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Broad-band SED of SN2009ip around peak:
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The big picture: H-stripped explosions
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ABSTRACT
Deep late-time X-ray observations of the relativistic, engine-driven, type Ic SN 2012ap allow us to probe

the nearby environment of the explosion and reveal the unique properties of relativistic SNe. We find that on
a local scale of ⇠ 0.01pc the environment was shaped directly by the evolution of the progenitor star with a
pre-explosion mass-loss rate Ṁ < 5⇥ 10-6 M� yr-1, in line with GRBs and the other relativistic SN2009bb.
Like sub-energetic GRBs, SN 2012ap is characterized by a bright radio emission and evidence for mildly
relativistic ejecta. However, its late time (�t ⇡ 20d) X-ray emission is ⇠ 100 times fainter than the faintest
sub-energetic GRB at the same epoch, with no evidence for late-time central engine activity. These results
support theoretical proposals that link relativistic SNe like 2009bb and 2012ap with the weakest observed
engine-driven explosions, where the jet barely fails to breakout. Furthermore, our observations demonstrate
that the difference between relativistic SNe and sub-energetic GRBs is intrinsic and not due to line-of-sight
effects. This phenomenology can either be due to an intrinsically shorter-lived engine or to a more extended
progenitor in relativistic SNe.
Subject headings: supernovae: specific (SN 2012ap); GRBs

1. INTRODUCTION

The vast majority of supernova explosions (SNe) arising
from hydrogen and helium stripped progenitors (i.e. type Ic
SNe, see Filippenko 1997 for the spectral classification of
SNe) can be explained by the hydrodynamical collapse of the
massive progenitor star (e.g. Tan et al. 2001). In a very limited
percentage of cases (. 1%, Berger et al. 2003; Coward 2005,
Guetta & Della Valle 2007, Soderberg et al. 2010b), the explo-
sion is instead powered by an engine able to accelerate a tiny
portion of the ejecta with typical mass6 M ⇡ 10-5 - 10-6 M�
to velocities v& 0.6c. Engine-driven explosions (E-SNe here-
after) are thus uncommon. Furthermore, only a small fraction
of E-SNe ( . 10%, e.g. Soderberg et al. 2006a, see also Cobb
et al. 2006; Pian et al. 2006; Liang et al. 2007; Virgili et al.
2009) harbor a fully relativistic jet and give origin to Gamma-
Ray Bursts (GRBs). The peculiar circumstances that cause a
hydrogen-stripped, massive progenitor star to produce a rela-
tivistic jet at the time of the collapse are still not fully under-
stood. High angular momentum seems to be a key ingredient
(e.g. MacFadyen & Woosley 1999, MacFadyen et al. 2001,
Woosley & Heger 2006, Dessart et al. 2008).

E-SNe have historically been detected through their prompt
X-ray and �-ray emission produced by energy dissipation
within the jet (ordinary GRBs) and by the SN shock break
out (which is relevant at least for some sub-energetic -sub-E-
GRBs, e.g. Kulkarni et al. 1998; Matzner & McKee 1999;

1 Harvard-Smithsonian Center for Astrophysics, 60 Garden St., Cam-
bridge, MA 02138, USA

2 Department of Physics and Earth Sciences, University of Ferrara, via
Saragat 1, I-44122, Ferrara, Italy

3 Department of Astronomy, University of Wisconsin-Madison, 2535
Sterling Hall, 475 N. Charter Street, Madison WI 53706 -1582, USA

4 Department of Physics and Astronomy, Michigan State University,
East Lansing, MI 48824, USA

5 Department of Astronomy and Astrophysics, Tata Institute of Funda-
mental Research, 1 Homi Bhabha Road, Mumbai 400 005, India
6 For the relativistic SN 2009bb M ⇡ 10-2 M� (Chakraborti & Ray 2011).

MacFadyen et al. 2001; Tan et al. 2001; Campana et al. 2006;
Wang et al. 2007; Waxman et al. 2007; Katz et al. 2010;
Bromberg et al. 2011; Nakar & Sari 2012). More recently, two
E-SNe have been discovered through their bright later-time
radio emission (i.e. the relativistic SNe 2009bb and 2012ap,
Soderberg et al. 2010b; Bietenholz et al. 2010; Chakraborti
et al. 2011; Chakraborti et al. 2014, hereafter C14). Here we
specifically ask the questions: what is the nature of relativis-
tic SNe and what is their connection with the other classes of
E-SNe known so far?

The two known relativistic SNe 2009bb and 2012ap share
with sub-E GRBs evidence for mildly relativistic ejecta pow-
ering a bright radio emission (Soderberg et al. 2006a, 2010b;
Bietenholz et al. 2010, C14) and a very energetic optical
explosion with Ek ⇠ 1052 erg coupled to material moving at
v ⇠ a few 104 kms-1 (Pignata et al. 2011; Milisavljevic et al.
2014b). These properties dynamically distinguish relativistic
SNe and sub-E GRBs from ordinary SNe, and put these ex-
plosions between the highly-relativistic, collimated GRBs and
the more common type Ic SNe.

On the theoretical side, state-of-the art simulations of jet-
driven stellar explosions (e.g. Lazzati et al. 2012) associate
classic GRBs with fully-developed, highly-relativistic jets and
suggest that sub-E GRBs likely represent the cases where the
jet is just barely able to pierce through the stellar envelope
(Bromberg et al. 2011, Nakar & Sari 2012). In particular,
it was suggested by Lazzati et al. 2012 that a different life-
time of the central engine might be able to explain the entire
zoo of E-SNe (i.e. relativistic SNe, sub-E GRBs and ordinary
GRBs). However, it is unclear if relativistic SNe represent
a new class of explosions, or if, instead, they are the equiva-
lent of sub-E GRBs for which we missed the high-energy trig-
ger because of line-of-sight effects or incomplete coverage of
the �-ray satellites (see e.g. the discussion for SN 2009bb in
Soderberg et al. 2010b). This still-open-question motivates
this study.

We present late-time deep X-ray observations of the rela-
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…in real-time…
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Figure 4. The spectrum of SN 2014C compared to those of
other type Ib supernovae near maximum light. The spectra of
SN 2014C and SN2008D have been corrected for extinction us-
ing E(B − V ) values of 0.75 mag (this paper) and 0.5 mag
(Soderberg et al. 2008; Modjaz et al. 2009), respectively, whereas
the spectrum of iPTF13bvn has not been corrected (Cao et al.
2013; Srivastav et al. 2014). The data were originally published in
Modjaz et al. (2009) and Srivastav et al. (2014) and were digitally
retrieved from WISEREP (Yaron & Gal-Yam 2012). Also shown
is a synthetic spectrum of SN 2014C created with SYN++. Some ab-
sorption features dominated by single ions with projected Doppler
expansion velocities of (1.3 ± 0.1) × 104 km s−1 are identified, as
well as high velocity (HV) hydrogen that spans (1.3 − 2.1) × 104

km s−1.

of Hα and [N II] 6548, 6583 lines having instrumentally
unresolved FWHM velocities of ≈ 250 km s−1 and an
intermediate-width component with a FWHM width of
1200±100 km s−1 (Figure 5). The Hα profile extends to
6520 Å and 6610 Å, which sets limits on the velocity of
the emitting shocked CSM to −2000 and +2200 km s−1.
The narrow components are presumably associated with
wind material that is being photoionized by X-rays of the
forward shock, and the intermediate component is associ-
ated with the shock and/or ejecta running into CSM. The
day −4 spectrum, which has only narrow components, is
most likely a combination of emission local to the super-
nova and from the entire host massive star cluster (see
Section 2.1). We interpret emission at later epochs to be
be dominated by emission from supernova-CSM interac-
tion.
Beginning with the day 282 spectrum and continuing

with the day 373 spectrum, the emissions are increas-
ingly complex and originate from several distinct regions.
Figure 6 shows an enlargement of the day 373 spectrum
corrected for extinction and a complete list of identified
emission features. Several narrow, unresolved emission
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Figure 5. Evolution of the emission line profile around Hα. On
day −4 only unresolved (FWHM ≈ 250 km s−1) Hα and [N II]
λλ6548, 6583 lines are observed. Subsequently, beginning on day
113, an intermediate component (FWHM ≈ 1200 km s−1) is ob-
served. A model fitting the day 373 profile is shown. Scaling
parameters are given to the left of each spectrum.

lines are observed including [O III] λ4363 and λλ4959,
5007, [Ne III] λ3869, He II λ4686, and [N II] λ5755.
Also seen are several narrow, unresolved coronal lines
including [Fe VI], [Fe VII], [Fe X], [Fe XI], and [Fe XIV].
We attribute this emission to ionization of the pre-shock
circumstellar gas by X-rays emitted by the shocked gas.
The strongest constraint on the wind velocity comes from
the day 474 spectrum that has the highest resolution of
all our data. We measure a FWHM width of 1.5 Å (which
is unresolved) in the [O III] λ4363 emission line. This sets
an upper limit of < 100 km s−1 for the unshocked wind
velocity.
Broad emission centered around the [O III] λλ4959,

5007 lines is seen in our spectra beginning on day 282
and continues to be visible through our last spectrum ob-
tained on day 474. The width of the emission is difficult
to measure since it blends with Hβ blueward of 4959 Å
and another source of emission redward of 5070 Å. We
estimate that the velocity width must be ! 3500 km s−1,
meaning that the emission originates from a region dif-
ferent than the shocked CSM. Presumably it is emission
from oxygen-rich stellar ejecta being excited by the re-
verse shock. Broad [O III] emission is normally only seen
in supernovae many years to decades after core collapse
(Milisavljevic et al. 2012). But in the case of SN2014C,
the supernova-CSM interaction may have accelerated its

Halpha
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of Hα and [N II] 6548, 6583 lines having instrumentally
unresolved FWHM velocities of ≈ 250 km s−1 and an
intermediate-width component with a FWHM width of
1200±100 km s−1 (Figure 5). The Hα profile extends to
6520 Å and 6610 Å, which sets limits on the velocity of
the emitting shocked CSM to −2000 and +2200 km s−1.
The narrow components are presumably associated with
wind material that is being photoionized by X-rays of the
forward shock, and the intermediate component is associ-
ated with the shock and/or ejecta running into CSM. The
day −4 spectrum, which has only narrow components, is
most likely a combination of emission local to the super-
nova and from the entire host massive star cluster (see
Section 2.1). We interpret emission at later epochs to be
be dominated by emission from supernova-CSM interac-
tion.
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with the day 373 spectrum, the emissions are increas-
ingly complex and originate from several distinct regions.
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lines are observed including [O III] λ4363 and λλ4959,
5007, [Ne III] λ3869, He II λ4686, and [N II] λ5755.
Also seen are several narrow, unresolved coronal lines
including [Fe VI], [Fe VII], [Fe X], [Fe XI], and [Fe XIV].
We attribute this emission to ionization of the pre-shock
circumstellar gas by X-rays emitted by the shocked gas.
The strongest constraint on the wind velocity comes from
the day 474 spectrum that has the highest resolution of
all our data. We measure a FWHM width of 1.5 Å (which
is unresolved) in the [O III] λ4363 emission line. This sets
an upper limit of < 100 km s−1 for the unshocked wind
velocity.
Broad emission centered around the [O III] λλ4959,

5007 lines is seen in our spectra beginning on day 282
and continues to be visible through our last spectrum ob-
tained on day 474. The width of the emission is difficult
to measure since it blends with Hβ blueward of 4959 Å
and another source of emission redward of 5070 Å. We
estimate that the velocity width must be ! 3500 km s−1,
meaning that the emission originates from a region dif-
ferent than the shocked CSM. Presumably it is emission
from oxygen-rich stellar ejecta being excited by the re-
verse shock. Broad [O III] emission is normally only seen
in supernovae many years to decades after core collapse
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RESULTS from:

The first systematic search 
for Super-Luminous X-rays 
from  Super-Luminous SNe

Margutti et al., in prep.
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We did detect X-rays 
at the location of 2 

SLSNe-I



CC Supernovae
~70%

Supernovae
No H, no He 
Vejecta≥ 10^4 km/s 
Ek≥ 10^51 erg

Type Ic ~20%

BL-Ic~5%
Vejecta≥ 30000 km/s 
Ek~ 10^52 erg

Relativistic ejecta
Γβ≥ 2~10-30%

Fully 
relativistic

Γβ≥ 10

~10%

SLSNe-I??
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SLSNe-I and off-axis GRBs
Eiso= 1d53 erg
n= 1 cm-3

Theta_jet= 10 deg

Low-Lum GRBs

Radio



Engine-driven Stellar 
Explosions

Strongly  
Interacting SNe

Multi-Wavelength observations of 
Stellar Explosions

Super-Luminous  
SNe
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The Little Gidding by T. S. Eliot

“…The END 

is where we start from…”

Thanks to Chandra, XMM, Swift, NuSTAR, VLA, VLBI, 
CARMA, SMA, GMRT 

 for their generous support to our investigation


