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An Asymmetric Energetic Type Ic
Supernova Viewed Off-Axis, and a

Link to Gamma Ray Bursts
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Type Ic supernovae, the explosions after the core collapse of massive stars that
have previously lost their hydrogen and helium envelopes, are particularly
interesting because of their link with long-duration gamma ray bursts. Although
indications exist that these explosions are aspherical, direct evidence has been
missing. Late-time observations of supernova SN 2003jd, a luminous type Ic
supernova, provide such evidence. Recent Subaru and Keck spectra reveal double-
peaked profiles in the nebular lines of neutral oxygen and magnesium. These
profiles are different from those of known type Ic supernovae, with or without a
gamma ray burst, and they can be understood if SN 2003jd was an aspherical
axisymmetric explosion viewed from near the equatorial plane. If SN 2003jd was
associated with a gamma ray burst, we missed the burst because it was pointing
away from us.

When a massive star reaches the end of its life

and exhausts its nuclear fuel, the core itself

collapses to form a compact remnant (a neu-

tron star or a black hole). Although the exact

mechanism is not well understood, the result-

ing release of energy leads to the ejection of

the envelope of the star at high velocities,

producing a supernova (SN).

Typically, a massive star has a large H-rich

envelope, making it difficult to observe the

innermost part, where the action takes place.

However, there are some cases where the H

envelope, and also the inner He envelope, were

lost before the star exploded, through either a

stellar wind or, more likely, binary interaction

(1). These SNe, called type Ic, offer a view

close to the core, and so they are particularly

interesting as tools to study the properties of

the collapse and of the SN ejection.

Some type Ic SNe, characterized by a very

high kinetic energy (2, 3), have been observed

to be linked with the previously unexplained

phenomenon of gamma ray bursts (GRBs),

which are brief but extremely bright flashes of

hard (g-ray and x-ray) radiation that had baffled

astronomers for decades (4–8). The link be-

tween type Ic SNe and GRBs is probably not

accidental. If a jet is produced by a collapsing

star, it can only emerge and generate a GRB if

the stellar envelope does not interfere with it (9).

In view of this link, we have searched

among known type Ic SNe for the counterpart

of a property that is typical of GRBs: aspheric-

ity. A jet-like explosion is required for GRBs

from energetics considerations; if they were

spherically symmetric, GRBs would involve

excessively large energies, comparable to the

rest mass of several suns. The best evidence

for asphericity in the GRB-associated SNe

(GRB/SNe) to date has come from the fact

that iron seems to move faster than oxygen

in the ejected material. Evidence of this is

seen in spectra obtained several months after

the explosion, when the ejected material has

decreased in density and behaves like a nebula.

The GRB/SN 1998bw (10) showed strong emis-

sion lines of EO I^ (a forbidden line of neutral

oxygen), as do normal type Ic SNe, but also of

EFe IÎ (a forbidden line of singly ionized iron),

which are weak in normal type Ic SNe. The

EFe II^ lines near 5100 ) in SN 1998bw are

broader than the EO I^ 6300 and 6363 ) blend.
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Asphericity can explain this peculiar situa-

tion (11). In a typical spherical SN explosion,

heavier elements are produced in deeper layers

of the progenitor star. As a consequence of the

hydrodynamical properties of the explosion, the

heavier elements are given less kinetic ener-

gy per unit mass than are the external layers,

which typically contain lighter elements. How-

ever, in a jet-like explosion, the heavier elements

(in particular, 56Ni) are probably synthesized

near the jet at the time of core collapse and

are ejected at high velocities. Lighter elements

such as oxygen, which are not produced in the

explosion but rather by the progenitor star dur-

ing its evolution, are ejected near the equatorial

plane with a smaller kinetic energy and are

distributed in a disc-like structure.

Given this scenario, the observed line

profiles depend on the orientation of the

explosion with respect to our line of sight.

Iron can be observed to be approaching us at a

higher velocity than is oxygen, if we view the

explosion near the jet direction, which is also

the requirement for the GRB to be observed

(10, 11). The EO I^ line, on the other hand, will

appear narrow and sharp in the case of a polar

view, because in that case, oxygen moves

almost perpendicular with respect to our line

of sight (the case of SN 1998bw); however, it

will show a broader double-peaked profile for

an equatorial view, because a large fraction of

the oxygen would then be moving either

toward or away from the observer (11).

Although this picture seems well established

for GRB/SNe, it is important to determine

whether it may be common to other type Ic

SNe. Measurements of the relative widths of

the Fe and O lines are difficult for fainter type

Ic SNe because the Fe lines are weak. How-

ever, the EO I^ line is always rather strong, and

it can be expected that given a sufficiently

large sample, variations will be seen in its pro-

file reflecting different viewing angles.

Until recently, the evidence for these

variations was missing (12), but recent obser-

vations of SN 2003jd seem to close this gap.

SN 2003jd, discovered on 25 October 2003

(13) (universal time), is a type Ic SN at a dis-

tance of È80 million parsecs (Mpc) and

reached a rather bright maximum. Assuming

a galactic extinction E(B – V)
Gal

0 0.06 mag-

nitudes (mag) (where E is the magnitude dif-

ference between the amount of light absorbed

in two photometric bands, B is the blue band,

and V is the visual band) (14), and a host ex-

tinction E(B – V)
Host

0 0.09 mag, as derived

from the strength of the interstellar Na I D

absorption (15), we derive the absolute blue-

band magnitude (M
B
) at maximum light to be

M
B
(max) , –18.7 mag. This is much more

luminous than the normal type Ic SN 1994I

(1, 16) and is comparable to the GRB/SNe

1998bw (4) and 2003dh (6 ). Spectroscopi-

cally, however, SN 2003jd shows narrower

lines than the hyper-energetic GRB/SNe (Fig.

1), and it appears to be intermediate between

those and the normal type Ic SN 1994I (16).

The closest analog may be the energetic SN

2002ap (17, 18).
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Fig. 2. Nebular spectra of type Ic
SNe. The bottom curve shows the
nebular spectrum of SN 1998bw
(30) taken 337 days after maxi-
mum light (352 days after the
explosion). Note the Mg I], [Fe II],
[O I], and [Ca II] lines near 4570,
5100, 6300, and 7300 Å, respec-
tively. The middle curve shows the
Subaru FOCAS spectrum of SN
2003jd È330 days after the puta-
tive time of explosion. The top
curve shows the Keck spectrum of
SN 2003jd at an epoch of È370
days. The [O I] 6300, 6363 Å line in
SN 2003jd clearly exhibit a double-
peaked profile. Marginal evidence of
a double peak is also present in the
profiles of Mg I] at 4570 Å and [Ca II]
at 7300 Å. The spectrum of SN
1998bw has been shifted in flux to
make it consistent with the distance
of SN 2003jd.

Fig. 1. The near-maxi-
mum optical spectrum
of SN 2003jd compared
with spectra of other
type Ic SNe at a similar
phase (Fl is the flux per
unit wavelength). The
dates are the days rela-
tive to the optical max-
imum (i.e., the minus
sign means before the
maximum light). Spectra
are ordered by increas-
ing line width (implying
increasing kinetic energy
per unit mass), ranging
from the normal SN
1994I (16), to the ener-
getic SN 2002ap (17, 18),
to the hyper-energetic
GRB/SN 1998bw (30).
The absorption line near
7600 Å in the spectrum
of SN 1998bw is telluric.
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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 L
X

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 L
R
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 before È30 days.

The expansion velocity (which need not be

isotropic) must be | 0.2 A*
–1/3 (e

e
/0.1)–1/3c

(where e
e

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 L
X

(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).
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not the same in all type Ic SNe. The GRB/SNe

1998bw and 2003dh, which are probably high-

ly aspherical, have been discovered thanks to a

GRB trigger; their orientation is therefore such

that the EO I^ profile must be single-peaked.

For normal type Ic SNe, which are on average

closer and easier to discover, the lack of ob-

served double-peaked profiles suggests that they

are not as strongly aspherical. SN 2003jd ap-

pears to share many of the properties (energetics

and luminosity) of the GRB/SNe, but it was

discovered independent of a GRB, and it is

likely to be an aspherical SN viewed off-axis.

There have been three energetic type Ic SNe

without a GRB trigger (therefore less biased)—

SNe 1997dq, 1997ef, and 2002ap—whose neb-

ular spectra did not show the double peaks in

the EO I^ 6300 ) line. Given the small sample,

the number (one out of four) is not inconsistent

with our interpretation that the viewing angle

a70- results in the double-peaked EO I^.
Additional sensitive radio and x-ray obser-

vations of SN 2003jd are strongly encouraged,

because a jet with the standard parameters

could still be detectable by deep observa-

tions (Fig. 4). The result should provide val-

uable tests for the presence of an off-axis

GRB with the typical parameters and would

further constrain the viewing angle and the

mass-loss rate.
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Scaling in the Time Domain:
Universal Dynamics of Order

Fluctuations in Fe3Al
Cristian Mocuta,1* Harald Reichert,1. Klaus Mecke,1-

Helmut Dosch,1,2 Michael Drakopoulos3`

By focusing a highly brilliant synchrotron x-ray beam to a micrometer spot on
a sample, we measured in real time the x-ray intensity fluctuations associated
with order fluctuations in crystalline materials. We applied this method to the
binary alloy Fe3Al near its continuous A2-B2 phase transformation and de-
termined a specific four-point time correlation function for the order pa-
rameter. From a detailed theoretical analysis, dynamical scaling in the time
domain with a transition from noncritical to critical dynamics is disclosed.

A premier objective of condensed matter re-

search is to understand and predict how a

material reacts upon external fields—such as

temperature, pressure, and magnetic or elec-

tric fields—especially near a phase transi-

tion. The macroscopic response functions c

Fig. 4. Afterglow emission from a sharp-edged uniform jet in
SN 2003jd. X-ray (0.3 to 2 keV, black) and radio (8.4 GHz,
gray) light curves are calculated for various viewing angles,
qobs, for a GRB with the standard parameters Ejet 0 1051 erg,
ee 0 0.1, eB 0 0.1, q0 0 5-, and A* 0 1 (where Ejet is the
energy in the jet, ee and eB are the fraction of the internal
energy in the electrons and magnetic field, respectively, and
q0 is the opening half-angle of the jet). The synchrotron
spectrum is taken to be a piecewise power law with the usual
self-absorption, cooling, and injection frequencies calculated
from the cooled electron distribution and magnetic field (28,
29). The observed radio and x-ray upper limits for SN 2003jd
are marked by open circles. Cosmological parameters taken in
the model are Wm 0 0.27, WL 0 0.73, and H0 0 72 km s–1

Mpc–1, where Wm is the matter density of the universe, WL is
the energy density of the universe, and H0 is the Hubble
constant.
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