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Core-collapse Supernova explosion
▸ iron core collapse of a massive star
▸ creation of proto-neutron star
▸ most of the released gravitational
energy is radiated away as neutrino
emission.

Core collapse
Fe

Core bounce
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Shock propagation

▸ 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.

ρc =3 10¹⁴[g/c.c.]

Shock breakout

SN explosion
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Supernova explosion
▸
▸
▸
▸
▸

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

Light curves of various types of SNe
(SN Ia, II, Ibc, 1987A-like)
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Core-collapse Supernova explosion
▸ CCSNe energetics: canonically,
➡ 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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Broad-lined Ic SNe (Hypernovae)
▸ energetic SNe with the inferred kinetic energy of 1052 [erg]
▸ SNe associated with long gamma-ray bursts (GRBs) are always classiﬁed
into this subclass

Meszaros&Rees (2014)

Broad-lined Ic SNe (Hypernovae)
▸ energetic SNe with the inferred kinetic energy of 1052 [erg]
▸ SNe associated with long gamma-ray bursts (GRBs) are always classiﬁed
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Superluminous Supernovae
▸ 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)
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▸ Spectral classiﬁcations (analogy to normal SNe)
➡ SLSNe-I: no Hydrogen feature (no He)
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➡ SLSNe-II: Hydrogen feature
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What is their origin?
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Fig. 1.— The luminosity evolution (light curve) of supernovae. Common SN explosio
reach peak luminosities of ∼ 1043 erg s−1 (absolute magnitude > −19.5). The new class

Superluminous Supernovae
▸ 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:
➡ 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

↑SLSNe-I rate: Prajs+(2016)

Superluminous Supernovae
▸ SLSNe at maximum light: traditional threshold Mabs~-21
▸ the corresponding luminosity of L~1044[erg/s]
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Figure 1. The rest-frame Mg light curves of the 26 H-poor SLSNe in our sample. The error bars are omitted here for readibility,
but are shown in Figs. B1 to B5.
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Superluminous Supernovae
▸ spectrum: lack of hydrogen and helium
▸ blue continuum (T ~ several 104 K)
▸ broad-line
▸ “w”-shaped spectral feature (caused by O[II], O[III])
The Astrophysical Journal, 855:2 (57pp), 2018 March 1

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.

Quimby et al.

(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 SLSNeII 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>−20 mag)
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 pairinstability 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,

schematic SLSNe-I spectra (Quimby+2018)

SLSNe-I spectra (Quimby+2011)

Superluminous Supernovae
▸ SLSNe at maximum light: traditional threshold Mabs~-21
▸ the corresponding luminosity of L~1044[erg/s]
▸ “Gap-transient”?
(Arcavi+2016)
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Superluminous Supernovae
▸ high-z event: three spectroscopically confirmed events at z=1.851,
1.965 and 2.399 (HSC: Moriya+2018, Curtin+2018)
4

T. J. M ORIYA

C. C URTIN ET AL .

ET AL .

HSC images: Moriya+(2018)

3. z-band images (15" x 15") of spectroscopically-confirmed high-redshift SNe. The left panels show the reference images the middle
Figure 2. Top: Flux-calibrated observer-frame 1-D spectrum of HSC16adga, shown in black with grey fill. A 9 pixel boxcar smoothing function
show the images after the SN discovery at around the maximum brightness, and the right panels show their subtractions. hasThe
been SN
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
ns are at the center that are marked with the crosses. North is up and east is left.
spectra. Bottom: The same spectrum, zoomed-in and redshifted. A weak Ly-↵ absorber LBG composite spectrum is overlaid in blue and scaled

mass of ≃ 9 × 109 M⊙ and the star-formation rate

Keck spectra: Curtin+(2018)

arbitrarily to emphasize the alignment of features. A subset of the features used to constrain the redshift is illustrated with vertical dashed blue

Fig. 5 is a spectral energy distribution (SED) obtained
with
lines and
labeled.

Superluminous
Supernovae
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▸ Late-time (nebular) spectra
▸ nebular spectrum of SLSN 2015bn
show a remarkable similarity to
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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↑Nicholl+(2016)
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

Superluminous Supernovae
▸ 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

↑stellar mass vs metallicity

Leloudas+(2015)

↑stellar mass vs sSFR

Superluminous Supernovae
▸ host galaxy demographics
▸ SLSNe-I prefer small dwarf galaxies with high specific SFRs

SN 2017 EGM : A SL

▸ low metallicity
▸ similar trend for GRB and SNe Ic-BL host galaxies
▸ But, recent discovery of SN2017egm
in 4a massive galaxy with (super) Nsolar
metallicity
ICHOLL ET AL .

Figure 3:

Mass-metallicity relation for SLSN (red diamonds),
↑stellar
mass vs metallicity

LGRB (black circles) and core-collapse SN (blue squares) host

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 Figure
Modular
Open
Fitter for
Transients
2: Top:
SDSSSource
DR13 (Albareti
et al.
2016) image of
Nicholl+(2017)
NGC 3191.we
Theuse
cross-hairs
mark the position of model
SN 2017egm.
(MOSFiT). Specifically,
the magnetar-powered

SLSN-GRB connection?
▸ 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?

Greinar+(2015)
8

SLSN-GRB-FRB connection???
▸ 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
Tendulkar et al.
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ges against Gaia. The posih axis are the quadratic sum

Figure 3. The top left, top right and bottom left pan-

Chatterjee+(2017)

Core-collapse Supernova explosion
▸ CCSNe energetics: canonically,
➡ 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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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)
Compact object
Relativistic wind

Rotating Neutron Star© ESO

Reverse shock

BH accretion disk© NASA
Forward shock
Supernova ejecta
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Magnetized neutron star scenario
‣ 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???

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

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)

Magnetized neutron star scenario
‣ one-box light curve model.
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‣ 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◉

What is the “smoking-gun”
of magnetar scenario?
Nicholl+(2017)

How can we probe the powerful engine?
‣ Their impacts on SN ejecta : SN light curves and spectra
‣ Non-thermal emission from a wind nebula embedded in SN remnant
(later times)

Compact object
Relativistic wind

Rotating Neutron Star© ESO

Reverse shock

BH accretion disk© NASA
Forward shock
Supernova ejecta

Impacts on SN ejecta
‣ 1D spherical picture of SN ejecta with a central engine
‣ analogy to galactic pulsar wind nebulae
freely expanding supernova ejecta (high ρ)
geometrically thin shell driven by hot bubble
Rc ∝ tα
Rc,Ms

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

e.g., Chevalier&Fransson (1992)

Impacts on SN ejecta
‣ 1D spherical picture of SN ejecta with a central engine
‣ analogy to galactic pulsar wind nebulae
freely expanding supernova ejecta (high ρ)
geometrically thin shell driven by hot bubble
Rc ∝ tα
Rc,Ms

high pressure region filled with hot gas (low ρ)
p ∝ Lt/Vc
Free expansion : v=r/t
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Impacts on SN ejecta
‣ 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?
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Impacts on SN ejecta
‣ Is1D spherical picture of SN ejecta with a central engine correct?
PULSAR
‣ Actually, No. RT instability

WIND WITH
SUPERNOVA REMNANT
Suzuki & Maeda (2017)

Supernova Ejecta
Supernova Blast Wave
Supernova Reverse Shock
R-T Finger
Forward Shock Driven by Pulsar Bubble

Wind Termination Shock

Pulsar

investigation of a Type II supernova remnant model
origin of the Ðlamentary structures in the Crab Neb
° 2, we study the self-similar solution for our mod
° 3, our numerical methods and initial conditions f
simulation is described. Section 4 presents our num
results on the hydrodynamic evolution and Ñuid
bilities of the interaction region. In ° 5, we will discu
evolution of Rayleigh-Taylor Ðngers in terms of ma
kinetic energy. We discuss the related issues to the
Nebula further in ° 6 and summarize our main concl
in ° 7.

Relativistic Wind

Jun 1998

2.

Contact Discontinuity

SELF-SIMILAR SOLUTION

5
Chevalier
(1977, 1984) has studied the self-similar
tion for the current model of the pulsar bubble expa
into a uniformly moving medium of constant dens
order to understand the dynamics of the system an
numerical results, we generalize ChevalierÏs self-s
solution for a power-law density medium. We only co
the region between the contact discontinuity an
forward shock driven by the pulsar bubble. Using d
sional analysis, the expansion law can be obtained r
r P t(6~n~l)@(5~n), where n and l are the power-law i
for the moving ejecta density (o P r~n) and the pulsar
nosity (L P t~l). For a constant pulsar luminosit
Blondin
& Chevalier
(2017)
uniform ejecta density,
the bubble
radius
expands w
The Astrophysical Journal, 845:139 (9pp), 2017 August 20

Blondin & Chevalier

Forward shock driven by magnetar bubble

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
R-T Instability
hot bubble expanding into the supernova remnant. The contact discontinuity 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
Wind termination shock
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 Fig. 6). Outside the forward shock are the
Magnetarwave of the
expandingFig.supernova
ejecta, the reverse shock, and the blast
3.— Bolometric light curves of PTF10cwr and PTF11rks
(blue circles), compared with 1D model light curves calculated for
supernova.
the explosion shown in Fig. 1, but including an embedded magnetar

Crab nebula © NASA

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

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.

Chen, Woosley, & Sukhbold (2016)

pulsar wind is entirely subsonic with respect to the expanding

Also, Suzuki & Maeda (2017) do not use an expanding mesh,

Impacts on SN ejecta
Esn=1051 [erg], L=1046 [erg/s], tc=105 [sec] → Ein=1052[erg]
(Suzuki&Maeda 2017, 2019, in preparation)

vx/c

density

pressure

vy/c

vz/c

Impacts on SN ejecta
Esn=1051 [erg], L=1046 [erg/s], tc=105 [sec] → Ein=1052[erg]
(Suzuki&Maeda 2017, 2019, in preparation)

vx/c

density

pressure

vy/c

vz/c

Impacts on SN ejecta
Esn=1051 [erg], L=1046 [erg/s], tc=105 [sec] → Ein=1052[erg]
(Suzuki&Maeda 2017, 2019, in preparation)

vx/c

density

pressure

vy/c

vz/c

Impacts on SN ejecta
Esn=1051 [erg], L=1046 [erg/s], tc=105 [sec] → Ein=1052[erg]
(Suzuki&Maeda 2017, 2019, in preparation)

vx/c

density

pressure

vy/c

vz/c

Impacts on SN ejecta
Esn=1051 [erg], L=1046 [erg/s], tc=105 [sec] → Ein=1052[erg]
(Suzuki&Maeda 2017, 2019, in preparation)

vx/c

density

pressure

vy/c

vz/c

Impacts on SN ejecta
Esn=1051 [erg], L=1046 [erg/s], tc=105 [sec] → Ein=1052[erg]
(Suzuki&Maeda 2017, 2019, in preparation)

vx/c

density

pressure

vy/c

vz/c

Impacts on SN ejecta
Esn=1051 [erg], L=1046 [erg/s], tc=105 [sec] → Ein=1052[erg]
(Suzuki&Maeda 2017, 2019, in preparation)

vx/c

density

pressure

vy/c

vz/c

Impacts on SN ejecta
Esn=1051 [erg], L=1046 [erg/s], tc=105 [sec] → Ein=1052[erg]
(Suzuki&Maeda 2017, 2019, in preparation)

vx/c

density

pressure

vy/c

vz/c

Density structure in 3D
246

KASEN & BILDSTEN

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
(1)

log10 density (g cm-3)

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

temperature (104 K)

‣ hot bubble breakout

‣ qualitatively different evolution
from 1D Espherical
case
I Ω
= 2 × 10 P ergs,
=
2
→ clumpy density
structure
p

ns

2
i

50

−2
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‣ development of R-T fingers
→ acceleration of forward shocks
up to v~c
6Ins c3
−2 2
P10 yr,
tp = 2 6 2 = 1.3B14
B Rns Ωi

(2)

where B14 = B/1014 G. To input this energy at a time tp ! td
requires a minimum B field of
1/8
E51 G,
density

−3/8

−1/4
M5
B > 1.8 × 1014 P10 κes

(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 ∼

Ep tp
43 −2 −1 −3/2 1/2
−1
∼
5
×
10
B
κ
M
E
erg
s
,
es
14
5
51
td2

(4)
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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.
x
(A color version of this figure is available in the online journal.)

v /c

where v t = (2Esn /Mej )1/2 is the characteristic ejecta velocity,
and the density falls off sharply above v t .
The central overpressure caused by the energy deposition
blows a bubble in the SN remnant, similar to the dynamics studied 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 instabilities broaden the shell and mix the swept-up material (Jun 1998;
Blondin et al. 2001).
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SLSN spectra in 3D
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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 SN 2012au (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 observational link between some hypernovae and LGRBs,
demonstrated spectacularly by SN 1998bw (Galama et al.
1998), confirms this engine as most likely a rapidly rotating compact object: either an accreting black hole ‘collapsar’ (MacFadyen & Woosley 1999) or a millisecond
magnetar (Duncan & Thompson 1992). The extraordinary similarity in nebular-phase spectra (probing the
conditions of the innermost ejecta from the stellar interior) demonstrates that SLSNe and hypernovae have
similar conditions in their cores, This could indicate that
their progenitors or explosion mechanisms are related,
consistent with both classes occurring in similar host environments (Lunnan et al. 2014; Perley et al. 2016).
3. DISCUSSION

Given

this

clear

link

between

SLSNe

and

?

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 supplies the luminosity of SN 2015bn compared to the hypernovae (which seem to be heated by 56 Ni, e.g. Cano
et al. 2016). In section 2.2 we saw that SN 2015bn is 150
times more luminous than SN 1998bw during the nebular phase. This would require a larger 56 Ni mass by
a similar factor, but the spectroscopic similarity demonstrates that SN 2015bn cannot have an enormously larger
56
Ni 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

How can we probe the powerful engine?
‣ Their impacts on SN ejecta : SN light curves and spectra
‣ Non-thermal emission from a wind nebula embedded in SN remnant
(later times)

Compact object
Relativistic wind

Rotating Neutron Star© ESO

Reverse shock

BH accretion disk© NASA
Forward shock
Supernova ejecta

Pulsar wind nebula in SLSN ejecta
‣ 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
radio, X-ray, γ-ray

Compact object
Relativistic wind

Rotating Neutron Star© ESO

Reverse shock

BH accretion disk© NASA
Forward shock
Supernova ejecta

Pulsar wind nebula in SLSN ejecta
‣ 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)
RadioRadio
Counterparts
of SLSNe
5
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of SLSNe
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No strong candidate
‣ Despite a lot of efforts, there has been no strong candidate source at
SLSN site
Jets and relativistic outflows in SLSNe-I: Radio Constraints

X-rays from SLSNe

5

9

SLSNe-I (red circles) in the context of detected GRB X-ray afterglows (grey squares, Margutti et al. 2013a), relativistic SNe
2010b; MarguttiX-ray
et al. 2014)constraint
and representative off-axis
afterglow models
(blue lines) from collimated
outflows constraint
with θjet = 5◦ ,
(Margutti+
2018)
radio
(Coppejans+ 2018)
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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.

Until last month!
‣ first possible association of a persistent radio source with an SLSN
‣ similar properties to FRB 121102 (persistent source + host galaxy)
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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
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FRB in clumpy SLSN ejecta?
‣ If FRB-SLSN connection is true, FRB
sources should be embedded in a clumpy
SN ejecta
‣ SN ejecta contribute to DM and SM ?
‣ any idea?
FRB?

Rotating Neutron Star© ESO

Crab nebula © NASA

Talk outline
• ordinary and extra-ordinary supernovae
• GRB-SNe and SLSNe: observational properties
• (magnetized) NS as an engine
• summary

Extreme supernovae and neutron star as an engine
‣ How we can be sure about the presence of a highly rotating,
magnetized neutron star in SN ejecta.
‣ Currently we are based on naive assumption
‣ NS physics can help?

Compact object
Relativistic wind
Reverse shock

Forward shock

Rotating Neutron Star© ESO
Supernova ejecta

NS stars as GRB engine?
▸ collapsar vs magnetar
▸ collapsar: BH accretion disk (Woosley 1993,
MacFadyen&Woosley 1999)

▸ (proto-)magnetar: rotating magnetized
286
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neutron star (Usov 1992, Thompson 1994,
Metzger+ 2007,2010, etc)

▸ magnetar engine for XRF/LLGRBs?: the case
of GRB 060218/SN 2006aj (Mazzali+2006)

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).

MacFadyen&Woosley (1999)

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

will begin to blow. Energy is not such a problem. Our standard 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

NS stars as GRB engine?
▸ collapsar vs magnetar
▸ collapsar: BH accretion disk (Woosley 1993,
MacFadyen&Woosley 1999)

▸ (proto-)magnetar: rotating magnetized
L6
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TABLE 1
Photometry

neutron star (Usov 1992, Thompson 1994,
Date/Component

B

V

R

September 17a . . . . . . . . . .
November 27a . . . . . . . . . .
Host (Subaru)b . . . . . . . . . .
SN on September c . . . . . .
SN on November c . . . . . .
Host (Sollerman) d . . . . . .

20.64 ! 0.1
20.71 ! 0.1
…
…
…
20.46 ! 0.07

20.23 ! 0.1
20.34 ! 0.1
20.53
22.45
22.94
20.19 ! 0.04

19.82 ! 0.1
19.86 ! 0.1
20.16
21.74
22.21
19.86 ! 0.03

Metzger+ 2007,2010, etc)
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 contribution and removing narrow emission lines. In the Johnson-Cousins system.
d
The host magnitude estimated by Sollerman et al. (2006).

▸ magnetar engine for XRF/LLGRBs?: the case
of GRB 060218/SN 2006aj (Mazzali+2006)
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 Å. In this Letter we adopt m p
35.84 and E(B ! V ) p 0.13 (Pian et al. 2006). Our discussion
is based on the September spectrum.
3.1. Total Mass at v ! 7300 km s!1 58
The bolometric luminosity (L bol) is expressed as (e.g., Maeda
et al. 2003)

Fig. 1.—Reduced spectra of SN 2006aj on 2006 September 17 (red) and
Ni emission
influxSN
2006aj?
on 2006 November line
27 (blue). The
is calibrated
with the photometry. The
redshift of the host (z p 0.0335) is corrected for. The assumed host galaxy
contribution (§ 2) is shown by the black dotted line. The intrinsic SN spectra,
(Maeda+
2007)
after
subtracting the host contribution
and removing major narrow emission
lines, are also shown (bottom).
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▸ SN 2011kl associated with unusually long GRB 111209A
▸ SN 2011kl was ~3 times more luminous than other GRB-SNe
▸ similar spectral properties to SLSNe
mechanism to produce GRBs and SLSNe?
▸ common
The SLSN–GRB connection
2661
2662

B. Margalit et al.

where φ(θ ; α) is the stripe wave phase defined by cos φ(θ; α) ≡
− cot(θ ) cot(α).
Figure 1. Schematic diagram (not to scale) showing how the same millisecThus,
the total fraction of magnetar power which remains in the
ond magnetar engine can power both a relativistic GRB jet and an SLSN via

Figure 2. Fraction of the spin-down luminosity of the magnetar available
for powering an ordered, magnetically dominated jet fj (solid red; equation 5) versus the complementary fraction f = 1 − f (dashed black) which

Margalit+(2018)
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For α ̸= 0, the magnetar develops a ‘striped-wind’ configuration
where the toroidal magnetic field switches polarity in the equatorial 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 2 θ . 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
!
1,
0 ≤ θ < π/2 − α
,
(4)
χ (θ; α) =
2
[2φ(θ ; α)/π − 1] , π/2 − α ≤ θ < π/2

Downloaded from https://academic.oup.com
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SLSN-GRB connection?

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)

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)

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)

Relativistic SNe (without GRB)
▸ energetic SNe with bright radio emission similar to GRB-SNe
▸ But, without any GRB association
▸ relativistic SNe: SN 2009bb, 2012ap

