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▸ iron core collapse of a massive star 

▸ creation of proto-neutron star 

▸ most of the released gravitational 
energy is radiated away as neutrino 
emission. 

▸ But, a small fraction of the energy 
can be used to power the envelope 
outside the proto-NS. 

▸ the energy injection leads to the 
formation of a blast wave.
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▸ sudden emergence of a bright point source in the sky. 
▸ they are outshining in optical for several 10 days up to ~100 days. 
▸ super + novae (new star): it is like the appearance of a “new star” 
▸ classical novae: surface explosion of WDs 
▸ supernovae: explosions of stars → complete destruction

Supernova explosion

Light curves of various types of SNe 

(SN Ia, II, Ibc, 1987A-like)
Smith+(2007)
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▸ 56Ni production in shocked hot gas 

▸ radioactive decay of 56Ni: primary 
energy source of SNe 

▸ gamma-ray energy deposition in 
the ejecta → heating of the ejecta 
→ thermal optical photons
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▸ 56Ni production in shocked hot gas 

▸ radioactive decay of 56Ni: primary 
energy source of SNe 

▸ gamma-ray energy deposition in 
the ejecta → heating of the ejecta 
→ thermal optical photons

v~ (E/M)1/2



▸ CCSNe energetics: canonically,

Core-collapse Supernova explosion

➡gravitational energy: Egrav ~ GMns2/Rns ~ 1053 [erg] 

➡ explosion energy: Eexp ~ 1% of Egrav ~ 1051 [erg] 

➡ radiation energy: Erad ~ 1% of Eexp ~ 1049 [erg] 

➡ ejecta mass: Mej ~ 1 - 10 [M◉] 

➡ typical velocity: v ~ (2Eexp/Mej)1/2 ~ several 1000 - 10000 km/s 

➡ typical 56Ni mass: MNi~0.1M◉

▸ But, extraordinary events are sometimes found

➡broad-line Ic SNe: ejecta mass and velocity appear to be larger, implying a 
larger kinetic energy of 1052 [erg] > 1051 [erg] 

➡ superluminous SNe: extremely bright SNe with total radiated energies of 
1051 [erg] > 1049 [erg]
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▸ energetic SNe with the inferred kinetic energy of 1052 [erg] 

▸ SNe associated with long gamma-ray bursts (GRBs) are always classified 

into this subclass

Broad-lined Ic SNe (Hypernovae)

 Meszaros&Rees (2014)



Broad-lined Ic SNe (Hypernovae)

associated SN redshift

GRB 980425 SN 1998bw z=0.0085

GRB 030329 SN 2003dh z=0.1685

GRB 031203 SN 2003lw z=0.1055

GRB 060218 SN 2006aj z=0.0334

GRB 100316D SN 2010bh z=0.0591

GRB 120425A SN 2012bz z=0.283

GRB 130702A SN2013dx z=0.145

GRB 140606B iPTF4bfu z=0.384

Stanek+ (2005)
GRB-SNe with spectroscopic confirmation

▸ energetic SNe with the inferred kinetic energy of 1052 [erg] 

▸ SNe associated with long gamma-ray bursts (GRBs) are always classified 

into this subclass

+GRB171205A/SN2017iuk



Broad-lined Ic SNe (Hypernovae)

Hjorth+ (2003)

▸ energetic SNe with the inferred kinetic energy of 1052 [erg] 

▸ SNe associated with long gamma-ray bursts (GRBs) are always classified 

into this subclass

associated SN redshift

GRB 980425 SN 1998bw z=0.0085

GRB 030329 SN 2003dh z=0.1685

GRB 031203 SN 2003lw z=0.1055

GRB 060218 SN 2006aj z=0.0334

GRB 100316D SN 2010bh z=0.0591

GRB 120425A SN 2012bz z=0.283

GRB 130702A SN2013dx z=0.145

GRB 140606B iPTF4bfu z=0.384

GRB-SNe with spectroscopic confirmation
+GRB171205A/SN2017iuk



▸ SNe 10-100 times brighter than normal CCSNe (Quimby+2007, Barbary+ 

2009, etc, see Gal-Yam 2012, Moriya+ 2017 for review) 

▸ They are found by recent “unbiased” transient survey projects (e.g., 

Palomar Transient Factory, Pan-STARRS, etc) 

▸ Spectral classifications (analogy to normal SNe)

Superluminous Supernovae

➡ SLSNe-I: no Hydrogen feature (no He) 

➡ SLSNe-II: Hydrogen feature

▸ Total radiated energy can be ~1051 [erg]
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Fig. 1.— The luminosity evolution (light curve) of supernovae. Common SN explosions
reach peak luminosities of ∼ 1043 erg s−1 (absolute magnitude > −19.5). The new class of

super-luminous SN (SLSN) reach luminosities ∼ 10 times higher. The prototypical events of
the three SLSN classes (SLSN-I PTF09cnd, Quimby et al. 2011; SLSN-II SN 2006gy, Smith

et al. 2007, Ofek et al. 2007, Agnoletto et al. 2009; and SN 2007bi, Gal-Yam et al. 2009) are
compared with a normal Type Ia SN (Nugent template), Type IIn SN 2005cl (Kiewe et al.
2011), the average Type Ib/c light curve from Drout et al. (2012), the Type IIb SN 2011dh

(Arcavi et al. 2011) and the prototypical Type II-P SN 1999em (Leonard et al. 2002). All
data are in the observed R band. See SOM for additional details.

What is their origin? 

    CSM? Central-engine? 

    or pair-instability SNe?
Gal-Yam (2012)



▸ event rate: they are extremely rare 

▸ 0.01 - 0.1% of normal CCSNe 

▸ CCSNe rate ~ 105 Gpc-3yr-1  at z~0.2 (e.g., Madau&Dickinson 2014) 

▸ total SLSNe rate: 

Superluminous Supernovae

↑SLSNe-I rate: Prajs+(2016)

➡199+137-86 Gpc-3yr-1 at z~0.2 
(Quimby+2013) 

➡~400 Gpc-3yr-1 at z=2-4 (Cooke+2012) 

➡~900 Gpc-3yr-1 at z~2 (HSC: 
Moriya+2018) 

➡ SLSNe-I rate is even lower



Superluminous Supernovae

SLSNe-I from the PTF sample (De Cia+ 2017)
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▸ SLSNe at maximum light: traditional threshold Mabs~-21 

▸ the corresponding luminosity of L~1044[erg/s]

SN Ia

CCSNe



▸ spectrum: lack of hydrogen and helium 

▸ blue continuum (T ~ several 104 K) 

▸ broad-line 

▸ “w”-shaped spectral feature (caused by O[II], O[III])

Superluminous Supernovae

SLSNe-I spectra (Quimby+2011)
hydrogen is lacking but Si II is strong, TypeIb if hydrogen is
lacking, Si II is weak, and helium lines are well detected, and finally
TypeIc if none of these classifications hold (we will use SN II,
SN Ia, SN Ib, and SN Ic to refer to these spectral types,
respectively; see Figure 1). There are further refinements of this
classification scheme for objects with relatively narrow emission
features (SN IIn and SN Ibn), transitional objects (e.g., SN IIb), and
sometimes objects are subclassified by their light-curve properties
(e.g., SN II-P and SN II-L).

Normal SNe typically have optical luminosities in the
−14<M<−20mag range (Li et al. 2011; Richardson
et al. 2014). The SLSN label has traditionally been assigned to
events with peak absolute magnitudes brighter than about
M<−21 in the optical (Gal-Yam 2012). Many papers have
been published on specific SLSN events (e.g., Hatano et al. 2001;
Quimby et al. 2007a, 2011; Smith et al. 2007; Barbary et al.
2009; Gal-Yam et al. 2009; Chomiuk et al. 2011; Rest et al. 2011;
Leloudas et al. 2012; Howell et al. 2013; Benetti et al. 2014;
Nicholl et al. 2014), and there is a growing number of papers
exploring the diversity of the population (e.g., Inserra et al. 2013;
Nicholl et al. 2015; De Cia et al. 2017; Lunnan et al. 2018). The
SLSN group may now include over 100 distinct events23

(Guillochon et al. 2017), but this is just 0.26% of all reported
SNe—a testament to the low volumetric rates at which SLSNe are
produced (Quimby et al. 2013; Prajs et al. 2017).
SLSNe with obvious spectroscopic evidence for hydrogen

near maximum light have been classified as SNeII (or SLSNe-
II to highlight their extreme luminosities), while others lack the
defining features noted above and fall into the default SNIc (or
SLSN-I) category. Some initially hydrogen-poor SLSNe
develop hydrogen features in their later-time spectra (Yan
et al. 2015, 2017a), although these are usually classified as
SLSNe-I. Additionally, a SLSN-R class has been introduced
(Gal-Yam 2012), but this may not be distinct enough from
SLSNe-I to warrant a separate class (De Cia et al. 2017).
Since the first examples were published a decade ago, the

physical nature of these objects has been debated. Models
developed to explain normal-luminosity events (M>−20mag)
cannot easily be stretched to account for the immense energies
released by SLSNe (the radiation budgets alone can exceed
1051 erg; e.g., Chatzopoulos et al. 2011), so new power sources
have been sought.
Among the first models to be considered were the pair-

instability explosion models that had been developed to predict
the deaths of the first stars (Fowler & Hoyle 1964; Barkat
et al. 1967). These models initially assumed zero-metallicity
progenitors, but they have been compared to explosions in the
z≈0 universe (e.g., Smith et al. 2007; Gal-Yam et al. 2009).
Not all agree that these models explain the data, however (e.g.,
Dessart et al. 2012; Jerkstrand et al. 2017). Nonetheless, recent
developments in stellar evolution theory incorporating rotation
have pointed to possible avenues for stars with the required,
extremely massive cores to exist in the modern universe (Yoon
& Langer 2005; Woosley & Heger 2006; Yusof et al. 2013),
and this is supported by observations (Crowther et al. 2016), so
this progenitor model continues to be explored (e.g., Whalen
et al. 2014; Kozyreva et al. 2017).
Most of the hydrogen-rich SLSNe-II show time-variable,

narrow emission lines in their spectra that indicate a relatively
slow-moving wind is being overtaken by fast-moving ejecta
(e.g., Fransson et al. 1996). This interaction potentially offers
an additional source of power that may help to explain their
high luminosities (e.g., Smith et al. 2007; Chatzopoulos et al.
2011; Chevalier & Irwin 2011). SLSNe-I do not exhibit these
tell-tale spectral features (e.g., Pastorello et al. 2010; Quimby
et al. 2011; Inserra et al. 2013). However, SLSNe-I may yet
be powered by interaction if the wind is very extended and
moving at a high velocity (Chatzopoulos & Wheeler 2012), or
if the wind is depleted of hydrogen and not photoionized by
the SN (see, for example, the helium or carbon-oxygen wind
models of Tolstov et al. 2017a). SLSNe-I also show
somewhat weak spectral features from relatively cool ions
that may be diluted by a hot continuum produced by an
underlying interaction (Chen et al. 2017). But the lack of
obvious interaction signatures opens the possibility that
different SLSNe are powered primarily through different
means (or that the signs of interaction in most SLSNe-II are a
red herring).
An attractive explanation for the unusually high energies of

SLSNe-I is that additional energy is deposited in the ejecta
over time as a nascent magnetar spins down (Kasen &
Bildsten 2010; Woosley 2010). Although the details are
lacking on how this spindown energy is injected into the
ejecta, the bolometric evolution of several SLSNe-I has been

Figure 1. Spectra near peak optical brightness of a SLSN-I compared to
normal-luminosity SNe. Some key features are shaded in gray for emphasis:
H I in the SNII, O II in the SLSN-I, Si II in the SNIa, and He I in the SNIb.
Except for SN 1994D, the data have been smoothed for clarity.

23 For example, see the Open Supernova Catalog listing at https://sne.space/?
claimedtype=SLSN.
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schematic SLSNe-I spectra (Quimby+2018)



Superluminous Supernovae

peak L vs redshift: Nicholl+(2017)

(or the engine is a black hole rather than a neutron star) such
that most energy goes into expansion, and in the latter case a
relativistic jet. Thus their kinetic energies may be even
greater than those in SLSNe. We note, however, that if we
instead take the SLSN velocities from Liu & Modjaz (2016)
in our calculation of EK, we derive »E M 2K ej for many
SLSNe (shown approximately as a dashed line in Figure 6),
comparable to GRB SNe. As recently noted by Prentice &
Mazzali (2017), a true derivation of EK requires detailed
spectroscopic models to probe the density structure.

Finally, we note that the typical masses of SLSN ejecta are
significantly larger than for most SNe Ic, but appear to be
similar to broad-lined SNe Ic (though the sample size for the
latter is small), in agreement with the findings of Nicholl
et al. (2015b). The range we find is 1 1M2 20ej :M . The
exception is LSQ14bdq, for which our best-fit model favors a
more massive ejecta with ∼30 :M . This is similar to the mass
estimated by Nicholl et al. (2015a); however, we note that
this event became Sun-constrained just before reaching
maximum light, and so the shape of the peak is not well
constrained.

5.2. Connecting Observables to Physical Properties

We show the distribution of peak luminosities in our fits in
Figure 8. This can be used to construct a rough luminosity
function, though it is hard to account for observational bias
given that these SLSNe come from a wide range of surveys. In
particular, physically related events may extend to lower
luminosities but could be missed due to a classification bias
against events that are not formally “superluminous”
(i.e., < -M 21). Such selection effects are difficult to acount
for. Interestingly, the peak luminosities in our sample show
negligible evolution with redshift. In the top panel, we plot
luminosity against redshift. The luminosity function for events
at <z 0.3, which is roughly the volume within which all major
surveys are sensitive to SLSNe, is indistinguishable from that
for the whole sample. We find a median peak luminosity of

´3.2 1044 erg s−1 for the entire sample, with a 1σ range of
´–1.7 6.2 1044 erg s−1.

It is interesting to ask which physical parameters are most
important in determining the peak luminosity. In Figure 9, we
repeat some of the panels from Figure 6 but with each data
point scaled in proportion to the maximum luminosity of that
SLSN. It is immediately apparent that no one parameter is a
perfect predictor of luminosity. However, the brightest events
fall in the region with short spin period and relatively high
magnetic field. Ejecta mass seems to have relatively little
effect, while the slight preference for higher kinetic energy is
likely a reflection of the faster spin in such events.

One of the defining characteristics of SLSNe is their blue
spectra, particularly at early times. However, recent observa-
tions of the UV spectrum of Gaia16apd from Yan et al. (2017b)
have demonstrated an unexpected degree of diversity in the UV
properties of SLSNe that imply a range of photospheric
temperatures (Nicholl et al. 2017a). At the other extreme, PS1-
14bj displayed a much redder spectrum at maximum than the
rest of the population (Lunnan et al. 2016). Despite this
diversity, it is clear from our light-curve fits that our simple
SED model shown in Figure 1 can reproduce the UV–optical
colors at peak for all of the events in our sample.

In Figure 10, we connect the observed color diversity to
the luminosities, rise times, and radii of the SLSNe. The time
taken to reach maximum light is sensitive to both the spin-
down time and the diffusion time. The peak luminosity is
additionally sensitive to the initial spin period, while the
radius reached by this phase also depends on the velocity.
Combining these factors, we show that the bluest SLSNe are
those that reach a bright peak luminosity after a short rise,
such that the photosphere is still relatively compact
(∼1015 cm) and the engine luminosity is higher up the
spin-down curve (Figure 7).

Figure 8. Approximate luminosity function for SLSNe. The median luminosity
of our sample is ´3.2 1044 erg s−1. Despite the different selection effects
present in the many surveys that discovered these events, the luminosity
function appears to show little evolution with redshift.
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peak Mg distribution of PTF samples (De Cia+2018)

10 De Cia et al.

-16 -17 -18 -19 -20 -21 -22Mg, peak

1
2
3
4
5
6
7
8

N

-16 -18 -20 -22

H-poor SLSNe
Ic-BL SNe

Ibc SNe

-16 -17 -18 -19 -20 -21 -22
Mg, peak

1

10

100

1000

10000

-16 -18 -20 -22

with volumetric correction

Figure 3. Peak-magnitude distribution of the labelled types
of PTF SNe, for rest-frame g absolute magnitudes. The bot-
tom panel shows the peak-magnitude distribution after vol-
umetric correction (i.e. corrected for Malmquist bias).

limiting magnitude. The volumetric correction factor Vc

is then expressed as follows:

Vc = Vmax/Vmax,i =

!

DL,max

1 + zmax

"3

/

!

DL,max,i

1 + zi

"3

, (1)

where the luminosity distance of the brightest SN in the
sample is DL,max = 10(((mlim−Mg,max)+5.)/5.), and the lu-
minosity distance for each individual SN is DL,max,i =
10(((mlim−Mg,i)+5.)/5.). Figure 3, bottom panel, shows
the peak-magnitude distribution after the volumetric
correction. The mean peak magnitude of the SLSN sam-
ple is < Mg,peak >= −21.14 mag with a standard devi-
ation of 0.75 mag.

4.2. The postpeak early- and late-time decay rates

The light curves of H-poor SLSNe can show a change
in decay rate (e.g. Inserra et al. 2013). Here we inde-
pendently characterize the postpeak early- and late-time
decay rates of H-poor SLSNe with linear fits to the early-
time and late-time data separately. We study the early
decay with a linear fit to the rest-frame g magnitudes in
a time interval between the peak and typically 60 days
after peak. In some cases, this interval was adjusted to

the data coverage, or to avoid changes of slope. The se-
lected time intervals and the resulting linear fits to the
data are displayed in Figs. B1 to B5 (solid curves). We
define the late-time decay as typically beyond 60 days
after peak and characterize the decay rate with a lin-
ear fit to the data, in the same way as we did for the
early-time decay. The linear fits to the late-time decays
are displayed in Figs. B1 to B5 (solid curves, typically
beyond 60 days after peak).
Figure 4 shows the distribution of the early-time de-

cay slopes (top panel) and the the late-time decay slopes
(bottom panel). SLSNe that were originally classified
as sub-type R within the PTF survey are marked sep-
arately in this figure and compared to the rest of the
sample. The original criterion for being classified as an
SLSN-R was either a slow decline or spectral similar-
ity with SN 2007bi, with no quantitative threshold. We
do not intend to use these criteria as a meaningful clas-
sification, but rather to test this classification scheme,
because it is often used in the literature (e.g. Gal-Yam
2012; Inserra et al. 2017).
The decay rate of most SLSNe slows down from early

to late times. The decay rates and the times of tran-
sition from a faster to a slower decay (the intersections
between the early- and late-time linear fits) are reported
in Table A1.

4.3. Light-curve smoothing

We smooth the SN light curves to be able to fur-
ther measure the rise and decay times more easily. We
model the observed light curves with a nonparametric
model, as follows. We first fit a first-order polynomial
to the rest-frame g-band flux light curves locally. Then,
we consider a fitting interval of 5 days (at phases un-
til 5 days after peak), 10 days (at phases beyond 50
days after peak), and proportional to the phase (0.2
times) otherwise. For the interpolations, we use a Gaus-
sian smoothing kernel that weights the fluxes accord-
ing to their phase distance to each interpolated point.
The smoothing algorithm also uses the uncertainties on
the photometry to weight the data points. In order to
avoid mathematical artifacts, a few auxiliary points are
added to the observations. The light-curve smoothing
algorithm is described in more detail in Rubin et al.
(2016). In a few cases, to avoid unphysical wiggles in
the smoothed light curves for poorly sampled regions,
we binned scattered data during small time intervals.
Namely, we binned the data for PTF 10aagc between 32
and 44 rest-frame days after peak; PTF 09cwl between
122 and 141; PTF 10vwg between 44 and 62; PTF 11rks
at 55, and between 144 and 154; and PTF 12gty be-
tween 141 and 158. We adopt the formal error on the
smoothed fluxes computed by the smoothing algorithm,
and assume a minimum uncertainty of 10% of the flux

▸ SLSNe at maximum light: traditional threshold Mabs~-21 

▸ the corresponding luminosity of L~1044[erg/s] 

▸ “Gap-transient”? (Arcavi+2016)



▸ high-z event: three spectroscopically confirmed events at z=1.851, 
1.965 and 2.399  (HSC: Moriya+2018, Curtin+2018)

Superluminous Supernovae

HSC images: Moriya+(2018)

4 T. J. MORIYA ET AL.

Figure 3. z-band images (15" x 15") of spectroscopically-confirmed high-redshift SNe. The left panels show the reference images the middle
panels show the images after the SN discovery at around the maximum brightness, and the right panels show their subtractions. The SN
locations are at the center that are marked with the crosses. North is up and east is left.

stellar mass of ≃ 9 × 109 M⊙ and the star-formation rate
(SFR) of ≃ 10 M⊙ yr−1.

Fig. 4a presents the observed LCs of HSC16adga. The
original data are summarized in Table 2. The rest-frame LCs
in Fig. 4b are obtained by taking the spectroscopic redshift
of 2.399 and applying a simple K correction of 2.5log(1 + z)
(Hogg et al. 2002). We do not take any host galaxy extinc-
tions into account in this paper. The central wavelengths of
the observed filters are also shown. Because our transient
survey is performed in the observer-frame optical bands, our
photometric information is limited to the rest-frame ultra-
violet bands, not optical. The peak magnitudes are slightly
fainter than −21 mag in ultraviolet. The rise time is not well
constrained, but it declines rather slowly. The LC evolution
is similar to that of Type IIn SLSN LSQ15abl (Brown et al.
2014) (Fig. 4c) with which the spectrum of HSC16adga
is found to be similar (Curtin et al. 2018). The luminous
Type IIn SN 2010jl (Fransson et al. 2014) also has a similar
LC evolution to HSC16adga (Fig. 4c).

Fig. 5 is a spectral energy distribution (SED) obtained with
the broad band photometries in some selected epochs shown
in Fig. 4b. It is hard to estimate the photospheric temper-
atures in the early epochs because the peak of the SEDs is
not constrained with our optical photometries. The photo-
metric temperatures are higher than ≃ 20,000 K in these
epochs. Then, the photospheric temperatures gradually go
down to ≃ 16,000 K (20 days) and ≃ 13,000 K (30 days).
The temperature evolution is consistent with that of luminous
Type IIn SNe (e.g., Fassia et al. 2000).

3.2. HSC17auzg (SN 2016jhn)

HSC17auzg (SN 2016jhn) was first detected on 23 Dec
2016 at (RA, Dec) = (09:59:00.42, +02:14:20.8) in the z

band (Fig. 3). It appeared in a galaxy with the COSMOS
photo-z of 1.6478+0.06

−0.0752 and the MIZUKI photo-z centering
at 1.78 (Fig. 2). The spectroscopic follow-up observations
confirmed the redshift of 1.965± 0.004 (Curtin et al. 2018).
The SN is at 0.78" (6.5 kpc at z = 1.965) away from the host

4 C. CURTIN ET AL.

Figure 2. Top: Flux-calibrated observer-frame 1-D spectrum of HSC16adga, shown in black with grey fill. A 9 pixel boxcar smoothing function
has been applied for clarity and to improve the S/N. The 1� boxcar-1 error is shown in red. The spectrum is separated at 5600Å between the
blue and red sides. The vertical yellow lines mark the locations of bright sky emission lines that are difficult to remove cleanly from faint
spectra. Bottom: The same spectrum, zoomed-in and redshifted. A weak Ly-↵ absorber LBG composite spectrum is overlaid in blue and scaled
arbitrarily to emphasize the alignment of features. A subset of the features used to constrain the redshift is illustrated with vertical dashed blue
lines and labeled.

Keck spectra: Curtin+(2018)



▸ Late-time (nebular) spectra 

▸ nebular spectrum of SLSN 2015bn 

show a remarkable similarity to 

broad-lined Ic SN 1998bw  

▸ possible link between SLSNe-I and 

broad-lined Ic (or GRB-SNe)

Superluminous Supernovae

↑Nicholl+(2016)
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Figure 2. Left: Spectroscopic evolution. All spectra have been normalised using the integrated flux between 4400–8000 Å.

Middle: the GMOS spectrum at +392 d, dominated by broad emission from oxygen, calcium and magnesium, is a near-perfect

match to the nebular spectra of energetic SNe Ic. Right: Gaussian fits to the strongest lines. The multiplets of [O I], [Ca II] and
Ca II have been accounted for using multi-component Gaussians of the same width (relative strengths assume lines are optically

thin). As in SN2012au (Milisavljevic et al. 2013), O I�7774 exhibits a lower velocity than [O I]. Note: galaxy lines have been

removed for clarity.

an additional engine (Iwamoto et al. 1998). The ob-
servational link between some hypernovae and LGRBs,
demonstrated spectacularly by SN1998bw (Galama et al.
1998), confirms this engine as most likely a rapidly rotat-
ing compact object: either an accreting black hole ‘col-
lapsar’ (MacFadyen & Woosley 1999) or a millisecond
magnetar (Duncan & Thompson 1992). The extraor-
dinary similarity in nebular-phase spectra (probing the
conditions of the innermost ejecta from the stellar in-
terior) 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 en-
vironments (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 consis-
tent 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 di↵erent process sup-
plies the luminosity of SN 2015bn compared to the hy-
pernovae (which seem to be heated by 56Ni, e.g. Cano
et al. 2016). In section 2.2 we saw that SN2015bn is 150
times more luminous than SN1998bw during the neb-
ular phase. This would require a larger 56Ni mass by
a similar factor, but the spectroscopic similarity demon-
strates that SN2015bn cannot have an enormously larger
56Ni fraction than the hypernovae. Our spectrum looks
nothing like pair-instability models (Jerkstrand et al.
2016); nor do we see the [Fe III] lines that dominate Type
Ia SNe in the blue. 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

Central-engine 

 in H-poor SLSNe?



▸ host galaxy demographics 

▸ SLSNe-I prefer small dwarf galaxies with high specific SFRs 

▸ low metallicity 

▸ similar trend for GRB and SNe Ic-BL host galaxies

Superluminous Supernovae

↑stellar mass vs sSFR↑stellar mass vs metallicity
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▸ host galaxy demographics 

▸ SLSNe-I prefer small dwarf galaxies with high specific SFRs 

▸ low metallicity 

▸ similar trend for GRB and SNe Ic-BL host galaxies 

▸ But, recent discovery of SN2017egm                                                
in a massive galaxy with (super) solar metallicity

Superluminous Supernovae

Nicholl+(2017)↑stellar mass vs metallicity

SN 2017EGM: A SLSN IN NGC 3191 3

Figure 2: Top: SDSS DR13 (Albareti et al. 2016) image of
NGC 3191. The cross-hairs mark the position of SN 2017egm.
The boxes mark the positions of the SDSS fiber spectra from
which we measured the metallicity; the red region is the galaxy
nucleus, while the blue region to the west is a star-forming re-
gion at a similar radial offset from the nucleus as SN 2017egm.
Bottom: Fit to the spectral energy distribution of NGC 3191
using Prospector (Leja et al. 2016). The inset plots show
the star-formation history, as well as the stellar mass and metal-
licity posteriors.

We will show in §4 that the earliest spectrum of SN 2017egm
may have coincided with an initial bump in the light curve.
This would be the first time that a spectrum has been obtained
for a SLSN in this phase. The similarity of the early spec-
trum to those at maximum light is an important clue to the
mechanism powering the bumps.

3. HOST GALAXY: NGC 3191

Integrated photometry of NGC 3191 is available from radio
to UV. Using the near-UV flux density measured with GALEX,
we infer a star formation rate of SFR = 1.4⇥10-28L⌫,UV ⇡ 5
M� yr-1. On the other hand, infrared measurements at 25, 70,

and 100 µm from IRAS yield SFR ⇡ 11 M� yr-1 (using the
relation of Rieke et al. 2009). NGC 3191 also exhibits resolved
emission at 1.4 GHz in data from FIRST, pointing to a star
formation origin, with an inferred value of SFR ⇡ 13 M� yr-1

(using the relation of Yun & Carilli 2002).
Grupe et al. (2017) recently detected X-ray emission from

NGC 3191 using Swift/XRT. We analyze the XRT data span-
ning 2017 June 2–20 (exposure time of 19.2 ks) and find a
source with a count-rate of (1.6±0.4)⇥10-3 s-1 at position
RA=10h19m04.44s, Dec=+46�27018.700, about 1300 away from
the SN position. We fit the extracted counts with a power law
spectral model using a Galactic column of NH,MW = 9.6⇥1019

cm-2 (Willingale et al. 2013). We find no evidence for in-
trinsic absorption (NH,int . 0.7⇥1022 cm-2; 3�). The power
law index is � = 2.2± 0.4, leading to an unabsorbed flux of
6.2+1.8

-1.2 ⇥10-14 erg cm-2 s-1 (0.3 - 10 keV) or LX ⇡ 1.3⇥1041

erg s-1. Interpreting this luminosity as due to star formation
yields a value of SFR ⇡ 10 M� yr-1 (converting to the 2 - 10
keV band and using the relation of Grimm et al. 2003), in
excellent agreement with the IR and radio inferred values. We
therefore conclude that NGC 3191 has a total star formation
rate of ⇡ 15 M� yr-1, of which about 70% is dust obscured,
and that the X-ray emission detected with XRT is likely not
dominated by SN 2017egm itself.

We further fit the broad-band spectral energy distribution
of NGC 3191 using prospector (Leja et al. 2016) to de-
termine additional galaxy parameters (Figure 2). The results
indicate a star-forming galaxy with a moderate amount of
dust and no evidence for AGN activity. The stellar mass is
logM⇤ = 10.7±0.1 M�, and SFR = 14.8±1.2 M� yr-1, in ex-
cellent agreement with our earlier estimates. The integrated
metallicity is 0.7±0.3 Z�

3.
The half-light radius of NGC 3191 as determined from SDSS

u-band imaging is 6.9±0.200. The host-normalized offset of
SN 2017egm from the nucleus is therefore R/Rhalf ⇡ 0.75. This
is close to the median for the SLSN sample (1.0; Lunnan et al.
2015) and the LGRB sample (0.63; Blanchard et al. 2016).

Finally, we use archival SDSS spectra taken both at the
host nucleus and at the location of a bright star forming region
about 700 away from the center to infer the gas-phase metallicity
(Figure 2). For the purpose of comparison with previous metal-
licity measurements for SLSN hosts, we use the calibration
of Kobulnicky & Kewley (2004), utilizing both the [N II]/H↵
ratio and the R23 diagnostic. We find that at the galaxy center
the metallicity is 12 + log(O/H) ⇡ 9.0 (⇡ 2 Z�), while at the
location of the star forming region it is 12 + log(O/H) ⇡ 8.8
(⇡ 1.3 Z�), indicative of a mild gradient. While we do not
have a metallicity measurement directly at the SN position, its
radial offset from the center is comparable to that of the star
forming region (see Figure 2) and we therefore conclude that
it is most likely & Z�.

In Figure 3 we show NGC 3191 on the mass-metallicity

3 Note that the metallicity grid in Propsector extends only to 1.5 Z�
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Figure 3: Mass-metallicity relation for SLSN (red diamonds),
LGRB (black circles) and core-collapse SN (blue squares) host
galaxies. The host of SN 2017egm (NGC 3191) is shown as a
magenta star. About 10% of SLSNe and LGRBs appear to oc-
cur at Solar metallicity. The comparison data are from Lunnan
et al. (2014); Leloudas et al. (2015); Perley et al. (2016b); Chen
et al. (2016a); Savaglio et al. (2009); Levesque et al. (2010a);
Svensson et al. (2010); Graham & Fruchter (2013); Perley et al.
(2016a); Krühler et al. (2015); Schulze et al. (2016).

diagram, along with previous SLSN, LGRB, and core-collapse
SN host galaxies. Clearly, NGC 3191 has a higher metallicity
and stellar mass than most previous SLSN hosts, comparable
to those of regular core-collapse SN hosts. However, similar
cases exist in the LGRB sample, and two other SLSNe appear
to have metal-rich hosts: MLS121104 (Lunnan et al. 2014)
and PTF10uhf (Perley et al. 2016b). Both were at z ⇡ 0.3 and
occurred in the outskirts of their host galaxies, and therefore
it is not possible to exclude significant metallicity differences
between the integrated host and the explosion site, or even the
presence of undetected dwarf satellites as the true hosts (e.g.,
Chen et al. 2016b). For SN 2017egm, due to its low redshift
and small offset from the host nucleus, a Solar metallicity
is robust. This in turn lends support to the possibility that
MLS121104 and PTF10uhf also occurred in Solar metallicity
environments.

We therefore conclude that ⇠ 10% of SLSNe may occur in
galaxies with Z & Z�, while the bulk of the sample remains
skewed to lower metallicities (e.g., Lunnan et al. 2014; Perley
et al. 2016b; Chen et al. 2016a; Schulze et al. 2016); this is
similar to the case for LGRBs (Levan et al. 2013; Graham &
Fruchter 2013; Perley et al. 2016a). While the precise fraction
of SLSNe observed in metal-rich galaxies will be sensitive to
selection effects and detection efficiencies, our results indicate
that there is no hard upper bound on the metallicity of SLSN
environments.

4. LIGHT CURVE ANALYSIS

Upon the classification of SN 2017egm as a SLSN,
Swift/UVOT imaging was obtained starting on UT 2017 June
2 (Dong et al. 2017). We extract the UVOT light curves in
the UVW2, UVM2, UVW1, U, B, and V filters following the
procedures outlined in Brown et al. (2009), using a 300 aperture
to minimise contamination from the underlying host galaxy
light. The magnitudes are calibrated in the Swift photometric
system (Vega mags; Breeveld et al. 2011). We estimate the host
contamination by extracting the flux in a 300 aperture centered
on a bright part of the galaxy far from the SN position, and
subtract this contribution from the UVOT photometry. Given
the resulting surface brightness of mu ⇡ 23 AB mag arsec-2 the
host contribution is only a few percent and it therefore has a
minimal effect on the light curves and our models.

We fit the multicolour UVOT light curves and the Gaia data
point using the Modular Open Source Fitter for Transients
(MOSFiT). Specifically, we use the magnetar-powered model
recently fit to a sample of 38 SLSNe by Nicholl et al. (2017b),
with identical distributions of priors. The model and implemen-
tation in MOSFiT, and results for the SLSN population, are
described in detail by Nicholl et al. (2017b); a fuller descrip-
tion of the code and its usage will be provided by Guillochon
et al. (in preparation).

The earliest light curve data for SLSNe are often compli-
cated by the presence of fast initial peaks, or ‘bumps’ around
the time of explosion (Leloudas et al. 2012; Nicholl et al.
2015a; Nicholl & Smartt 2016; Smith et al. 2016). These
have been variously interpreted as shock-cooling of extended
material (Piro 2015), a secondary shock driven by the engine
(Kasen et al. 2015), or most recently a shocked ‘cocoon’ sur-
rounding a jet breakout (Margalit et al. 2017). We test for a
bump in SN 2017egm by fitting the models to three versions of
the light curves: With all data included (i.e., no bump; Model
1); with the Gaia data point excluded assuming that it repre-
sents a rapid bump phase (Model 2); and with the Gaia data
point and first two UVOT epochs excluded assuming that they
represent an extended bump (Model 3). All of these models
and their associated posteriors are shown in Figure 4.

4.1. Observational properties

SN 2017egm reached maximum light in U-band on MJD
57924 with mU ⇡ 13.5 mag, or MU ⇡ -22.2 mag. The apparent
magnitude is & 2 mag brighter than any previous SLSN due to
the proximity of SN 2017egm, but the absolute magnitude is
typical for SLSNe.

We use our light curve models to estimate the explosion
date and rise time to maximum light. The explosion date
varies between our models depending on the assumption of a
pre-explosion bump. If we assume the rise is smooth (Model
1), we find an explosion date of MJD 57887±1 (2017 May
14). In Model 2 we find MJD 57894± 1.5 (2017 May 21),
with a similar result in Model 3, although in this latter case a
precise estimate depends on the detailed evolution of the bump
(since the rise in our model is always monotonic). Overall, the



▸ SN 2011kl associated with unusually long GRB 111209A 

▸ SN 2011kl was ~3 times more luminous than other GRB-SNe 

▸ similar spectral properties to SLSNe 

▸ common mechanism to produce GRBs and SLSNe?

SLSN-GRB connection?
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▸ Fast Radio Bursts(FRBs): radio emission lasting for <1ms, source 
unidentified 

▸ localization of the repeating FRB 121102 
(Chatterjee+,Marcote+,Tendulkar+,2017) 

▸ host galaxy was similar to SLSN, GRB host galaxies

SLSN-GRB-FRB connection???

Chatterjee+(2017)
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a position and e↵ective radius, taken as the Gaussian
�, consistent with the Sérsic profile convolved with the
point-spread-function. The results of the fits are shown
in Figure 3.
The position and extent of the host galaxy, as ap-

proximated with the two-dimensional elliptical Gaussian
profile, agrees well in the r

0 and i
0 bands (semi-major

axis �a = 0.0044 with ellipticity b/a = 0.68), while the
z
0-band has a slightly o↵set position and appears larger

(� = 0.0059 with b/a = 0.45). We attribute this di↵erence
to the fact that the the r

0 and i
0 bands are dominated

by the bright emission lines of H↵, H�, [O III] �4959
and [O III] �5007, while the redder z

0-band traces the
continuum flux of the host galaxy. As such, the mor-
phology suggests that the host galaxy has at least one
H II region at a slight o↵set from the galaxy center.
Finally, the bottom right panel of Figure 3 plots the

Gaussian centroids on the International Celestial Refer-
ence Frame (ICRF) through the astrometric calibration
of the r

0, i
0, and z

0 images against Gaia. The posi-
tional uncertainties in each axis are the quadratic sum
of the astrometric tie against Gaia (of order 2mas) and
the centroid uncertainty on the image (between 20 and
50mas). The Gaia frame is tied to the ICRF defined
via radio VLBI to a ⇠1mas precision (Mignard et al.
2016), much smaller than the centroid uncertainty. We
find that the position of the persistent radio source seen
with the EVN at an observing frequency of 5GHz with
a 1-mas precision (Marcote et al. 2017), is o↵set from
the galaxy centroids by 186±68 and 163±32mas in the
line-dominated r

0 and i
0 images, and 286±64mas in the

continuum-dominated z
0 image. Though o↵set from the

centroids, the persistent radio source is located within
the e↵ective radii of the di↵erent bands.

4. DISCUSSION AND CONCLUSIONS

The observations presented here confirm the interpre-
tation by Chatterjee et al. (2017) that the extended
optical counterpart associated with FRB121102 is the
host galaxy of the FRB. Our measurement of the red-
shift z = 0.19273 is consistent with the DM-estimated
value of zDM < 0.32 (Chatterjee et al. 2017) and to-
gether with the very low chance superposition probabil-
ity, firmly places FRB121102 at a cosmological distance,
ruling out all Galactic models for this source.
In the following discussion, we assume the cosmolog-

ical parameters from the Planck Collaboration et al.
(2016) as implemented in astropy.cosmology (Astropy
Collaboration et al. 2013), giving a luminosity distance
of DL = 972Mpc, and 100 corresponding to projected
proper and comoving distances of 3.31 kpc and 3.94 kpc,
respectively.

Figure 3. The top left, top right and bottom left pan-
els show respective 7.004 ⇥ 7.004 subsections of the GMOS r0,
i0 and z0 images, centered on the optical counterpart to
FRB121102. Each image has been smoothed by a Gaussian
with a width of 0.002, while the plus sign and ellipse denote
the position and extent of a two-dimensional Gaussian fit
to the spatial profile of the counterpart. The i0-band image
also shows the narrower Sérsic fit by galfit. The bottom
right panel combines the positional and morphological mea-
surements from the di↵erent bands on an astrometric frame
of 100 ⇥ 100 in size. The colors are identical to those used in
the other panels. The large ellipses denote the extent of the
Gaussian and Sérsic fits, while the small ellipses denote the
1-� absolute positional uncertainties. The location of the
persistent counterpart as measured with the EVN at 5GHz
by Marcote et al. (2017) is represented by the black cross.
The uncertainty in the EVN location is much smaller than
the size of the symbol.)

We use the Schlegel et al. (1998) estimate of the Galac-
tic extinction along this line of sight1, EB�V = 0.781.
Using RV = 3.1, we find AV = 2.42, and use the Cardelli
et al. (1989) Galactic extinction curve to correct the
spectrum with band extinctions of Ar0 = 2.15, Ai0 =
1.63, and Az0 = 1.16mag. We note that the Schlafly
et al. (2010); Schlafly & Finkbeiner (2011) recalibrated
extinction model predicts a slightly lower extinction of
EB�V = 0.673. The results described below are insen-
sitive to di↵erences in the extinction at this level. We
do not apply k-correction to the magnitudes as they are
not needed for the precision discussed here.

1 From the IRSA Dust Extinction Calculator http://irsa.
ipac.caltech.edu/applications/DUST/

Tendulkar+(2017)



▸ CCSNe energetics: canonically,

Core-collapse Supernova explosion

➡gravitational energy: Egrav ~ GMns2/Rns ~ 1053 [erg] 

➡ explosion energy: Eexp ~ 1% of Egrav ~ 1051 [erg] 

➡ radiation energy: Erad ~ 1% of Eexp ~ 1049 [erg] 

➡ ejecta mass: Mej ~ 1 - 10 [M◉] 

➡ typical velocity: v ~ (2Eexp/Mej)1/2 ~ several 1000 - 10000 km/s 

➡ typical 56Ni mass: MNi~0.1M◉

▸ But, extraordinary events are sometimes found

➡broad-line Ic SNe: ejecta mass and velocity appear to be larger, implying a 
larger kinetic energy of 1052 [erg] > 1051 [erg] 

➡ superluminous SNe: extremely bright SNe with total radiated energies of 
1051 [erg] > 1049 [erg]



Talk outline

• ordinary and extra-ordinary supernovae 

• GRB-SNe and SLSNe: observational properties 

• (magnetized) NS as an engine 

• summary



▸ pair-instability SNe (very massive progenitor with M~140-300 M◉) 

▸ CSM interaction 

▸ additional energy injection from the central-engine :rotating neutron 
star (Kasen&Bildsten 2010, Woosley2010), or BH accretion 
(Dexter&Kasen 2013)

Supernova ejecta

Forward shock

Reverse shock

Compact object

Relativistic wind

Rotating Neutron Star© ESO 

BH accretion disk© NASA 

Models for type-I SLSNe



▸ after the iron-core collapse, a massive star can leave a magnetized 
neutron star rotating at a high frequency 

▸ a magnetized neutron star loses its rotational energy via dipole 
radiation

Magnetized neutron star scenario

➡NS radius: Rns~10 km 

➡moment of inertia: Ins~ 1045 g cm2 

➡ initial period: Pi~1 [ms], Ωi=2π/Pi~ 6x103 Hz 

➡ rotational energy: Erot=InsΩ2/2~2x1052 erg

▸ spin-down of the new-born NS can power the SN ejecta

Rotating Neutron Star© ESO 

Propagation of a blast wave powered by spin-down of a magnetized
neutron star in supernova ejecta

Abstract

SN ejecta powered by a central engine is considered.

1 INTRODUCTION

2 SUPERNOVA EXPLOSION AND CENTRAL ENGINE

Massive stars end their lives by the gravitational collapse of the iron core triggered by photo-disintegration. In
the standard scenario of core-collapse supernova explosion, the We consider that the neutrino-driven explosion
expel the stellar mantle on top of the neutron star, which becomes freely expanding ejecta with a mass of
Mej and a kinetic energy of Esn. After the creation of the freely expanding ejecta, the new-born neutron star
increases its magnetic field strength and starts losing its rotational energy via magnetic breaking. We consider
a neutron star with a mass of Mns ∼ 1M⊙, a radius Rns, and a moment of inertia Ins ∼ 1045 g cm2, rotating
at an initial period of Pi ∼ 1 ms, which corresponds to the initial frequency of Ωi = 2π/Pi ∼ 6 × 103 s. Thus,
the initial rotation energy is Erot = InsΩ2

i /2 ≃ 2 × 1052 erg.
For a given dipole magnetic field strength B, the neutron star loses its rotation energy at a spin-down rate

of
L =

Erot/tch
(1 + t/tch)2

, (1)

[Shapiro & Teukolsky(1983)]. Here, the time scale tch characterizing the energy loss τch is given by

tch =
6Insc3

B2R6
nsΩ2

i

= 4.1 × 103I2
ns,45B

2
15R

6
ns,6 s, (2)

where physical quantities are expressed by Q = 10nQn in cgs units. Therefore, within the time smaller than
the characteristic time scale, t < tch, the spin down of the neutron star can be regarded as a steady energy
injection into the surroundings at a rate,

L ≃ B2R6
nsΩ4

i

6c3
∼ 1049B2

15R
6
ns,6P

−4
i,−3 erg s−1 (3)

In the following, we assume that the energy injection is realized as a steady wind moving at an ultra-
relativistic speed and treat the energy injection rate L as a free parameter. The configuration considered in
this paper is schematically drawn in Figure 1. As illustrated in Figure 1, the relativistic wind is terminated by
a shock, i.e., the reverse shock and a shocked region filled with high-pressure gas forms. Then, a forward shock
is expected to form in the supernova ejecta in order to maintain the pressure balance at the interface between
the shocked wind and the supernova ejecta. We consider the propagation of the wind-driven blast wave in the
supernova ejecta.

2.1 Dynamical Evolution of Supernova Ejecta

The supernova ejecta are assumed to be spherical and expanding in a homologous way, i.e., the radial velocity
is proportional to the radius. Thus, the velocity profile at time t is given by

v(r) =
!

r/t for r ≤ vejt,
0 for vejt < r.

(4)

where vej denotes the maximum velocity of the ejecta. We adopt the density profile presented in [Truelove & McKee(1999)],
where the ejecta is composed of inner region with a shallow density gradient (referred to as the “core”) and

1
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ulation. Channels with smaller physical scales can be
realized in simulations with higher resolutions. Further-
more, future 3D simulations may reveal ejecta struc-
ture with di↵erent morphology and channels with di↵er-
ent size distributions. Therefore, the minimum physical
scale determined by the radiative transport e↵ects and
the comparison with the mean free path of high-energy
photons, electrons, positrons, and ions should be studied
in detail to quantitatively determine the escape fraction
of these particles and the ionization states of di↵erent
layers of the ejecta.
We may expect the possibility that these highly rel-

ativistic flows are predominantly composed of cold lep-
tons and baryons and they dissipate their kinetic en-
ergies through shocks outside the photosphere, leading
to flare activities associated with the dissipation and
characterized by high-energy emission with non-thermal
spectra. Since the flows are driven by the energy injec-
tion from the relativistic wind, the energy flux of each
relativistic flow is basically determined by that of the
relativistic wind. Thus, the isotropic luminosity of the
high energy emission would be of the order of the energy
injection rate at the centre, L.

6.5. Implications for Magnetar Spin-down Scenario

In this study, we simply inject energy into the super-
nova ejecta at a constant rate and do not assume any
specific mechanism responsible for the energy injection.
In the following, we briefly mention implications for the
magnetar spin-down scenario.
We consider a neutron star with typical values of

the radius Rns = 10 km and the moment of inertia
Ins ⇠ 1045 g cm2. The rotational energy of the neu-
tron star is given by Erot = Ins⌦2

i /2, where ⌦i is the
initial frequency. Therefore, in order for the neutron
star to deposit a total energy of the order of 1052 erg, it
should be rotating at an initial frequency of ⌦i ⇠ 4⇥103

s�1, corresponding to an initial period Pi = 2⇡/⌦i of the
order of 1 ms.
In the magnetar scenario, the rotational energy is lost

via magnetic dipole radiation. For a given dipole mag-
netic field strength B, the neutron star loses its rota-
tional energy at a spin-down rate of L ' Erot/tch (e.g.
Shapiro & Teukolsky 1983) at t < tch. The timescale tch
characterizing the energy loss is given by

tch =
6Insc3

B2R6
ns⌦

2
i

= 4.1⇥ 103Ins,45B
2
15R

6
ns,6P

2
i,�3 s. (67)

The physical quantities are expressed by Q = 10nQn in
cgs units. Until the characteristic time, t < tch, the spin
down of the neutron star deposits the rotational energy
at a rate,

L ' B2R6
ns⌦

4
i

6c3
⇠ 1049B2

15R
6
ns,6P

�4
i,�3 erg s�1. (68)

Therefore, strong magnetic field strengths of the order
of B = 1015 G, which are typical for Galactic magne-
tars, yield energy injection timescales of 103 s. In our
model, energy injections with such high rates lead to
radiatively ine�cient explosions, which are supposed to
produce transients like broad-lined Ic SNe. On the other
hand, in order to produce radiatively e�cient explosions
or SLSNe-like transients, the magnetic field strength
should be 1013-1014 G. The same conclusion had been
reached by Metzger et al. (2015), who considered the
magnetar scenario by a one-zone model with energy sup-
plies from the magnetar spin-down and the radioactive
decay of 56Ni and energy losses via adiabatic cooling and
radiative di↵usion.

6.6. Other Remarks

Finally, we describe some remarks and future
prospects.
First, the presence of the symmetry axis in our simula-

tion would a↵ect the dynamical evolution of the ejecta.
As shown in Figures 1 and 2, the deviation from the
spherical symmetry is most prominent around the sym-
metry axis at r = 0. At the axis, collisions of in-
coming and reflected flows produce large perturbations,
from which the Rayleigh-Taylor instability e�ciently de-
velops. As a result, the forward shock emerges from
the supernova ejecta in a bipolar fashion. This is in-
evitable as long as we perform two-dimensional simu-
lations. In three-dimensional simulations without any
preferred direction, deviations from spherical symme-
try would equally grow along all radial directions. In
addition, the growth of the Rayleigh-Taylor instability
may di↵er in the presence of magnetic fields (e.g. Stone
& Gardiner 2007). In the context of pulsar wind nebu-
lae, multi-dimensional numerical modellings of the wind-
ejecta interaction have been attempted (e.g. Komissarov
& Lyubarsky 2003; Del Zanna et al. 2004). Porth et
al. (2014) performed both two- and three-dimensional
relativistic magnetohydrodynamics simulations. They
clearly demonstrated the non-linear development of the
magnetic Rayleigh-Taylor instability. However, it is dif-
ficult to compare the power spectra of the magnetic field
in the three-dimensional simulation with those of two-
dimensional counterparts because of the limited resolu-
tion. Thus, further sophisticated numerical investiga-
tions are strongly demanded. We should also consider
the possibility that bipolar structure is realized in real-
ity. In the magnetar scenario, the energy injection is due
to the magnetic dipole radiation, which is anisotropic
in nature. Recent spectroscopic observations of SLSN-I
2015bn by Inserra et al. (2016) reported the detection of
significant polarisation at both pre- and post-maximum
stages. They pointed out the possibility that the energy
injection is realized in a similar manner to broad-lined
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ulation. Channels with smaller physical scales can be
realized in simulations with higher resolutions. Further-
more, future 3D simulations may reveal ejecta struc-
ture with di↵erent morphology and channels with di↵er-
ent size distributions. Therefore, the minimum physical
scale determined by the radiative transport e↵ects and
the comparison with the mean free path of high-energy
photons, electrons, positrons, and ions should be studied
in detail to quantitatively determine the escape fraction
of these particles and the ionization states of di↵erent
layers of the ejecta.
We may expect the possibility that these highly rel-

ativistic flows are predominantly composed of cold lep-
tons and baryons and they dissipate their kinetic en-
ergies through shocks outside the photosphere, leading
to flare activities associated with the dissipation and
characterized by high-energy emission with non-thermal
spectra. Since the flows are driven by the energy injec-
tion from the relativistic wind, the energy flux of each
relativistic flow is basically determined by that of the
relativistic wind. Thus, the isotropic luminosity of the
high energy emission would be of the order of the energy
injection rate at the centre, L.

6.5. Implications for Magnetar Spin-down Scenario

In this study, we simply inject energy into the super-
nova ejecta at a constant rate and do not assume any
specific mechanism responsible for the energy injection.
In the following, we briefly mention implications for the
magnetar spin-down scenario.
We consider a neutron star with typical values of

the radius Rns = 10 km and the moment of inertia
Ins ⇠ 1045 g cm2. The rotational energy of the neu-
tron star is given by Erot = Ins⌦2

i /2, where ⌦i is the
initial frequency. Therefore, in order for the neutron
star to deposit a total energy of the order of 1052 erg, it
should be rotating at an initial frequency of ⌦i ⇠ 4⇥103

s�1, corresponding to an initial period Pi = 2⇡/⌦i of the
order of 1 ms.
In the magnetar scenario, the rotational energy is lost

via magnetic dipole radiation. For a given dipole mag-
netic field strength B, the neutron star loses its rota-
tional energy at a spin-down rate of L ' Erot/tch (e.g.
Shapiro & Teukolsky 1983) at t < tch. The timescale tch
characterizing the energy loss is given by
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The physical quantities are expressed by Q = 10nQn in
cgs units. Until the characteristic time, t < tch, the spin
down of the neutron star deposits the rotational energy
at a rate,
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�4
i,�3 erg s�1. (68)

Therefore, strong magnetic field strengths of the order
of B = 1015 G, which are typical for Galactic magne-
tars, yield energy injection timescales of 103 s. In our
model, energy injections with such high rates lead to
radiatively ine�cient explosions, which are supposed to
produce transients like broad-lined Ic SNe. On the other
hand, in order to produce radiatively e�cient explosions
or SLSNe-like transients, the magnetic field strength
should be 1013-1014 G. The same conclusion had been
reached by Metzger et al. (2015), who considered the
magnetar scenario by a one-zone model with energy sup-
plies from the magnetar spin-down and the radioactive
decay of 56Ni and energy losses via adiabatic cooling and
radiative di↵usion.

6.6. Other Remarks

Finally, we describe some remarks and future
prospects.
First, the presence of the symmetry axis in our simula-

tion would a↵ect the dynamical evolution of the ejecta.
As shown in Figures 1 and 2, the deviation from the
spherical symmetry is most prominent around the sym-
metry axis at r = 0. At the axis, collisions of in-
coming and reflected flows produce large perturbations,
from which the Rayleigh-Taylor instability e�ciently de-
velops. As a result, the forward shock emerges from
the supernova ejecta in a bipolar fashion. This is in-
evitable as long as we perform two-dimensional simu-
lations. In three-dimensional simulations without any
preferred direction, deviations from spherical symme-
try would equally grow along all radial directions. In
addition, the growth of the Rayleigh-Taylor instability
may di↵er in the presence of magnetic fields (e.g. Stone
& Gardiner 2007). In the context of pulsar wind nebu-
lae, multi-dimensional numerical modellings of the wind-
ejecta interaction have been attempted (e.g. Komissarov
& Lyubarsky 2003; Del Zanna et al. 2004). Porth et
al. (2014) performed both two- and three-dimensional
relativistic magnetohydrodynamics simulations. They
clearly demonstrated the non-linear development of the
magnetic Rayleigh-Taylor instability. However, it is dif-
ficult to compare the power spectra of the magnetic field
in the three-dimensional simulation with those of two-
dimensional counterparts because of the limited resolu-
tion. Thus, further sophisticated numerical investiga-
tions are strongly demanded. We should also consider
the possibility that bipolar structure is realized in real-
ity. In the magnetar scenario, the energy injection is due
to the magnetic dipole radiation, which is anisotropic
in nature. Recent spectroscopic observations of SLSN-I
2015bn by Inserra et al. (2016) reported the detection of
significant polarisation at both pre- and post-maximum
stages. They pointed out the possibility that the energy
injection is realized in a similar manner to broad-lined



‣ But, how exactly the magnetized neutron star power the SN ejecta 
‣ The magnetic braking is formulated by assuming a rotating neutron 

star with a dipole magnetic field surrounded by vacuum. What happens 
in highly dense environment? Can we apply the vacuum dipole 
formula?  

‣ OK, we can assume that the energy extraction from the rotating 
neutron star is realized by the magnetic braking. But, the energy flux is 
“Poynting-flux dominated”                                                                             
→ long-standing σ-problem (Rees&Gunn 1974, Kennel&Coroniti 1984, etc):  
how to convert Poynting-dominated flow to particle energy-dominated 
flow???

Crab pulsar © NASA 

Usually, magnetar scenario is employed as  
a “working hypothesis” and see what happens

Magnetized neutron star scenario



‣ one-box light curve model.  
‣ injection of the spin-down energy into the SN ejecta 
‣ the injected energy is instantaneously thermalized and diffusing out 

from the ejecta

Multi-color light curve fit: Nicholl+(2017)
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Figure 5: Median values and 1-� errors of key parameters (P, B?, Mej, EK) for all SLSNe. Empty symbols correspond to slowly
evolving SLSNe, while squares indicate an observed double-peak in the light curve. Data for other SN types comes from Drout
et al. (2011) and Taddia et al. (2015). The various contours are described in the text.

‣ one-box light curve model.  
‣ injection of the spin-down energy into the SN ejecta 
‣ the injected energy is instantaneously thermalized and diffusing out 

from the ejecta

➡spin-period ~ 1 - 7 [ms] 

➡B ~ 1013 - a few 1014 [G] 

➡Ek ~ 1051 - 1052 [erg] 

➡Mej ~ 2 - 10 M◉ 

Magnetized neutron star scenario

What is the “smoking-gun” 
of magnetar scenario?



‣ Their impacts on SN ejecta : SN light curves and spectra 
‣ Non-thermal emission from a wind nebula embedded in SN remnant 

(later times)

How can we probe the powerful engine?

Supernova ejecta

Forward shock

Reverse shock

Compact object

Relativistic wind

Rotating Neutron Star© ESO 

BH accretion disk© NASA 



‣ 1D spherical picture of SN ejecta with a central engine 
‣ analogy to galactic pulsar wind nebulae

high pressure region filled with hot gas (low ρ) 
p ∝ Lt/Vc

freely expanding supernova ejecta (high ρ)

Rc,Ms

geometrically thin shell driven by hot bubble 
Rc ∝ tα

Impacts on SN ejecta

e.g., Chevalier&Fransson (1992)



‣ 1D spherical picture of SN ejecta with a central engine 
‣ analogy to galactic pulsar wind nebulae
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‣ Is1D spherical picture of SN ejecta with a central engine correct? 
‣ Actually, No. RT instability
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‣ Is1D spherical picture of SN ejecta with a central engine correct? 
‣ Actually, No. RT instability

Rc,Ms

ρ
ρ∝ v-m

ρ∝ v-n

r or v

inner outer

ρ
ρ∝ v-m

ρ∝ v-n

inner outer

shocked gas

CD FSRS r or v

Crab nebula © NASA 

Impacts on SN ejecta



‣ Is1D spherical picture of SN ejecta with a central engine correct? 
‣ Actually, No. RT instability
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Fig. 3.— Bolometric light curves of PTF10cwr and PTF11rks
(blue circles), compared with 1D model light curves calculated for
the explosion shown in Fig. 1, but including an embedded magnetar
with an initial rotational period of 1 ms or 5 ms, and a magnetic
field strength of 4⇥1014 G. Both light curves were calculated in 1D
using the KEPLER code and the results are sensitive to the assumed
opacity. Gray ranges in both panels indicate choices of opacity
 = 0.05� 0.2 gcm�2. The black curves assumed  = 0.1 g cm�2.

Fig. 4.— Early evolution of the density profiles from the 1 ms
magnetar as calculated in 1D using the KEPLER code. Times are
measured since the magnetar deposition was turned on, i.e., time
since explosion minus 100 s. A prominent density spike starts to
emerge at ⇡ 100 s as the wind of the magnetar snowplows into
overlying ejecta. The amplitude of the spike grows rapidly with
time and eventually includes most of the ejected mass.

ejecta.
In both the 1D and 2D calculations the gas energized

by the magnetar pushes the overlying cooler material
ahead of it and forms a dense shell. In 1D, there is no
possibility for mixing so the shell is stable. The “termina-
tion shock” at the edge of the 10 Lagrangian shells where
energy is deposited is located at almost the same radius
as the “forward shock”, essentially the leading edge of
the density pile up. There is e↵ectively only one shock
and all the swept up matter is compressed within it.
In 2D, however, the region inside the maximum density

is unstable and mixes. A growing region develops be-
tween the wind termination shock and the forward shock

20-2-4

Forward shock driven by magnetar bubble

Wind termination shock

R-T Instability

Magnetar

Fig. 5.— Density structure in the inner 2 ⇥ 1011 cm of the su-
pernova for the 1 ms model at an early time in the 2D calcula-
tion. The time is 600 s after the magnetar was turned on and the
boundary of the mixed region, also called the “radiation bubble”,
extends to about 1.8 ⇥ 1011 cm . The boundary of smooth blue
region inside 8.5 ⇥ 1010 cm marks the termination of the super-
sonic magnetar wind as it slams into the slower moving overlying
ejecta. Later (e.g., Fig. 11), this termination shock becomes more
irregular as the wind begins to break through. The ram pressure of
the rapidly moving wind accelerates the overlying matter causing
a pile up of density which increases roughly monotonically with
radius between the wind termination shock and the forward shock.
Accelerating this density inversion causes a Rayleigh-Taylor insta-
bility that mixes the region between the two shocks. This mixed
region is not present in the 1D simulation (Fig. 4) where there is
only one shock. Farther out, this mixture of radiation, wind, and
supernova ejecta plows into slower moving supernova ejecta mate-
rial resulting in a dense “pile-up” bounded by a second shock. The
boundary of original supernova surface is at ⇠ 1.1⇥ 1012 cm, well
outside the region plotted.

where the acceleration caused by the wind operates in a
region of decreasing density (Fig. 5). Near the forward
shock and beyond there is no density inversion and no
mixing, but behind it the ejecta is Rayleigh-Taylor un-
stable. The two shocks separate and between them the
star is mixed and a convoluted density structure devel-
ops. We shall refer to the entire region of mixed mat-
ter and wind behind the forward shock as the “bubble”.
For the 1 ms model, the bubble expands at the rate of
2�5⇥108 cm s�1, taking about 600 s to grow to the size
of the original progenitor star, ⇡ 2 ⇥ 1011 cm (Fig. 5).
Later, for the 1 ms case, the bubble expands even faster,
> 109 cm s�1, and its leading edge starts to catch up
with the outer edge of the original supernova.
Even though the ejected matter becomes mixed in 2D,

it is still largely concentrated in the outer part of the
bubble. The supernova is “hollow” and shellular with
a thickness much less than its radius. So long as the
energy being dumped in by the magnetar is comparable

Jun 1998 Contact Discontinuity

R-T Finger

Forward Shock Driven by Pulsar Bubble

Relativistic Wind

Supernova Blast Wave

Supernova Reverse Shock

Wind Termination Shock

Pulsar

Supernova Ejecta

PULSAR WIND WITH SUPERNOVA REMNANT 283

FIG. 1.ÈSchematic representation of the normal Type II supernova
remnant model for the simulation. The Ðgure shows the pulsar wind
blowing into the uniformly expanding supernova remnant. The pulsar is
located in the center. The small dotted circle outside of the pulsar is the
wind termination shock. This shock heats up the wind gas and produces a
hot bubble expanding into the supernova remnant. The contact discontin-
uity between the pulsar bubble and the shocked supernova gas is shown to
be Rayleigh-Taylor unstable. The R-T Ðngers are connected to each other
by a thin shell conÐned by the forward shock. Note that this forward shock
front is actually distorted by the development of the instability in the
numerical simulation (see Outside the forward shock are theFig. 6).
expanding supernova ejecta, the reverse shock, and the blast wave of the
supernova.

bubble has been found near the boundary of the Crab
Nebula recently by & Hester although theSankrit (1997),
existence of the shock is debated because the steepening of
the radio spectral index near the outer boundary of the
Crab Nebula has not been found et al.(Frail 1995 ;

et al. Sankrit & Hester Ðnd that theBietenholtz 1997).
shock should be expanding with a velocity about v\ 150
km s~1 into the freely expanding supernova ejecta.

The normal Type II supernova remnant model is particu-
larly attractive because there is no need for a peculiar low-
energy supernova event, and it can be applied to other
pulsar-powered remnants. Also, the mechanism for the
observed acceleration is naturally explained because the
pulsarÏs wind shock expands with the law r P t6@5 in the
self-similar stage if the pulsarÏs luminosity is assumed to be
constant In fact, the low-energy event(Chevalier 1977).
model itself, which is considered because of the discourag-
ing observational results on the absence of a fast-moving
shell in the Crab Nebula, has many problems reconciling
the observed features of the Crab Nebula. First, even low-
energy supernovae should produce an outer shock since the
supersonically moving gas generates a shock ahead of it.
This shock should have a currently expanding velocity,
about km s~1. Therefore, the fact that novshock D 1400
steepening of the spectral index near the boundary of the
Crab Nebula has been found cannot support the low-
energy event model. Actually, this low-energy event model
can generate a stronger shock than that of the normal Type
II supernova model. Second, the acceleration of both the
line-emitting Ðlaments and the synchrotron nebula and the
well-resolved Rayleigh-Taylor Ðnger-like Ðlaments pointing
inward have not been explained by the low-energy event
model. Currently, the only mechanism that can accelerate
both the synchrotron nebula and the Ðlaments is the pulsar
wind blowing into the freely expanding supernova ejecta
around the Crab Nebula.

In this paper, we will present the results of our numerical

investigation of a Type II supernova remnant model on the
origin of the Ðlamentary structures in the Crab Nebula. In

we study the self-similar solution for our model. In° 2,
our numerical methods and initial conditions for the° 3,

simulation is described. presents our numericalSection 4
results on the hydrodynamic evolution and Ñuid insta-
bilities of the interaction region. In we will discuss the° 5,
evolution of Rayleigh-Taylor Ðngers in terms of mass and
kinetic energy. We discuss the related issues to the Crab
Nebula further in and summarize our main conclusions° 6
in ° 7.

2. SELF-SIMILAR SOLUTION

Chevalier has studied the self-similar solu-(1977, 1984)
tion for the current model of the pulsar bubble expanding
into a uniformly moving medium of constant density. In
order to understand the dynamics of the system and our
numerical results, we generalize ChevalierÏs self-similar
solution for a power-law density medium. We only consider
the region between the contact discontinuity and the
forward shock driven by the pulsar bubble. Using dimen-
sional analysis, the expansion law can be obtained readily,
r P t(6~n~l)@(5~n), where n and l are the power-law indices
for the moving ejecta density (o P r~n) and the pulsar lumi-
nosity (L P t~l). For a constant pulsar luminosity and
uniform ejecta density, the bubble radius expands with the
law, r P t1.2 ; that is, it is accelerating. It should be noted
that the solution is only applicable for n \ 3 because of the
Ðnite mass requirement [M P tn~3r3~n/(3 [ n)], as pointed
out by & Fransson Also, the bubble mustChevalier (1992).
expand at least with constant velocity (no deceleration is
allowed) because the surrounding medium is freely expand-
ing. In actual evolution, the bubble can decelerate at early
stages while the bubble velocity is much higher than the
ejecta velocity because the medium motion can be negligi-
ble (see the one-dimensional numerical results in ° 4).
However, as the bubble expansion approaches the self-
similar stage, the e†ect of the moving medium is not negligi-
ble, and the bubble expansion cannot decelerate. Therefore,
the self-similar solution is only applicable for l π 1.

In order to derive a self-similar solution for the general
power-law density proÐle of supernova ejecta, we can deÐne
the similarity variables :

f \ r
Ata

, (1)

o \ tb~naD(f) , (2)

v\ aAta~1V (f) , (3)

p \ a2A2tb~na`2a~2P(f) , (4)

where A is constant, a \ (6 [ n [ l)/(5 [ n), and b is an
expansion factor deÐned as b \ n [ 3. The expansion factor
b is 0 if the surrounding medium is at rest. The e†ect of a
constant expansion of the supernova ejecta is to change the
density with the law o P tn~3 at the same radius.

The one-dimensional Ñuid equations for a spherical coor-
dinate system are

Lo
Lt

] v
Lo
Lr

] o Lv
Lr

] 2ov
r

\ 0 , (5)
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] v
Lv
Lr

] 1
o

Lp
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\ 0 , (6)
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Figure 2. Same as Fig. 1, but for t/tc = 7.0, 8.0, 9.0 and 10.0 from left to right.

and accelerates the shell, resulting in the contact surface growing
faster than linear evolution, Rc ∝ tα with α > 1. Therefore, in the
rest frame of the accelerating shell, an inertial force acts on the shell
towards the centre of the ejecta, i.e. it can be regarded as effective
gravity. At the discontinuity separating the shocked wind and the
shocked ejecta, denser media are stratified on top of dilute media
and thus try to replace with the dilute ones according to the effective
gravity. At this stage, however, the overall shape of the shell remains
spherical.

5.1.2 Destruction of the shell

The dynamical evolution of the shell starts deviating from the one-
dimensional picture at around t = 5.0tc. The spatial distributions
of the density and the pressure at t = 6.0tc show clear deviations

from spherical symmetry. This is interpreted as leakage of the hot
gas having been confined by the shell. The time of the destruction
of the shell corresponds to the breakout time tbr = 5.1tc at which
the forward shock reaches the interface between the inner and outer
ejecta.

The reason why the hot bubble is well confined in the shell until
this epoch is explained as follows. While the forward shock is still
propagating in the inner ejecta, a large deviation from the spherical
symmetry is not expected because of the shallow density gradient
of the inner ejecta. As long as the exponent m is smaller than 3,
the quantity ρR3, which has a dimension of mass, is an increasing
function of the radius R. Therefore, a fluid element overshooting
the shell would be subject to severe mass loading, resulting in
deceleration of the fluid element. On the other hand, the density
gradient of the outer ejecta is assumed to be very steep, reflecting

MNRAS 466, 2633–2657 (2017)

Suzuki & Maeda (2017)

pulsar wind is entirely subsonic with respect to the expanding
shell and RTI structures.

The simulation of Suzuki & Maeda (2017) should be more
directly comparable to our work because they adopted a two
power-law density structure for the freely expanding ejecta as
we did. They have δ=1 and n=10, which implies expansion
with η=1.25 instead of η=1.2 in our δ=0 model. The
larger acceleration could give somewhat stronger RTIs, but we
expect qualitatively similar results. The time for the shock
wave to reach the density transition, ttr here, is tbr in Suzuki &
Maeda (2017). In Suzuki & Maeda (2017), there is an initial
self-similar expansion law with η=1.25 as expected. How-
ever, the appearance of the density structure of the unstable gas
is different from our results. Suzuki & Maeda (2017) find a
higher degree of asymmetry in the forward shock front at a time
just before ttr (see their Figure 1). It is unlikely that the
difference can be explained by the different value of η. Suzuki
& Maeda (2017) start their simulation at t=0.02 ttr and so
their simulation is unlikely to have evolved to the fully
developed RTI by ttr. They inject power in a region 10 zones in
radius in a Cartesian grid, which could introduce asymmetry.

Also, Suzuki & Maeda (2017) do not use an expanding mesh,
which limits the resolution in the early phases.
The asymmetry in the early evolution of the Suzuki &

Maeda (2017) simulation carries over into the blowout phase.
The early evolution leads to low density bubbles extending out
near the symmetry axis; this may occur because of the high
density finger along the axis of symmetry, noted in Section 2.
When the flow gets to the blowout phase, the break through of
the shell occurs more easily in the off-axis directions, leading to
channels through ejecta gas in which the shocked pulsar wind
gas flows. Our simulations also show rapid flow through
channels, but there is no special orientation relative to the
symmetry axis. Bulges in the forward shock wave resulting
from the channel flow are present in our simulations and that of
Suzuki & Maeda (2017). Suzuki & Maeda (2017) used a
special relativistic code and assumed the injected power had a
baryon richness Γcr=20. The flow involving the shocked
pulsar wind is generally non-relativistic until the breakout of
the shocked wind occurs and internal energy in the shocked
wind is converted to kinetic energy. Suzuki & Maeda (2017)
find that the channeled flows reach Lorentz factor Γ∼5. We

Figure 6. Formation of channels in the blowout phase in a two-dimensional simulation on a 0.4π wedge at a time of 7 ttr. Only gas flow faster than the ejecta speed at
the forward shock is shown for clarity and the high speed of the unshocked pulsar wind is not shown. The color depicts the logarithm of the gas density using the same
color scheme and dynamic range of a factor of 2000 as in Figure 3, but with the scale adjusted to the maximum density in the clumps. The white line shows the
forward shock radius in a 1D spherically symmetric simulation with the same parameters.
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and accelerates the shell, resulting in the contact surface growing
faster than linear evolution, Rc ∝ tα with α > 1. Therefore, in the
rest frame of the accelerating shell, an inertial force acts on the shell
towards the centre of the ejecta, i.e. it can be regarded as effective
gravity. At the discontinuity separating the shocked wind and the
shocked ejecta, denser media are stratified on top of dilute media
and thus try to replace with the dilute ones according to the effective
gravity. At this stage, however, the overall shape of the shell remains
spherical.

5.1.2 Destruction of the shell

The dynamical evolution of the shell starts deviating from the one-
dimensional picture at around t = 5.0tc. The spatial distributions
of the density and the pressure at t = 6.0tc show clear deviations

from spherical symmetry. This is interpreted as leakage of the hot
gas having been confined by the shell. The time of the destruction
of the shell corresponds to the breakout time tbr = 5.1tc at which
the forward shock reaches the interface between the inner and outer
ejecta.

The reason why the hot bubble is well confined in the shell until
this epoch is explained as follows. While the forward shock is still
propagating in the inner ejecta, a large deviation from the spherical
symmetry is not expected because of the shallow density gradient
of the inner ejecta. As long as the exponent m is smaller than 3,
the quantity ρR3, which has a dimension of mass, is an increasing
function of the radius R. Therefore, a fluid element overshooting
the shell would be subject to severe mass loading, resulting in
deceleration of the fluid element. On the other hand, the density
gradient of the outer ejecta is assumed to be very steep, reflecting
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of adiabatic expansion that has occurred by the time t ∼ td leads
to relatively low luminosities L < 1043 ergs s−1.

Now consider the impact of late time (t ≫ te) energy injection
from a young NS with radius Rns = 10 km and initial spin
Ωi = 2π/Pi . The rotational energy is

Ep = InsΩ2
i

2
= 2 × 1050P −2

10 ergs, (1)

where P10 = Pi/10 ms; and we set the NS moment of inertia to
be Ins = 1045 g cm2. This magnetar loses rotational energy at
the rate set by magnetic dipole radiation (with the angle, α,
between rotation and magnetic dipole given a fiducial value
sin2 α = 1/2), injecting most of the energy into the expanding
remnant on the spin-down timescale

tp = 6Insc
3

B2R6
nsΩ2

i
= 1.3B−2

14 P 2
10 yr, (2)

where B14 = B/1014 G. To input this energy at a time tp ! td
requires a minimum B field of

B > 1.8 × 1014P10κ
−1/4
es M

−3/8
5 E

1/8
51 G, (3)

where we have scaled the parameters to typical supernova values
M5 = Mej/5 M⊙ and E51 = Esn/1051 ergs and assumed an
opacity κes = κ/0.2 cm2 g−1 appropriate for electron scattering
in an ionized plasma of electron fraction 1/2. The required fields
are in the magnetar range. This late time entropy injection resets
the interior energy scale to Eint ∼ Ep and overwhelms the initial
thermal energy when Ep > Esn(te/tp). Thus, even low magnetar
energies Ep < Esn may play an important role. The resulting
peak luminosity is

Lpeak ∼
Eptp

t2
d

∼ 5 × 1043B−2
14 κ−1

es M
−3/2
5 E

1/2
51 erg s−1, (4)

which is primarily a function of the magnetic field value,
constrained by Equation (3). This shows that Lpeak ∼
1043–1045 ergs s−1 SNe can be achieved from magnetars with
B14 = 1–10 and initial spins in the Pi = 2–20 ms range. A
strict upper limit to the total energy radiated is given by the
energy of an NS rotating at a maximal rate of Pi ∼ 1 ms. The
complexity of the energy deposition and subsequent diffusion
inhibits using the observed peak luminosities (or radiated en-
ergies) to infer anything substantial about the NS equation of
state. A more accurate calculation of the peak luminosity will
be given in Section 4, but first we describe the dynamical impact
of the energy injection.

3. HYDRODYNAMIC IMPACT

Our simple estimate ignores the details of how the deposited
energy is distributed throughout the interior of the expanding
SNe remnant. Since the dissipation mechanism for the pulsar
wind in this medium is poorly understood, we assume the
injected magnetar energy is thermalized spherically at the base
of the supernova ejecta. In reality, the energy injection may
be anisotropic with a jet-like structure (e.g., Bucciantini et al.
2009). The remnant is assumed to be in homologous expansion
with a shallow power law density structure in the interior
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Figure 1. Radiation hydrodynamic calculations of the density (top) and
temperature (bottom) of a magnetar-energized supernova, one month after
the explosion. The supernova had Mej = 5 M⊙ and Esn = 1051 ergs. The
dashed line in the top panel shows the unperturbed density structure, taken from
Equation (5). The magnetar had tp = 105 s and various values of Ep, labeled in
units of 1051 ergs.
(A color version of this figure is available in the online journal.)

where vt = (2Esn/Mej)1/2 is the characteristic ejecta velocity,
and the density falls off sharply above vt .

The central overpressure caused by the energy deposition
blows a bubble in the SN remnant, similar to the dynamics stud-
ied in the context of pulsar wind nebulae (e.g., Chevalier 1977;
Chevalier & Fransson 1992). As this bubble expands, it sweeps
up ejecta into a thin shell near the leading shock, leaving the hot,
low density interior evident in the one-dimensional radiation
hydrodynamic calculations of Figure 1. In multi-dimensional
calculations of pulsar wind nebulae, Rayleigh–Taylor instabili-
ties broaden the shell and mix the swept-up material (Jun 1998;
Blondin et al. 2001).

The bubble expansion will freeze out in Lagrangian coor-
dinates when the leading shock velocity becomes comparable
to the local velocity of the expanding SN ejecta. The postshock
pressure is P = 2γρ0v

2
s /(1+γ ) = (8/7)ρ0v

2
s for a strong shock,

and the pressure of the energized cavity is P ≈ Ep/3V , where V
is the volume, implying a shock velocity v2

s = 7Ep/32πR3ρ0.
The shock becomes weak when vs ≈ R/t, which determines
the final velocity coordinate of the dense shell

vsh ≈ vt

!
7

16(3 − δ)
Ep

Esn

"1/(5−δ)

, for Ep ! Esn. (6)

The weak dependence on Ep, vsh ∝ E
1/4
p , for δ = 1, places

vsh near vt . The total mass swept up in the shell is Msh =
Mej(vt/vsh)3−δ .

The magnetar does not affect the dynamics of the outer layers
of the SN ejecta unless Ep " Esn, in which case the bubble
expands beyond vt and accelerates more rapidly down the steep
outer density gradient. Essentially, all of the ejecta are then
swept up into the shell at a final shell velocity

vsh ≈ vt[1 + Ep/Esn]1/2 for Ep " Esn. (7)

Both estimates for vsh assume no radiative losses.
The presence of a dense shell has consequences for the

supernova spectra. Initially, the photospheric velocity, vph, as

1D RHD simulation  
(Kasen&Bildsten 2010)
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of adiabatic expansion that has occurred by the time t ∼ td leads
to relatively low luminosities L < 1043 ergs s−1.

Now consider the impact of late time (t ≫ te) energy injection
from a young NS with radius Rns = 10 km and initial spin
Ωi = 2π/Pi . The rotational energy is

Ep = InsΩ2
i

2
= 2 × 1050P −2

10 ergs, (1)

where P10 = Pi/10 ms; and we set the NS moment of inertia to
be Ins = 1045 g cm2. This magnetar loses rotational energy at
the rate set by magnetic dipole radiation (with the angle, α,
between rotation and magnetic dipole given a fiducial value
sin2 α = 1/2), injecting most of the energy into the expanding
remnant on the spin-down timescale
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where B14 = B/1014 G. To input this energy at a time tp ! td
requires a minimum B field of
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where we have scaled the parameters to typical supernova values
M5 = Mej/5 M⊙ and E51 = Esn/1051 ergs and assumed an
opacity κes = κ/0.2 cm2 g−1 appropriate for electron scattering
in an ionized plasma of electron fraction 1/2. The required fields
are in the magnetar range. This late time entropy injection resets
the interior energy scale to Eint ∼ Ep and overwhelms the initial
thermal energy when Ep > Esn(te/tp). Thus, even low magnetar
energies Ep < Esn may play an important role. The resulting
peak luminosity is

Lpeak ∼
Eptp

t2
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∼ 5 × 1043B−2
14 κ−1

es M
−3/2
5 E

1/2
51 erg s−1, (4)

which is primarily a function of the magnetic field value,
constrained by Equation (3). This shows that Lpeak ∼
1043–1045 ergs s−1 SNe can be achieved from magnetars with
B14 = 1–10 and initial spins in the Pi = 2–20 ms range. A
strict upper limit to the total energy radiated is given by the
energy of an NS rotating at a maximal rate of Pi ∼ 1 ms. The
complexity of the energy deposition and subsequent diffusion
inhibits using the observed peak luminosities (or radiated en-
ergies) to infer anything substantial about the NS equation of
state. A more accurate calculation of the peak luminosity will
be given in Section 4, but first we describe the dynamical impact
of the energy injection.

3. HYDRODYNAMIC IMPACT

Our simple estimate ignores the details of how the deposited
energy is distributed throughout the interior of the expanding
SNe remnant. Since the dissipation mechanism for the pulsar
wind in this medium is poorly understood, we assume the
injected magnetar energy is thermalized spherically at the base
of the supernova ejecta. In reality, the energy injection may
be anisotropic with a jet-like structure (e.g., Bucciantini et al.
2009). The remnant is assumed to be in homologous expansion
with a shallow power law density structure in the interior
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Figure 1. Radiation hydrodynamic calculations of the density (top) and
temperature (bottom) of a magnetar-energized supernova, one month after
the explosion. The supernova had Mej = 5 M⊙ and Esn = 1051 ergs. The
dashed line in the top panel shows the unperturbed density structure, taken from
Equation (5). The magnetar had tp = 105 s and various values of Ep, labeled in
units of 1051 ergs.
(A color version of this figure is available in the online journal.)

where vt = (2Esn/Mej)1/2 is the characteristic ejecta velocity,
and the density falls off sharply above vt .

The central overpressure caused by the energy deposition
blows a bubble in the SN remnant, similar to the dynamics stud-
ied in the context of pulsar wind nebulae (e.g., Chevalier 1977;
Chevalier & Fransson 1992). As this bubble expands, it sweeps
up ejecta into a thin shell near the leading shock, leaving the hot,
low density interior evident in the one-dimensional radiation
hydrodynamic calculations of Figure 1. In multi-dimensional
calculations of pulsar wind nebulae, Rayleigh–Taylor instabili-
ties broaden the shell and mix the swept-up material (Jun 1998;
Blondin et al. 2001).

The bubble expansion will freeze out in Lagrangian coor-
dinates when the leading shock velocity becomes comparable
to the local velocity of the expanding SN ejecta. The postshock
pressure is P = 2γρ0v

2
s /(1+γ ) = (8/7)ρ0v

2
s for a strong shock,

and the pressure of the energized cavity is P ≈ Ep/3V , where V
is the volume, implying a shock velocity v2

s = 7Ep/32πR3ρ0.
The shock becomes weak when vs ≈ R/t, which determines
the final velocity coordinate of the dense shell

vsh ≈ vt

!
7
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, for Ep ! Esn. (6)

The weak dependence on Ep, vsh ∝ E
1/4
p , for δ = 1, places

vsh near vt . The total mass swept up in the shell is Msh =
Mej(vt/vsh)3−δ .

The magnetar does not affect the dynamics of the outer layers
of the SN ejecta unless Ep " Esn, in which case the bubble
expands beyond vt and accelerates more rapidly down the steep
outer density gradient. Essentially, all of the ejecta are then
swept up into the shell at a final shell velocity

vsh ≈ vt[1 + Ep/Esn]1/2 for Ep " Esn. (7)

Both estimates for vsh assume no radiative losses.
The presence of a dense shell has consequences for the

supernova spectra. Initially, the photospheric velocity, vph, as
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(Kasen&Bildsten 2010)
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Figure 1. Schematic views of the dynamical evolution of supernova ejecta with a relativistic wind. The three stages, (1) quasi-

spherical, (2) hot bubble breakout, and (3) homologous expansion stages, are depicted from left to right. The reverse shock,

contact discontinuity, and the forward shock are denoted by RS, CD, and FS in the density profiles.

ically, in mili-second magnetar models, the energy depo-
sition rate is assumed to be proportional to (1+ t/tsd)s,
where tsd is the spin-down time of the magnetar and
s is an exponent. In the following, we assume that
magnetar-like energy injection with tsd = the is real-
ized and the energy injection continues while we fix the
density profile of the ejecta after t = the. This makes
the dynamical model not fully self-consistent. Never-
theless, important aspects of the dynamical evolution of
the ejecta are certainly captured.

2.4. Photospheric emission

The ejecta having powered by the central engine are
assumed to start emitting thermal photons at t = the
The photospheric radius Rph at time t can simply be
calculated in the following way. The optical depth for a
ray radially extending from a given radius r to the outer
radius of the ejecta is given by

⌧(r, t) = 

Z vejt

r
⇢(t, r0)dr0, (9)

where  is the opacity for thermal photons and set to
be  = 0.1 cm2 g�1. Here we have ignored the motion
of the ejecta while the ray is traveling. In addition, the
outer layers of the ejecta would be swept by the reverse
shock and thus the density structure is modified. We
also ignore the modification of the density structure for
simplicity. The photospheric radius at t is determined so
that the optical depth is equal to unity, ⌧(Rph, t) = 1.
We particularly denote the photospheric radius at the
beginning of the homologous expansion t = the by Rhe.
We calculate the photospheric emission from the

ejecta being powered by the continuous energy injec-
tion at the center in the following way. We basically
make use of the Arnett’s solution for photon di↵usion in

freely expanding spherical ejecta (Arnett 1980, 1982).
The bolometric luminosity of the photospheric emission
from the ejecta with energy input Lin(t) is given by

Lph(t)=
2

td
e�t(t+2th)/t

2
d

Z t

the

et(t+2th)/t
2
dLin(t

0)

✓
th
td

+
t0

td

◆
dt0

+
Eth,0

t0
e�t(t+2th)/t

2
d , (10)

where the timescales t0, th, and td are given by

t0 =
Mej

�cRhe
, (11)

th =
Rhe

v
, (12)

and

td =
p
2t0th, (13)

(Chatzopoulos et al. 2012). The parameters, Eth,0, v,
are the initial thermal energy and the average velocity.
The initial thermal energy can be obtained from the
dynamical model. The thermal energy of the ejecta in
the quasi-spherical stage increases with time as follows,

Eth =
2� �

1 + 3↵(� � 1)
Lt, (14)

where � = 4/3 is the adiabatic index. This equation
reproduces the result of the hydrodynamics simulation
(Suzuki & Maeda 2017). We use the value at the begin-
ning of the homologous expansion at t = the. For the
opacity for thermal photons, we use  = 0.1 g cm�2.
The non-dimensional constant � depending on the den-
sity structure is set to be a commonly used value � =
13.8 (Arnett 1980, 1982).
We assume the following magnetar-like energy input
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an additional engine (Iwamoto et al. 1998). The ob-
servational link between some hypernovae and LGRBs,
demonstrated spectacularly by SN1998bw (Galama et al.
1998), confirms this engine as most likely a rapidly rotat-
ing compact object: either an accreting black hole ‘col-
lapsar’ (MacFadyen & Woosley 1999) or a millisecond
magnetar (Duncan & Thompson 1992). The extraor-
dinary similarity in nebular-phase spectra (probing the
conditions of the innermost ejecta from the stellar in-
terior) 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 en-
vironments (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 consis-
tent 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 di↵erent process sup-
plies the luminosity of SN 2015bn compared to the hy-
pernovae (which seem to be heated by 56Ni, e.g. Cano
et al. 2016). In section 2.2 we saw that SN2015bn is 150
times more luminous than SN1998bw during the neb-
ular phase. This would require a larger 56Ni mass by
a similar factor, but the spectroscopic similarity demon-
strates that SN2015bn cannot have an enormously larger
56Ni fraction than the hypernovae. Our spectrum looks
nothing like pair-instability models (Jerkstrand et al.
2016); nor do we see the [Fe III] lines that dominate Type
Ia SNe in the blue. 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

?

‣ spectral evolution should be different 
from normal CCSNe 

‣ broad-lined nebular spectrum like HNe? 
‣



‣ Their impacts on SN ejecta : SN light curves and spectra 
‣ Non-thermal emission from a wind nebula embedded in SN remnant 

(later times)

How can we probe the powerful engine?
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‣ If the putative rotating magnetized neutron star is enough powerful at 
later epochs :L~(1+t/tsd)-2  

‣ SLSNe could be bright sources in radio, X-ray, and γ-ray when SN 
ejecta becomes transparent
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‣ Theoretical magnetar nebulae emission through SLSN ejecta (e.g., 
Murase+2015, Kashiyama+2016; see also Tanaka&Takahara 2010 ) 

‣ late-time persistent radio emission (C. Omand+ 2017) 
‣ bright X-ray emission? (ionization breakout; Metzger 201) 

Pulsar wind nebula in SLSN ejecta

Radio Counterparts of SLSNe 5

Figure 3. Broadband spectra from SN2011ke with P = 1 ms
after 100.5, 10, and 101.5 years. The solid lines take absorption
processes for radio waves into account while the dashed lines do
not.

assumed to be ϵB = 0.01 and the rest of the spin-
down power is assumed to be used for the acceleration of
electrons and positrons, i.e., ϵe = 0.99; this assumption
is based on the results of detailed modeling of Galactic
PWNe (Tanaka & Takahara 2010, 2013). To take into ac-
count free-free absorption and the Razin effect in the SN
ejecta, we also assume a singly ionized, oxygen-rich SN ejecta
with an electron temperature of Te = 104 K, a mean nu-
clear number of Ā = 16, and an effective atomic number of
Z̄ = 4.5 (taking into account the charge shielding effect);
the assumption on the metal abundance is based on the re-
sults of previous nucleosynthesis studies (e.g., Maeda et al.
2002). The assumed ionized state can be maintained by the
X-ray irradiation from the PWN, but the effect is difficult to
calculate consistently. Although recent observations of PS1-
14bj have found strong [O III] in the nebular spectra at
t ∼ 0.5 yr (Lunnan et al. 2016), which suggests a doubly-
ionized state, the neutralization of the free electrons may
proceed efficiently in the SN ejecta for t ! 1 yr. In this
sense, the assumption will overestimate free-free absorption,
giving us a conservative estimate of the radio flux.

Other physical effects are calculated based on
Murase et al. (2015, 2016). The pulsar spin down, ejecta
dynamics, and PWNe dynamics are handled in the same
way as the Kashiyama et al. (2016) model. Then, we solve
a kinetic equation of electrons and positrons in the PWN,
taking into account synchrotron and inverse Compton ra-
diation, adiabatic cooling, and pair cascades. The injection
spectrum of electrons and positrons to the PWN is assumed
to be consistent with the Crab PWN (Tanaka & Takahara
2010).

The broadband spectra from SN2011ke with P = 1 ms
at 100.5, 10, and 101.5 years are shown in Fig. 3. The spec-
trum is basically constituted from two components; the
broken power-law spectrum up to ν " 1014 GHz is from
electron/positron synchrotron emission, while the bump at
higher frequencies is due to inverse Compton scattering of
the thermal photons in the SN ejecta. The peak frequency of
the νFν spectrum corresponds to the synchrotron frequency
of electrons/positrons with γe±,peak. Overall, the spectrum

Figure 4. Intrinsic radio light curves from the pulsar wind neb-
ula from SN2011ke at 1 GHz (blue) and 100 GHz (red). The thick
and thin solid lines show the P = 1 ms and P = Pmax = 2.4 ms
cases, respectively, including the absorption processes in the
PWNe and SN ejecta. The dashed lines are the unabsorbed light
curves.

becomes softer and the flux becomes smaller with time es-
sentially due to the decline of the spindown luminosity and
the adiabatic energy loss of the PWNe. The spectra from
each SN is qualitatively similar, so only SN2011ke is shown.

Hereafter, we focus on radio PWNe that radiate syn-
chrotron emission of relativistic electrons and positrons that
are accelerated in the nebulae. The cooling time of high-
energy electrons and positrons is shorter than the dynamical
time of the system. At later times, low-energy electrons and
positrons do not have enough time to cool and they start to
get accumulated in the PWNe. Then, the “relic” electrons
and positrons injected in the past can also contribute to
the radio emission, which is consistently calculated in our
model (Murase et al. 2016).

Fig. 4 shows intrinsic light curves at the 100 GHz (red)
and 1 GHz (blue) band for SN2011ke. The solid lines include
all the absorption processes while the dashed lines show the
radio PWNe with no absorption in the SN ejecta (though
the synchrotron-self absorption is included). The light-curve
peak corresponds to the time when the radio frequency be-
comes comparable to the synchrotron self-absorption fre-
quency, while the peak of the absorbed light curve is de-
termined by free-free absorption. The absorption processes
become irrelevant ∼ 1 and ∼ 10 yrs after the explosion
for ∼ 100 and ∼ 1 GHz band, respectively. The decline
after the peak is essentially due to the spin-down of the
pulsar. In the same panel, we also show the dependence of
the radio PWNe on the spin period. The solid thick and
thin lines correspond to the fastest (P = 1 ms) and slowest
(P = Pmax = 2.4 ms) spinning models allowed for SN2011ke,
respectively. As shown in Table 2, the slower rotating case
requires a smaller magnetic field, which makes the spin-down
time longer, and thus the spin-down luminosity can be kept
relatively high for a longer time. Also the slower rotating
case indicates a smaller ejecta mass, so the radio PWNe
becomes transparent earlier. Consequently, the peak lumi-

MNRAS 000, 1–8 (2017)
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down power is assumed to be used for the acceleration of
electrons and positrons, i.e., ϵe = 0.99; this assumption
is based on the results of detailed modeling of Galactic
PWNe (Tanaka & Takahara 2010, 2013). To take into ac-
count free-free absorption and the Razin effect in the SN
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with an electron temperature of Te = 104 K, a mean nu-
clear number of Ā = 16, and an effective atomic number of
Z̄ = 4.5 (taking into account the charge shielding effect);
the assumption on the metal abundance is based on the re-
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ionized state, the neutralization of the free electrons may
proceed efficiently in the SN ejecta for t ! 1 yr. In this
sense, the assumption will overestimate free-free absorption,
giving us a conservative estimate of the radio flux.

Other physical effects are calculated based on
Murase et al. (2015, 2016). The pulsar spin down, ejecta
dynamics, and PWNe dynamics are handled in the same
way as the Kashiyama et al. (2016) model. Then, we solve
a kinetic equation of electrons and positrons in the PWN,
taking into account synchrotron and inverse Compton ra-
diation, adiabatic cooling, and pair cascades. The injection
spectrum of electrons and positrons to the PWN is assumed
to be consistent with the Crab PWN (Tanaka & Takahara
2010).

The broadband spectra from SN2011ke with P = 1 ms
at 100.5, 10, and 101.5 years are shown in Fig. 3. The spec-
trum is basically constituted from two components; the
broken power-law spectrum up to ν " 1014 GHz is from
electron/positron synchrotron emission, while the bump at
higher frequencies is due to inverse Compton scattering of
the thermal photons in the SN ejecta. The peak frequency of
the νFν spectrum corresponds to the synchrotron frequency
of electrons/positrons with γe±,peak. Overall, the spectrum

Figure 4. Intrinsic radio light curves from the pulsar wind neb-
ula from SN2011ke at 1 GHz (blue) and 100 GHz (red). The thick
and thin solid lines show the P = 1 ms and P = Pmax = 2.4 ms
cases, respectively, including the absorption processes in the
PWNe and SN ejecta. The dashed lines are the unabsorbed light
curves.

becomes softer and the flux becomes smaller with time es-
sentially due to the decline of the spindown luminosity and
the adiabatic energy loss of the PWNe. The spectra from
each SN is qualitatively similar, so only SN2011ke is shown.

Hereafter, we focus on radio PWNe that radiate syn-
chrotron emission of relativistic electrons and positrons that
are accelerated in the nebulae. The cooling time of high-
energy electrons and positrons is shorter than the dynamical
time of the system. At later times, low-energy electrons and
positrons do not have enough time to cool and they start to
get accumulated in the PWNe. Then, the “relic” electrons
and positrons injected in the past can also contribute to
the radio emission, which is consistently calculated in our
model (Murase et al. 2016).

Fig. 4 shows intrinsic light curves at the 100 GHz (red)
and 1 GHz (blue) band for SN2011ke. The solid lines include
all the absorption processes while the dashed lines show the
radio PWNe with no absorption in the SN ejecta (though
the synchrotron-self absorption is included). The light-curve
peak corresponds to the time when the radio frequency be-
comes comparable to the synchrotron self-absorption fre-
quency, while the peak of the absorbed light curve is de-
termined by free-free absorption. The absorption processes
become irrelevant ∼ 1 and ∼ 10 yrs after the explosion
for ∼ 100 and ∼ 1 GHz band, respectively. The decline
after the peak is essentially due to the spin-down of the
pulsar. In the same panel, we also show the dependence of
the radio PWNe on the spin period. The solid thick and
thin lines correspond to the fastest (P = 1 ms) and slowest
(P = Pmax = 2.4 ms) spinning models allowed for SN2011ke,
respectively. As shown in Table 2, the slower rotating case
requires a smaller magnetic field, which makes the spin-down
time longer, and thus the spin-down luminosity can be kept
relatively high for a longer time. Also the slower rotating
case indicates a smaller ejecta mass, so the radio PWNe
becomes transparent earlier. Consequently, the peak lumi-

MNRAS 000, 1–8 (2017)

expected PWNe emission: Omand, Kashiyama, &  Murase (2017)



‣ Despite a lot of efforts, there has been no strong candidate source at 
SLSN site

No strong candidate
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FIG. 1.— Specific radio luminosity at ⇠ 8 GHz (rest-frame) for SLSNe-I (red stars) in the context of H-stripped core-collapse explosions (i.e. GRBs -circles-
and normal Ic SNe -squares-). Black circles: GRBs at z  0.3. Grey circles: GRBs at z > 0.3. Grey squares: normal Ic-SNe. Blue squares: relativistic Ic-SNe.
Connected symbols refer to observations of the same object. For display purposes, only the SLSNe-I directly referred to in the text are labeled. Deep radio
observations of the closest SLSN-I like Gaia16apd and SN 2017egm clearly rule out on-axis jets of the kind detected in GRBs, and probe the parameter space of
the weakest engine driven SNe (like those associated with GRBs 980425 and 100316D). Notably, radio observations of Gaia16apd and SN 2017egm indicate that
SLSNe-I can be significantly fainter than normal H-stripped core-collapse SNe as well. References: Immler et al. (2002); Pooley & Lewin (2004); Soria et al.
(2004); Soderberg et al. (2005); Perna et al. (2008); Chandra et al. (2009b, 2010); Soderberg et al. (2010b); Corsi et al. (2011); Chomiuk et al. (2011, 2012a);
Chandra & Frail (2012); Horesh et al. (2013); Margutti et al. (2013b,a, 2014); Corsi et al. (2014); Nicholl et al. (2016b); Palliyaguru et al. (2016); Kasliwal et al.
(2016); Bright et al. (2017); Romero-Canizales et al. (2017); Bose et al. (2017); Coppejans et al. (2017).

X-rays from SLSNe 9

FIG. 8.— X-ray emission from SLSNe-I (red circles) in the context of detected GRB X-ray afterglows (grey squares, Margutti et al. 2013a), relativistic SNe
(blue diamonds, Soderberg et al. 2010b; Margutti et al. 2014) and representative off-axis afterglow models (blue lines) from collimated outflows with θjet = 5◦,

ϵe = 0.1, ϵB = 0.01, Ek = 4× 1052 erg, Ṁ = 10−3 M⊙yr−1, θobs = 30◦ (thick line) and θobs = 45◦ (dotted line). We also show models for Ṁ = 10−7 M⊙yr−1,

θobs = 2θjet, Ek = 4× 1052 erg (dot-dashed line) and Ek = 4× 1050 erg (dashed line). The fast-fading X-ray emission at the location of SCP06F6 is shown with
orange circles (Levan et al. 2013). Black stars: steady X-ray emission at the location of ASASSN-15lh (Margutti et al. 2017b). Black squares: X-ray afterglow
of GRB 111209A, associated with the SLSN 2011kl (Greiner et al. 2015). In this plot we show the Swift-XRT limits from the stacked analysis for displaying
purposes. The analysis and results are based on the time-resolved observations. Notably, our deepest limits rule out non-collimated outflows from the weakest
GRB explosions, like GRB 980425 (Pian et al. 2000; Kouveliotou et al. 2004).

SN2011kl bridges the luminosity gap between GRB-SNe and
SLSNe-I, and shows spectroscopic similarities to SLSNe-
I (Greiner et al. 2015). (ii) Nebular spectroscopy of the
SLSN-I 2015bn revealed close similarities to the engine-
driven SN1998bw, associated with GRB 980425, suggesting
that the core of engine-driven SNe and SLSNe-I share some
key physical properties and structure (Nicholl et al. 2016b).

Early-time X-ray observations of SLSNe-I acquired at t !
40 days generally rule out on-axis collimated ultra-relativistic
outflows of the type associated with energetic long GRBs
(Fig. 8, cloud of filled grey squares). We constrain the pres-
ence of off-axis relativistic outflows by generating a grid of
off-axis GRB X-ray afterglows with the broadband afterglow
numerical code Boxfit v2 (van Eerten et al. 2012).14 The ob-
served X-ray emission depends on the kinetic energy Ek of
the outflow, the density of the medium ρCSM (we explore both
an ISM-like medium nCSM = const and a wind-like medium
with ρCSM ∝ R−2), the microphysical shock parameters ϵB and
ϵe (postshock energy fraction in magnetic field and electrons,
respectively), the jet opening angle θ j and the angle of the
jet with respect to the line of sight θobs. We explore the pre-

dicted X-ray signatures of collimated θ j = 5
◦

outflows with
ϵe = 0.1 and ϵB = 0.01 (as derived from first-principle simula-
tions of relativistic shocks, e.g. Sironi et al. 2015), isotropic
kinetic energy in the range Ek,iso = 1052

− 1055 erg, environ-

ment density in the range n = 10−3
− 10cm−3 (ISM) or mass-

loss rate Ṁ = 10−7
− 10−3 M⊙ yr−1 (wind) and observed angles

14 http://cosmo.nyu.edu/afterglowlibrary/boxfit2011.html

θobs ≤ 90
◦

. These values are representative of the parameters
inferred from accurate modeling of broad-band afterglows of
GRBs.

Based on these simulations and the X-ray observations
from the entire sample of SLSNe-I, we find that relativistic
collimated outflows with Ek > 1051 erg, n > 10−3 cm−3 and
θobs < 2θ j are ruled out. Powerful jets with Ek > 1052 erg ex-

panding in a thick medium with n ≥ 10cm−3 and θobs ≤ 30
◦

are also ruled out. For a wind environment, our observa-
tions are not consistent with jets with Ek > 1050.5 erg ex-
panding in a medium enriched with Ṁ ≥ 10−7 M⊙ yr−1 and
θobs < 2θ j. At higher kinetic energies observations rule out

jets with Ek > 1051.5 erg, Ṁ ≥ 10−4 M⊙ yr−1 and θobs ≤ 30
◦

or Ek > 1052 erg, Ṁ ≥ 10−3 M⊙ yr−1 and θobs ≤ 45
◦

. We are

not sensitive to jets viewed at θobs > 30
◦

for the ISM, and

θobs > 45
◦

for the wind medium.
In the case of PTF12dam, observations argue against jets

with Ek > 1051 erg propagating into a medium with n >
10−3 cm−3 or Ṁ > 10−7 M⊙ yr−1 and θobs < 2θ j. The por-

tion of the parameter space associated with Ek = 1050.5 erg,
Ṁ ∼ 10−6−7 M⊙ yr−1 and θobs < 2θ j is also ruled out. Dense

environments with n > 10cm−3 or Ṁ > 10−4 M⊙ yr−1 would
also produce X-ray emission in excess to what we observed

for outflows with Ek > 1051 erg viewed at θobs < 30
◦

.
For the SLSN-I 2015bn observations rule out systems with

Ek > 1052 erg, n > 10−3 cm−3 or Ṁ > 10−7 M⊙ yr−1 for θobs <
2θ j. Even the most energetic outflows in our simulations

X-ray constraint (Margutti+ 2018) radio constraint (Coppejans+ 2018)
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ABSTRACT
We present the detection of an unresolved radio source coincident with the position of the Type I superluminous
supernova (SLSN) PTF10hgi (z = 0.098) about 7.5 years post-explosion, with a luminosity of L⌫(6 GHz) ⇡
1.1 ⇥ 1028 erg s-1 Hz-1. This represents the first detection of radio emission coincident with a SLSN on any
timescale. We investigate various scenarios for the origin of the radio emission: star formation activity, an active
galactic nucleus, an off-axis jet, and a non-relativistic supernova blastwave. While any of these would be quite
novel if confirmed, none appear likely when taken in context of the other properties of the host galaxy, previous
radio observations of SLSNe, the sample of long gamma-ray bursts (LGRBs), and the general population of
hydrogen-poor SNe. Instead, the radio emission is reminiscent of the quiescent radio source associated with
the repeating FRB121102, which has been argued to be powered by a magnetar born in a SLSN or LGRB
explosion several decades ago. We show that such a central engine powered nebula is consistent with the age
and luminosity of the radio source. Our directed search for FRBs from the location of PTF10hgi using 40 min
of VLA phased-array data reveals no detections to a limit of 22 mJy (7�; 10 ms duration). We outline several
follow-up observations that can conclusively establish the origin of the radio emission.
Keywords: radio continuum: transients

1. INTRODUCTION

Fast radio bursts (FRBs) are bright, GHz frequency, mil-
lisecond duration pulses with dispersion measures (DMs) well
in excess of Galactic values, pointing to an extragalactic ori-
gin (Lorimer et al. 2007). The discovery of the repeating
FRB121102 (Spitler et al. 2014, 2016) enabled the first pre-
cise localization of an FRB (Chatterjee et al. 2017), which
in turn led to the identification of the host as a star forming
low metallicity dwarf galaxy at z = 0.193 (Tendulkar et al.
2017). The nature of the host, coupled with the discovery
of a parsec-scale, persistent radio source coincident with the
bursts (.40 pc; Marcote et al. 2017), have prompted theories
suggesting that FRBs are powered by decades-old millisecond
magnetars born in superluminous supernova (SLSN) and/or
long gamma-ray burst (LGRB) explosions (Murase et al. 2016;
Piro 2016; Metzger et al. 2017; Nicholl et al. 2017b). Within
this framework, we expect the locations of at least some known

*NASA Einstein Fellow

SLSNe and/or LGRBs to produce FRBs and to be accompa-
nied by quiescent radio sources on roughly a decade timescale
post-explosion, as the expanding ejecta become transparent to
free-free absorption at GHz frequencies (Omand et al. 2017;
Margalit et al. 2018a).

To test this prediction, we recently carried out VLA and
ALMA searches for quiescent radio/mm sources in a volume-
limited sample of SLSNe and LGRBs (Eftekhari et al. in prep.).
In the VLA observations we simultaneously searched for FRBs
from the same locations using phased-array observations. We
note that the same data can also probe other interesting as-
pects of SLSNe and their host galaxies, namely the presence of
obscured star formation, an active galactic nucleus (AGN), in-
teraction of the SN blastwave with circumstellar material, and
an off-axis jet. The latter possibility, in addition to the scenario
of an FRB121102-like quiescent source, would provide direct
evidence for a central engine in SLSNe; such direct evidence
is currently lacking (e.g., Coppejans et al. 2018; Bhirombhakdi
et al. 2018) despite the fact that modeling of SLSN light curves,
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ABSTRACT
We present the detection of an unresolved radio source coincident with the position of the Type I superluminous
supernova (SLSN) PTF10hgi (z = 0.098) about 7.5 years post-explosion, with a luminosity of L⌫(6 GHz) ⇡
1.1 ⇥ 1028 erg s-1 Hz-1. This represents the first detection of radio emission coincident with a SLSN on any
timescale. We investigate various scenarios for the origin of the radio emission: star formation activity, an active
galactic nucleus, an off-axis jet, and a non-relativistic supernova blastwave. While any of these would be quite
novel if confirmed, none appear likely when taken in context of the other properties of the host galaxy, previous
radio observations of SLSNe, the sample of long gamma-ray bursts (LGRBs), and the general population of
hydrogen-poor SNe. Instead, the radio emission is reminiscent of the quiescent radio source associated with
the repeating FRB121102, which has been argued to be powered by a magnetar born in a SLSN or LGRB
explosion several decades ago. We show that such a central engine powered nebula is consistent with the age
and luminosity of the radio source. Our directed search for FRBs from the location of PTF10hgi using 40 min
of VLA phased-array data reveals no detections to a limit of 22 mJy (7�; 10 ms duration). We outline several
follow-up observations that can conclusively establish the origin of the radio emission.
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1. INTRODUCTION

Fast radio bursts (FRBs) are bright, GHz frequency, mil-
lisecond duration pulses with dispersion measures (DMs) well
in excess of Galactic values, pointing to an extragalactic ori-
gin (Lorimer et al. 2007). The discovery of the repeating
FRB121102 (Spitler et al. 2014, 2016) enabled the first pre-
cise localization of an FRB (Chatterjee et al. 2017), which
in turn led to the identification of the host as a star forming
low metallicity dwarf galaxy at z = 0.193 (Tendulkar et al.
2017). The nature of the host, coupled with the discovery
of a parsec-scale, persistent radio source coincident with the
bursts (.40 pc; Marcote et al. 2017), have prompted theories
suggesting that FRBs are powered by decades-old millisecond
magnetars born in superluminous supernova (SLSN) and/or
long gamma-ray burst (LGRB) explosions (Murase et al. 2016;
Piro 2016; Metzger et al. 2017; Nicholl et al. 2017b). Within
this framework, we expect the locations of at least some known
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SLSNe and/or LGRBs to produce FRBs and to be accompa-
nied by quiescent radio sources on roughly a decade timescale
post-explosion, as the expanding ejecta become transparent to
free-free absorption at GHz frequencies (Omand et al. 2017;
Margalit et al. 2018a).

To test this prediction, we recently carried out VLA and
ALMA searches for quiescent radio/mm sources in a volume-
limited sample of SLSNe and LGRBs (Eftekhari et al. in prep.).
In the VLA observations we simultaneously searched for FRBs
from the same locations using phased-array observations. We
note that the same data can also probe other interesting as-
pects of SLSNe and their host galaxies, namely the presence of
obscured star formation, an active galactic nucleus (AGN), in-
teraction of the SN blastwave with circumstellar material, and
an off-axis jet. The latter possibility, in addition to the scenario
of an FRB121102-like quiescent source, would provide direct
evidence for a central engine in SLSNe; such direct evidence
is currently lacking (e.g., Coppejans et al. 2018; Bhirombhakdi
et al. 2018) despite the fact that modeling of SLSN light curves,
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Figure 1: Left: Radio continuum map from VLA 6 GHz (C band) observations of PTF10hgi. Contours correspond to -2, 2, 3, 4, 5,
and 6 times the root-mean-square noise of the image. The synthesized beam is shown in the lower left corner. Also shown is the
optical position of PTF10hgi (red circle; 2�). Right: Near-UV image of the host galaxy of PTF10hgi from HST/WFC3 with radio
contours and the SN optical position overlaid. Details of the astrometry are provided in §2.5.

convolution function. We do not detect emission at the position
of the VLA source, with a 3� limit of F⌫(100GHz) . 44 µJy.
This indicates a radio to mm spectral index of ↵. 0.

2.4. Hubble Space Telescope Observations

We observed the host galaxy of PTF10hgi with the Hubble
Space Telescope (HST) as part of program GO-15140 (PI: Lun-
nan), using the UVIS channel of the Wide Field Camera for
Surveys 3 (WFC3). The galaxy was imaged in the F336W
filter (corresponding to a rest-frame wavelength of 3055 Å, at
the redshift of PTF10hgi) for two orbits, split into four dithered
exposures for a total exposure time of 5570 s. We processed
and combined the individual CTE-corrected images using the
Astrodrizzle program from the Drizzlepac software pack-
age provided by STScI2, using a final pixscale of 0.02” per
pixel and a pixfrac value of 0.8. We show the resulting
image in Figure 1.

2.5. Astrometry

To determine the location of the radio source relative to the
position of PTF10hgi and its host galaxy we first determine
an astrometric solution for a wide-field g-band image centered
on the host galaxy from the Inamori Magellan Areal Camera
and Spectrograph (IMACS) on the Magellan Baade 6.5-m
telescope using Gaia sources from the latest data release. We
then register the smaller field of view HST image on the Gaia

2 http://drizzlepac.stsci.edu/

astrometric system using the IMACS image. The resulting
uncertainty in the astrometric tie between HST and Gaia is
�Gaia-host = 0.0400. We find that the host galaxy is resolved
into a bright central core, with diffuse extended emission and
possibly other fainter emission knots (Figure 1). The bright
core is located at R.A.=16h37m47s.065, decl.=+06�1203100.88
(J2000), with a centroid uncertainty of �host = 0.0100.

To determine the location of PTF10hgi in the same astro-
metric system we perform relative astrometry between the
IMACS image and archival images of PTF10hgi from the Liv-
erpool Telescope (Inserra et al. 2013), leading to a relative
astrometric tie uncertainty of �host-SN = 0.0400. The resulting
absolute position of the SN (in the Gaia astrometric frame)
is R.A.=16h37m47s.064, decl.=+06�1203100.89 (J2000), with
a centroid uncertainty of �SN = 0.0200. Thus, the combined
uncertainty in the absolute position of PTF10hgi is 0.0500.

Comparing to the radio source position (§2.1) we conclude
that the radio source is coincident with the optical position of
PTF10hgi, with a nominal offset of 0.1000 and a combined total
uncertainty of 0.2000 (dominated by the radio source positional
uncertainty). Furthermore, both the SN and the radio source
are located near the core of the galaxy identified in the HST
image, with offsets of 0.0200 (� = 0.0500) and 0.0900 (� = 0.2000)
for the optical SN and radio source, respectively.

3. ORIGIN OF THE RADIO EMISSION

Given the spatial coincidence of the radio source and
PTF10hgi (and its host galaxy) we use the redshift of z = 0.098
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Figure 4: Left: Representative off-axis jet light curves at 6 GHz for ✓obs = 60� and a range of jet energies and CSM densities that
are consistent with the radio detection of PTF10hgi. For comparison, we also plot upper limits for other SLSNe from Coppejans
et al. (2018), as well as the limit for SN2015bn at �t ⇡ 1070 d from Nicholl et al. (2018b) converted to 6 GHz assuming a typical
spectral index of -0.7. Right: Constraints on the jet energy and CSM density for an off-axis jet assuming a jet opening angle
✓ j = 10� and viewing angles of ✓obs = 30� (solid), 60� (dashed), and 90� (dotted). Individual curves trace out the allowed parameter
space for an off-axis jet based on the 6 GHz radio detection. The vertical line at Eiso = 2⇥1053 erg marks the minimum required
energy for a successful jet to break through the SN ejecta, based on the inferred properties of PTF10hgi (Nicholl et al. 2017a;
Margalit et al. 2018b). For comparison, we also show the results for FIRST J141918.9+394036 from Law et al. (2018) and the
ultra-long GRB 111209A (Stratta et al. 2013) as well as LGRBs from the literature (Berger et al. 2001; Panaitescu & Kumar 2002;
Berger et al. 2003; Yost et al. 2003; Chevalier et al. 2004; Chandra et al. 2008; Cenko et al. 2010; Laskar et al. 2015).

SED, which is expected to be optically thin, and to search for
fading will test this scenario (Figure 5).

3.4. Central Engine

Here we explore the possibility that the observed radio emis-
sion is due to a pulsar wind nebula powered by a young mag-
netar embedded in the SN ejecta (Metzger & Bower 2014;
Metzger et al. 2017; Omand et al. 2017; Margalit et al. 2018a).
In this framework, radio emission is expected from SLSNe on
⇠decade timescales, as the ejecta expand and become transpar-
ent to free-free absorption at GHz frequencies. Indeed, such a
nebula has been proposed as the origin of the persistent radio
source associated with FRB121102 (Kashiyama & Murase
2017; Metzger et al. 2017; Margalit et al. 2018a; Margalit &
Metzger 2018).

Following the prescription of Margalit et al. (2018a), we
compute the time-dependent evolution of the ionization struc-
ture of the ejecta for PTF10hgi using the photoionization code
CLOUDY (Ferland et al. 2013). Specifically, we assume photo-
ionization by a magnetar engine to constrain the free-free
transparency timescale tff, where the free-free optical depth
scales as ⌧ff ⇠ t-4.5 (Margalit et al. 2018a). We use the ejecta
and engine properties inferred from a model fit to the light
curves of PTF10hgi (Nicholl et al. 2017a), namely a spin of
P = 4.8 ms, a magnetic field of B = 2⇥1014 G, an ejecta mass of
Mej = 2.2 M�, and an ejecta velocity of vej = 5.1⇥103 km s-1.

Both the spin period and the magnetic field are among the high-
est inferred for the population of SLSNe, whereas the ejecta
mass and velocity are consistent with the low tail end of their
respective distributions. Assuming in addition a power-law
energy injection rate into the nebula (L / t-2), we find that
tff ⇡ 4.8 and 1.4 years at 6 and 100 GHz, respectively, consis-
tent with our radio detection at about 7.5 years post-explosion.

In Figure 5, we plot three representative nebula models
for PTF10hgi based on the inferred model for FRB121102
from Margalit & Metzger (2018) in which the quiescent radio
emission is due to a magnetized ion-electron wind nebula.
This model is motivated by the observed rotation measure for
FRB121102 and its time derivative (Michilli et al. 2018), as
well as the persistent source luminosity and spectrum. Given
the single epoch observation of PTF10hgi, we modify the
best fit model parameters for FRB121102 to fit the observed
luminosity and upper limit at 6 and 100 GHz, respectively. The
model parameters include the magnetic energy of the magnetar
(EB⇤), the nebula velocity (vn), the onset of the active period
(t0), the power law index describing the rate of energy input
into the nebula (↵), the magnetization of the outflow (�), and
the mean energy per particle (�). We fix � = 0.1 and � = 0.2
GeV as in the case of FRB121102. For the first model in
Figure 5, the inferred parameters are identical to “model A”
for FRB121102 from Margalit & Metzger (2018) with t0 = 0.2
years, vn = 3⇥108 cm s-1, ↵ = 1.3, and the magnetic energy

‣ first possible association of a persistent radio source with an SLSN 
‣ similar properties to FRB 121102 (persistent source + host galaxy)



Until last month!

DRAFT VERSION JANUARY 31, 2019
Preprint typeset using LATEX style AASTeX6 v. 1.0

A RADIO SOURCE COINCIDENT WITH THE SUPERLUMINOUS SUPERNOVA PTF10hgi: EVIDENCE FOR A CENTRAL
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ABSTRACT
We present the detection of an unresolved radio source coincident with the position of the Type I superluminous
supernova (SLSN) PTF10hgi (z = 0.098) about 7.5 years post-explosion, with a luminosity of L⌫(6 GHz) ⇡
1.1 ⇥ 1028 erg s-1 Hz-1. This represents the first detection of radio emission coincident with a SLSN on any
timescale. We investigate various scenarios for the origin of the radio emission: star formation activity, an active
galactic nucleus, an off-axis jet, and a non-relativistic supernova blastwave. While any of these would be quite
novel if confirmed, none appear likely when taken in context of the other properties of the host galaxy, previous
radio observations of SLSNe, the sample of long gamma-ray bursts (LGRBs), and the general population of
hydrogen-poor SNe. Instead, the radio emission is reminiscent of the quiescent radio source associated with
the repeating FRB121102, which has been argued to be powered by a magnetar born in a SLSN or LGRB
explosion several decades ago. We show that such a central engine powered nebula is consistent with the age
and luminosity of the radio source. Our directed search for FRBs from the location of PTF10hgi using 40 min
of VLA phased-array data reveals no detections to a limit of 22 mJy (7�; 10 ms duration). We outline several
follow-up observations that can conclusively establish the origin of the radio emission.
Keywords: radio continuum: transients

1. INTRODUCTION

Fast radio bursts (FRBs) are bright, GHz frequency, mil-
lisecond duration pulses with dispersion measures (DMs) well
in excess of Galactic values, pointing to an extragalactic ori-
gin (Lorimer et al. 2007). The discovery of the repeating
FRB121102 (Spitler et al. 2014, 2016) enabled the first pre-
cise localization of an FRB (Chatterjee et al. 2017), which
in turn led to the identification of the host as a star forming
low metallicity dwarf galaxy at z = 0.193 (Tendulkar et al.
2017). The nature of the host, coupled with the discovery
of a parsec-scale, persistent radio source coincident with the
bursts (.40 pc; Marcote et al. 2017), have prompted theories
suggesting that FRBs are powered by decades-old millisecond
magnetars born in superluminous supernova (SLSN) and/or
long gamma-ray burst (LGRB) explosions (Murase et al. 2016;
Piro 2016; Metzger et al. 2017; Nicholl et al. 2017b). Within
this framework, we expect the locations of at least some known

*NASA Einstein Fellow

SLSNe and/or LGRBs to produce FRBs and to be accompa-
nied by quiescent radio sources on roughly a decade timescale
post-explosion, as the expanding ejecta become transparent to
free-free absorption at GHz frequencies (Omand et al. 2017;
Margalit et al. 2018a).

To test this prediction, we recently carried out VLA and
ALMA searches for quiescent radio/mm sources in a volume-
limited sample of SLSNe and LGRBs (Eftekhari et al. in prep.).
In the VLA observations we simultaneously searched for FRBs
from the same locations using phased-array observations. We
note that the same data can also probe other interesting as-
pects of SLSNe and their host galaxies, namely the presence of
obscured star formation, an active galactic nucleus (AGN), in-
teraction of the SN blastwave with circumstellar material, and
an off-axis jet. The latter possibility, in addition to the scenario
of an FRB121102-like quiescent source, would provide direct
evidence for a central engine in SLSNe; such direct evidence
is currently lacking (e.g., Coppejans et al. 2018; Bhirombhakdi
et al. 2018) despite the fact that modeling of SLSN light curves,
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persistent radio emission  
at an SLSN site (PTF10hgi)?
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Figure 1: Left: Radio continuum map from VLA 6 GHz (C band) observations of PTF10hgi. Contours correspond to -2, 2, 3, 4, 5,
and 6 times the root-mean-square noise of the image. The synthesized beam is shown in the lower left corner. Also shown is the
optical position of PTF10hgi (red circle; 2�). Right: Near-UV image of the host galaxy of PTF10hgi from HST/WFC3 with radio
contours and the SN optical position overlaid. Details of the astrometry are provided in §2.5.

convolution function. We do not detect emission at the position
of the VLA source, with a 3� limit of F⌫(100GHz) . 44 µJy.
This indicates a radio to mm spectral index of ↵. 0.

2.4. Hubble Space Telescope Observations

We observed the host galaxy of PTF10hgi with the Hubble
Space Telescope (HST) as part of program GO-15140 (PI: Lun-
nan), using the UVIS channel of the Wide Field Camera for
Surveys 3 (WFC3). The galaxy was imaged in the F336W
filter (corresponding to a rest-frame wavelength of 3055 Å, at
the redshift of PTF10hgi) for two orbits, split into four dithered
exposures for a total exposure time of 5570 s. We processed
and combined the individual CTE-corrected images using the
Astrodrizzle program from the Drizzlepac software pack-
age provided by STScI2, using a final pixscale of 0.02” per
pixel and a pixfrac value of 0.8. We show the resulting
image in Figure 1.

2.5. Astrometry

To determine the location of the radio source relative to the
position of PTF10hgi and its host galaxy we first determine
an astrometric solution for a wide-field g-band image centered
on the host galaxy from the Inamori Magellan Areal Camera
and Spectrograph (IMACS) on the Magellan Baade 6.5-m
telescope using Gaia sources from the latest data release. We
then register the smaller field of view HST image on the Gaia

2 http://drizzlepac.stsci.edu/

astrometric system using the IMACS image. The resulting
uncertainty in the astrometric tie between HST and Gaia is
�Gaia-host = 0.0400. We find that the host galaxy is resolved
into a bright central core, with diffuse extended emission and
possibly other fainter emission knots (Figure 1). The bright
core is located at R.A.=16h37m47s.065, decl.=+06�1203100.88
(J2000), with a centroid uncertainty of �host = 0.0100.

To determine the location of PTF10hgi in the same astro-
metric system we perform relative astrometry between the
IMACS image and archival images of PTF10hgi from the Liv-
erpool Telescope (Inserra et al. 2013), leading to a relative
astrometric tie uncertainty of �host-SN = 0.0400. The resulting
absolute position of the SN (in the Gaia astrometric frame)
is R.A.=16h37m47s.064, decl.=+06�1203100.89 (J2000), with
a centroid uncertainty of �SN = 0.0200. Thus, the combined
uncertainty in the absolute position of PTF10hgi is 0.0500.

Comparing to the radio source position (§2.1) we conclude
that the radio source is coincident with the optical position of
PTF10hgi, with a nominal offset of 0.1000 and a combined total
uncertainty of 0.2000 (dominated by the radio source positional
uncertainty). Furthermore, both the SN and the radio source
are located near the core of the galaxy identified in the HST
image, with offsets of 0.0200 (� = 0.0500) and 0.0900 (� = 0.2000)
for the optical SN and radio source, respectively.

3. ORIGIN OF THE RADIO EMISSION

Given the spatial coincidence of the radio source and
PTF10hgi (and its host galaxy) we use the redshift of z = 0.098
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Figure 4: Left: Representative off-axis jet light curves at 6 GHz for ✓obs = 60� and a range of jet energies and CSM densities that
are consistent with the radio detection of PTF10hgi. For comparison, we also plot upper limits for other SLSNe from Coppejans
et al. (2018), as well as the limit for SN2015bn at �t ⇡ 1070 d from Nicholl et al. (2018b) converted to 6 GHz assuming a typical
spectral index of -0.7. Right: Constraints on the jet energy and CSM density for an off-axis jet assuming a jet opening angle
✓ j = 10� and viewing angles of ✓obs = 30� (solid), 60� (dashed), and 90� (dotted). Individual curves trace out the allowed parameter
space for an off-axis jet based on the 6 GHz radio detection. The vertical line at Eiso = 2⇥1053 erg marks the minimum required
energy for a successful jet to break through the SN ejecta, based on the inferred properties of PTF10hgi (Nicholl et al. 2017a;
Margalit et al. 2018b). For comparison, we also show the results for FIRST J141918.9+394036 from Law et al. (2018) and the
ultra-long GRB 111209A (Stratta et al. 2013) as well as LGRBs from the literature (Berger et al. 2001; Panaitescu & Kumar 2002;
Berger et al. 2003; Yost et al. 2003; Chevalier et al. 2004; Chandra et al. 2008; Cenko et al. 2010; Laskar et al. 2015).

SED, which is expected to be optically thin, and to search for
fading will test this scenario (Figure 5).

3.4. Central Engine

Here we explore the possibility that the observed radio emis-
sion is due to a pulsar wind nebula powered by a young mag-
netar embedded in the SN ejecta (Metzger & Bower 2014;
Metzger et al. 2017; Omand et al. 2017; Margalit et al. 2018a).
In this framework, radio emission is expected from SLSNe on
⇠decade timescales, as the ejecta expand and become transpar-
ent to free-free absorption at GHz frequencies. Indeed, such a
nebula has been proposed as the origin of the persistent radio
source associated with FRB121102 (Kashiyama & Murase
2017; Metzger et al. 2017; Margalit et al. 2018a; Margalit &
Metzger 2018).

Following the prescription of Margalit et al. (2018a), we
compute the time-dependent evolution of the ionization struc-
ture of the ejecta for PTF10hgi using the photoionization code
CLOUDY (Ferland et al. 2013). Specifically, we assume photo-
ionization by a magnetar engine to constrain the free-free
transparency timescale tff, where the free-free optical depth
scales as ⌧ff ⇠ t-4.5 (Margalit et al. 2018a). We use the ejecta
and engine properties inferred from a model fit to the light
curves of PTF10hgi (Nicholl et al. 2017a), namely a spin of
P = 4.8 ms, a magnetic field of B = 2⇥1014 G, an ejecta mass of
Mej = 2.2 M�, and an ejecta velocity of vej = 5.1⇥103 km s-1.

Both the spin period and the magnetic field are among the high-
est inferred for the population of SLSNe, whereas the ejecta
mass and velocity are consistent with the low tail end of their
respective distributions. Assuming in addition a power-law
energy injection rate into the nebula (L / t-2), we find that
tff ⇡ 4.8 and 1.4 years at 6 and 100 GHz, respectively, consis-
tent with our radio detection at about 7.5 years post-explosion.

In Figure 5, we plot three representative nebula models
for PTF10hgi based on the inferred model for FRB121102
from Margalit & Metzger (2018) in which the quiescent radio
emission is due to a magnetized ion-electron wind nebula.
This model is motivated by the observed rotation measure for
FRB121102 and its time derivative (Michilli et al. 2018), as
well as the persistent source luminosity and spectrum. Given
the single epoch observation of PTF10hgi, we modify the
best fit model parameters for FRB121102 to fit the observed
luminosity and upper limit at 6 and 100 GHz, respectively. The
model parameters include the magnetic energy of the magnetar
(EB⇤), the nebula velocity (vn), the onset of the active period
(t0), the power law index describing the rate of energy input
into the nebula (↵), the magnetization of the outflow (�), and
the mean energy per particle (�). We fix � = 0.1 and � = 0.2
GeV as in the case of FRB121102. For the first model in
Figure 5, the inferred parameters are identical to “model A”
for FRB121102 from Margalit & Metzger (2018) with t0 = 0.2
years, vn = 3⇥108 cm s-1, ↵ = 1.3, and the magnetic energy

stay tuned!

‣ first possible association of a persistent radio source with an SLSN 
‣ similar properties to FRB 121102 (persistent source + host galaxy)
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‣ NS physics can help?
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 MacFadyen&Woosley (1999)
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FIG. 28.ÈEnergy density in the jet and surrounding area 0.824 s after its initiation. The jet has now moved 7000 km. While its velocity cannot be
accurately determined in the nonrelativistic code used for this calculation, the energy density is typical of highly relativistic matter with Lorentz factor ! over
10. The jet remains highly focused with an opening angle (half-width) of about 10¡. The red regions at polar angles of 35¡ are the plumes formed earlier by
dissipation in the disk (° 4.1.5 and Fig. 16).

glow that did not resemble a supernova, and a much lower
event rate in the universe. Can the collapsar model explain
both?

We believe that the collapsar produces strong, hard
GRBs like GRB 971214 only in the most extreme cases of
high accretion rate and long durationÈperhaps only for the
most massive stars or those that have just the right angular
momentum distribution. The jet must Ðnish the evacuation
of the rotational axis of the star that accretion only began.
Once that has occurred, and that may take a few seconds,
we speculate that a very powerful jet with low mass loading

will begin to blow. Energy is not such a problem. Our stan-
dard model gives about 1052 ergs (for optimistic neutrino
physics, MHD may provide even more) focused into D1%
of the sky and a duration of D15 s. This matches the
observed properties of GRB 971214 pretty well. Presum-
ably there was also a supernova underlying GRB 971214,
but it was too far away to see and fainter than the afterglow
produced along our line of sight by the relativistic jet.

However, barring some selection bias in which only the
most energetic spikes of an underlying enduring burst are
seen, it does not seem possible for the collapsar model to

▸ collapsar vs magnetar 

▸ collapsar: BH accretion disk (Woosley 1993, 

MacFadyen&Woosley 1999) 

▸ (proto-)magnetar: rotating magnetized 

neutron star (Usov 1992, Thompson 1994, 

Metzger+ 2007,2010, etc) 

▸ magnetar engine for XRF/LLGRBs?: the case 

of GRB 060218/SN 2006aj (Mazzali+2006)
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TABLE 1
Photometry

Date/Component B V R

September 17a . . . . . . . . . . 20.64! 0.1 20.23! 0.1 19.82! 0.1
November 27a . . . . . . . . . . 20.71! 0.1 20.34! 0.1 19.86! 0.1
Host (Subaru)b . . . . . . . . . . … 20.53 20.16
SN on Septemberc . . . . . . … 22.45 21.74
SN on Novemberc . . . . . . … 22.94 22.21
Host (Sollerman)d . . . . . . 20.46! 0.07 20.19! 0.04 19.86! 0.03

a Using the FOCAS filter system, which is similar to the Johnson-Cousins
system (Kashikawa et al. 2002).

b See § 2 and Fig. 1 for the assumed host spectrum. The photometry is
given for the Johnson-Cousins system.

c The intrinsic SN magnitude obtained after subtracting the host contri-
bution and removing narrow emission lines. In the Johnson-Cousins system.

d The host magnitude estimated by Sollerman et al. (2006).

Fig. 1.—Reduced spectra of SN 2006aj on 2006 September 17 (red) and
on 2006 November 27 (blue). The flux is calibrated with the photometry. The
redshift of the host ( ) is corrected for. The assumed host galaxyz p 0.0335
contribution (§ 2) is shown by the black dotted line. The intrinsic SN spectra,
after subtracting the host contribution and removing major narrow emission
lines, are also shown (bottom).

Fig. 2.—Comparison of emission profiles. (a) Comparison of [O i]
ll6300, 6363 (black) with [Ca ii] ll7291, 7324 (red). The center of the
wavelength is assumed to be 6300 and 7308 for the [O i] and [Ca ii],Å
respectively. (b) Comparison of the [O i] (black) with the emission feature
centered at 7380 (blue). We suggest that the feature is [Ni ii] l7380. NoteÅ
that an atmospheric absorption at ∼7400 is not removed.Å

3. ANALYSES OF SPECTRUM FEATURES

Figure 2 shows that the nebular spectra of SN 2006aj have
the following two unique features compared with other SNe
Ic. (1) [Ca ii] ll7291, 7324 is absent. (2) A strong emission
feature is seen at ∼7400 . In this Letter we adoptÅ m p

and (Pian et al. 2006). Our discussion35.84 E(B! V ) p 0.13
is based on the September spectrum.

3.1. Total Mass at km s!1v ! 7300
The bolometric luminosity ( ) is expressed as (e.g., MaedaL bol

et al. 2003)

L p (D " 0.035)L , (1)bol g g

at a nebular epoch. Here the g-ray energy input rate from
M(56Ni) is ergs s at days.41 !1p 0.2M L p 4.4# 10 t ∼ 204, g

(∼ for a homogeneous nebula, which is a good ap-D 3t /4g g

proximation at low velocities) is the fraction of the g-ray energy
deposited within the SN nebula, and 0.035 accounts for the in
situ positron deposition rate. The optical depth to the g-rays is

!2 !2M v t7300t p 0.071 , (2)g ( )( ) ( )!1M 7300 km s 204 days,

where denotes the total mass ejected with km s .!1M v ! 73007300
Substituting ergs s (taking into account the red-40 !1L ∼ 6.2# 10bol
dening and a typical NIR contribution∼20%; Tomita et al. 2006) into
equations (1) and (2), we obtain .M ∼ 2 M7300 ,

3.2. Absence of Ca Lines and Ejecta Structure
No detection of [Ca ii] and Ca ii IR triplet provides the

following constraints. In a core-collapse SN explosion, more
than of Ca is synthesized if (e.g., Nak-!34# 10 M E " 1, 51
amura et al. 2001). In an SN Ic, the emissivity of [Ca ii]
ll7291, 7324 is about 3 orders of magnitudes larger than
[O i] ll6300, 6363. If Ca coexisted with O, Ca would be the"

predominant ion (e.g., Fransson & Chevalier 1989). Thus, if
Ca ("4 # 10!3 ) and O were microscopically mixed, thenM,

would have been much larger than to satisfy theM 20 MO ,

observed upper limit for the [Ca ii] (Fig. 2). This is inconsistent
with (§ 3.1).M ∼ 2 M7300 ,

The separation of Ca and O occurs naturally in ordinary
supernova models. This is also seen in Spitzer observations of
Cas A (Ennis et al. 2006). Nucleosynthesis calculations show
that the explosion produces chemically distinct regions: Fe-rich
materials (where 56Ni is the predominant product), Si-rich ma-

58Ni emission line in SN 2006aj?  
(Maeda+ 2007)

▸ collapsar vs magnetar 

▸ collapsar: BH accretion disk (Woosley 1993, 

MacFadyen&Woosley 1999) 

▸ (proto-)magnetar: rotating magnetized 

neutron star (Usov 1992, Thompson 1994, 

Metzger+ 2007,2010, etc) 

▸ magnetar engine for XRF/LLGRBs?: the case 

of GRB 060218/SN 2006aj (Mazzali+2006)



▸ SN 2011kl associated with unusually long GRB 111209A 

▸ SN 2011kl was ~3 times more luminous than other GRB-SNe 

▸ similar spectral properties to SLSNe 

▸ common mechanism to produce GRBs and SLSNe?

SLSN-GRB connection?

Margalit+(2018)
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We develop this model and apply it. For the weak jets that we
expect are launched generically by SLSNe, we extend earlier work
to address whether or not they can escape the SN explosion, on
what time-scale, and with what observational signature, whether
the observer is on- or off-axis. Our general model of thermalization
and jet production allows us to provide a unified picture of the
GRB–SLSN dichotomy and connection.

Setting the details of the magnetar thermalization mechanism
we propose aside, our estimates for low-luminosity jet emergence
and its observational signature can also be applied to black hole
accretion models.

This paper is organized as follows. In Section 2, we review the
magnetar scenario and present our model for partitioning spin-down
luminosity between both jetted and thermal components. We then
examine whether weak jets can breakout of the confining stellar mat-
ter (Section 3). Readers uninterested in the jet-propagation details
are encouraged to skip to Section 3.2.2 where we derive our pri-
mary results. We continue by exploring the observational signatures
such off-axis jets may give rise to Section 4. Our novel model for
powering early optical/UV emission in SLSNe by (post-breakout)
jet interaction with the confining SN-ejecta walls is presented in
Section 4.2 and applied to the SLSN LSQ14bdq. We discuss impli-
cations of our results in Section 5 and summarize the landscape of
engine-powered transients in Fig. 6. We end with bulleted conclu-
sions in Section 6.

2 MAG NETA R MISALIGNMENT: POWERING
BOT H JET AND SN

We begin this section with a brief review of the magnetar model,
following which we describe an explicit mechanism by which a
misaligned magnetar can partition its power into both thermal and
magnetically dominated (jetted) components. The engine luminos-
ity’s time evolution can generally be expressed as (Kasen & Bildsten
2010)

Le = Ee

te

(ℓ − 1)
(1 + t/te)ℓ

, (1)

where Ee is the total energy of the engine and te the engine lifetime,
over which the power is approximately constant. At late times t ≫
te, the power decays as ∼t−ℓ. For the magnetar scenario, ℓ = 2 and
the values of Ee and te are related to the magnetar’s surface dipole
field,3 Bd – which is presumably amplified during core collapse
by, e.g. a large-scale dynamo (Mösta et al. 2015) – and initial spin
period, P0, by

Ee = 1
2
Ins"

2 ≃2.5 × 1052 erg
!

Mns

1.4M⊙

"3/2 !
P0

1 ms

"−2

, (2)

te = Eec
3

µ2"4
#
1 + sin2 α

$

≃ 147 s#
1 + sin2 α

$
!

Mns

1.4M⊙

"3/2 !
P0

1 ms

"2 !
Bd

1015 G

"−2

, (3)

where Ins ≃ 1.3 × 1045 g cm2(Mns/1.4M⊙)3/2 is an estimate of
the NS moment of inertia for a range of plausible nuclear density
equations of state (Lattimer & Schutz 2005), µ = BdR

3
ns is the

3 As in Metzger et al. (2015), our definition of Bd is a factor of
√

12 lower
than the normalization adopted by Kasen & Bildsten (2010, as commonly
adopted in the SLSNe literature).

Figure 1. Schematic diagram (not to scale) showing how the same millisec-
ond magnetar engine can power both a relativistic GRB jet and an SLSN via
isotropic radiative diffusion. A magnetar (grey) with a non-zero misalign-
ment between the rotation and magnetic dipole axes develops a striped-wind
configuration in a wedge near the equatorial plane. The fraction of the spin-
down energy carried by the striped wind is thermalized when the alternating
field undergoes magnetic reconnection near the wind termination shock,
heating the PWN (yellow). This thermal energy diffuses through the spher-
ical SN ejecta (blue), powering luminous SN emission. By contrast, the
spin-down power at high latitudes is channelled into a bipolar collimated jet
(orange; Section 2). Even once the jet has escaped from the star, a fraction
of its power will continue to be thermalized at the interface between the
jet and the ejecta walls, driving a hot mildly relativistic wind of velocity
vw. Thermal radiation from this wind may give rise to relatively isotropic
optical/UV emission viewable off the jet axis, producing a pre-maximum
peak in the light curves of SLSNe (Section 4.2; Fig. 4).

magnetic dipole moment, and the factor (1 + sin 2α) accounts for
the dependence on the misalignment angle α between magnetic and
rotational axes (cos α ≡ "̂ · µ̂, see Fig. 1 ; Spitkovsky 2006). We
assume that all of the rotational energy goes into electromagnetic
spin-down, instead of gravitational wave radiation (e.g. Ho 2016;
Moriya & Tauris 2016).

The notion of simultaneously powering both a collimated jet and
an isotropic thermal SN by a single magnetar has previously been
discussed, e.g. in the context of relating hyperenergetic broad-lined
Ic SNe to GRBs (e.g. Thompson et al. 2004). Such models, though,
could not address a fundamental question – how is the magnetar
energy partitioned between jet and SN? Later numerical simulations
by Bucciantini et al. (2009) found that nearly none of the magnetar
spin-down power was deposited into the spherical SN component
(see also Komissarov & Barkov 2007), raising questions as to the
viability of magnetar-driven SNe. Here, we propose a solution to
this ‘thermalization problem’ by introducing a new, explicit, model
for magnetar thermalization. The idea rests on consideration of the
misalignment angle α between the magnetar’s rotation and magnetic
axes. In this respect, the 2D axisymmetric simulations mentioned
above implicitly assumed α = 0, and could not capture the physics
of our proposed model.
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For α ̸= 0, the magnetar develops a ‘striped-wind’ configuration
where the toroidal magnetic field switches polarity in the equato-
rial plane (Coroniti 1990; Lyubarsky & Kirk 2001), as illustrated
schematically in Fig. 1. The consequences of this wind geometry
are well studied in the pulsar community, as they may play an role in
solving the so-called σ problem first identified in the Crab nebula.

Outside of the light cylinder, in the wind zone, the power pattern
assuming a split-monopole field varies with latitude θ (measured
from the rotation axis) as dLe/d$ ∝ sin 2θ . For a misaligned rotator,
a fraction of the magnetic energy at low latitudes (within ±α from
the equator) will be dissipated by forced reconnection of the striped
wind in the equatorial wedge near the termination shock which
separates the wind from the magnetar nebula. Following Lyubarsky
(2003) and Komissarov (2013), the fraction of the wind power
remaining in Poynting flux at latitude θ is given by

χ (θ ; α) =
!

1, 0 ≤ θ < π/2 − α

[2φ(θ ; α)/π − 1]2 , π/2 − α ≤ θ < π/2
, (4)

where φ(θ ; α) is the stripe wave phase defined by cos φ(θ ; α) ≡
− cot(θ ) cot(α).

Thus, the total fraction of magnetar power which remains in the
ordered magnetic field following reconnection at the termination
shock is

fj(α) =
"

(dLe/d$) χd$"
(dLe/d$) d$

= 3
2

# π
2

0
χ (θ ; α) sin3 θdθ . (5)

Similarly, the thermalized energy fraction is fth(α) = 1 − fj(α). We
find that fth is well approximated (to within an accuracy of a couple
percent) by

fth(α) ≈
$
1 + (π/2)−4 b

%1/4
α

&
b + α4

'1/4 ≃ 1.025α
&
0.636 + α4

'1/4 , (6)

where α is in radians and in the second equation b ≃ 0.636. The
model thus implies that any oblique rotator will partition its spin-
down power into both an ordered magnetic and a thermal compo-
nent, with thermalization increasing for greater misalignment angles
α. This is illustrated in Fig. 2.

Note that numerical simulations find dLe/d$ ∝ sin n θ with n ∼ 4
at large inclination angles (e.g. Tchekhovskoy, Spitkovsky & Li
2013). Our results hold equally in this scenario, with the qualitative
difference that fth rises faster with α for larger n . In particular, for
n = 4, we find that the functional form (6) still well fits fth(α), with
b ≃ 0.268.

It is therefore natural to interpret fj – the fraction of the energy
remaining in an ordered toroidal magnetic field – as that which may
contribute to a collimated jet component (GRB), while fth is the
complementary power energizing the SN ejecta which may con-
tribute to powering to the isotropic thermal emission (SN). The
misalignment angle can thus be observationally inferred by identi-
fying the thermalization fraction with fth ≈ ESLSN/(ESLSN + EGRB)
and inverting equation (6), yielding

α ≈ 0.893fth
&
1.105 − f 4

th

'−1/4
rad. (7)

The simplified picture outlined above assumes that magnetic en-
ergy is only dissipated through reconnection of a striped wind at the
termination shock. However, other forms of dissipation related to
magnetohydrodynamic instabilities (e.g. kink or sausage), may op-
erate on larger scales throughout the nebula as well (e.g. Begelman
1998; Porth, Komissarov & Keppens 2013; Zrake & Arons 2016),
depending in part on how effectively the build-up of toroidal flux
is ‘relieved’ by the escape of a successful polar jet. The details of

Figure 2. Fraction of the spin-down luminosity of the magnetar available
for powering an ordered, magnetically dominated jet fj (solid red; equa-
tion 5) versus the complementary fraction fth = 1 − fj (dashed black) which
is thermalized due to forced reconnection in the striped wind, shown as a
function of the misalignment angle between rotation and magnetic axes,
α. fth is well approximated by equation (6) (solid blue). In this model, a
misaligned magnetar can simultaneously power both a luminous SN and a
jetted GRB.

such a thermalization processes are more complex, and we briefly
discuss their affect on the jet component in Section 4.

Finally, note that the jet model we develop in the following section
can equally be applied to black hole (accretion-powered) engines.
In this case, we expect ℓ ≈ 5/3 in equation (1), as set by the rate of
mass fallback of marginally bound stellar debris following the SN.4

The engine energy is related to the total fallback mass Mfb according
to Ee = ϵfbMfbc2, where ϵfb < 1 is an efficiency factor for producing
a relativistic jet or disc wind. The engine time-scale te is generally
set by the gravitational free-fall time-scale of the progenitor star,
te ∼ 1/

√
Gρ̄, where ρ̄(r) is the average density of the enclosed

mass within radius r of the stellar progenitor (e.g. Dexter & Kasen
2013). This time-scale is substantially shorter in case of the com-
pact Wolf–Rayet progenitors responsible for SNe Ic-bl, compared
to the more radially extended outer layers of blue or red supergiants.
As in the magnetar case, accretion-powered engines may exhibit a
dichotomy between a bipolar relativistic outflow and slower wide-
angle wind, which contribute to powering the GRB and isotropic
SN, respectively. However, the energetic partitioning between these
two components depends in a more complex manner on the details
of the accretion model, such as the angular momentum distribu-
tion (Dexter & Kasen 2013) and magnetic flux (Tchekhovskoy &
Giannios 2015) of the fallback mass.

3 W E A K J E T B R E A KO U T

Jet propagation and breakout from stationary-stellar progenitors
have been extensively studied in the context of GRB (Aloy et al.
2000; MacFadyen, Woosley & Heger 2001; Zhang, Woosley &

4 However, see Tchekhovskoy & Giannios (2015), who argue that the jet
power may be set by the rate of accumulation of magnetic flux on to the
black hole, rather than the accretion rate, in which case the time dependence
of the engine luminosity will be more complicated.

MNRAS 475, 2659–2674 (2018)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/475/2/2659/4795312 by guest on 12 January 2019



Models for type-I SLSNe

▸ pair-instability SNe (very massive progenitor with M~140-300 M◉) 

▸ CSM interaction 

▸ additional energy injection from the central-engine :rotating neutron 
star (Kasen&Bildsten 2010, Woosley2010), or BH accretion 
(Dexter&Kasen 2013)
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Relativistic SNe (without GRB)

▸ energetic SNe with bright radio emission similar to GRB-SNe 

▸ But, without any GRB association 

▸ relativistic SNe: SN 2009bb, 2012ap


