and then for the Ibc SNe.

5.3 The rest of the Ibc SNe

It was possible to determine the stretch and luminosity factors of
the GRB/XRF SNe using equation (5) because the exact time of
explosion was known (i.e. t in equation 5 is actually t − t0, where
t0 is the explosion time, which for GRB/XRF SNe is the time the
GRB pulse is detected). However, for the non-GRB/XRF SNe in
our sample, the time of explosion is unknown. To account for this,
equation (5) has been altered so that t ≡ t − tpeak instead (i.e. the
stretch and luminosity factors are now being found relative to the
peak of the LC). Thus the following equation was fit to the Ibc SNe
to determine s, k and tpeak:

W (t) = k × U ((t − tpeak)/s). (6)

Using the method described in the preceding section, along with
equation (6), the stretch and luminosity factors of the complete
sample of Ibc SNe relative to SN 1998bw have been obtained,
and the results are displayed in the Appendix (GRB/XRF SNe in
Table B1; and in Table B2 for the Ib, Ic and Ic-BL SNe). Then,
using the photospheric velocities of the Ibc SNe (Table D1), either
those determined from the individual spectra, or using an average

value (see Section 4), the bolometric properties of each Ibc SN in
the sample have been calculated. The results of the modelling are
also displayed in the Appendix (GRB/XRF SNe: Table C1; Ib, Ic,
Ic-BL in Table C2).

6 STATISTICAL ANALYSIS

6.1 General properties of Ibc SNe

Using the ejecta masses, nickel masses and explosion energies in
Tables C1 and C2, the average and median values for each Ibc SN
subtypes have been calculated (Table 1).

Although the sample sizes of bolometric properties of Ibc SNe,
including GRB/XRF SNe, presented here are the largest yet con-
sidered, there are a few events (e.g. GRB 041006; SN 2011bm) that
affect the statistics significantly. For example, the average ejecta
masses for Ic SNe is 4.55 M!, with a standard deviation of the
distribution being 4.51, and the median value being 3.40 M!. How-
ever, when SN 2011bm is removed from the Ic sample, the average
drops to 3.36 M! (i.e. very close the median value of the sample
when SN 2011bm is included in it), and has a standard deviation
of 1.53. Thus the removal of a single event drastically affects the
average statistics. To account for the effect that single events can
have on the sample statistics, the median values for each of the bolo-
metric properties have been calculated, and these are considered in
the following analysis.

Several conclusions can be drawn from the analysis:

(i) Median ejecta masses:

(a) Ib: Mej ∼ 3.9 M!
(b) Ic: Mej ∼ 3.4 M!
(c) Ic-BL: Mej ∼ 3.9 M!
(d) GRB/XRF: Mej ∼ 6.0 M!.

(ii) Median nickel masses:

(a) Ib and Ic: MNi ∼ 0.15–0.18 M!
(b) Ic-BL: MNi ∼ 0.25 M!
(c) GRB/XRF: MNi ∼ 0.3–0.35 M!.

(iii) Median kinetic energies

(a) Ib and Ic: Ek ∼ 0.2 × 1052 erg
(b) Ic-BL: Ek ∼ 1.0 × 1052 erg
(c) GRB/XRF: Ek ∼ 2.0 × 1052 erg.

(iv) Kinetic energy–ejecta mass ratios

(a) Ib and Ic: Ek/Mej ∼ 0.06 (1052 erg M−1
! )

(b) Ic-BL: Ek/Mej ∼ 0.2 (1052 erg M−1
! )

(c) GRB/XRF: Ek/Mej ∼ 0.4 (1052 erg M−1
! ).

One particularly striking result is a clear trichotomy of the ki-
netic energies seen for Ibc, Ic-BL and GRB/XRF SNe. This can
also be seen in Fig. 4. However, as the kinetic energies calculated
here is simply Ek = 1

2 Mejv
2
ph, it could be argued that the different

average values arise from the fact that an average velocity has been
used for those events that did not have a known ejecta velocity.
To check if this is the case, an investigation was made for only
those events where the ejecta velocity has been determined from
spectra. This reduces the sample sizes to: Ibc (11), Ic-BL (6) and
GRB/XRF (7). The median values for the three subgroups are virtu-
ally identical to those seen for the complete sample (Ek = 0.18, 1.04,
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Table 7
Sample Averages

SN Type MVpeak MRpeak MNi τc M
3/4
ej E

−1/4
K Mej

a EK
a

(mag) (mag) (M") (days) ((1051erg)−1/4(M")3/4) (M") (1051 erg)

SNe Ib −17.6 ± 0.9 −17.9 ± 0.9 0.20 ± 0.16 13 ± 3 1.7 ± 0.3 2.0+1.1
−0.8 1.2+0.7

−0.5

SNe Ic −18.0 ± 0.5 −18.3 ± 0.6 0.24 ± 0.15 12 ± 4 1.5 ± 0.4 1.7+1.4
−0.9 1.0+0.9

−0.5

SNe Ic-BL −18.3 ± 0.8 −19.0 ± 1.1 0.58 ± 0.55 14 ± 3 1.7 ± 0.4 4.7+2.3
−1.8 11+6

−4

Engine-driven SNe −18.9 ± 0.3 −18.9 ± 0.4 0.40 ± 0.18 12 ± 3 1.5 ± 0.3 3.6+2.0
−1.6 9.0+5.0

−4.0

Note. a Typical photospheric velocities of vph = 10,000 km s−1 are assumed for SNe Ib and Ic and vph = 20,000 km s−1 for SNe Ic-BL and engine-driven SNe.

Figure 23. Model-derived Nickel-56 mass, MNi, and peak absolute magnitude,
MR, are compared for SNe Ib (blue), Ic (red) and broad-lined Ic (red encircled
black) for the literature (triangles) and P60 (circles) samples. Engine-driven SNe
Ic-BL are highlighted by stars. A clear trend is seen with an observed scatter
due to the diversity in light curve widths. We find a best fit for the function,
log(MNi) ≈ −0.41 MR − 8.3 (gray solid line). The distributions of MR and
MNi are shown on the bottom and side panels, respectively, with engine-driven
explosions shown by tick marks. SNe Ic-BL are more luminous and synthesize
more Nickel-56 than SNe Ib and ordinary SNe Ic. Engine-driven explosions are
statistically consistent with the SNe Ic-BL population.
(A color version of this figure is available in the online journal.)

depend on vph as follows:

Mej ≈ 0.8
( τc

8d

)2
(

vph

10,000 km s−1

)
M", (1)

EK,51 ≈ 0.5
( τc

8d

)2
(

vph

10,000 km s−1

)3

erg. (2)

For SNe Ib and Ic, we adopt vph ≈ 10,000 km s−1 at maximum
light, in line with spectroscopic observations (Matheson et al.
2001). For SNe Ic-BL and engine-driven SNe, the observed
range of vph values is broader; we adopt vph = 20,000 km s−1

for the SNe Ic-BL at maximum light (e.g., Pian et al. 2006).
Combining these assumptions with our average τc estimates
for the combined sample (Table 6), we find typical values of
Mej ≈ 2 M" and EK,51 ≈ 1 erg for SNe Ib and Ic, while for SNe
Ic-BL we find higher values, Mej ≈ 5 M" and EK,51 ≈ 10 erg
(Figure 24). For the three local engine-driven explosions, we
estimate Mej ≈ 4 M" and EK,51 ≈ 9 erg (Table 7). Thus, based
on these reasonable estimates of vph, we find no evidence for
different explosion parameters among SNe Ib and Ic, while those
of SNe Ic-BL are distinct and more closely resemble the values
inferred for engine-driven explosions.

Figure 24. Our light curve modeling for each of the SNe Ib (blue), Ic (red), and
Ic-BL (red/black) in our extended sample results in a degenerate solution for
Mej and EK . Making reasonable assumptions for the photospheric velocities,
vph, breaks this degeneracy. We assume that SNe Ibc have vph = 10,000 km s−1

and SNe Ic-BL have vph = 20,000 km s−1 at the epoch of maximum light
(gray lines). The intersection point of the vph lines with each of the degenerate
modeling solutions represents the implied physical parameters. We find average
values of Mej ≈ 2 M" and EK,51 ≈ 1 erg for SNe Ib and Ic while SNe Ic-BL
show more extreme parameters: Mej ≈ 5 M" and EK,51 ≈ 10 erg.
(A color version of this figure is available in the online journal.)

7. IMPLICATIONS FOR SNe Ibc PROGENITORS

Here we consider the implications for the progenitors of SNe
Ibc based on their derived explosion parameters together with
host galaxy and/or explosion site diagnostics. While we derive
similar explosion properties for SNe Ib and Ic, their explosion
site properties imply statistically significant dissimilarities. SNe
Ic favor the more luminous and metal-rich regions of their host
galaxies than SNe Ib (Kelly et al. 2008; Modjaz et al. 2011
but see Anderson et al. 2010). These explosion site diagnostics
suggest that SNe Ic progenitors are more massive and/or
younger and characterized by a slightly higher metal content
than the progenitors of SNe Ib. More massive progenitors may
produce explosions with larger Mej values unless they are able
to lose mass more efficiently throughout. Since the line-driven
winds of Wolf-Rayet stars are enhanced at higher metallicity
(Ṁ ∝ Z0.8; Vink & de Koter 2005), we speculate that SNe Ic
progenitors are initially more massive than those of SNe Ib but
lose mass more efficiently, resulting in explosion parameters
that appear indistinguishable from their helium-rich cousins.

Next, we consider the more extreme explosion parameters
we infer for SNe Ic-BL in comparison to those of SNe Ibc.
Explosion site metallicities for SNe Ic-BL do not reveal strong
dissimilarities from those of SNe Ib and Ic (Anderson et al.
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SN 1998bw, as well as equation (5), using the average stretch and
luminosity factor for SN 2006aj relative to SN 1998bw (save, 2006aj =
0.65, kave, 2006aj = 0.72, see Table B1). Finally, the Arnett model is
also plotted to fit the bolometric LC of SN 2006aj.

The results of the Arnett model for the bolometric LC of SN
2006aj are MNi = 0.131 M!, Mej = 1.99 M! and Ek = 0.79 ×
1052 erg, while the results of the Arnett model applied to equation
(5) are MNi = 0.139 M!, Mej = 2.12 M! and Ek = 0.84 × 1052 erg.
These correspond to relative differences of MNi: 6 per cent, Mej:
6 per cent and Ek: 6 per cent.

5.2.2 UBVRIJH bolometric light curves

Next, the UBVRIJH bolometric properties of SN 2006aj were de-
termined. As before equation (5) is plotted using the average stretch
factors for SN 2006aj listed in Table B1, as well as the Arnett model.
It is found for the bolometric LC of SN 2006aj MNi = 0.178 M!,
Mej = 2.05 M! and Ek = 0.82 × 1052 erg, while for equation (5) it is
found MNi = 0.203 M!, Mej = 2.33 M! and Ek = 0.93 × 1052 erg.
Again relative differences of MNi: 13 per cent, Mej: 12 per cent and
Ek: 12 per cent are seen.

When these results are compared to the values found in the liter-
ature (MNi ≈ 0.2 M!, Mej ≈ 2 M! and Ek ≈ 0.2 × 1052 erg; Pian
et al. 2006; Mazzali et al. 2006a), good agreement is seen between
the various permutations of the bolometric LC of SN 2006aj. As
noted in Cano et al. (2011b), when the Arnett model is used to anal-
yse SN 2006aj, the kinetic energy is overestimated to that found by
Pian et al. (2006) and Mazzali et al. (2006a). An in-depth look at
the caveats and limitations of the Arnett model are found in Cano
et al. (2011b), Cano (2012), as well as in Section 8.

In summary, in both case studies and across three filter ranges, it
is seen that it is possible to use the average stretch and luminosity
factors as a proxy of the shape and brightness of the bolometric
LC, and it is possible to recover the bolometric properties of both
SN 2010bh and SN 2006aj using this method. The average relative
errors between the derived bolometric properties obtained from the
transformed bolometric LCs to those obtained from the actual SN
are of the order of 8–13 per cent The next step is to repeat this
procedure for the rest of the GRB SNe and then for the Ibc SNe.

5.3 The rest of the Ibc SNe

It was possible to determine the stretch and luminosity factors of
the GRB/XRF SNe using equation (5) because the exact time of
explosion was known (i.e. t in equation 5 is actually t − t0, where
t0 is the explosion time, which for GRB/XRF SNe is the time the
GRB pulse is detected). However, for the non-GRB/XRF SNe in
our sample, the time of explosion is unknown. To account for this,
equation (5) has been altered so that t ≡ t − tpeak instead (i.e. the
stretch and luminosity factors are now being found relative to the
peak of the LC). Thus the following equation was fit to the Ibc SNe
to determine s, k and tpeak:

W (t) = k × U ((t − tpeak)/s). (6)

Using the method described in the preceding section, along with
equation (6), the stretch and luminosity factors of the complete
sample of Ibc SNe relative to SN 1998bw have been obtained,
and the results are displayed in the Appendix (GRB/XRF SNe in
Table B1; and in Table B2 for the Ib, Ic and Ic-BL SNe). Then,
using the photospheric velocities of the Ibc SNe (Table D1), either
those determined from the individual spectra, or using an average

value (see Section 4), the bolometric properties of each Ibc SN in
the sample have been calculated. The results of the modelling are
also displayed in the Appendix (GRB/XRF SNe: Table C1; Ib, Ic,
Ic-BL in Table C2).

6 STATISTICAL ANALYSIS

6.1 General properties of Ibc SNe

Using the ejecta masses, nickel masses and explosion energies in
Tables C1 and C2, the average and median values for each Ibc SN
subtypes have been calculated (Table 1).

Although the sample sizes of bolometric properties of Ibc SNe,
including GRB/XRF SNe, presented here are the largest yet con-
sidered, there are a few events (e.g. GRB 041006; SN 2011bm) that
affect the statistics significantly. For example, the average ejecta
masses for Ic SNe is 4.55 M!, with a standard deviation of the
distribution being 4.51, and the median value being 3.40 M!. How-
ever, when SN 2011bm is removed from the Ic sample, the average
drops to 3.36 M! (i.e. very close the median value of the sample
when SN 2011bm is included in it), and has a standard deviation
of 1.53. Thus the removal of a single event drastically affects the
average statistics. To account for the effect that single events can
have on the sample statistics, the median values for each of the bolo-
metric properties have been calculated, and these are considered in
the following analysis.

Several conclusions can be drawn from the analysis:

(i) Median ejecta masses:

(a) Ib: Mej ∼ 3.9 M!
(b) Ic: Mej ∼ 3.4 M!
(c) Ic-BL: Mej ∼ 3.9 M!
(d) GRB/XRF: Mej ∼ 6.0 M!.

(ii) Median nickel masses:

(a) Ib and Ic: MNi ∼ 0.15–0.18 M!
(b) Ic-BL: MNi ∼ 0.25 M!
(c) GRB/XRF: MNi ∼ 0.3–0.35 M!.

(iii) Median kinetic energies

(a) Ib and Ic: Ek ∼ 0.2 × 1052 erg
(b) Ic-BL: Ek ∼ 1.0 × 1052 erg
(c) GRB/XRF: Ek ∼ 2.0 × 1052 erg.

(iv) Kinetic energy–ejecta mass ratios

(a) Ib and Ic: Ek/Mej ∼ 0.06 (1052 erg M−1
! )

(b) Ic-BL: Ek/Mej ∼ 0.2 (1052 erg M−1
! )

(c) GRB/XRF: Ek/Mej ∼ 0.4 (1052 erg M−1
! ).

One particularly striking result is a clear trichotomy of the ki-
netic energies seen for Ibc, Ic-BL and GRB/XRF SNe. This can
also be seen in Fig. 4. However, as the kinetic energies calculated
here is simply Ek = 1

2 Mejv
2
ph, it could be argued that the different

average values arise from the fact that an average velocity has been
used for those events that did not have a known ejecta velocity.
To check if this is the case, an investigation was made for only
those events where the ejecta velocity has been determined from
spectra. This reduces the sample sizes to: Ibc (11), Ic-BL (6) and
GRB/XRF (7). The median values for the three subgroups are virtu-
ally identical to those seen for the complete sample (Ek = 0.18, 1.04,
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SN 1998bw, as well as equation (5), using the average stretch and
luminosity factor for SN 2006aj relative to SN 1998bw (save, 2006aj =
0.65, kave, 2006aj = 0.72, see Table B1). Finally, the Arnett model is
also plotted to fit the bolometric LC of SN 2006aj.

The results of the Arnett model for the bolometric LC of SN
2006aj are MNi = 0.131 M!, Mej = 1.99 M! and Ek = 0.79 ×
1052 erg, while the results of the Arnett model applied to equation
(5) are MNi = 0.139 M!, Mej = 2.12 M! and Ek = 0.84 × 1052 erg.
These correspond to relative differences of MNi: 6 per cent, Mej:
6 per cent and Ek: 6 per cent.

5.2.2 UBVRIJH bolometric light curves

Next, the UBVRIJH bolometric properties of SN 2006aj were de-
termined. As before equation (5) is plotted using the average stretch
factors for SN 2006aj listed in Table B1, as well as the Arnett model.
It is found for the bolometric LC of SN 2006aj MNi = 0.178 M!,
Mej = 2.05 M! and Ek = 0.82 × 1052 erg, while for equation (5) it is
found MNi = 0.203 M!, Mej = 2.33 M! and Ek = 0.93 × 1052 erg.
Again relative differences of MNi: 13 per cent, Mej: 12 per cent and
Ek: 12 per cent are seen.

When these results are compared to the values found in the liter-
ature (MNi ≈ 0.2 M!, Mej ≈ 2 M! and Ek ≈ 0.2 × 1052 erg; Pian
et al. 2006; Mazzali et al. 2006a), good agreement is seen between
the various permutations of the bolometric LC of SN 2006aj. As
noted in Cano et al. (2011b), when the Arnett model is used to anal-
yse SN 2006aj, the kinetic energy is overestimated to that found by
Pian et al. (2006) and Mazzali et al. (2006a). An in-depth look at
the caveats and limitations of the Arnett model are found in Cano
et al. (2011b), Cano (2012), as well as in Section 8.

In summary, in both case studies and across three filter ranges, it
is seen that it is possible to use the average stretch and luminosity
factors as a proxy of the shape and brightness of the bolometric
LC, and it is possible to recover the bolometric properties of both
SN 2010bh and SN 2006aj using this method. The average relative
errors between the derived bolometric properties obtained from the
transformed bolometric LCs to those obtained from the actual SN
are of the order of 8–13 per cent The next step is to repeat this
procedure for the rest of the GRB SNe and then for the Ibc SNe.

5.3 The rest of the Ibc SNe

It was possible to determine the stretch and luminosity factors of
the GRB/XRF SNe using equation (5) because the exact time of
explosion was known (i.e. t in equation 5 is actually t − t0, where
t0 is the explosion time, which for GRB/XRF SNe is the time the
GRB pulse is detected). However, for the non-GRB/XRF SNe in
our sample, the time of explosion is unknown. To account for this,
equation (5) has been altered so that t ≡ t − tpeak instead (i.e. the
stretch and luminosity factors are now being found relative to the
peak of the LC). Thus the following equation was fit to the Ibc SNe
to determine s, k and tpeak:

W (t) = k × U ((t − tpeak)/s). (6)

Using the method described in the preceding section, along with
equation (6), the stretch and luminosity factors of the complete
sample of Ibc SNe relative to SN 1998bw have been obtained,
and the results are displayed in the Appendix (GRB/XRF SNe in
Table B1; and in Table B2 for the Ib, Ic and Ic-BL SNe). Then,
using the photospheric velocities of the Ibc SNe (Table D1), either
those determined from the individual spectra, or using an average

value (see Section 4), the bolometric properties of each Ibc SN in
the sample have been calculated. The results of the modelling are
also displayed in the Appendix (GRB/XRF SNe: Table C1; Ib, Ic,
Ic-BL in Table C2).

6 STATISTICAL ANALYSIS

6.1 General properties of Ibc SNe

Using the ejecta masses, nickel masses and explosion energies in
Tables C1 and C2, the average and median values for each Ibc SN
subtypes have been calculated (Table 1).

Although the sample sizes of bolometric properties of Ibc SNe,
including GRB/XRF SNe, presented here are the largest yet con-
sidered, there are a few events (e.g. GRB 041006; SN 2011bm) that
affect the statistics significantly. For example, the average ejecta
masses for Ic SNe is 4.55 M!, with a standard deviation of the
distribution being 4.51, and the median value being 3.40 M!. How-
ever, when SN 2011bm is removed from the Ic sample, the average
drops to 3.36 M! (i.e. very close the median value of the sample
when SN 2011bm is included in it), and has a standard deviation
of 1.53. Thus the removal of a single event drastically affects the
average statistics. To account for the effect that single events can
have on the sample statistics, the median values for each of the bolo-
metric properties have been calculated, and these are considered in
the following analysis.

Several conclusions can be drawn from the analysis:

(i) Median ejecta masses:

(a) Ib: Mej ∼ 3.9 M!
(b) Ic: Mej ∼ 3.4 M!
(c) Ic-BL: Mej ∼ 3.9 M!
(d) GRB/XRF: Mej ∼ 6.0 M!.

(ii) Median nickel masses:

(a) Ib and Ic: MNi ∼ 0.15–0.18 M!
(b) Ic-BL: MNi ∼ 0.25 M!
(c) GRB/XRF: MNi ∼ 0.3–0.35 M!.

(iii) Median kinetic energies

(a) Ib and Ic: Ek ∼ 0.2 × 1052 erg
(b) Ic-BL: Ek ∼ 1.0 × 1052 erg
(c) GRB/XRF: Ek ∼ 2.0 × 1052 erg.

(iv) Kinetic energy–ejecta mass ratios

(a) Ib and Ic: Ek/Mej ∼ 0.06 (1052 erg M−1
! )

(b) Ic-BL: Ek/Mej ∼ 0.2 (1052 erg M−1
! )

(c) GRB/XRF: Ek/Mej ∼ 0.4 (1052 erg M−1
! ).

One particularly striking result is a clear trichotomy of the ki-
netic energies seen for Ibc, Ic-BL and GRB/XRF SNe. This can
also be seen in Fig. 4. However, as the kinetic energies calculated
here is simply Ek = 1

2 Mejv
2
ph, it could be argued that the different

average values arise from the fact that an average velocity has been
used for those events that did not have a known ejecta velocity.
To check if this is the case, an investigation was made for only
those events where the ejecta velocity has been determined from
spectra. This reduces the sample sizes to: Ibc (11), Ic-BL (6) and
GRB/XRF (7). The median values for the three subgroups are virtu-
ally identical to those seen for the complete sample (Ek = 0.18, 1.04,
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We observed SN 2003jd in the nebular
phase with the Japanese 8.2-m Subaru telescope
on 12 September 2004 (19) using the Faint
Object Camera and Spectrograph (FOCAS)
(20), and with the 10-m Keck-I telescope on
19 October 2004 using the Low Resolution
Imaging Spectrograph (LRIS) (21). These
dates correspond to SN ages of È330 and
È370 days after explosion, respectively. In
both spectra (Fig. 2), the nebular line EO I^, at
wavelengths of 6300 and 6363 ), clearly has
a double-peaked profile with full width at
half maximum (FWHM) , 8000 km s–1. The
semiforbidden Mg I^ line at 4570 ) shows a
similar profile. Magnesium is formed near
oxygen in the progenitor star. The EFe II^
blend near 5100 ) is quite weak.

Late-phase emission is created by the re-
lease of the heat deposited by g rays and pos-
itrons, both of which are emitted in the decay
chain 56Ni Y 56Co Y 56Fe. Therefore, the
mass of 56Ni can be determined indirectly
through the strength of the emission lines. Be-
cause SN 2003jd was not as luminous as SN
1998bw, we rescaled the synthetic spectra to
the appropriate 56Ni mass, the best value for
which was È0.3 the mass of the Sun (MR).
This value is actually very similar to that derived
for the GRB/SN 2003dh (22, 23) and much
larger than in the non-GRB type Ic SNe (17).

We computed nebular spectra of two-
dimensional (2D) explosion models for various
asphericities and orientations (11). We found
that a spherical model produces a flat-topped
EO I^ profile, which is not compatible with ei-
ther SN 1998bw or SN 2003jd. The flat-topped
emission is a typical characteristic of emission
from a shell. Indeed, the emission from any
spherically distributed material should have a
maximum at the wavelength of the line tran-
sition between 6300 and 6363 ), taking into
account the line blending. On the other hand,
Fig. 3 shows that a highly aspherical model
can explain the EO I^ line profiles in both SN
1998bw and SN 2003jd. To reproduce the
double-peaked profile of the EO I^ line in SN
2003jd, we found that SN 2003jd must be ori-
ented a70- away from our line of sight. In con-
trast, for SN 1998bw, this angle was only È15-
to 30- (11), and it was even smaller for SN
2003dh (24). Less aspherical models do not
produce sufficiently sharp EO I^ in SN 1998bw.

This result confirms that SN 2003jd was a
highly aspherical explosion, and it raises the
interesting question of whether SN 2003jd was
itself a GRB/SN. A GRB was not detected in
coincidence with SN 2003jd (25).

If the explosion was very off-axis, we
presume that we would not have been able to
detect g rays. However, a GRB is expected to
produce a long-lived radiative output through
synchrotron emission. X-ray and radio emis-
sions are produced by the deceleration of the
relativistic jet as it expands into the wind
emitted by the progenitor star before it ex-

ploded. This afterglow emission is very weak
until the Doppler cone of the beam intersects
our line of sight, making off-axis GRB jets
directly detectable only months after the event,
and at long wavelengths.

SN 2003jd was observed in x-rays with
Chandra on 10 November 2004, about 30 days
after the explosion, and was not detected to an
x-ray limit LX e 3.8 ! 1038 erg s–1 in the
energy interval 0.3 to 2 keV (26). It was also
observed in the radio regime (8.4 GHz) 9 days
after the explosion, and again not detected to a
radio limit LR e 1027 erg s–1 Hz–1 (27).

These nondetections may suggest that SN
2003jd did not produce a GRB. However, ab-
sence of evidence is not necessarily evidence
of absence. Let us consider the standard jet
associated with typical GRBs, that is, a sharp-
edged uniform jet with E 0 1051 erg and a 5-
opening angle, expanding laterally at the local
sound speed (see Fig. 4 legend for other param-
eters) (28, 29). If the jet expands in a wind with
density Ṁ=v 0 5 ! 1011 g cmj1 (for exam-
ple, a mass-loss rate Ṁ 0 10j6 MR per year
and velocity v 0 2000 km s–1), it would give
rise to the x-ray and radio light curves shown
in Fig. 4. If the SN made a large angle (Q60-)
with respect to our line of sight, its associated
GRB jet, if present, would not have been de-
tected in the x-rays or radio. Furthermore, the
afterglow emission can be fainter for a lower
jet energy and/or for a lower wind density.

Although this does not by itself prove that
SN 2003jd produced a GRB, it is certainly a
possibility, because quantities such as the
ejected mass of 56Ni are comparable to those
typical of GRB/SNe (22). Moreover, our
observations confirm that the energetic SN
2003jd is an aspherical explosion, reinforcing
the case for a link with a GRB. It could also be
the case for other energetic type Ic SNe. The
lack of x-ray and radio emission does not place
stringent constraints on the intrinsic kinetic
energy carried by the SN as long as the ejecta
experience little deceleration beforeÈ30 days.
The expansion velocity (which need not be
isotropic) must be | 0.2 A*

–1/3 (ee/0.1)
–1/3c

(where ee is the fraction of the total blast en-
ergy that goes into shock-accelerated electrons,
A* is wind density (Ṁ=v), and c is the speed of
light) in order to produce LX (t , 30 days) e
3.8 ! 1038 erg s–1 for a standard 1051-erg SN
shell expanding into a wind with density A* 0
ðṀ=vÞ=ð5 ! 1011 g cmj1Þ 0 1 (28). The av-
erage expansion velocity along our line of
sight can be estimated from the early-time
spectra; for SN 2003jd, this is about 0.05c. In
an aspherical explosion, however, the kinetic
energy must be considerably larger near the
rotation axis of the stellar progenitor, with
bulk expansion velocities close to È0.1c.

The bright SN 2003jd is the first type Ic SN
that shows double peaks in the EO I^ line (12),
which suggests that the degree of asphericity is

Fig. 3. Nebular line profiles observed from an aspheri-
cal explosion model depend on the orientation. The
figure shows the properties of the explosion model
computed in 2D (11). Fe (colored in green and blue) is
ejected near the jet direction and oxygen (red) in a
disc-like structure on and near the equatorial plane.
Density contours (covering two orders of magnitude
and divided into 10 equal intervals in log scale) reflect
the dense disc-like structure. Synthetic [O I] 6300 and
6363 Å lines (red lines) computed in 2D are com-
pared with the spectra of SN 1998bw and SN 2003jd
(black lines).

R E P O R T S

27 MAY 2005 VOL 308 SCIENCE www.sciencemag.org1286

 o
n 

Ju
ne

 2
5,

 2
01

2
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

Je
t 

“donut” 

Je
t 

GRB 

non‐GRB 
“hypernova” 

Si
ng
le
‐p
ea
k 
lin

e 

Double‐peak line 

Mazzali 2005 

SN2012au (Ib) 
4 Milisavljevic et al.

!"#### # "#### $
%&'()*+,$-./012

#

"

3

4

5

6

7&
'8
+*9
&$
:'
;<
$=
$>
(?
1+
8?
+

->8$@@2
A3B"C
A435

-D$@2
E4##C
E4E5

D$@
AAA5

FG$@2
56A"

H8$@
6IB3

!"#$%&$'(

FG$@
"J6#4K

@?
+&
L/
&M
*8
+&

:N
OF

$P
$3
##
#$
./

01
QL
(8
M

:N
OF

$R
$5
6#
#$
./

01
D$@
"J4"AK

!"### # "### $####
%&'()*+,-./0123

.4-53-67##8-6769
4-5-:::9

;##:<*

;#$;=>

Figure 3. Left: Late-time emission line profiles of SN 2012au.
Profiles are grouped by broad (FWHM ! 4500 km s−1) and inter-
mediate (FWHM ∼ 2000 km s−1) widths. Right: The O I λ7774
and [O I] λλ6300, 6364 emission line profiles of SN 2012au and
SN2007bi.

In Figure 3 (left), emission line profiles of SN 2012au’s
most prominent late-time spectral features are shown.
There are real differences among the emission line pro-
files across elements and their ions. Specific features of
note include: (1) the [Ca II], Na I, and Mg I] lines are
not symmetric about zero velocity and exhibit higher ex-
pansion velocities than [O I], and (2) the O I and [O I]
lines indicate two distinct velocity regions in the ejecta.
The relative strengths of narrow lines from coincident

host galaxy emission in the nebular spectra were mea-
sured to estimate the explosion site metallicity using the
method described in Sanders et al. (2012). From the
N2 diagnostic of Pettini & Pagel (2004), we meausure
an oxygen abundance of log(O/H) + 12 = 8.9 with
uncertainty 0.2 dex. Adopting a solar metallicity of
log(O/H)! + 12 = 8.7 (Asplund et al. 2005), the mea-
surement indicates that SN 2012au exploded in an en-
vironment of super-solar metallicity around Z ∼ 1 −

2 Z!. This metallicity is significantly higher than
that measured for the host environment of SN1998bw
(log(O/H) + 12 = 8.3; Levesque et al. 2010), and higher
than any of the broad-lined SN Ic host galaxies from un-
targeted surveys (Sanders et al. 2012).

2.5. Near-Infrared Spectroscopy

Three epochs of low-resolution, near-infrared spectra
spanning 0.82 to 2.51 µm were obtained using the Folded-
Port Infrared Echellette (FIRE) spectrograph on the 6.5-
m Magellan Baade Telescope (Simcoe et al. 2008). The
low dispersion prism used in combination with a 0.′′6 slit
yielded a spectral resolution R ∼ 500 in J-band. Data
were reduced following standard procedures (see, e.g.,
Hsiao et al. 2013) using a custom-developed IDL pipeline
(FIREHOSE).
The reduced NIR spectra are plotted in Figure 2 (bot-

tom). In our ∆tmax = +31d spectrum, absorptions
around both the He I λ1.083µm and λ2.05µm lines
support the identification of He I made in the optical
spectra. The minima of these absorptions shift toward

longer wavelengths in the later epochs, and the absorp-
tion around 1µm grows in strength as the 2µm absorp-
tion fades. This suggests that the He I strength dimin-
ishes as other ions possibly including Si I and C I gradu-
ally dominate the 1µm absorption as time passes.
Between ∆tmax = +81 and +318d, the full-width-at-

half-maximum (FWHM) of strong emission features as-
sociated with the Mg I λ1.503µm and O I λ1.317µm
lines narrow from approximately 5700 km s−1 to 2000
km s−1. The presence of these lines and the similarity of
their velocity distribution to the feature around 7775 Å
support our identification of it being associated with O I

λ7774 (Figure 3, left).

3. DISCUSSION

3.1. Extraordinary Late-Time Emission Properties

Our UV/optical and NIR observations of SN2012au
show it to be a slow-evolving energetic supernova with a
number of rarely observed late-time emission properties.
SN 2012au’s plateau of iron emission lines, intermediate-
width O I λ7774 emission, persistent P-Cyg absorption
features, and prolonged brightness almost one year after
explosion are not observed in the majority of late-time
spectra of SNe Ib/c (Figure 4, top).
However, a handful of objects including SN1997dq

and 2007bi do share SN2012au’s rare blend of late-
time properties. As shown in Figure 4 (bottom), aside
from some difference in the strength and velocity widths
of the Fe and Mg emissions below ≈5600 Å, above
≈5600 Å emissions from these SNe are almost indis-
tinguishable. Like SN2012au, these objects exhibited
slow spectroscopic evolution and slowly declining light
curves (see Mazzali et al. 2004, Gal-Yam et al. 2009, and
Young et al. 2010).
Mazzali et al. (2004) interpreted the long duration of

the photospheric phase in SN1997dq and SN 1997ef as
the consequence of a sharply defined two-component
ejecta distribution made of an inner, high-density re-
gion, located inside a much lower-density region of high-
velocity ejecta. This was a scenario that had been previ-
ously modeled by Maeda et al. (2003). Mazzali et al. con-
cluded that a significant fraction of Ni-rich material was
associated with velocities below the normal mass cut-off
imposed in one-dimensional explosion models and that
this signaled the presence of explosion asymmetries.
A similar explanation may be applicable to SN2012au.

The persistent P-Cyg absorptions and obvious asymme-
tries between elements and their ions in the emission line
profiles are consistent with expectations of a moderately
aspherical explosion. Moreover, the absence of [Fe III]
in the iron plateau region (Figure 4) indicates that the
density of the Fe-rich region is high and likely clumped.
Thus, it is possible this asphericity was jet-driven, since
models have demonstrated that jetted explosions can sig-
nificantly alter density profiles and 56Ni distributions, es-
pecially in the central region (Maeda & Nomoto 2003).
The presence of the density-sensitive line O I λ7774

and its velocity width is especially noteworthy (see, e.g.,
Maurer & Mazzali 2010). In the cases of SN2012au and
SN2007bi, the center of the O I distribution sits in the
middle of an emission gap of the [O I] λλ6300, 6364 pro-
file (Figure 3, right). This, along with the Mg I 1.503µm
feature in the NIR, is suggestive of an observer perspec-

4 Milisavljevic et al.
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Figure 3. Left: Late-time emission line profiles of SN 2012au.
Profiles are grouped by broad (FWHM ! 4500 km s−1) and inter-
mediate (FWHM ∼ 2000 km s−1) widths. Right: The O I λ7774
and [O I] λλ6300, 6364 emission line profiles of SN 2012au and
SN2007bi.

In Figure 3 (left), emission line profiles of SN 2012au’s
most prominent late-time spectral features are shown.
There are real differences among the emission line pro-
files across elements and their ions. Specific features of
note include: (1) the [Ca II], Na I, and Mg I] lines are
not symmetric about zero velocity and exhibit higher ex-
pansion velocities than [O I], and (2) the O I and [O I]
lines indicate two distinct velocity regions in the ejecta.
The relative strengths of narrow lines from coincident

host galaxy emission in the nebular spectra were mea-
sured to estimate the explosion site metallicity using the
method described in Sanders et al. (2012). From the
N2 diagnostic of Pettini & Pagel (2004), we meausure
an oxygen abundance of log(O/H) + 12 = 8.9 with
uncertainty 0.2 dex. Adopting a solar metallicity of
log(O/H)! + 12 = 8.7 (Asplund et al. 2005), the mea-
surement indicates that SN 2012au exploded in an en-
vironment of super-solar metallicity around Z ∼ 1 −

2 Z!. This metallicity is significantly higher than
that measured for the host environment of SN1998bw
(log(O/H) + 12 = 8.3; Levesque et al. 2010), and higher
than any of the broad-lined SN Ic host galaxies from un-
targeted surveys (Sanders et al. 2012).

2.5. Near-Infrared Spectroscopy

Three epochs of low-resolution, near-infrared spectra
spanning 0.82 to 2.51 µm were obtained using the Folded-
Port Infrared Echellette (FIRE) spectrograph on the 6.5-
m Magellan Baade Telescope (Simcoe et al. 2008). The
low dispersion prism used in combination with a 0.′′6 slit
yielded a spectral resolution R ∼ 500 in J-band. Data
were reduced following standard procedures (see, e.g.,
Hsiao et al. 2013) using a custom-developed IDL pipeline
(FIREHOSE).
The reduced NIR spectra are plotted in Figure 2 (bot-

tom). In our ∆tmax = +31d spectrum, absorptions
around both the He I λ1.083µm and λ2.05µm lines
support the identification of He I made in the optical
spectra. The minima of these absorptions shift toward

longer wavelengths in the later epochs, and the absorp-
tion around 1µm grows in strength as the 2µm absorp-
tion fades. This suggests that the He I strength dimin-
ishes as other ions possibly including Si I and C I gradu-
ally dominate the 1µm absorption as time passes.
Between ∆tmax = +81 and +318d, the full-width-at-

half-maximum (FWHM) of strong emission features as-
sociated with the Mg I λ1.503µm and O I λ1.317µm
lines narrow from approximately 5700 km s−1 to 2000
km s−1. The presence of these lines and the similarity of
their velocity distribution to the feature around 7775 Å
support our identification of it being associated with O I

λ7774 (Figure 3, left).

3. DISCUSSION

3.1. Extraordinary Late-Time Emission Properties

Our UV/optical and NIR observations of SN2012au
show it to be a slow-evolving energetic supernova with a
number of rarely observed late-time emission properties.
SN 2012au’s plateau of iron emission lines, intermediate-
width O I λ7774 emission, persistent P-Cyg absorption
features, and prolonged brightness almost one year after
explosion are not observed in the majority of late-time
spectra of SNe Ib/c (Figure 4, top).
However, a handful of objects including SN1997dq

and 2007bi do share SN2012au’s rare blend of late-
time properties. As shown in Figure 4 (bottom), aside
from some difference in the strength and velocity widths
of the Fe and Mg emissions below ≈5600 Å, above
≈5600 Å emissions from these SNe are almost indis-
tinguishable. Like SN2012au, these objects exhibited
slow spectroscopic evolution and slowly declining light
curves (see Mazzali et al. 2004, Gal-Yam et al. 2009, and
Young et al. 2010).
Mazzali et al. (2004) interpreted the long duration of

the photospheric phase in SN1997dq and SN 1997ef as
the consequence of a sharply defined two-component
ejecta distribution made of an inner, high-density re-
gion, located inside a much lower-density region of high-
velocity ejecta. This was a scenario that had been previ-
ously modeled by Maeda et al. (2003). Mazzali et al. con-
cluded that a significant fraction of Ni-rich material was
associated with velocities below the normal mass cut-off
imposed in one-dimensional explosion models and that
this signaled the presence of explosion asymmetries.
A similar explanation may be applicable to SN2012au.

The persistent P-Cyg absorptions and obvious asymme-
tries between elements and their ions in the emission line
profiles are consistent with expectations of a moderately
aspherical explosion. Moreover, the absence of [Fe III]
in the iron plateau region (Figure 4) indicates that the
density of the Fe-rich region is high and likely clumped.
Thus, it is possible this asphericity was jet-driven, since
models have demonstrated that jetted explosions can sig-
nificantly alter density profiles and 56Ni distributions, es-
pecially in the central region (Maeda & Nomoto 2003).
The presence of the density-sensitive line O I λ7774

and its velocity width is especially noteworthy (see, e.g.,
Maurer & Mazzali 2010). In the cases of SN2012au and
SN2007bi, the center of the O I distribution sits in the
middle of an emission gap of the [O I] λλ6300, 6364 pro-
file (Figure 3, right). This, along with the Mg I 1.503µm
feature in the NIR, is suggestive of an observer perspec-
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Here it is assumed that the electrons are accelerated into a
power-law distribution, N (!) / !!p, with p ¼ 2:0. These
equations reveal that the strength of the nonrelativistic emis-
sion is strongly dependent on the density of the circumstellar
medium (especially in the case of a wind) and is best probed at
low frequencies.

While this analytic model provides robust predictions for the
afterglow emission at t > tNR, it does not describe the early evo-
lution or the transition from relativistic to subrelativistic expan-
sion. At early time, the observed emission from an off-axis GRB
is strongly dependent on the viewing angle and dynamics of the
jet. To investigate this early afterglow evolution and the transi-
tion to subrelativistic expansion, we developed a detailed semi-
analytic model, described below.

3.2. A Semianalytic Model

In modeling the afterglow emission from an off-axis GRB jet,
we adopt the standard framework for an adiabatic blast wave
expanding into either a uniform or wind-stratified medium (Sari
1997; Granot & Sari 2002). We assume a uniform, sharp-edged
jet such that the Lorentz factor and energy are constant over the
jet surface. The hydrodynamic evolution of the jet is fully de-
scribed in Oren et al. (2004). As the bulk Lorentz factor of the
ejecta approaches ! # 1, the jets begin to spread laterally at the
sound speed.10 Our off-axis light curves are obtained by integrat-
ing the afterglow emission over equal arrival time surface. We
note that these resulting light curves are in broad agreement with
model 2 of Granot et al. (2002) and are consistent withWaxman’s
analytic model (x 3.1) on timescales tk tNR.

Overplotted in Figure 1 are our off-axis models calculated for
both wind-stratified and homogeneous media at an observing fre-
quency of "obs ¼ 8:46 GHz. We assume standard GRB parame-
ters of E51 ¼ A$ ¼ n ¼ 1, #B ¼ #e ¼ 0:1, p ¼ 2:2, and $j ¼ 5%,
consistent with the typical values inferred from broadband mod-
eling of GRBs (Panaitescu & Kumar 2002; Yost et al. 2003;
Chevalier et al. 2004).We compute model light curves for off-axis
viewing angles between 30% and 90%. As clearly shown in the fig-
ure, the majority of our late-time SNe Ibc limits are significantly
fainter than all of the model light curves, constraining even the
extreme case where $obs ¼ 90%.

4. SN 2003JD: CONSTRAINTS ON THE OFF-AXIS JET

Based on the double-peaked profiles observed for the nebular
lines of neutral oxygen and magnesium, Mazzali et al. (2005) ar-
gued that SN 2003jd was an aspherical, axisymmetric explosion

TABLE 2—Continued

SN Name Host Galaxy

Distancea

(Mpc)

Explosion Dateb

(UT)

IAUC

(Number)

Observation Date

(UT)

"tc

(days)

Flux Densityd

(%Jy)

2003dr ............... NGC 5714 31.7 2003 Apr 8–12 8117 2003 Nov 2 206 &58

2003ds............... NGC 3191 132.9 2003 Mar 25–Apr 14 8120 2003 Nov 2 212 &67

2003el................ NGC 5000 80.2 2003 Apr 19–May 22 8135 2003 Nov 2 180 &65

2003ev............... Anonymous 103.3 2003 Apr 9–Jun 1 8140 2003 Nov 2 180 &61

2003jde,f ............ MCG !01-59-21 80.8 2003 Oct 16–25 8232 2005 May 12 569 &15

a Distances have been calculated from the host galaxy redshift. We assume H0 ¼ 72 km s!1 Mpc!1, #M ¼ 0:27, and #$ ¼ 0:73.
b Explosion dates are given as a range constrained by the date of discovery and the most recent prediscovery image in which the SN is not detected. In the cases

where prediscovery images are not available (or not constraining), we adopt the spectroscopically derived age estimate with respect to maximum light and assume a
typical light-curve rise time of #21 days to provide a rough estimate of the explosion date.

c Calculated using the average of the explosion date range (fourth column).
d All observations were conducted at 8.46 GHz (except for SN 1991D at 4.86 GHz), and uncertainties represent 1 & rms noise.
e Broad absorption lines observed spectroscopically.
f Early radio limits reported in Berger et al. (2003a).
g We detect a #0.7 mJy source located #200 from the optical position for SN 2000de. Due to the significant positional offset, we assume the radio source is not

associated with the SN.
h Early radio data for SN 2002ap was reported by Berger et al. (2002).

Fig. 1.—Late-time radio limits (3 &) shown for 62 local Type Ibc SNe
(triangles) and six broad-lined SNe (circles with arrows) including SN 2003jd
(encircled dot). For SN 2001em, we adopt the spherical SN emission as an upper
limit on the emission from an off-axis GRB jet. Afterglow models for a typical
GRB (E51 ¼ A$ ¼ n0 ¼ 1, #e ¼ #B ¼ 0:1, $j ¼ 5%, p ¼ 2:2) are shown for both
wind-stratified (solid lines) and homogeneous (dashed lines) media at viewing
angles of $obs ¼ 30% (thickest line), 60% (thick line), and 90% (thin line) away
from the initial collimation axis of the jet. As discussed in x 3.2, we make the
conservative assumption that lateral jet spreading does not begin until after the
nonrelativistic transition, at which point the jets spread sideways at the sound
speed. All of the broad-lined SNe, including SN 2003jd, are significantly fainter
than the model light curves, regardless of the CSM density profile or viewing
angle.

10 Since the spreading behavior of relativistic GRB jets is poorly constrained
by observations, we assume negligible spreading during this phase.We adopt this
conservative assumption, since it produces the faintest off-axis light curves.
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mergers of two neutron stars are expected to have a wide distribution
in coalescence timescales23 and so are expected to occur in both old
and young galaxies. We note that the offset of the burst position from
its host galaxy centre is among the largest observed25, and the
afterglow is not conspicuously centred on a bright part of the host
as is usually seen in long GRBs26. Whereas GRB 050509B was
associated with an elliptical galaxy, our observations of a starburst
host galaxy establishes the diverse nature of these events. This is
analogous to the way type Ia supernovae are found in diverse
environments. The different environments and the different mean
ages of the stellar population may be indicative of a wide range of
formation timescales (for example, the in-spiral timescale in the
merger model) or simply reflect the likely existence of an old
population in starburst galaxies.
At 34 h, the afterglow exhibits a very steep optical to X-ray spectral

index, bOX ¼ 21.1 ^ 0.1 (f n / nb), steeper than that observed for
any afterglow of a long GRB27. A merger of two neutron stars may
lead to a ‘mini-supernova’—that is, emission in the ultraviolet/
optical domain at about 1 d after the merger with peak brightness
similar to a supernova, and arising from subrelativistic ejecta con-
densing to form neutron-rich, radioactive material that acts as a
heat source for an expanding envelope28. In view of the steep optical
to X-ray spectral index, our detection of an optical transient may be
consistent with a variant of the mini-supernova model; we note,
however, that this probably requires the X-ray and optical emission
to originate from different emitting regions. Alternatively, the after-
glow can be attributed to synchrotron emission from relativistic
ejecta17, much as in long GRBs12,29 and for the X-ray afterglow of
GRB 050509B8,21,30. The observed parameters for GRB 050709,
a ¼ 21.33 ^ 0.45 and bOX ¼ 21.1 ^ 0.1, are consistent with syn-
chrotron emission with a power-law electron energy distribution
with index 2.0 , p , 3.4. Synchrotron emission from short GRBs is
expected to be much fainter than long GRB afterglows as the total
energy deposited is expected to be smaller. The much fainter X-ray
afterglow of GRB 050509B and the lack of optical detection may be
related to its smaller isotropic energy output (,1.1 £ 1048 erg; ref. 8),
,20 times less than in GRB 050709.
The localization of short GRBs have lead to intriguing obser-

vations that seem to support the leading merger model8,21,30. How-
ever, with a sample of only two events it would be prudent not to
draw definitive conclusions at this stage about the progenitors of
short GRBs. Future optical observations, even from small telescopes,

will play an important role in finally determining the origin of short
GRBs, although ultimately, detection of gravitational waves23 will
demonstrate whether short GRBs result from mergers of coalescing
binary compact stars.
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Figure 3 | Light curve of the optical counterpart to GRB 050709. The data
points are from Table 1. Error bars are 1j standard deviations. Upper limits
are 2j upper limits. Fitting a power law to the first two data points (dotted
line) yields a decay slope of a ¼ 21.33 ^ 0.45 (including the first upper limit
results in a ¼ 21.61 ^ 0.44). This value is similar to the decay slopes
observed for long GRBs, and is indicative of synchrotron emission. Also
shown (solid curve) is the light curve of the faint type Ic SN 1994I, which is
fainter than normal template supernovae of types Ia and Ic22. Our upper limits
at 18 and 20 days clearly rule out even such a faint supernova.
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option given the large number of decaying nuclei and their complex
γ -ray spectra; rather, we incorporate the escape fraction into an
average thermalization efficiency εtherm that we hold constant in
time. We calculate models assuming both εtherm = 0.5 and 1 in
order to bracket the uncertainty in the precise fraction of γ -rays
that thermalize (see Section 3.2.4).

Although the ejecta from NS–NS/NS–BH mergers is likely to be
highly asymmetric (e.g. the ‘banana-like’ geometry of tidal tails;
Rosswog 2005), we assume a one-dimensional (spherically sym-
metric) geometry for simplicity. We shall address the effects of
the full multidimensional kinematics of the outflow in future work.
Since SEDONA uses a velocity–time grid, a required input to the
calculation is the velocity profile ρ(v) of the (assumed homolo-
gous) expansion. We take the density profile to decrease as ρ ∝ v−3

between v ≈ 0.05–0.2c, as motivated by the typical velocity v ∼
0.1c of the dynamically ejected and wind-driven neutron-rich ejecta
from NS–NS/NS–BH mergers (Section 2.1). We assume that ρ(v)
decreases exponentially with v outside this range and have verified
that our results are not sensitive to precisely how we taper the edges
of the velocity distribution. We find that our results are also similar
if we instead assume ρ ∝ v−2 or ρ ∝ v−4, implying that the exact
density profile is not crucial for the overall light-curve shape.

Another input to our calculation is the composition, the ioniza-
tion energies of each element and the bound–bound and bound–free
opacities of each element. Unfortunately, the spectral line informa-
tion for these very high-Z elements is very limited. Most of the
data available is experimental (e.g. Lawler et al. 2006, 2007, 2009;
Biémont et al. 2007), since many body quantum mechanical cal-
culations of these elements’ spectra represent a formidable task,
even with modern computing. Much of the experimental work has
focused on aiding studies of r-process abundances in ultra metal-
poor halo stars, which generally make use of resonant absorption
lines at optical wavelengths (e.g. Cayrel 1996; Sneden et al. 2003).
However, the total opacity of most relevance to merger transients
results from densely packed UV lines, for which there is currently
insufficient information in either the Kurucz line list (Kurucz &
Bell 1995) or the more recent experimental studies. Nevertheless,
the spectra of at least some high-Z r-process elements are almost
certainly as complex as Fe peak elements, if not more (Wahlgren,
private communication); this is important because the Fe peak ele-
ments cause UV ‘line blanketing’ in normal SN spectra. We expect
that the same effect is likely to be produced by third r-process peak
elements since they are largely transition metals.

Given this lack of spectral information, we attempt to crudely
account for the effects of the unknown r-process element lines on
the opacity by using the bound–bound lines of Fe, but modified to
include the correct ionization energies of the r-process elements.
Specifically, our calculations use the ionization energies of Pb as a
representative r-process element. These uncertainties in the bound–
bound transitions obviously limit our ability to make detailed spec-
troscopic predictions, but it does allow us to qualitatively address
the effects of line blanketing on the transients’ colour evolution. In
addition, the overall light-curve shape, the peak luminosity and the
characteristic time-scale of the event (∼ day) are robust in spite of
these uncertainties.

4.2 Results

Fig. 4 shows our results for the bolometric light curve for a fiducial
model with Ye = 0.1, ejecta mass Mej = 10−2 M% and outflow
speed v = 0.1c. We show two calculations performed using differ-
ent values for the assumed thermalization efficiency, εtherm = 0.5

Figure 4. Bolometric light curve of the radioactively powered transients
from NS–NS/NS–BH mergers, calculated assuming a total ejecta mass
Mtot = 10−2 M% with electron fraction Ye = 0.1 and mean outflow speed
v & 0.1c, and for two values of the thermalization efficiency (Section 3.2),
εtherm = 1 (solid line) and εtherm = 0.5 (dotted line). Also shown for com-
parison (dashed line) is a one-zone calculation based on the LP98 model (as
implemented in Kulkarni 2005; Metzger et al. 2008b) assuming f = 3 ×
10−6 (see Section 3.2.4) and the same values for Mtot and v.

Figure 5. Top panel: νLν colour light curves from the εtherm = 1 calculation
in Fig. 4. V-, U- and R-band light curves are shown with solid, dotted
and dashed lines, respectively. Bottom panel: analogous colour evolution
predicted by the LP98 blackbody model.

and 1, which roughly bracket our uncertainty in the γ -ray escape
fraction (Section 3.2). Also shown for comparison in Fig. 4 is the
toy model of LP98 (cf. Kulkarni 2005; Section 2.2), calculated as-
suming an electron scattering opacity and an ‘f ’ value = 3 × 10−6,
as calibrated to match the radioactive heating rate in Section 3.2.4.
Fig. 4 shows that the light curves predicted using the toy model and
our more detailed calculation are relatively similar near the time of
peak emission (tpeak ∼ 1 d), but their differences become more pro-
nounced at earlier and later times. The ‘bumps’ in the light curve
at t ∼ few days in our calculation are due to recombination of the
outer shell electrons in our representative high-Z element Pb (and
the resulting opacity change) as the expanding photosphere cools.

In the top panel of Fig. 5 we decompose the light curve into
luminosities νLν in several standard optical bands (i.e. ‘colours’).
The bottom panel of Fig. 5 shows the analogous colour evolution
predicted with the LP98 model, which assumes a perfect (single
temperature) blackbody spectrum. Both calculations predict that the

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 406, 2650–2662
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photometry we measure a spectral index b5 0.94 at,1.7 d after the
GRB). The afterglow is also bright in the ultraviolet9, where extinc-
tion would be more severe. X-ray spectra (V.M. et al., manuscript in
preparation) also show little absorbingmaterial along the line of sight
(yielding a rest-frame hydrogen column densityNH, 23 1020 cm22

at 90% confidence level). Furthermore, by modelling the broad-
band optical/X-ray spectral energy distribution (see Supplementary
Fig. 1), we can estimate that the source was affected by less than
0.2mag of extinction in the observed R band. Allowing for this
amount of extinction, we can refine our limit for the supernova peak
magnitude to MV.213.7.

So far only type-Ib/c events have been clearly associated with
GRBs1 and, had the progenitor of GRB 060614 been one of them,
its expected colour at maximum light would be B2V< 0.56 0.1, as
measured in well-observed events such as SN 2006aj10, SN 2002ap16

and SN 1998bw2, as well in several other type-Ib/c supernovae. From
the tables of ref. 17, we find that this colour corresponds to an effec-
tive temperature T< 6,500 K, which, combined with the lower
limit to the absolute magnitude, provides a strict upper limit to the
bolometric luminosity, at maximum light, of L, 1041 erg s21.
Therefore the radius of the emitting region is constrained
to be R<

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L=(4psT4)

p
v2:8|1014cm (where s is the Stefan–

Boltzmann constant). As the rise times to maximum light of type-
Ib/c supernovae range between 10 and 20 d (refs 10, 18–20) in the V
band, the upper limit to the radius implies an upper limit to the
expansion velocity in the range 1,600–3,200 km s21. This value is

an order of magnitude smaller than that observed in supernovae
associated with GRBs7,15.

The low expansion velocity and the faint luminosity implied for a
possible supernova progenitor are reminiscent of a class of very faint
core-collapse supernovae recently discovered21 in the local Universe.
They are of type II, have absolute magnitudes at maximum in the
range 213.MV.215, and show very small expansion velocities
(,1,000 km s21). The properties of such objects may well be consist-
ent with the available data on GRB 060614.

Faint type-II supernovae have been interpreted in terms of the
collapse of massive stars with an explosion energy so small that most
of the 56Ni falls back onto the compact stellar remnant22. Such super-
novae share properties with the present case, both in terms of obser-
vational characteristics and because they are expected to give rise to a
black hole (which is believed to be necessary for the production of a
GRB). However, the possibility that such supernova progenitors are
able to produce GRBs has yet to be explored. In particular, the stellar
envelope would need to be absent for the relativistic jets to emerge
out of the star. GRB 060614 might thus be an example of a fallback
supernova of type Ib/c. The small amount of nickel (,1023M[),
responsible for the very low luminosity, might possibly also provide
little heating to the ejecta, leading to an unusually low temperature
(T< 2,000 K) and allowing for larger expansion velocities (as v /
T22). In any case, GRB 060614may be the prototype of a new class of
GRBs originating from a new kind of massive star death, different
from those producing both classical long-duration (associated with
bright type-Ib/c supernovae) and short-duration (possibly origin-
ating in binary system mergers23) GRBs. Some evidence for this idea
comes from the high-energy properties of this GRB, which contem-
poraneously exhibits features typical of both the long and short GRB
classes8. Indeed, scenarios in which the GRB was not directly con-
nected to a supernova explosion24 cannot be excluded by our data
(though they are not required). For example, our data would be
compatible with a supernova exploding before the GRB25. Also, a
binary merger mechanism26, similar to that proposed to power
short-duration GRBs, or some type of collapsar model27, are not
expected to produce a supernova. These results challenge the com-
monly accepted scenario in which long-duration GRBs are produced
only together with very bright supernova explosions. Not all GRBs
are produced in such a way.

Received 9 August; accepted 25 October 2006.
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Figure 2 | R-band light curve of the GRB 060614 afterglow. Red open
circles show data from the literature13,14,29 (not used in the fits); red filled
circles represent our VLT data (see Supplementary Table 1). Error bars
(smaller than symbols for most of our data) show the 1s errors. Photometry
was performed adopting large apertures in order to include all the flux from
the host galaxy. Flux calibration was achieved by observing several Landolt
standard fields. The data were modelled as the sum (solid lines) of three
components: the afterglow (dotted lines), the host (dashed lines) and a
supernova akin to SN 1998bw but rescaled in flux (‘bw’; dot-dashed lines).
The different colours correspond to different contributions from the
supernova: no contribution (blue), a supernova fainter by 5.6mag (green),
and a supernova fainter by 4mag (yellow). The model shown by green lines
corresponds to the brightest supernova allowed by our data,MV.213.5, at
the 3s level. At the 2s level, the limit isMV.212.9. Themodel shownby the
yellow lines is clearly inadequate. The inset shows an expanded version of the
plot around the peak of a putative supernova. The afterglow component is
described by a broken power law with decay indices a15 1.086 0.03 and
a25 2.486 0.07, respectively before and after the break at
tbreak5 1.396 0.04 d (x2/d.o.f.5 15.5/20). Interpreting this as a jet break,
the inferred jet half-opening angle is q< 12u.
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Figure 3 | Pseudo-bolometric and absolute R-band light curves of
SN2008ha. a, We compare a pseudo-bolometric light curve of SN 2008ha
with those of other supernova types (error bars show the standard errors).
The pseudo-bolometric light curve of SN 2008ha was computed, using our
R-band observations and SN2005hk as references (after having time-
stretched the data of SN 2005hk to fit the time evolution of SN 2008ha). The
light curve of SN 2008ha is faster than those of most other supernovae.
Considering the low expansion velocity, the light curve of SN 2008ha is
inconsistent with a thermonuclear explosion of 1.4 solar masses, typical of
type Ia supernovae. The peak luminosity is similar to SN 2005cs, suggesting
possibly a stripped-core analogue of this type of explosion15, or the weak
explosion of a very massive star with black-hole formation1–3 b, The R-band
light curve of SN 2008ha is shown together with those of SN 1998bw14 and
the afterglows of two long-duration gamma-ray bursts (error bars show the

standard errors). The detection of ref. 10 and magnitudes from the Bright
Supernova website (http://www.rochesterastronomy.org/snimages/) are
shown as triangles. GRB 060614 showed no evidence for a supernova
signature in its R-band afterglow light curve, leading the authors of refs 7, 8
and 9 to suggest that a faint supernova (fainter than213.7 at peak) would be
required to be consistent with the canonical physical productionmechanism
for long gamma-ray bursts. The horizontal line (blue dotted line) is the host
galaxy of GRB060614. The light curve of SN 2008ha shows, for the first time,
that such faint hydrogen poor core-collapse supernovae (even though
SN2008ha was slightly brighter than 213.7 at maximum (being
R5214.56 0.3), do exist. As a comparison, the afterglow of a bright
gamma-ray burst (GRB030329) consistent with the explosion of a
SN 1998bw-like event is also shown30. In that case the flux excess with respect
to the afterglow (green dotted line) was partially due to the SN 1998bw event.
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Figure 4 | Spectra of SN2008ha and SN2002cx-like events. a, The
spectrum of SN 2008ha is compared with those of SN 2002cx6,19,20 and
SN2005hk21,22 at 2–3weeks after maximum light. The most significant
differences between the spectra are due to a different degree of line blending.
The spectra of supernovae 2005hk and 2002cx are shifted by23,000 km s21

to align the absorptions. b, The nebular spectrumof SN 2005hk at,400 days
is compared with that of the faint hydrogen-rich supernova SN1997D25. In
analogy to SN1997D, the nebular spectrum of SN 2005hk is rich in

permitted Fe II lines, clear evidence that the ejecta are still dense and not
completely transparent. The [Fe II] and [Fe III] lines typical of
thermonuclear supernovae, and the [O I] typical of stripped-envelope core-
collapse supernovae, are not detected. In SN1997D the [O I] feature
appeared only about six months later25. The spectrum of SN 2005hk was
taken on 27 November 2006 at the Very Large Telescope VLT1FORS2
(programme ID 078.D0246) (Stanishev, V. et al., manuscript in
preparation).
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Fig. 4.— EVLA upper limits for SN 2010ay (black arrows) are compared with the observed radio light-curves for ordinary SNe Ibc (grey;
Soderberg 2007 and references within) and the radio afterglows of all GRB-SNe within z ≤ 0.25. SN 2010ay is a factor of 102 to 103 less
luminous than XRF020903 (orange; Soderberg et al. 2004a), GRB030329 (blue; Berger et al. 2003b; Frail et al. 2005), and GRB031203
(Soderberg et al. 2004b). Relativistic, engine-driven SNe 1998bw (red; Kulkarni et al. 1998) and 2009bb (dark blue; Soderberg et al. 2010)
are a factor of 10 more luminous than the SN 2010ay limits on a comparable timescale, while XRF060218 lies a factor of a few below the
limits. We constrain the radio counterpart to be no more luminous than XRF060218 and comparable to the peak luminosities of ordinary
SNe Ibc.

TABLE 3
Emission line fluxes measured for the

host galaxy of SN2010ay

Emission Line Flux
(10−16erg s−1cm−2)

[O II]λ3726, 3729 52± 2
Hδ 4.5± 0.2
Hγ 9.9± 0.1
[O III]λ4363 0.7± 0.1
Hβ 24.5± 0.1
[O III]λ4959 30.4± 0.1
[O III]λ5007 90.1± 0.2
[N II]λ6548 2.2± 0.1
Hα 84.5± 0.1
[N II]λ6584 6.33± 0.06
[S II]λ6717 7.46± 0.06
[S II]λ6731 5.59± 0.06

Note. — All fluxes have been measured
from our Gemini spectrum. No reddening cor-
rection has been applied. There is an addi-
tional systematic uncertainty in the flux mea-
surements of ∼ 10% due to flux calibration.

the unextincted i′ − R color observed for the Type Ic-
BL SN1998bw at the appropriate epoch (Galama et al.

1998). Photometry for the unfiltered CRTS images was
reported by Drake et al. (2010) after transformation to
the synthetic V-band (A.J. Drake, private communica-
tion); we therefore assume the V −R color of SN 1998bw
at the appropriate epoch. For the Pan-STARRS1 pho-
tometry, the host galaxy flux was subtracted using a
template image. For all other photometry, we have sub-
tracted the flux of the host galaxy numerically assuming
the magnitude reported in Table 1. A total (Galactic +
host) reddening of E(B-V)= 0.2 mag has been assumed
(see §2.3.1).
To estimate the explosion date of SN2010ay we have

fit an expanding fireball model to the optical light curve
(Figure 2), following Conley et al. (2006). In this model,
the luminosity increases as

L ∝

(

t− t0
1 + z

)n

(1)

We derive an explosion date t0 of 2010 February
21.2±1.5. Here we have assumed an index n = 2. This
suggests that the PS1 3π iP1band pre-discovery detec-
tion image of SN2010ay was taken ∼ 4 days after the
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“REVERSE” the trigger 
The Astrophysical Journal, 769:130 (16pp), 2013 June 1 Cenko et al.

Figure 2. Optical light curve of PTF11agg, compared with a representative sample of afterglows of long-duration GRBs discovered by the Swift satellite (Cenko
et al. 2009). The Swift GRBs are color-coded by redshift; small black points indicate GRBs with unknown distance. The observed power-law decline from PTF11agg
(α = 1.66) is consistent with GRB afterglow observations at ∆t ≈ 1 day after the burst. Though at the high end of the observed brightness distribution at ∆t ≈ 0.2 days,
a sizeable fraction (∼10%) of Swift events have a comparable R-band magnitude at ∆t ≈ 1 day. The inverted triangles mark 3σ upper limits.
(A color version of this figure is available in the online journal.)

Table 1
Optical/Near-infrared Observations of PTF11agg

Date Telescope/Instrument Filter Exposure Time Magnitude
(MJD) (s)

55590.30519 P48/CFHT12k R 540 >21.9
55591.22026 P48/CFHT12k R 60 18.26 ± 0.05
55591.22245 P48/CFHT12k R 60 18.25 ± 0.04
55591.23391 P48/CFHT12k R 60 18.36 ± 0.05
55591.25326 P48/CFHT12k R 60 18.51 ± 0.08
55591.26691 P48/CFHT12k R 60 18.51 ± 0.04
55591.26800 P48/CFHT12k R 60 18.61 ± 0.06
55591.33081 P48/CFHT12k R 60 18.53 ± 0.17
55591.36188 P48/CFHT12k R 60 18.96 ± 0.28
55591.40604 P48/CFHT12k R 60 19.36 ± 0.10
55591.42439 P48/CFHT12k R 60 19.46 ± 0.09
55591.43978 P48/CFHT12k R 60 19.51 ± 0.10
55593.40775 P48/CFHT12k R 420 22.15 ± 0.33
55594.23819 P48/CFHT12k R 300 >21.2
55621.19100 PAIRITEL H 2246 >20.4
55621.19100 PAIRITEL J 2246 >20.6
55621.19100 PAIRITEL Ks 2246 >19.7
55624.49–55678.28 Keck I/LRIS g′ 6680 26.63 ± 0.33
55624.49–55678.28 Keck I/LRIS R 5700 26.28 ± 0.28
55830.60259 Keck I/LRIS g′ 2100 26.34 ± 0.19
55830.59849 Keck I/LRIS R 2160 26.17 ± 0.22
55944.22461 Magellan/IMACS I 2400 >25.2
56014.27324 P200/WIRC Ks 1200 >22.6

(PAIRITEL; Bloom et al. 2006) on 2011 March 1 (∆t =
30 days). A total exposure time of 2246 s was obtained
simultaneously in the J, H, and Ks filters. Raw data files were
processed using standard NIR reduction methods via PAIRITEL
Pipeline III (C. Klein et al., in preparation), and resampled using
SWarp (Bertin et al. 2002) to create 1.′′0 pixel−1 images for final
photometry.

We also observed the location of PTF11agg with the Wide-
Field Infrared Camera (WIRC; Wilson et al. 2003) mounted
on the 5 m Hale telescope at Palomar Observatory. The images
were obtained in the Ks filter on 2012 March 28 (∆t = 423 days)
for a total exposure time of 1200 s. The individual frames were
reduced using a custom pipeline within the IRAF environment
(Tody 1986). Both the PAIRITEL and WIRC images were

3
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“UNUSUAL” 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type 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SN 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with 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+ 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FIG. 3.ÈSpectra of SN 1998bw taken 62 and 111 days after GRB
980425, SN 1997cy taken 87 days after GRB 970514, and SN 1991T at 85
days after explosion. SN 1997cy is a distinctly di†erent object but seems to
have Fe II/[Fe III] features in common with SN 1991T at a similar age and
a Ha proÐle similar to those SNe thought to be undergoing circumstellar
interaction.

Emission was detected above 300 keV, marking it as a high-
energy (HE) burst (Pendleton et al. 1997). These properties
set GRB 970514 apart from all other GRBs that have had
an identiÐed optical transient.

Given the association of GRB 980425 with SN 1998bw,
Bloom et al. (1998) and Norris, Bonnell, & Watanabe (1998)
have proposed a SN-associated subclass of GRBs (S-GRBs)
based on the properties of GRB 980425. These S-GRBs
have a simple, broad-burst proÐle with a rounded
maximum, no high-energy (NHE) emission, no long-lived
X-ray afterglow, and prompt radio emission. In contrast,
GRB 970514 contains HE emission and displays a cusp
rather than a rounded maximum. Unfortunately, there was
no immediate radio4 or X-ray followup of GRB 970514,
and no deÐnite properties that can be assigned to a S-GRB
subclass have emerged from these two objects.

4.2. Spectra of SN 1997cy
Figure 3 shows a spectrum of SN 1997cy obtained with

the MSSSO 2.3 m telescope on 1997 August 9, 87 days after
GRB 970514. Also plotted are MSSSO 2.3 m spectra of SN
1998bw that bracket the age of SN 1997cy and a spectrum
of SN 1991T, a Type Ia SN approximately 85 days after
explosion (Phillips et al. 1992). It is clear from these spectra
that the two objects found to be associated with GRBs are
very di†erent. SN 1998bw is classiÐed as a Type Ic SN
(Patat & Piemonte 1998) owing to the absence of Si, H, and
He lines that are representative of Type Ia, II, and Ib SNe,
respectively. SN 1997cy appears to be a hybrid object,
containing the H lines present in Type II SNe as well as

4 However, late-time observations with the Australia Telescope
Compact Array were obtained and are discussed in ° 4.4.

Fe II/[Fe III] lines found in late-time spectra of Type Ia SNe
(Branch et al. 1983). Such an object cannot be classiÐed
under the conventional SN scheme and is probably best
referred to as a peculiar Type II SN as per Benetti et al.
(1997).

The dominant feature in the spectrum of SN 1997cy is an
intense Ha emission line with broad (D3000 km s~1) and
narrow (D300 km s~1) components. However, it lacks the
P Cygni proÐle of Ha normally found in Type II SNe and is
reminiscent of the peculiar Type IIn SN 1988Z (Stathakis &
Sadler 1991 ; Turatto et al. 1993). This line proÐle suggests
that a signiÐcant amount of interaction between SN 1997cy
and the surrounding circumstellar material is taking place
(Chugai 1991). The other main features near 4600 (D10,A!
500 km s~1) and 5300 in SN 1997cy coincide with theA!
position of [Fe III] typical of late-time Type Ia spectra.

The origin of the broad absorption feature extending
from 5645 to 6115 and centered at 5795 is unclear.A! A!
While He (5876) and Na D (5893) are possibilities, the
absorption seems far too broad and centered at too low a
velocity for this to make sense. Given the GRB connection,
one might be tempted to consider that this absorption is Ha
from a jet pointed toward our line of sight. However, there
is no comparable Hb absorption. Another possibility is that
this is not an absorption feature at all, but rather a region
without emission lines.

Figure 4 shows a spectrum of SN 1997cy taken 408 days
past GRB 970514. Ha still dominates the spectrum
although it appears narrower than in the spectrum taken 87
days after GRB 970514. This and the continued presence of
the mysterious dip at 5795 show the spectrum of SNA!
1997cy has not evolved signiÐcantly in almost a year.

More recently SN 1999E was found to have a spectrum
similar to that of SN 1997cy. It displays an intense Ha
emission line, a broad absorption feature centered near
5970 and broad undulations similar to SN 1997cyA! ,
(Filippenko, Leonard, & Riess 1999 ; Jha et al. 1999 ;

FIG. 4.ÈBinned spectrum of SN 1997cy taken 408 days after GRB
980514. The spectrum shows that the SN has evolved little in the year since
its discovery.
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