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ABSTRACT 
Sixteen short bursts of photons in the energy range 0.2-1.5 MeV have been observed between 

1969 July and 1972 July using widely separated spacecraft. Burst durations ranged from less than 
0.1 s to ~30 s, and time-integrated flux densities from ^10~5 ergs cm-2 to ~2 X 10-4 ergs 
cm“2 in the energy range given. Significant time structure within bursts was observed. Directional 
information eliminates the Earth and Sun as sources. 
Subject headings: gamma rays — X-rays — variable stars 

I. INTRODUCTION 

On several occasions in the past we have searched the records of data from early 
Vela spacecraft for indications of gamma-ray fluxes near the times of appearance of 
supernovae. These searches proved uniformly fruitless. Specific predictions of gamma- 
ray emission during the initial stages of the development of supernovae have since 
been made by Colgate (1968). Also, more recent Vela spacecraft are equipped with 
much improved instrumentation. This encouraged a more general search, not re- 
stricted to specific time periods. The search covered data acquired with almost con- 
tinuous coverage between 1969 July and 1972 July, yielding records of 16 gamma-ray 
bursts distributed throughout that period. Search criteria and some characteristics of 
the bursts are given below. 

II. INSTRUMENTATION 

The observations were made by detectors on the four Vela spacecraft, Vela SA, 
SB, 6A, and 6B, which are arranged almost equally spaced in a circular orbit with 
a geocentric radius of ~1.2 X 105 km. 

On each spacecraft six 10 cm3 Csl scintillation counters are so distributed as to 
achieve a nearly isotropic sensitivity. Individual detectors respond to energy deposi- 
tions of 0.2-1.0 MeV for Vela 5 spacecraft and 0.3-1.5 MeV for Vela 6 spacecraft, 
with a detection efficiency ranging between 17 and 50 percent. The scintillators are 
shielded against direct penetration by electrons below ~0.75 MeV and protons 
below ~20 MeV. A high-Z shield attenuates photons with energy below that of the 
counting threshold. No active anticoincidence shielding is provided. 

Normalized output pulses from the six detectors are summed into the counting 
and logics circuitry. Logical sensing of a rapid, statistically significant rise in count 
rate initiates the recording of discrete counts in a series of quasi-logarithmically 
increasing time intervals. This capability provides continuous coverage in time which, 
coupled with isotropic response, is unique in observatonal astronomy. A time 
measurement is also associated with each record. 

The data accumulations include a background component due to cosmic particles 
and their secondary effects. The observed background rate, which is a function of the 
energy threshold, is ~150 counts per second for the Vela 5 spacecraft and ^20 
counts per second for the Vela 6 spacecraft. 
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around 6.5 s. For each record this peak is statistically significant to about 6 standard 
deviations. It represents integrated flux densities of 10-5 ergs cm-2 and 4 X 10”6 

ergs cm-2 in the lower and higher energy ranges, respectively. The spectrum is clearly 
softer than that of the initial part of the burst. 

IV. DISCUSSION 
A search was made for reports of a nova or supernova within a reasonable time 

several weeks) of each gamma-ray burst. No reported novae were related in 
time or direction to any of the bursts. Only two reported supernovae reached maxi- 
mum apparent magnitude within a few days of an observed burst. In both cases, 
however, reports of prediscovery observations were later made which preceded the 
gamma-ray burst by at least several days. In addition, the source positions derived 
from preliminary timing data are inconsistent with the locations of the supernovae. 

The lack of correlation between gamma-ray bursts and reported supernovae does 
not conclusively argue against such an association, since it is possible that there are 
supernovae, not necessarily bright in the optical region (atheoreticians’ supernovae”), 
whose rate of occurrence may exceed those which are optically visible (see, e.g., 
Thorne 1969). A source at a distance of 1 Mpc would need to emit ~1046 ergs in 
the form of electromagnetic radiation between 0.2 and 1.5 MeV in order to produce 
the level of response observed here. Since this represents only a small fraction 
(<10-3) of the energy usually associated with supernovae, the energy observed 
is not inconsistent with a supernova as a source. 

The authors wish to acknowledge the interest shown in the past by Edward Teller, 
Stirling Colgate, and A. G. W. Cameron who have on a number of occasions en- 
couraged us to look for bursts of energetic photons. 

We also wish to thank J. H. Coon and all of our colleagues in the Space Science 
Group at Los Alamos who have helped with this work. The detector electronics were 
the responsibility of the Space Electronics section at Los Alamos, under the direction 
of J. P. Glore. Logics were developed by the Satellite Systems Division at Sandia 
Laboratories; in particular we wish to mention R. E. Spalding, G. J. Dodrill, and 
J. G. Mitchell. 

This research was performed as part of the Vela Satellite Program, which is 
jointly sponsored by the U.S. Department of Defense and the U.S. Atomic Energy 
Commission. The program is managed by the U.S. Air Force, and satellite operation 
activities are under the jurisdiction of the Air Force Satellite Control Facility, Sunny- 
vale, California. 
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ABSTRACT 
We propose that some, perhaps most, gamma-ray bursters are at cosmological distances, like quasars, with a 

redshift z « 1 or z » 2. This proposition requires a release of supernova-like energy of about 1051 ergs within 
less than 1 s, making gamma-ray bursters the brightest objects known in the universe, many orders of magnitude 
brighter than any quasars. This power must drive a highly relativistic outflow of electron-positron plasma and 
radiation from the source. The emerging spectrum should be roughly a black body with no annihilation line, and 
a temperature T « (£/47rr0

2a)1/4. As an example the spectrum would peak at about 8 MeV for the energy 
injection rate of ¿ = 1051 ergs s-1 and for the injection radius r0 = 10 km. 

We propose that three gamma-ray bursts, all with identical spectra, detected from B1900 + 14 by Mazets, 
Golenetskii, and Gur’yan and reported in 1979, were all due to a single event multiply imaged by a gravitational 
lens. The time intervals between the successive bursts, 10 hr to 3 days, were due to differences in the light travel 
time for different images. The required mass of the lens is 1010 M0, just right for a galaxy. 
Subject headings: cosmology — gamma rays: bursts — gravitation 

I. INTRODUCTION 
Gamma-ray bursters are known to have a duration of 

about a second, their distribution on the sky is isotropic, their 
number density increases slowly with the decreasing burst 
intensity (i.e., the slope of the log A-log S curve is -1.5 
for bright bursts and -0.5 for faint bursts; Jennings 1984), 
their spectra peak at the energy above mec2, and they 
have no convincing spectral lines, according to the excel- 
lent reviews by Verter (1982) and Epstein (1985). A 
strong gamma-ray burst reaches an observed flux of 
10~4 ergs s~1 cm-2 for a duration of about 1 s. The 
detection limit is 10“7 ergs s-1 cm-2. The burst spectra 
have broad maxima between 0.5 MeV (e.g., 1972 May 14 
event) and 5 MeV (e.g., 1982 January 25 event). 

Detailed properties of various events are so different that it 
is possible, or even likely, that there are several different types 
of bursters, with entirely different origins. The most popular 
models utilize some energetic phenomena related to nearby 
neutron stars, with a typical distance of 100 pc. This distance 
scale is required by the observed isotropy of the burst posi- 
tions. At larger distances the anisotropy due to the Galaxy 
should be apparent: all known Galactic objects are con- 
centrated either on the Galactic plane or at the Galactic 
center. At a smaller distance there are not enough neutron 
stars. However, the slope of the log V-log S relation remains 
a mystery. Also, no specific radiation mechanism has been 
unambiguously identified. 

Let us use strictly astronomical criteria to estimate typical 
distances of the unknown objects. If their distribution is 
isotropic then characteristic distances in the range between 1 
kpc and 30 Mpc seem to be excluded. The unusual slope of 
the log V-log S relation implies that they are not uniformly 
distributed in Euclidean space. This leaves us with two possi- 
bilities: either the objects are very local indeed, associated 

with our solar system (e.g., with the Oort cloud of comets; 
Milgrom 1986), or they are at cosmological distances like 
quasars. No specific phenomenon was ever proposed for 
either of these distances. Here we shall look into the second 
possibility. The effect of cosmological distances of gamma-ray 
bursters on their log V-log S relation was discussed by Usov 
and Chibisov (1975). A possibility of extragalactic origin of 
gamma-ray bursts was discussed by van den Bergh (1983). 

There are two coincidences that make the cosmological 
hypothesis not unreasonable: the observed energies and the 
observed spectra. A gamma-ray burst that brings about 10“6 

ergs cm-2 at Earth, requires a total energy release of 1051 ergs 
if the source is at a Hubble distance of c/H0 « 1028 cm. This 
is like a supernova energy, and this is the first coincidence. It 
suggests that gamma-ray bursts may be related to some 
violent events on neutron stars which are far away. If all this 
energy is to be radiated away in 1 s from a surface with a 
radius of 10 km then the required effective temperature is 
about 3 X 1010 K, and it peaks around 8 MeV. With a modest 
cosmological redshift this falls into the range of observed 
peak energies, and this is the second coincidence. These two 
very rough coincidences encourage a more detailed analysis of 
the following proposition: suppose that some unknown pro- 
cess releases 1051 ergs, or even more, in a small volume of 
space within 1 s or so. What would be the consequences? 

As an example we may take an object as big as a neutron 
star, just to be specific. However, our considerations do not 
assume or require the presence of a neutron star. A hypothesis 
that gamma-ray bursters are at cosmological distances was 
initiated because of two rather loose coincidences, which 
indicated that the bursts may be related to neutron stars 
which are far away. However, there is no direct evidence that 
there is such a relation, and it may well be that the origin of 
gamma-ray bursts is not related to neutron stars at all. 
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Fig. 2.— Long-term Swift light curve of GRB060218. Upper panel: the XRT light curve
(0.3–10 keV) is shown with open black circles. Count rate-to-flux conversion factors were derived
from time-dependent spectral analysis. We also plot with open black squares the contribution to the
0.3–10 keV flux by the blackbody component. Its percentage contribution is increasing with time,
becoming dominant at the end of the exponential decay. The X–ray light curve has a long, slow
power-law rise followed by an exponential (or steep power-law) decay. At about 10,000 s the light
curve breaks to a shallower power-law decay with index −1.2 ± 0.1 characteristic of typical GRB
afterglows. This classical afterglow can be naturally accounted for by a shock driven into the wind
by a shell with kinetic energy Eshell ∼ 1049 erg. The t−1 flux decline is valid at the stage where
the shell is being decelerated by the wind with the deceleration phase beginning at tdec

<
∼ 104 s for

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

X–ray component.
Lower panel: the UVOT light curve. Filled circles of different colors represent different UVOT filters:
red – V (centered at 544 nm); green – B (439 nm), blue – U (345 nm), light blue – UVW1 (251
nm); magenta – UVM1 (217 nm) and yellow – UVW2 (188 nm). Specific fluxes have been multiplied
by their FWHM widths (75, 98, 88, 70, 51 and 76 nm, respectively). Data have been rebinned to
increase the signal to noise ratio. The UV band light curve peaks at about 30 ks due to the shock
break-out from the outer stellar surface and the surrounding dense stellar wind, while the optical
band peaks at about 800 ks due to radioactive heating in the SN ejecta.
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Figure 2 | R-band light curve of the GRB060614 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 1σ errors. Photome-
try 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 SN1998bw but rescaled in flux (‘bw’; dot-dashed
lines). The different colours correspond to different contributions from the

9
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GRB980425

464 E. Pian et al.: BeppoSAX detection and follow-up of GRB 980425

Table 1. Journal of BeppoSAX-MECS observations

Date (UT) ta (s) Fluxb (⇥10�3 cts s�1)
S1 S2

1998 Apr. 26.334 � 27.458 37220 4.6± 0.6c 2.4 ± 0.5
Apr. 27.469 � 28.160 21805 4.5± 0.7 < 2.5
May 02.605 � 03.621 31975 3.0± 0.5 1.4 ± 0.5
Nov. 10.754 � 12.004 53122 1.8± 0.4 < 2.0

a On source exposure time.
b In the energy range 1.6� 10 keV.
c Uncertainties are at 1-�; upper limits are at 3-�.

Fig. 1. BeppoSAX WFC (top) and GRBM (bottom) light
curves of GRB 980425. The onset of the GRB, indicated by
the zero abscissa, corresponds to 1998 April 25.909097 (i.e.,
5 seconds earlier than the GRBM trigger time). The vertical
bars represent the typical error associated with the individual
flux points

in November 1998 (see to this regard Piro et al. 1998).
The revised position of S1 is consistent within the un-
certainty with the position of the optical and radio su-
pernova SN 1998bw (Galama et al. 1998; Kulkarni et al.
1998), while the revised position of S2 is ⇠ 40 away from
SN 1998bw, and therefore inconsistent with it (see Fig. 1
in Galama et al. 1999). The MECS count rates and upper
limits for both sources during the three pointings are re-
ported in Table 1. The upper limits have been estimated
by taking into account, besides the normal photon statis-
tics, also the fact that, at these flux levels, the MECS
background may be dominated by the fluctuations of the
cosmic X-ray background. The observation of November
1998 (taken about a week after the conclusion of this
Conference) shows a decrease in the X-ray flux of S1 of ap-
proximately a factor of two with respect to the level mea-
sured in April-May and the suggestion of slightly extended
X-ray emission around the source. During the second por-
tion of the first pointing, as well as in the November point-
ing, S2 is not detected, while it is detected in the May
pointing, at a marginally lower level than in the first ob-
servation (see Table 1).

3. Discussion

The count rates in the first line of Table 1 correspond
to F2�10 keV ' 3 10�13 erg s�1 cm�2 for S1 and to

F2�10 keV ' 1.6 10�13 erg s�1 cm�2 for S2. The follow-
ing data points show a decay for S1 of a factor of two
in ⇠6 months. Assuming, as suggested by the positional
coincidence and by variability, that S1 is associated with
SN 1998bw, the observed variation represents a lower limit
on the amplitude of X-ray variability of SN 1998bw. In
fact, the possible NFI detection of extended emission in-
dicates that S1 might contain a non negligible contribution
from the host galaxy of the supernova. This is the first de-
tection of hard X-ray emission from a Type I supernova.
At the distance of SN 1998bw, the luminosity observed in
the range 2 � 10 keV, 5 1040 erg s�1, is compatible with
the luminosity observed in the 0.1� 2.4 keV range for the
Type Ic SN 1994I, the only case of soft X-ray Type I su-
pernova emission so far detected (Immler et al. 1998). If
SN 1998bw is the counterpart of GRB 980425, the pro-
duction of �-rays could be accounted for by the explosion
of a very massive star (⇠ 40 M�) and by the subsequent
expansion of a relativistic shock, in which non thermal
electrons are radiating photons of ⇠ 100 keV, provided
the explosion is asymmetric, i.e. the GRB is produced
in a relativistic jet (Iwamoto et al. 1998; Woosley et al.
1998; see however, Kulkarni et al. 1998). This raises the
hypothesis that two classes of GRBs might exist, with ap-
parently indistinguishable high energy characteristics, but
with di↵erent progenitors. On the other hand, disregard-
ing the extremely low probability of chance coincidence of
GRB 980425 and SN 1998bw, one might consider S2 as
the X-ray counterpart candidate of the burst. Assuming a
power-law decay between the X-ray flux measured by the
WFC in the 2�10 keV range during the GRB and the flux
measured in the first NFI observation, we derive a power-
law index of ⇠ �1.4. The X-ray flux measured in May is
however a factor⇠10 larger than implied by the power-law
decay. This behavior is unlike that of previously observed
X-ray afterglows, although it could be still reconciled with
it under the hypothesis of a re-bursting superposed on a
“typical” power-law decline.

Acknowledgements. We thank the BeppoSAX Mission
Planning Team and the BeppoSAX SDC and SOC personnel
for help and support in the accomplishment of this project.
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of other type Ic supernovae. The three well-observed, low-redshift
GRB–supernovae (SN 1998bw, SN 2003dh and SN 2003lw) are
strikingly similar. They are about 5–6 times more luminous and
about 30 times more energetic than typical type Ic supernovae16. The
peak luminosities and the kinetic energies of the GRB–supernovae
differ by nomore than 30%. Atmaximum light, SN 2006aj is dimmer
than these supernovae by about a factor of two, but it is still a factor of
2–3 more luminous than other broad-lined type Ic supernovae not
associated with GRBs and normal (narrow-lined) type Ic supernovae
(Fig. 1).
Normal type Ic supernovae rise to a peak in approximately

10–12 days and have photospheric expansion velocities of
,10,000 km s21 after about 10 days. Previously known GRB–
supernovae showed a longer rise time (14–15 days) and had, at an
epoch of about ten days, velocities of ,25,000 km s21 (see Figs 1
and 2). If XRF 060218 and SN 2006aj occurred simultaneously, SN
2006aj rose as fast as normal type Ic supernovae, and also declined
comparatively fast. At the same time, the photospheric expansion
velocity derived from spectral modelling is intermediate between
the GRB–supernovae and other type Ic supernovae, broad-lined or
narrow-lined, that were not associated with GRBs (Fig. 2). Asym-
metry in the supernova explosion may modify the observed lumin-
osity with respect to the intrinsic one, depending on the orientation
of the symmetry axis, by no more than 25% (ref. 17).
We conclude that SN 2006aj is intrinsically dimmer than the

other three GRB–supernovae. In addition, it is associated with the
softest (but not the weakest) of the four local events connected
with supernovae8, and it has mildly relativistic ejecta8,9, thus
appearing to be an intermediate object between GRB–supernovae
and other type Ic supernovae, both broad-lined and narrow-lined,
not accompanied by a GRB.

All together, these facts point to a substantial diversity between
supernovae associated with GRBs and supernovae associated with
XRFs. This diversity may be related to the masses of the exploding
stars. In a companion paper, the parameters of the explosion are
derived from models of the supernova optical light curves and
spectra, and a relatively low initial mass, 20M( (where M( is the
mass of the sun), is proposed, evolving to a 3.3M( CO star18. This
mass is smaller than those estimated for the typical GRB–super-
novae19.
GRBs and GRB–supernovae are aspherical sources. If XRF 060218

was a normal GRB viewed off-axis, the observed soft flux was emitted
at large angles with respect to its jet axis. If the associated SN 2006aj is
aspherical, then it is also probably seen off-axis. Alternatively, XRF
060218 may have been intrinsically soft, whether it was an aspherical
explosion viewed on-axis or a spherical event. Various independent
arguments, such as the chromatic behaviour of the multiwavelength
counterpart of XRF 060218 (ref. 8), the absence of a late radio
rebrightening9 and the compliance of XRF 060218 with the empirical
correlation between peak energy and isotropic energy10, favour the
latter possibility.
Together with the observation of other underluminous, relatively

nearby XRFs and GRBs—GRB 980425 (ref. 2), XRF 030723 (refs 20,
21), XRF 020903 (ref. 22), and GRB 031203 (refs 23, 24), some
definitely and some probably associated with supernovae—the
properties of XRF 060218 suggest the existence of a population of
events less luminous than ‘classical’ GRBs, but possibly much more
numerous and with lower radio luminosities9. Indeed, these events
may be the most abundant form of X- or g-ray explosive transient in
the Universe, but instrumental limits allow us to detect them only
locally, so that several intrinsically subluminous bursts may remain
undetected. The fraction of supernovae that are associated with GRBs
or XRFs may be higher than currently thought.
By including this underluminous population and assuming no

correction for possible collimation, which may vary from object to
object, we obtain a local GRB rate of 110þ180

220 Gpc23 yr21; compared
to 1Gpc23 yr21 estimated from the cosmological events only (see
Supplementary Information for details). In particular, for the detec-
tion threshold of Swift, we expect a few bursts per year within z ¼ 0.1
and with luminosities as low as that of GRB 980425. The low-energy
GRB population could be part of a continuum of explosion phenom-
ena thatmark the collapse of a stellar core, with normal supernovae at
one end and classical GRBs at the other.

Figure 1 | Bolometric light curves of type Ic supernovae. We report, as a
function of time, the luminosity and corresponding absolute magnitude of
(1) the four spectroscopically identified supernovae associated with GRBs
and XRFs, namely SN 1998bw (GRB 980425, z ¼ 0.0085), SN 2003dh (GRB
030329, z ¼ 0.168), SN 2003lw (GRB 031203, z ¼ 0.1055), and SN 2006aj
(XRF 060218, z ¼ 0.03342); (2) of two broad-lined supernovae (not
accompanied by a GRB), SN 1997ef and SN 2002ap; and (3) of the normal,
intensively monitored SN 1994I. All represented supernovae are type Ic.
The light curves, reported in their rest frame, have been constructed in the
3,000–24,000 Å range, taking into account the Galactic and, where
appropriate, the host galaxy extinction16,25–28. For SN 2006aj, we used the
optical light curves obtained during our monitoring and the near-infrared
data reported by ref. 29, and a total extinction value of E(B 2 V) ¼ 0.13mag
(see text). We adopted the extinction curve of ref. 30 with RV ¼ 3.1. The
galaxy contribution has also been subtracted where significant. The initial
time has been assumed to coincide with the XRF detection time, 18 February
2006 at 03:34:30 UT. The systematic errors (about 0.2mag) have been
omitted, for clarity. Error bars are 1j. The shape of the light curve of SN
2006aj is similar to that of SN 2002ap, as are the spectra18.

Figure 2 | Photospheric expansion velocities of type Ic supernovae. The
time profiles of the expansion velocities of the same seven supernovae
represented in Fig. 1 are reported. The velocities have been determined
through models of the spectra at the various epochs16,18,25,26.
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FIG. 3.— Left panel: Chandra observations put a deep limit to the X-ray luminosity of the relativistic SN 2012ap at ⇠ 20 days after the explosion. SN 2012ap
is considerably less luminous than ordinary long GRBs (filled circles, from Margutti et al. 2013a, Margutti et al. 2013b and referenced therein) and is ⇠ 100
times fainter than the faintest sub-E GRBs (i.e. GRBs 980425 and 100316D). Filled grey squares: X-ray emission from ordinary type Ic SNe. The relativistic
SN2009bb is marked with a blue square. References: Immler et al. (2002), Pooley & Lewin (2004), Soria et al. (2004), Soderberg et al. (2005), Perna et al.
(2008), Corsi et al. (2011), Horesh et al. (2013), Corsi et al. (2014). Right panel: radio emission of SN 2012ap (from C14) compared to a sample of GRB radio
afterglows (filled circles) and type Ic SNe (filled square) collected from Soderberg et al. (2010b), Corsi et al. (2011), Chandra & Frail (2012), Horesh et al. (2013),
Margutti et al. (2013a) and citeCorsi14. At radio frequencies the luminosity of SN 2012ap is comparable to (or even larger than) sub-E GRBs. In both panels
GRBs with spectroscopically associated SNe are in color and labeled. Different shades of orange and red are used to guide the eye.

FIG. 4.— Promptly emitted �-ray energy vs. X-ray luminosity between 10
and 30 days since the explosion for the sample of relativistic SNe (blue stars)
and sub-E GRBs (red circles). Relativistic SNe are clearly distinguished
from sub-E GRBs by their significantly fainter X-ray emission. References:
Amati (2006); Soderberg et al. (2006b); Soderberg et al. (2010b); Starling
et al. (2011) Barthelmy et al. (2012); Margutti et al. (2013a); Margutti et al.
(2013b); Amati (2013); Amati et al. (2013); C14.

• The radio luminosity of SN 2012ap and sub-E GRBs is
comparable. SN 2012ap is significantly more luminous
than ordinary Ic SNe at the same epoch, and even more
luminous than the sub-E GRBs 100316D and 060218
(Fig. 3, right panel). With Ek ⇠ 1052 erg and evi-
dence for broad spectral features (M14), the properties
of SN 2012ap in the optical band are also reminiscent
of the very energetic SNe associated with sub-E GRBs

FIG. 5.— Radio (filled black circles) to X-ray (black stars) SED of
SN 2012ap. The Chandra X-ray upper limit is consistent with the extrap-
olation of the best-fitting synchrotron model obtained by C14 at �t ⇡ 20 d.
Notably, the X-ray emission from SN 2012ap is � 100 times fainter than the
sub-E GRB 100316D at a similar epoch (here rescaled to match the level of
the detected SN 2012ap radio emission), thus ruling out the presence of an
extra X-ray component arising from the activity of the explosion central en-
gine.

and ordinary GRBs.

• At �t ⇠ 20d, the X-ray emission from SN 2012ap is
however a factor � 100 fainter then the faintest sub-E
GRB ever detected, GRB 980425 (Fig. 3, left panel).

• Along the same line, from C14, the prompt �-ray en-
ergy released by the SN 2012ap explosion is E�,iso <
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Take-away list:
1. Energy partitioning

2. Continuum of stellar Explosions

3. Sub-E GRBs and Rel-SNe are INTRINSICALLY 
different classes of engine-driven explosions 
(>100 times fainter in the X-rays and gamma-
rays)
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The ZOO of engine-
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“THE GALACTIC SUPERNOVA REMNANT W49B 
LIKELY ORIGINATES FROM 

A JET-DRIVEN, CORE-COLLAPSE EXPLOSION" 
”

Jets might be ubiquitous…
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What powers SLSNe?
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Figure 1. The light curve of GRB 111209A, presented with a temporal axis which is linear in the left panel (the prompt emission) and
logarithmic in the right panel (the afterglow emission). X-ray data are in grey (XRT) and black (XMM-Newton). The Konus-Wind data
(blue solid line) has been scaled to the X-ray data for comparison. The R-band light curve is constructed from TAROT and Swift-UVOT
data (color indices are indicated on the plot).

3.2. XMM-Newton

We retrieved the Observation Data Files from the
XMM archive and reprocessed them using the XMM-SAS
version 12.0.1 and the latest available calibration files as-
sociated with this version of the SAS. The raw events
files were processed using the tasks emchain, epchain,
rgsproc, omichain, omfchain. The PN instrument ob-
served GRB 111209A in Full Window mode, while the
MOS cameras setting was on Small Window. Because of
the brightness of the afterglow, we checked for pile-up in
the data. We used the task epatplot for this purpose, and
confirmed that the data were free from pile-up, even if a
significant fraction of out off time events were observed.
Because of this latter effect, the background regions have
been chosen, when possible, far away from the source
and corrected for the difference of off-axis angle using
the ARFs. In the special case of the PN instrument, the
instrumental background is highly variable depending on
the position on the instrument – this was taken into ac-
count by using a region where the instrumental back-
ground was compatible with the position of the source.
We then checked for flares of solar protons, that can

induce a huge increase of the background count rate, and
found some marginal events where the background rate
was increased by a factor of 5. Due to the brightness
of the afterglow, these events are not very significant for
the following analysis: when maximal, the background
represents around 6% of the total signal at the position
of the afterglow.
The event files were then filtered for good photons, us-

ing FLAG == 0 and Pattern filtering (less than 4 for the
PN, less than 12 for the MOS). Spectra were extracted

using the task especget, light curves with the task evse-
lect.

4. DATA ANALYSIS

4.1. Temporal analysis

GRB 111209A X-ray emission indicates an initial shal-
low decay phase. Assuming a power law model between
T0 + 0.425 ks and T0 + 10.4 ks, the best fit decay in-
dex is αp = 0.544± 0.003. This phase ends very late in
comparison with typical X-ray emissions. At the end of
this phase, a gradual steepening drives the light curve
to the so called “steep decay” phase, thought to indicate
the end of the prompt emission and is characterized by
very fast decrease of the count rate. During this phase
and the following one, the light curve can be modeled
with a double broken power law with a steep decay in-
dex of αs = 4.9 ± 0.2, a plateau with decay index of
αf = 0.5±0.2, and a final decay index of αa = 1.51±0.08.

4.2. Spectral analysis

In the following, all models fitted to the data were
multiplied by two components in order to take into ac-
count our Galaxy and the host galaxy photoelectric ab-
sorption from metals. The equivalent hydrogen column
density of our Galaxy was set to NH = 1.48× 1020 cm−2

(Kalberla et al. 2005). The second absorption compo-
nent was left free to vary at the redshift of the burst, as-
suming solar metalicity. We found no temporal variation
of the intrinsicNH , with a mean of (2.5±0.4)×1021cm−2.
We began with an analysis of the prompt spectral emis-

sion between T0 and T0 + 2500 s, seen by Swift/XRT.
GRB 111209A shows a strong flare at T0+1200 s. Since

UL-GRBs and SLSNe-I

GRB111209A

supernovae is motivated by two observational facts: (1) the
spectrum is a blue continuum, extending far into the rest-frame
ultraviolet, and (2) the peak luminosity is intermediate between
GRB-associated supernovae and super-luminous supernovae. Our
interpretation is motivated by the failure of both the collapsar and
the standard fall-back accretion scenarios, because in these cases the
engine quickly runs out of mass for any reasonable accretion rate
and mass reservoir, and thus is unlikely to be able to power an ultra-
long GRB.

We could reproduce the spectrum of SN 2011kl using a radiation
transport code18,19 and a radial (r) density (r) profile where r / r27,
which is typical of the outer layers of supernova explosions. The ultra-
violet emission is significantly depressed relative to a blackbody, but
much less depressed than in the spectra of GRB-associated supernovae,
indicating a lower metal content (consistent with 1/4 of the solar metal-
licity). The spectrum appears rather featureless owing to line blending.
This follows from the high photospheric velocity, vph < 20,000 km s21

(Fig. 3). In contrast, super-luminous supernovae, which show more line
features, have vph < 10,000 km s21. In the optical part of the spectrum,
on the other hand, only a few very weak absorption lines are visible in
our supernova spectrum. Our model only has ,0.4 M[ of material
above the photosphere. There is no evidence of freshly synthesized
material mixed-in, unlike the case of GRB-associated supernovae.
This supports the notion that the supernova light curve was not pow-
ered by Ni decay but rather by a magnetar.

The supernova spectrum can be reproduced without invoking inter-
action, and the low metal abundance suggests that it is unlikely that
much Ni was produced. We therefore consider magneto-rotational
energy input as the source of luminosity. Using a simple formalism20

describing rotational energy loss via magnetic dipole radiation, and
relating the spin-down rate to the effective radiative diffusion time, we
can infer the magnetar’s initial spin period, Pi, and magnetic dipole
field strength, B, from the observed luminosity and time to light-curve
peak, tpeak. The observed short tpeak (,14 rest-frame days) and the

moderate peak luminosity require a magnetar with initial spin period
Pi < 12 ms for a magnetic field strength of (6–9) 3 1014 G. Depending
on the magnetic field that is assumed, calculated values of ejecta mass
and kinetic energy are relatively uncertain, ranging between 2 and 3
M[ and (2–9) 3 1051 erg, respectively (Methods section ‘Modelling’).
These values are actually more typical of normal type Ib/c supernovae
than of GRB-associated supernovae, including SN 2006aj, the first
supernova identified as magnetar-powered21. The GRB energy can
be reconciled with the maximum energy that can be extracted from
a magnetar if the correction for collimation of the GRB jet is a factor of
1/50 or less, which is well within typical values for GRBs22.

The idea of a magnetar as the inner engine powering GRB-assoc-
iated supernovae23,24, super-luminous supernovae10, or even events like
Swift 164415725 (before consensus for this event favoured a relativistic
tidal disruption), is not new. However, in all these cases the magnetar
interpretation was one of several options providing reasonable fits to
the data, never the only option. Also, the suggestion that all GRB-
associated supernovae are magnetars24 rather than collapsars, based
on the clustering of the kinetic energy of the GRB-associated super-
novae near 1052 erg, the rotational power of a millisecond neutron star,
was only circumstantial evidence for the magnetar origin. The super-
nova SN 2011kl is clearly different from canonical GRB-associated
supernovae, and requires (rather than only allows) a new explanation.
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Figure 3 | Spectra comparison. The X-shooter spectrum of SN 2011kl,
associated with GRB 111209A, taken on 29 December 2011 after GRB afterglow
and host subtraction and moderate rebinning (Methods section ‘Observations
and data analysis’; Extended Data Fig. 2), with its flat shape and high ultraviolet
flux, is distinctly different from the hitherto brightest known GRB-associated
supernova 1998bw (red), but reminiscent of some super-luminous supernovae
(top three curves)28–30. The three grey/black lines show synthetic spectra with
different photospheric velocities (as labelled), demonstrating the minimum
velocity required to broaden unseen absorption around 400 nm rest-frame
(Ca II, C II), but at the same time explain the sharp cut-off below 280 nm
rest-frame. The y scale is correct for SN 2011kl and SN 1998bw; all other spectra
are shifted for display purposes.
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2011kl, corresponding to 230–800 nm rest frame wavelengths (Methods
section ‘Observations and data analysis’), compared with those of GRB 980425/
SN 1998bw5, XRF 060218/SN 2006aj21, the standard type Ic SN 1994I26, and the
super-luminous supernovae PTF11rks27 and PS1-10bzj28 (among the fastest-
declining super-luminous supernovae known so far), all integrated over the
same wavelength band with 1s error bars. Solid lines show the best-fitting
synthetic light curves computed with a magnetar injection model20 (dark blue;
Methods section ‘Modelling’) and 56Ni powering (light blue; Methods section
‘Radioactivity cannot power the supernova peak’).
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has been detected in a number of energetic SNe Ic as well as
SLSN 2007bi (Gal-Yam et al. 2009; Milisavljevic et al. 2013).

In fact, our nebular spectrum exhibits striking similarity to
energetic SNe Ic15 such as SN 1998bw (Patat et al. 2001),
SN 1997dq (Taubenberger et al. 2009), and SN 2012au
(Milisavljevic et al. 2013). These events are often termed
“hypernovae” as their inferred kinetic energy is 1052 erg: an
order of magnitude larger than in normal neutrino-driven SNe,
thus seeming to require an additional engine (Iwamoto
et al. 1998). The observational link between some hypernovae
and LGRBs, demonstrated spectacularly by SN 1998bw
(Galama et al. 1998), confirms this engine as most likely a
rapidly rotating compact object: either an accreting black hole
“collapsar” (MacFadyen & Woosley 1999) or a millisecond
magnetar (Duncan & Thompson 1992). The extraordinary
similarity in nebular-phase spectra (probing the conditions of
the innermost ejecta from the stellar interior) demonstrates that
SLSNe and hypernovae have similar conditions in their cores,
This could indicate that their progenitors or explosion
mechanisms are related, consistent with both classes occurring
in similar host environments (Lunnan et al. 2014; Perley
et al. 2016).

3. DISCUSSION

Given this clear link between SLSNe and hypernovae/GRB-
SNe, we look to build a consistent picture of SN 2015bn within
the central-engine framework. Independent evidence for this
link comes from spectropolarimetry (Inserra et al. 2016), which

shows axisymmetry similar to GRB-SNe. While black hole
accretion has also been proposed as a viable engine for SLSNe
(Dexter & Kasen 2013), magnetar-powered models are likely
more applicable here due to the long engine timescale required
by the observations.
Although the progenitors and explosion mechanism may be

similar, it seems that a different process supplies the luminosity
of SN 2015bn compared to the hypernovae (which seem to be
heated by 56Ni, e.g., Cano et al. 2016). In Section 2.2, we saw
that the larger luminosity of SN 2015bn compared to
SN 1998bw would require 30Meof

56Ni, but the spectro-
scopic similarity demonstrates that SN 2015bn cannot have an
enormously larger 56Nifraction than the hypernovae. While
30Meof

56Nicould be produced in a pair-instability SN, our
spectra do not resemble pair-instability models (Jerkstrand
et al. 2016a), nor do we see the [Fe III] lines that dominate SNe
Ia in the blue. This 56Ni-mass is also comparable to our largest
estimates of the total ejecta mass in SN 2015bn (see below).
With no strong signatures of CSM interaction, it seems that the
engine itself most likely supplies the luminosity.
SN 2015bn does appear to be slightly brighter in the blue

than SNe 1997dq and 2012au. This could point to a larger iron
line luminosity, but we argue that it is more likely due to
residual continuum flux. In Figure 3, we show that the
spectroscopic evolution from ∼250–400 days can be well-
reproduced by a superposition of the nebular spectrum of
SN 1997dq and a blue continuum (with the exception of [O I] at
earlier epochs). The models we show assume a blackbody form
for the continuum; we use a temperature ≈12,000 K at all
phases. However, this is simply intended to illustrate the blue

Figure 2. Left: spectroscopic evolution. All spectra have been normalized using the integrated flux between 4400 and 8000 Å. Middle: the GMOS spectrum at
+392 days, dominated by emission from oxygen, calcium, and magnesium, is a near-perfect match to the nebular spectra of hypernovae. Right: Gaussian fits to the
strongest lines. Multiplets have been accounted for using multi-component Gaussians of the same velocity (relative strengths assume lines are optically thin). As in
SN 2012au (Milisavljevic et al. 2013), O I λ7774 exhibits a lower velocity than [O I]. Note: galaxy lines have been removed for clarity.

15 Data obtained via the Open Supernova Catalog (Guillochon et al. 2016).
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SN2017egm

Wind Jets Ruled Out
ISM Jets Ruled Out

Ruled Out17egm

Nuovo Plot

FIG. 6.— Kinetic energy profile of the ejecta of H-poor cosmic explosions, including ordinary type Ibc SNe, relativistic SNe, GRBs and sub-energetic GRBs.
Shaded areas mark the constraints on the properties of SLSNe-I fastest ejecta. Squares and circles are used for the slow-moving and the fast-moving ejecta,
respectively, as measured from optical (slow ejecta) and radio (fast ejecta) observations. Open black circles identify explosions with broad-lined optical spectra.
The velocity of the fast-moving ejecta has been computed at t = 1 d (rest-frame). The ejecta kinetic energy profile of a pure hydrodynamical explosion is also
marked as a reference (Ek ⇠ (��)-5.2, Tan et al. 2001). The blue and red areas identify the region of the parameter space of the fast moving ejecta that is ruled out
based on our simulations of relativistic jets expanding in an ISM and wind-like environments, respectively (for ✏e = 0.1 and ✏B = 0.01). Only jet models that are
ruled out for any observer angle are shown here. Orange shaded area: region of the parameter space that is ruled out based on our simulations of radio emission
from non-collimated outflows and the radio limits on SN 2017egm. The location of the slowly moving ejecta of SN 2017egm is shown with a star. References:
Berger et al. (2003a,b); Frail et al. (2006); Soderberg et al. (2006a); Chandra et al. (2008); Soderberg et al. (2008); Cenko et al. (2010); Soderberg et al. (2010b,a);
Cenko et al. (2011); Ben-Ami et al. (2012); Sanders et al. (2012); Troja et al. (2012); Cano (2013); Horesh et al. (2013); Laskar et al. (2013); Margutti et al.
(2013a); Mazzali et al. (2013); Milisavljevic et al. (2013); Xu et al. (2013); Corsi et al. (2014); Guidorzi et al. (2014); Kamble et al. (2014); Margutti et al. (2014);
Perley et al. (2014); Walker et al. (2014); Chakraborti et al. (2015); Milisavljevic et al. (2015); Nicholl et al. (2017a); Bose et al. (2017).

Ek and �� phase space (orange-shaded area in Figs. 5 and 6).
At any given velocity of the fastest ejecta, the limits on SN
2017egm rule out Ek > 1048 erg coupled to the fastest ejecta
(Fig. 6), and the densest environments found in association
with H-stripped core-collapse SNe (Fig. 5). Current limits
however do not constrain the slope of the Ek(��) profile and
do not rule out the region of the parameter space populated
by spherical hydrodynamical collapses with Ek < 1048 erg in
their fastest ejecta (Figure 6).

6. SUMMARY AND CONCLUSIONS

We have compiled all the radio observations of SLSNe-
I published to date and presented three new observations (a
sample of nine SLSN-I). Based on these limits, we constrain
the sub-pc environments and fastest ejecta in this sample of
SLSN-I for the case that a relativistic jet or an uncollimated
outflow were present. These are our main results:

• In this sample of SLSNe-I we rule out collimated
on-axis jets of the kind detected in GRBs.

• We do not rule out the entire parameter space for off-
axis jets in this sample, but do constrain the energies
and circumstellar environment densities if off-axis jets

were present.

• If the SLSNe-I in this sample have off-axis GRB-like
(collimated to ✓j = 5�) jets, then the local environ-
ment is of similar (or lower) density to that of the
detected GRBs. Specifically, if off-axis jets of this
kind were present, then they had energies Ek,iso < 1053

erg (Ek < 4 ⇥ 1050 erg) in environments shaped by
progenitors with mass loss rates Ṁ < 10-4 M� yr-1

(for microphysical shock parameters ✏e = 0.1 and
✏B = 0.01). This excludes mass-loss rates of the order
typically found in the winds of extreme red supergiants
and luminous blue variables, and inferred for some
SNe-Ibc and SNe-IIb.

• If this sample of SLSNe-I produced off-axis jets that
are less collimated (✓j = 30�) than cosmological GRBs,
then the jets must have energies Ek,iso < 1053 erg
(Ek < 1050 erg) and occur in environments shaped by
progenitors with mass loss rates Ṁ < 10-5 M� yr-1.
This precludes the mass-loss rates inferred for most
of the observed population of hydrogen stripped
supernovae, and the most dense environments inferred
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X-rays from SLSNe 7

FIG. 5.— Velocity of the ejected material during mass loss vs. pre-explosion mass-loss rate for H-poor core-collapse SNe (diagonal lines) and type-IIn SNe
(black dots). H-poor SNe are represented with diagonal lines since radio and X-ray observations constrain the density ⇢CSM which is / Ṁ/vw. Black, blue
and dotted green lines mark the sample of type Ic-BL, Ib/c and IIb SNe from Drout et al. 2016. SLSNe-I and the transient ASASSN-15lh are in red. For
SLSNe-I we conservatively plot the constraints for Ek = 1051 erg, which is a lower limit to the total kinetic energy of the blastwave (even in the case of a magnetar
central engine). The properties of galactic WR stars are from Crowther (2007), while WN3/O3 stars are from Massey et al. (2015). Locations of red supergiants
environments (RSG) are from de Jager et al. (1988), Marshall et al. (2004) and van Loon et al. (2005). Typical locations of Luminous Blue Variable (LBV) winds
and eruptions are from Smith (2014) and Smith & Owocki (2006). The densest environments that characterize LBV eruptions and type-IIn SNe are not consistent
with our deepest SLSNe-I limits. Our tightest constraints on PTF12dam rule out RSG winds and put PTF12dam in the same region of the parameter space as
H-stripped SNe with broad spectral features (i.e. Ic-BL).

are powered by interaction then the shock breaks out around
the time of optical maximum light and the medium consists
of a thick shell confined to small radii (R ⇠ 5⇥ 1015 cm for
SN2015bn) surrounded by a lower density region. This con-
clusion is consistent with the lack of observed narrow lines
in the optical spectra of SLSNe-I (in sharp contrast to ordi-
nary and superluminous type-IIn SNe): the presence of an ex-
tended unshocked region of dense CSM would likely imprint
low-velocity features which are not observed in SLSNe-I (see
also Chevalier & Irwin 2011). The X-ray observations that
we will use in this section have been obtained at the time of
maximum light or later, which is after the shock has broken
out from the thick shell of material if a shell is there. In the
following, we thus constrain the density around SLSNe-I un-
der the conservative assumption that IC is the only source of
X-ray radiation. Since we sample the time range t > tpeak, our
density limits apply to the region R & 1016 cm.

The X-ray emission from IC depends on (i) the density
structure of the SN ejecta and of the circum-stellar medium
(CSM), (ii) the details of the electron distribution responsi-
ble for the up-scattering, (iii) the explosion parameters (ejecta
mass Me j and kinetic energy Ek), and (iv) the availability of
seed optical photons (Lx,IC / Lbol , where Lbol is the bolomet-
ric optical luminosity). We employ the formalism of Margutti
et al. (2012) modified to reflect the stellar structure of massive
stars as in Margutti et al. (2014). We further assume a wind-
like medium with ⇢CSM /R-2 as appropriate for massive stars,
a power-law electron distribution ne(�) = n0�-p with p ⇠ 3 as
indicated by radio observations of H-stripped core-collapse
SNe (Chevalier & Fransson 2006) and a fraction of post-shock
energy into relativistic electrons ✏e = 0.1 (e.g. Chevalier &
Fransson 2006). Since Lx,IC / Lbol , it is clear that the tight-
est constraints on ⇢CSM will be derived from the most nearby
SLSNe-I, which have very bright optical emission and deep
X-ray limits (i.e. they have the largest flux ratio Fopt/Fx con-

strained by observations). To this end, we analyze below the
SLSNe-I 2015bn and PTF12dam. We also provide constraints
for the peculiar transient ASASSN-15lh.

For SN2015bn we follow Nicholl et al. (2016a) and Nicholl
et al. (2016b) and adopt a range of ejecta masses Me j =
7 - 15M� (Table 4). With these parameters and the opti-
cal bolometric light-curve from Nicholl et al. (2016b) (Fig.
4), our X-ray non detections constrain the pre-explosion
mass-loss rate from the stellar progenitor of SN2015bn to
Ṁ < 10-2 M�yr-1 (Ṁ < 10-1 M�yr-1) for Ek = 1052 erg (Ek =
1051 erg) and wind velocity vw = 1000kms-1, (Fig. 5, 6),
which is Ṁ < 10-4 M�yr-1 (Ṁ < 10-3 M�yr-1) for wind ve-
locity vw = 10kms-1. In this context, the analysis of the ra-
dio observations of SN2015bn indicates Ṁ < 10-2 M�yr-1 for
vw = 10kms-1 at R > 1015 cm, while Ṁ ⇠ 10-2 M�yr-1 would
be needed to explain the late-time optical light curve of the
transient through continued ejecta-CSM interaction (Nicholl
et al. 2016b). The X-ray analysis thus argues against the pres-
ence of an extended CSM region if Ek > 1051 erg (as it is likely
the case) and suggests that another source of energy is pow-
ering the light-curve after peak. This result is consistent with
the conclusions by Nicholl et al. (2016a): based on the spec-
troscopic similarity of SN2015bn with the GRB SN1998bw
in the nebular phase, Nicholl et al. (2016a) concluded that a
central engine is driving the explosion.

For PTF12dam we use Me j = 7M� as inferred by Nicholl
et al. (2013) from the modeling of the optical bolometric
emission (Table 4). We detect an X-ray source at the location
of PTF12dam with Lx ⇠ 2⇥ 1040 ergs-1. We treat this value
as an upper limit to the X-ray luminosity from the transient
to account for possible contamination from the host galaxy.
For these values of the explosion parameters and the mea-
sured Lx, the inferred mass-loss rate is Ṁ < 2⇥ 10-5 M�yr-1

(Ṁ < 4⇥ 10-6 M�yr-1) for Ek = 1051 erg (Ek = 1052 erg) and

The mass-loss plane:

Margutti+2017
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