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• CCSNe energetics: Canonically, 

• However, some unusual SNe have been found:

- gravitational energy Egrav ~ GMns2/Rns ~ 1053 [erg] 
- kinetic energy Ekin ~ 1% of Egrav ~ 1051 [erg] 
- total radiated energy Erad ~ less than 1% of Ekin ~ <1049 [erg] 
- ejecta mass: a few - 10 M◉  
- photospheric velocity: typically, ~10,000 [km/s]

- broad-lined Ic SNe (Ic-BL): photospheric velocity larger by a factor of 2-3               
~ a few 104 [km/s], which implies Ekin ~ 1052 [erg] > 1051 [erg] 
- Superluminous SNe (SLSNe): Erad ~ 1051 [erg] > 1049 [erg]

Ordinary and Extra-ordinary CCSNe



Superluminous SNe
• Superluminous supernovae(SLSNe): SNe 10-100 times brighter than normal SNe 

(Quimby+2007, Barbary+2009 etc, see Gal-Yam+2012 for review) 

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

transient factory, Pan-STARRS).  

• The following classification based on their optical spectra has been proposed 

(analogy to standard SNe).  

• 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.

↑light curves of standard SNe, SLSNe (Gal-Yam 2012)

1)SLSN-I : no Hydrogen feature 
2)SLSN-II : Hydrogen feature 
3)SLSN-R : subclass of SLSN-I, their light curves 
can be explained by the decay of radioactive 
56Ni (e.g., 3M◉ Ni for SN 2007bi) 

 

What is the origin of SLSNe-I?
(~ explosion energy of normal CCSNe)



Early-time spectra
• blue continuum 

• broad-line 
• “w”-shape spectral feature (by [OII]) 

↑SLSNe-I spectra (Quimby+ 2011)



Late-time spectra
• Late-time spectra of SNe are dominated by 

nebular lines 

• ionization of elements by radioactive decay 

• Nebular spectrum of SLSNe-I 2015bn similar to 

broad-lined Ic SNe? → severe line-blending 

• a possible link between Ic-BL SNe and SLSNe-I? 
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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

Nicholl+ (2016)



Host galaxy demographics
• star-forming dwarf galaxy (small stellar mass) 

• high specific star formation rates (SFR/M★) 

• low metallicity 

• host galaxies of Ic-BL SNe and SLSNe-I are similar 

↑stellar mass M★ vs sSFR (Leloudas+ 2015)↑stellar mass M★ vs metallicity (Leloudas+ 2015)



Proposed models and progenitors for SLSNe

• CSM interaction 

• pair-instability SNe (very massive progenitor with ~ 100-300M◉ at ZAMS) 

• additional energy injection from the central engine : magnetar spin-down (e.g., 

Kasen&Bildsten 2010, Woosley 2010) or BH accretion (Dexter&Kasen 2013) 

Supernova ejecta

Forward shock

Reverse shock

Compact object

Relativistic wind

Rotating Neutron Star© ESO 

BH accretion disk© NASA 



• After the gravitational collapse of the iron core, a massive star experience the core 

bounce and its outer layer with mass Mej is expelled by neutrino-driven explosion 

with Ekin=1051[erg] (standard scenario for CCSNe).  

• a neutron star with a strong dipole magnetic field is assumed to form immediately 

after the neutrino-driven explosion. 

• spin-down of the new-born magnetar is expected to power the SN ejecta 

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
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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 R

ns

= 10 km and the moment of inertia
I

ns

⇠ 1045 g cm2. The rotational energy of the neu-
tron star is given by E

rot

= I

ns

⌦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 P

i

= 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 ' E

rot

/t

ch

(e.g.
Shapiro & Teukolsky 1983) at t < t

ch

. The timescale t
ch

characterizing the energy loss is given by
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The physical quantities are expressed by Q = 10nQ
n

in
cgs units. Until the characteristic time, t < t

ch

, the spin
down of the neutron star deposits the rotational energy
at a rate,

L ' B
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⇠ 1049B2
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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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where the ejecta is composed of inner region with a shallow density gradient (referred to as the “core”) and

1

22 SUZUKI&MAEDA

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 R

ns

= 10 km and the moment of inertia
I

ns

⇠ 1045 g cm2. The rotational energy of the neu-
tron star is given by E

rot

= I

ns

⌦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 P

i

= 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 ' E

rot

/t

ch

(e.g.
Shapiro & Teukolsky 1983) at t < t

ch

. The timescale t
ch

characterizing the energy loss is given by

t

ch

=
6I

ns

c

3

B

2

R

6

ns

⌦2

i

= 4.1⇥ 103I
ns,45

B

2

15

R

6

ns,6

P

2

i,�3

s. (67)

The physical quantities are expressed by Q = 10nQ
n

in
cgs units. Until the characteristic time, t < t

ch

, the spin
down of the neutron star deposits the rotational energy
at a rate,

L ' B

2

R

6

ns

⌦4

i

6c3
⇠ 1049B2

15

R

6

ns,6

P

�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

Rotating Neutron Star © ESO 
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Figure 12. Bolometric light curves of PTF10hgi, SN 2011ke, PTF11rks, SN 2011kf, SN 2012il, and SN 2010gx and the diffusion semi-analytical model that best fits
the light curve (black solid line). The limits are shown as empty upside down triangles. The best fit of the 56Ni model (black dashed line) for each SN is also reported.
(A color version of this figure is available in the online journal.)

From the fits, it appears that no physical and consistent
solutions for 56Ni heating can be determined, as found by
previous authors (Pastorello et al. 2010; Quimby et al. 2011b;
Chomiuk et al. 2011; Leloudas et al. 2012). One could invoke a
combination of CSM interaction to explain the peak luminosity
and then 56Ni masses of 1–4 M⊙ to account for the tail phases,
but, as discussed above, this requires full γ -ray trapping and
somewhat fine tuning of the two scenarios to work in unison.

6.2. Magnetar Model

Kasen & Bildsten (2010), Woosley (2010), and Dessart et al.
(2012) have already proposed that a rapidly spinning magnetar
can deposit its rotational energy into an SN explosion and
significantly enhance the luminosity. This appears to be an

appealing scenario as the model is fairly simple, and this
additional power source can potentially transform a canonical
Type Ic SN into an SL-SN Ic. To investigate this further and
quantitatively compare our extensive light curves with this
model, we have derived semi-analytical diffusion models. We
use standard diffusion equations derived by Arnett (1982) and
add magnetar powering (as in Kasen & Bildsten 2010) to fit
the light curves of our five objects. A full description can be
found in Appendix D. Assuming full trapping of the magnetar
radiation,18 the ejecta mass Mej, explosion energy Ek, and the
opacity κ only influence the bolometric light curve through

18 Which is the case if the SED of the magnetar is dominated by X-ray
radiation, as in the Crab pulsar, for instance (Weisskopf et al. 2000).
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• one-box light curve model for SNe with magnetar energy injection 

• LCs are explained by “tuning” several free parameters, Mej, B, and Pi. 

• Magnetar scenario looks successful when one-box model is considered. 

• Magnetar fit :  
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↑Magnetar model fit to SLSNe-I (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.

- spin-period ~ 1 - 7 [ms] 

- B ~ 1013 - a few 1014 [G] 

- time-scale ~ a few 10-100 days 

- Ek ~ 1051 - 1052 [erg] 

- Mej ~ 2 - 10 M◉ 

(e.g., Nicholl+2017) 



Q: But, how the magnetar power the 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 (notorious) σ-problem:  how to convert Poynting-

dominated flow to particle energy-dominated flow???

Crab pulsar © NASA 

• OK, we can assume the energy flux is dominated by 

some form (thermal or kinetic) of the particle energy 

at some distant region. But, what kind of spectrum is 

expected? The flow is composed of electron-positron 

pair or high energy ions? The flow may also be 

baryon-rich (no CR or pair acceleration). 



• GRB 111209A - SN 2011kl association 

• SN 2011kl: “over-luminous” (not super-luminous) supernova. a few times more 

luminous than 1998bw (GRB980425) 

• a similar central engine for GRB and SLSNe?

SLSNe - ultra-long GRB connection?

↓afterglow light curve of GRB111209A (Greinar+ 2015)
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in the equatorial striped magnetar wind (Lyubarsky 2003).
For a range of mis-alignment angles we expect either com-
plete thermalization (�̂ · µ̂ = 0), as assumed in models of
SLSNe (Kasen & Bildsten 2010; Woosley 2010), or virtually
no thermalization and strong jet production (�̂ · µ̂ = 1), as
in models of GRBs (e.g., Bucciantini et al. 2009).

We develop this model and apply it. For the weak jets
that we expect are launched generically by SLSNe, we ex-
tend earlier work to ask whether or not they can escape
the supernova explosion, on what timescale, and with what
observational signature, whether the observer is on- or o↵-
axis. Our general model of thermalization and jet produc-
tion 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 §2 we review the
magnetar scenario and present our model for partitioning
spin-down luminosity between both jetted and thermal com-
ponents. We then examine whether weak jets can break-out
of the confining stellar matter (§3). Readers uninterested in
the jet-propagation details are encouraged to skip to §3.2.2
where we derive our primary results. We continue by explor-
ing the observational signatures such o↵-axis jets may give
rise to (§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 §4.2 and applied
to the SLSN LSQ14bdq. We discuss implications of our re-
sults in §5 and summarize the landscape of engine-powered
transients in Figure 6. We end with bulleted conclusions
(§6).

2 MAGNETAR MISALIGNMENT: POWERING
BOTH 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) compo-
nents. The engine luminosity’s time evolution can generally
be expressed as (Kasen & Bildsten 2010)

Le =
Ee
te

(` � 1)
(1 + t/te)`

, (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�` . For the magnetar
scenario, ` = 2 and the values of Ee and te are related to the
magnetar’s surface dipole field2, Bd, and initial spin period,
P0, according to

Ee =
1
2

Ins⌦
2
' 2.5 ⇥ 1052 erg

✓
Mns

1.4M
�

◆3/2 ✓
P0

1 ms

◆
�2
, (2)

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

12 lower than the normalization adopted by Kasen & Bildsten
(2010) (as commonly adopted in the SLSNe literature).
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Figure 1. Schematic diagram (not to scale) showing how the
same millisecond magnetar engine can power both a relativistic
GRB jet and a SLSN via isotropic radiative di↵usion. A mag-
netar (grey) with a non-zero misalignment 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 pulsar-wind nebula (PWN;
yellow). This thermal energy di↵uses through the spherical SN
ejecta (blue), powering luminous SN emission. By contrast, the
spin-down power at high latitudes is channeled into a bi-polar
collimated jet (orange; §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 emis-
sion viewable o↵ the jet axis, producing a pre-maximum peak in
the light curves of SLSNe (§4.2; Fig. 4).

te =
Eec3

µ2⌦4 �
1 + sin2 ↵

� (3)

'

147 s�
1 + sin2 ↵

�
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1.4M

�
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1 ms

◆
�2 ✓

Bd
1015 G

◆
�2
,

where Ins ' 1.3 ⇥ 1045 g cm2
(Mns/1.4M

�

)

3/2 is an estimate of
the neutron-star moment of inertia for a range of plausible
nuclear density equations of state (Lattimer & Schutz 2005),
µ = BdR3

ns is the magnetic dipole moment, and the factor
(1+ sin2 ↵) accounts for the dependence on the misalignment
angle ↵ between magnetic and rotational axes (cos↵ ⌘ �̂ · µ̂,
see Fig. 1; Spitkovsky 2006). We assume that all of the rota-
tional energy goes into electromagnetic spin-down, instead
of gravitational wave radiation (e.g. Moriya & Tauris 2016;
Ho 2016).

The notion of simultaneously powering both a colli-
mated jet and an isotropic thermal SN by a single magnetar
has previously been discussed, e.g. in the context of relating
hyper-energetic broad-lined Ic SNe to GRBs (e.g. Thomp-
son et al. 2004). Such models, though, could not address a
fundamental question — how is the magnetar energy parti-
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tioned between jet and SN? Later numerical simulations by
Bucciantini et al. (2009) found that nearly none of the mag-
netar spindown 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 thermaliza-
tion. The idea rests on consideration of the mis-alignment
angle ↵ between the magnetar’s rotation and magnetic axes.
In this respect, the 2D axisymmetric simulations mentioned
above implicitly assumed ↵ = 0, and could not capture the
physics of our proposed model.

For ↵ , 0, the magnetar develops a ‘striped-wind’ con-
figuration where the toroidal magnetic field switches po-
larity in the equatorial plane (Coroniti 1990; Lyubarsky &
Kirk 2001), as illustrated schematically in Fig. 1. The conse-
quences of this wind geometry are well-studied in the pulsar
community, as they may play an role in solving the so-called
“� problem” first identified in the Crab Nebula.

Outside of the light cylinder, in the wind zone, the
power pattern varies with latitude ✓ (measured from the
rotation axis) as dLe/d⌦ / sin2 ✓. For a misaligned rotator,
a fraction of the magnetic energy at low latitudes (within ±↵
from the equator) will be dissipated by forced reconnection
of the striped wind in the equatorial wedge near the temi-
nation 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 ✓ is given by

�(✓;↵) =

(
1, 0  ✓ < ⇡/2 � ↵

[2�(✓;↵)/⇡ � 1]2 , ⇡/2 � ↵  ✓ < ⇡/2
, (4)

where �(✓;↵) is the stripe wave phase defined by cos �(✓;↵) ⌘
� cot(✓) cot(↵).

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

fj(↵) =

Ø
(dLe/d⌦) �d⌦Ø
(dLe/d⌦) d⌦

=
3
2

π ⇡
2

0
�(✓;↵) sin3 ✓d✓. (5)

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

fth(↵) ⇡

h
1 + (⇡/2)�4 b

i1/4
↵

�
b + ↵4�1/4 '

1.025↵�
0.636 + ↵4�1/4 , (6)

where ↵ is in radians and in the second equation b ' 0.636.
The model thus implies that any oblique rotator will par-
tition its spin-down power into both an ordered magnetic
and a thermal component, with thermalization increasing
for greater misalignment angles ↵.

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 com-
ponent (GRB), while fth is the complementary power en-
ergizing the SN ejecta which may contribute to powering
to the isotropic thermal emission (SN). The mis-alignment
angle can thus be observationally inferred by identifying the
thermalization fraction with fth ⇡ ESLSN/(ESLSN+EGRB) and

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 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, ↵. fth is well approximated
by equation 6 (solid blue). In this model, a mis-aligned magnetar
can simultaneously power both a luminuous SN and a jetted GRB.

inverting equation (6), yielding

↵ ⇡ 0.893 fth
⇣
1.105 � f 4

th

⌘
�1/4

rad. (7)

The simplified picture outlined above assumes that
magnetic energy is only dissipated through reconnection of
a striped wind at the termination shock. However, other
forms of dissipation related to MHD instabilities (e.g. kink or
sausage), may operate on larger scales throughout the neb-
ula as well (e.g. Begelman 1998; Porth et al. 2013; Zrake &
Arons 2016), depending in part on how e↵ectively the build-
up of toroidal flux is “relieved” by the escape of a successful
polar jet. The details of such a thermalization processes are
more complex, and we briefly discuss their a↵ect on the jet
component in §4.

Finally, note that the jet model we develop in the follow-
ing section can equally be applied to black-hole (accretion-
powered) engines. In this case, we expect ` ⇡ 5/3 in equa-
tion (1), as set by the rate of mass fall-back of marginally-
bound stellar debris following the SN3. The engine en-
ergy is related to the total fall-back mass Mfb according to
Ee = ✏fbMfbc2, where ✏fb < 1 is an e�ciency factor for pro-
ducing a relativistic jet or disk wind. The engine timescale te
is generally set by the gravitational free-fall timescale of the
progenitor star, te ⇠ 1/

p

G ⇢̄, where ⇢̄(r) is the average density
of the enclosed mass within radius r of the stellar progenitor
(e.g. Dexter & Kasen 2013). This timescale is substantially
shorter in the case of the compact Wolf-Rayet progenitors

3 However, see Tchekhovskoy & Giannios (2015), who argue that
the jet power may be set by the rate of accumulation of magnetic
flux onto the black hole, rather than the accretion rate, in which
case the time-dependence of the engine luminosity will be more
complicated.
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• radio non-detection → constraints for off-axis relativistic jets
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FIG. 3.— Constraints on jetted outflows in the sample of radio observed SLSNe-I assuming the progenitor produced a wind density profile (⇢ / r-2) in the
surrounding medium. The symbol colours represent jet opening angles of ✓j = 5� (black) and ✓j = 30� (gray). Symbol sizes indicate the observer angle (✓obs) for
which we can rule out the corresponding jet, with larger symbols corresponding to larger ✓obs. Red crosses indicate that the parameters could not be ruled out.
The top (bottom) panels are ✏e = 0.1 (✏e = 0.01), and the left (right) panels are ✏B = 0.0001 (✏B = 0.01). Note: In the top-left panel, highly collimated jets (✓j = 5�)
with Ek,iso � 1053 erg and progenitor mass loss rates of Ṁ � 10-4 M� yr-1 are ruled out for all observer angles. The ‘outlier’ at Ek,iso = 1055 erg was a sampling
effect where the upper-limit was negligibly more luminous than the model at ✓obs = 90�.

In Section 4.1 we discussed how this sample of SLSNe-I
ruled out on-axis jets of the kind seen in low-luminosity (less-
collimated) GRBs with the exception of GRB 060218. Now
consider less-collimated jets (✓j = 30�) that are aligned only
slightly off-axis — within 30� of our line of sight: jets of
this kind are ruled out down to clean environments of Ṁ &
10-8 M� yr-1 where Ek,iso & 1051 erg. (Fig. 3, for ✏e = 0.1 and
✏B = 0.01). Assuming a progenitor wind speed of 1000 km
s-1, this parameter space precludes the environments of all
the detected SN Ibc and most of the GRBs detected to date
(see Figure 5).

For comparison, Figure 4 gives the equivalent constraints
for a constant density environment (modeling of GRB after-
glows sometimes indicates a better fit to ISM environments,
e.g., Laskar et al. 2014). For ✏e = 0.1 and ✏B = 0.01 (top-right
panel), a collimated jet with ✓j = 5� is ruled out regardless

of the observer angle for nCSM & 10cm-3 and Ek,iso & 1051

erg. A jet with ✓j = 30� is ruled out for nCSM & 1cm-3 and
Ek,iso & 1051 erg. Deeper constraints are obtained for jets
with their axes aligned within 30� or 60� of our line of sight.
Specifically, the jets with ✓j = 5� and observer angles of  30�

are excluded down to nCSM & 10-3 cm-3.

4.2.3. Results: Ek and �� phase space

Engine-driven explosions (ie., GRBs, sub-energetic GRBs
and relativistic SNe) are clearly distinguished from normal
spherical core-collapse SNe by a flatter kinetic energy profile
of their ejecta (e.g., Soderberg et al. 2006a). For an engine-
driven explosion, a larger fraction of the kinetic energy is
contained in the fast-moving ejecta than in the slow-moving
ejecta—in contrast to a hydrodynamical explosion. This is
illustrated in Figure 6, where we plot the kinetic energy in
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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).



• radio non-detection → constraints for off-axis relativistic jets 

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

averaged velocity of the shock wave (�� in Fig. 1), total en-
ergy required to power the radio emission (E), amplified mag-
netic field (B) and progenitor mass-loss rate (Ṁ). Our calcu-
lations assume a wind-like medium with fiducial miscrophys-
ical parameters ✏e = 0.1 and ✏B = 0.01. Following Chevalier
(1998); Chevalier & Fransson (2006); Soderberg et al. (2012),
for SSA-dominated SNe, the shock-wave radius is given by

R ⇡3.3⇥1015(✏e/✏B)-1/19(L⌫p/1026 ergs-1Hz-1)9/19

⇥ (⌫p/5GHz)-1 cm,

B ⇡0.70(✏e/✏B)-4/19(L⌫p/1026 ergs-1Hz-1)-2/19

⇥ (⌫p/5GHz) G,

E =B2R3/12✏B,

Ṁ ⇡0.39⇥10-5(✏B/0.1)-1(✏e/✏B)-8/19

⇥ (L⌫p/1026 ergs-1Hz-1)-4/19

⇥ (⌫p/5GHz)2

⇥ (tp/10days)2 M�yr-1.

Based on these simulations we find that the radio limits on
the SLSN-I 2017egm produce interesting constraints in the Ṁ,

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

6. SUMMARY AND CONCLUSIONS

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

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

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

Coppejans+ arXiv:1711.03428



• SN ejecta中にexplosion energyより十分大きなエネルギーを注入した際に何が起

こるのか? 

• Extraordinary SNe (SLSNe, SNe Ic-BL)はこのようなシナリオで説明できるのか? 

• 等方的なGRB fireball(的なもの)をSN ejecta中心に用意する

GRB Fireball in SN ejecta

Supernova ejecta

Forward shock

Reverse shock

Compact object

Relativistic wind

Rotating Neutron Star© ESO 

BH accretion disk© NASA 
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• shredding by hot bubble breakout 

• efficient matter mixing + high photospheric 

velocity 

• broad-line feature in optical spectrum(?) 

• ρ∝v-7 is favored for SLSNe-I (Mazzali+2016)

Density structure

snapshot at t=9tc~9 days
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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

Nicholl+ (2016)

?
今後、可視光 
スペクトルを計算
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Figure 5. Radio light curves of the non-thermal emission model
for 1.4 (top), 4.8 (middle), and 8.5 (bottom) Hz. The solid lines
show the radio light curve calculated by the fiducial model with
tsd = 106 s, n = 6 and A⋆ = 1. The microscopic free parameters are
set to be p = 3.0, ϵe = 0.1, and ϵB = 0.02. For comparison, light
curves of radio-loud SNe Ic-BL, 1998bw (blue square) and 2009bb
(red circle) at the corresponding frequency, are also plotted. The
star marks with arrows represent upper limits obtained by radio
observations for two SLSNe-I. The green star in the bottom panel
correspond to the upper limit for SLSN-I 2015bn at 7.4 GHz,
while the magenta stars in the top and bottom panels are those
for SLSN-I 2017egm at 1.5 and 10 GHz.

epochs, e.g., the distribution at t − ti = 100 days, a relatively
flat distribution at pe/(mec) = 20–100 indicates that injected
electrons with lower energies remain uncooled because of the
declining photospheric luminosity. At lower energies than
the peak, on the other hand, the electron momentum distri-
bution show a hard spectrum, which is composed of cooling
electrons.

4.3 Radio light curve

Figure 5 shows the radio light curves at different frequencies,
1.4, 4.8, and 8.5 GHz, calculated by our fiducial model with
tsd = 106 s, n = 6, and A⋆ = 1. Because of the hot bubble
breakout and the subsequent acceleration of the outermost
layers of the ejecta, central engine powered SNe give rise to
bright radio emission especially at early epochs. The radio
light curves of our fiducial model suggest that the radio lu-

minosity exhibits a peak at around ∼ 5–10 days for ν ≃ 5–10
GHz, while the peak at ν ≃ 1 GHz appears at around 50–100
days.

These features are worth comparing with radio-loud
SNe. In Figure 5, we plot the radio light curves of SNe
1998bw and 2009bb for comparison. SN 1998bw was a
widely known SN Ic-BL associated with GRB 980425
(Kulkarni et al. 1998; Galama et al. 1998). SN 2009bb was
the SN Ic-BL whose properties are remarkably similar to
GRB-associated SNe, but lacking any signature of gamma-
ray emission (Soderberg et al. 2010). As shown in Figure
5, their radio luminosities are similar to each other. For
SN 1998bw, the peak of the light curve is successfully ob-
served at 1.4, 4.8 and 8.5 GHz thanks to early observa-
tions triggered by the gamma-ray detection. The peak is
earlier at higher frequencies as is the case for radio emis-
sion from normal CCSNe interacting with their CSM (e.g.
Chevalier & Fransson 2016). For SN 2009bb, the peaks at
higher frequencies, ν = 4.8 and 8.5 Hz, were probably missed,
while the peak at 1.4 GHz was successfully observed. The
decline rates of the luminosities per unit frequency after
the peak are similar for both events. For SN 2009bb, the
presence of an ultra-relativistic jet is unlikely because of
the absence of emission indicating off-axis jet. The radio
emission is explained by trans-relativistic supernova ejecta
(Soderberg et al. 2010, see also Nakauchi et al. 2015).

We also plot the upper limits obtained by radio obser-
vations of SN 2015bn (Nicholl et al. 2016a) and 2017egm
(Bose et al. 2017) in Figure 5. We should note that the fre-
quency bands for SN 2015bn (7.4 GHz) and 2017egm (1.5
and 10 GHz) are slightly different from the theoretical light
curve and SNe 1998bw and 2009bb (1.5 and 8.5 GHz). How-
ever, the spectral energy distributions of the synchrotron
emission (see Figure 8) suggest that the radio luminosities
at the corresponding frequency bands are similar to the the-
oretical light curve shown in Figure 5 within a factor of a
few.

In Figure 6, we show how the radio light curves depend
on the free parameters, the spin down time tsd, the power-
law exponent n of the density profile, and the CSM density
A⋆. We first focus on the effect of the spin down time. As is
seen in the left column of Figure 6, the models with longer
tsd exhibit bright radio emission in early epochs but are less
luminous at later epochs than those with shorter tsd. The
power-law exponent more significantly affects the radio light
curve than the spin down time, since it determines how much
fraction of the kinetic energy is distributed in the outermost
layers interacting with the CSM. For shallower density slopes
(smaller values of n), more energy is available in the outer-
most layer to produce non-thermal electrons, giving rise to
brighter synchrotron emission. This trend of brighter radio
luminosities for shallower density slopes is seen in the middle
column of Figure 6. The increase in the CSM density make
the emission brighter because a dense CSM can efficiently
dissipate the kinetic energy of the ejecta.

The radio light curves of our fiducial model in Figure
5 show good agreement with SNe 1998bw and 2009bb. The
radio luminosities at 8.5, 4.8, 1.4 GHz show their peaks at
around t ≃ 5, 7, and 50 days. After the peak, the model lu-
minosity steadily declines at a rate similar to those observed
for SNe 1998bw and 2009bb. The radio non-detection of SN
2015bn is consistent with most models. Since the upper limit

MNRAS 000, 1–17 (2017)
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Figure 7. X-ray light curves of models with tsd = 106 (top left), 105 (top right), 104 (bottom left), and 103 (bottom right) s. Green stars
represent the (possible) X-ray detection of SLSNe SCP 06F6 and PTF12dam. We also plot SNe Ic-BL 1998bw (blue circles) and 2009bb
(red square) for comparison. SLSNe upper limits are plotted as gray triangles. Plotted data are adopted from Margutti et al. (2017) for
SLSNe, Pian et al. (2000) and Kouveliotou et al. (2004) for SN 1998bw, and Soderberg et al. (2010) for SN 2009bb.

front (see Figure 2). Thus, the peak in the X-ray light curve
slightly precedes the optical maximum.

The theoretical light curves of the other models exhibit
similar X-ray luminosities but earlier peaks for shorter spin
down times. This is because the optical maximum shifts ear-
lier for shorter tsd as we have described in Section 4.1. For
models with shorter tsd, the light curve exhibits a plateau
rather than a peak and then the luminosity declines. This
feature is similar to the X-ray light curve of SN 1998bw,
although the observed light curve shows a longer flat part.
Although only a single data point is available, SN 2009bb
also show similar X-ray luminosity, which agrees with the
declining theoretical light curve at ∼30 days.

As in the case of radio light curves, increasing the CSM
density A⋆ makes the X-ray emission more luminous. Since
the theoretical X-ray light curve of the fiducial model with

A⋆ = 1.0 in the upper left panel of Figure 7 roughly matches
the X-ray flux of PTF12dam, the CSM density much larger
than this value would predict too bright X-ray emission.
This can place an upper limit on the CSM density by treat-
ing the X-ray flux as an upper limit. The adopted value
A⋆ = 1.0 corresponds to a steady wind at a mass-loss rate
of Ṁ = 10−5 M⊙ yr−1 for a wind velocity 103 km s−1. There-
fore, mass-loss rates much larger than this value is unlikely.
Margutti et al. (2017) have already constrained the CSM
density by using the X-ray upper limit and reached a simi-
lar conclusion, Ṁ < 2 × 10−5 M⊙ yr−1.

4.5 Broad-band spectral energy distribution

Finally, we present spectral energy distributions at several
epochs in Figure 8. The spectral energy distributions at

MNRAS 000, 1–17 (2017)



Summary: central-engine SNe in multi-D
• Dynamical evolution of SN ejecta + additional energy injection is multi-

dimensional 

• Hot bubble breakout leads to violent mixing (+ precursor?) 

• final radial density structure of the ejecta is a simple power-law function 

• we have started 3D simulations and confirmed the picture
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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/t

sd

)s,
where t

sd

is the spin-down time of the magnetar and
s is an exponent. In the following, we assume that
magnetar-like energy injection with t

sd

= t

he

is real-
ized and the energy injection continues while we fix the
density profile of the ejecta after t = t

he

. 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 = t

he

The photospheric radius R

ph

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
v

ej

t

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, ⌧(R

ph

, t) = 1.
We particularly denote the photospheric radius at the
beginning of the homologous expansion t = t

he

by R

he

.
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 L

in

(t) is given by

L

ph

(t)=
2

t

d

e

�t(t+2t

h

)/t

2

d

Z
t

t

he

e

t(t+2t

h

)/t

2

d

L

in

(t0)

✓
t

h

t

d

+
t

0

t

d

◆
dt

0

+
E

th,0

t

0

e

�t(t+2t

h

)/t

2

d

, (10)

where the timescales t
0

, t
h

, and t

d

are given by

t

0

=
M

ej

�cR

he

, (11)

t

h

=
R

he

v

, (12)

and

t

d

=
p
2t

0

t

h

, (13)

(Chatzopoulos et al. 2012). The parameters, E
th,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,

E

th

=
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 = t

he

. 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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