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SN 2012au
•Type Ib SN in NGC 4790 (Howerton+ 

2012) 

•Distance~23 Mpc

•Light curve and spectra (Takaki+ 
2013, Milisavljevic+  2013)

•Lpeak~6x1042 erg/s

•M56Ni ~ 0.3 M◉ 

•Mej ~ 4 M◉

•Minit~20 M◉

•Eej~1052 erg
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Figure 1. Left: image of the region around SN 2012au (marked) and its host galaxy NGC 4790 made from MMTcam g′r ′i′ images obtained on 2013 February 18.
Right: reconstructed pseudo-bolometric light curve of SN 2012au and our radioactive decay diffusion model fit for photospheric (dashed line) and nebular (dotted
line, inset) epochs. The phase is in the rest frame and with respect to maximum light. Also shown are bolometric light curves of SN 1997ef (Nomoto et al. 2000),
SN 1998bw (Maeda et al. 2006), and SN 2007bi (Gal-Yam 2012).
(A color version of this figure is available in the online journal.)

2. OBSERVATIONS AND RESULTS

2.1. UV and Optical Photometry

SN 2012au was discovered on UT 2012 March 14 by the
CRTS SNHunt project (Howerton et al. 2012). Figure 1 (left)
shows the region around the SN and its host galaxy NGC 4790
(D = 23.5 ± 0.5 Mpc; Theureau et al. 2007). SN 2012au is
located at coordinates α = 12h54m52.s18 and δ = −10◦14′50.′′2
(J2000.0), which is less than 600 pc away in projection from the
center of NGC 4790’s bright central nucleus.

Ultraviolet (UV) and optical observations with the Swift-
UVOT instrument began on 2012 March 15 and continued
through to 2012 April 21 (PI: P. Brown). Data were acquired
using six broadband filters and have been analyzed following
standard procedures. The details of these Swift-UVOT observa-
tions are provided in Table 1.

Two epochs of late-time r ′-band photometry of SN 2012au
were obtained. A sequence of 3 × 300 s dithered images was
taken on 2013 January 23 using the 2.4 m Hiltner telescope at
MDM Observatory with the OSMOS instrument8 and MDM4k
detector, and a sequence of 3 × 120 s dithered images was
taken on 2013 February 18 using the 6.5 m MMT with
the MMTcam instrument.9 Images were bias-subtracted, flat-
fielded, and stacked following standard procedures using the
IRAF10 software.

Emission from SN 2012au dropped !4 mag between maxi-
mum light and our first late-time measurement 308 days later.

8 http://www.astronomy.ohio-state.edu/∼martini/osmos/
9 http://www.cfa.harvard.edu/mmti/wfs.html
10 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy
(AURA) under cooperative agreement with the National Science Foundation.

This decline is considerably slower than other SNe Ib/c; e.g.,
SN 1998bw declined by ≈6.5 mag over the same time pe-
riod (Patat et al. 2001). The longevity of the brightness made
it impossible to obtain subtraction templates that could com-
pletely remove contaminating emission from the underlying
host galaxy. Photometric measurements were thus made using
the sextractor software (Bertin & Arnouts 1996) and checked
manually using point-spread function fitting techniques.

2.2. A Model of the Bolometric Light Curve

We constructed a pseudo-bolometric light curve using the
Swift-UVOT photometry. Observations were corrected assum-
ing RV = AV /E(B − V ) = 3.1 and a total reddening
of E(B − V ) = 0.063 mag. This estimate combines red-
dening due to the Milky Way, E(B − V )mw = 0.043 mag
(Schlafly & Finkbeiner 2011), and host internal extinction of
E(B − V )host = 0.02 ± 0.01 mag determined from measuring
the equivalent width (EW) of Na i D absorption in our optical
spectra (Section 2.3) and using the relationship between EW
and E(B − V ) described in Poznanski et al. (2012).

The pseudo-bolometric light curve incorporates two values
from Howerton et al. (2012), one of which is a detection of the
SN on 2012 March 4 that constrains the rise time from explosion
to peak brightness to be "16 days. We summed the flux
emitted in the uvw2 through v bands by means of a trapezoidal
interpolation and estimated the missing flux from the RI
passbands and the near-infrared around the time of maximum
light, tmax. Using values observed in other SNe Ib/c (see Valenti
et al. 2008), we assumed that for −5 < ∆tmax < 30 days, the
RI -band flux contribution varies from 25% to 40% and the
near-infrared band contribution varies from 15% to 45%.
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Evolution of the spectra
• Spectra in the photospheric 
phase 

• He lines and no hydrogen 
lines=>SN Ib 

• Broad lines=>High energy 

• Spectrum in the nebula 
phase (day 274 d) 

• emission lines from singly 
ionized or neutral atoms
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Figure 2. Top: optical spectra of SN 2012au. In red is the SYN++ synthetic
spectrum. Also shown are SN 2008D (Soderberg et al. 2008), SN 1997dq
(Matheson et al. 2001), and SN 2007bi (Gal-Yam et al. 2009). Spectra have
been normalized according to the procedure outlined in Jeffery et al. (2007).
Bottom: near-infrared spectra of SN 2012au. The heavy dotted lines highlight
He i absorptions, and the light dashed lines highlight O i and Mg i emission
features.
(A color version of this figure is available in the online journal.)

exhibit higher expansion velocities than [O i], and (2) the O i and
[O i] lines indicate two distinct velocity regions in the ejecta.

The relative strengths of narrow lines from coincident host
galaxy emission in the nebular spectra were measured to es-
timate the explosion site metallicity using the method de-
scribed in Sanders et al. (2012). From the N2 diagnostic of
Pettini & Pagel (2004), we measure an oxygen abundance of
log(O/H) + 12 = 8.9 with uncertainty 0.2 dex. Adopting a so-
lar metallicity of log(O/H)⊙ + 12 = 8.7 (Asplund et al. 2005),
the measurement indicates that SN 2012au exploded in an en-
vironment of super-solar metallicity around Z ∼ 1–2 Z⊙. This
metallicity is significantly higher than any of the broad-lined

Figure 3. Left: late-time emission line profiles of SN 2012au. Profiles are
grouped by broad (FWHM ! 4500 km s−1) and intermediate (FWHM ∼
2000 km s−1) widths. Right: the O i λ7774 and [O i] λλ6300, 6364 emission
line profiles of SN 2012au and SN 2007bi.
(A color version of this figure is available in the online journal.)

SN Ic host galaxies from untargeted surveys (Sanders et al.
2012).

2.5. Near-infrared Spectroscopy

Three epochs of low-resolution, near-infrared spectra span-
ning 0.82–2.51 µm were obtained using the FoldedPort In-
frared Echellette (FIRE) spectrograph on the 6.5 m Magellan
Baade Telescope (Simcoe et al. 2008). The low dispersion prism
used in combination with a 0.′′6 slit yielded a spectral resolution
R ∼ 500 in J band. Data were reduced following standard pro-
cedures (see, e.g., Hsiao et al. 2013) using a custom-developed
IDL pipeline (FIREHOSE).

The reduced near-infrared spectra are plotted in Figure 2
(bottom). In our ∆tmax = +31 day spectrum, absorptions around
both the He i λ1.083 µm and λ2.05 µm lines support the
identification of He i made in the optical spectra. The minima
of these absorptions shift toward longer wavelengths in the later
epochs, and the absorption around 1 µm grows in strength as
the 2 µm absorption fades. This suggests that the He i strength
diminishes as other ions possibly including Si i and C i gradually
dominate the 1 µm absorption as time passes.

Between ∆tmax = +81 and +318 days, the FWHM of strong
emission features associated with the Mg i λ1.503 µm and
O i λ1.317 µm lines narrowed from approximately 5700 km
s−1 to 2000 km s−1. The presence of these lines and the
similarity of their velocity distribution to the feature around
7775 Å support our identification of it being associated with
O i λ7774 (Figure 3, left).

3. DISCUSSION

3.1. Extraordinary Late-time Emission Properties

Our UV/optical and near-infrared observations of SN 2012au
show it to be a slow-evolving energetic SN with a number
of rarely observed late-time emission properties. SN 2012au’s
plateau of iron emission lines, intermediate-width O i λ7774
emission, persistent P-Cyg absorption features, and prolonged
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Figure 1. Magellan+IMACS optical spectrum of SN2012au obtained 2018 June 8. Top: Entire 1D spectrum as extracted (gray)
and data smoothed using 5 Å boxcar (black). The phase is with respect to the v-band maximum on 2012 March 21. Bottom:
2D spectrum in the region of [O I] and H↵. No conspicuous narrow emission lines local to the SN are observed.

Interaction between a SLSN-I and surrounding cir-
cumstellar material (CSM) is another possible energy
source (Chatzopoulos & Wheeler 2012). However,
SLSN-I events generally lack conspicuous spectroscopic
features that support this interpretation at photospheric
stages. SLSN–CSM interaction also requires an extreme
mass-loss history of several M� of H-poor material shed
in the last year before explosion in order to reproduce
the observed light curves (Chevalier & Irwin 2011; Lun-
nan et al. 2018).
Discovery of SN 2011kl, which had a higher-than-

average luminosity and was associated with the ultra-
long-duration GRB111209A, suggests that GRB and
SLSN classifications are not necessarily distinct (Greiner
et al. 2015). Understanding the SLSN–GRB connection
is presently an area of active investigation (Pian & Maz-
zali 2017; Coppejans et al. 2018; Margutti et al. 2017).
The connection was anticipated by earlier observations
of the SLSN 2010gx (Pastorello et al. 2010), and the un-

usually energetic (Ek ⇠ 1052 erg), slow-evolving, Type
Ib SN2012au, which is believed to be a lower-luminosity
counterpart to SLSNe (Milisavljevic et al. 2013; Kam-
ble et al. 2014; Milisavljevic & Margutti 2018). Nebular
phase observations of the SLSN2015bn (Nicholl et al.
2016) and other SLSNe-I (Nicholl et al. 2018) have fur-
ther strengthened the connection. Core angular momen-
tum may be the key ingredient di↵erentiating SLSNe
and GRBs (Lunnan et al. 2014). However, other factors
including star formation rate and stellar mass may also
be influential (Angus et al. 2016). Recent speculation
that Fast Radio Bursts (FRBs) may be magnetars in
the remnants of SLSN explosions has heightened the sig-
nificance of the SLSN–GRB connection (Metzger et al.
2017; Nicholl et al. 2017; Eftekhari et al. 2018).
Here we present optical and X-ray data of SN2012au

obtained > 6 yr post-explosion that o↵er fresh insight
into the suspected link between SLSNe and GRB-SNe.
In sections 2 and 3 we present our optical spectroscopy

Spectrum 6 yrs later 
(Milisavljevic+  2018)

• Emission lines of [OIII] and S[III] 

• Extra energy source 

• Line width~2,300 km/s 

• Emission lines from the inner most 
ejecta=> 

• Shock heating is unlikely 

• Central energy source=pulsar 

• Line centers are shifted ~ -700 km/s 

• Pulsar is moving? 

• Kick imparted to the Pulsar
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Figure 2. Left: Modified [O II], [O I], and [O III] emission line profiles of SN 2012au. Companion doublet lines [O I] �6364
and [O III] �4959 have been modeled and subtracted from the profiles, and the [O II] ��7319, 7330 blend has been treated as a
single line with Doppler velocities with respect to 7325 Å. Right: Unmodified [O I] emission line profiles for days 321 and 2270.

No narrow (FWHM < 200 km s�1) features are ob-
served in the spectrum. Particular attention was made
to possible emission in the region of H↵, which would be
indicative of interaction with H-rich CSM. The 2D spec-
trum shows narrow emission lines of [O I] 6300, 6364,
[N II] 6548, 6583, and H↵ extended spatially across the
slit but nothing conspicuous and specific to the SN lo-
cation (Fig. 1, bottom). After careful subtraction of
the local background we estimate an upper limit of H↵
emission to be < 4.1⇥ 10�17 erg s�1 cm�2.

3.2. Emission line diagnostics

The emission line intensity ratios of our spectra can be
used with atomic rates from CHIANTI (Del Zanna et al.
2015) to constrain properties of the ejecta. The inten-
sity ratio O I/[O II] is a sensitive temperature diagnostic
and the measured ratio of ⇡ 0.27 indicates a tempera-
ture T ⇡ 5000 K. However, this should be viewed as an
average temperature of the O+ zone. Because the line
profile of O I does not closely follow those of the other
lines (section 3.1), some emission may originate from a
di↵erent region of the ejecta and include cool gas that
does not emit in the collisionally excited lines.
The [O III]/[S III] ratio reflects a higher temperature

of the O++/S++ zone. If we assume that (S++/S) =
(O++/O), then the measured ratio of [S III]/[O III] =

0.146 can be used in the expression

[S III]/[O III] = 5.98⇥ [S/O]⇥ exp (12800/T )

to give
S/O = 0.024⇥ exp (�12800/T ).

The assumption of equal ionization fractions for S and O
is plausible, but it potentially introduces an uncertainty
of a factor of 2.
Notably, [S III] �9531 line emission is observed, but

[S II] ��6717, 6731 is absent. This suggests electron den-
sities above 104 cm�3. Using the ratio of S/O from the
equation above at 104 K, assuming (S+/S) = (O+/O)
in the singly ionized zone, and that log T is at least
3.7, then the ratio of [S II]/[O II] as a function of den-
sity can be determined. Estimating the upper limit to
emission centered around the [S II] ��6716,6731 lines
to be ⇡ 0.2 ⇥ I([O II]), we find that log T = 3.8 and
log n & 6.0.
We thus conclude a sulfur to oxygen ratio ⇠ 0.01

and a density of log n & 6.0. The high density is
likely associated with significant clumping of ejecta, be-
cause a uniform sphere at that density with the ra-
dius R ⇠ 4.3 ⇥ 1016 cm given by the time since explo-
sion and observed expansion velocity would produce far
more than the observed luminosity. The line profiles
of all the forbidden oxygen lines are roughly the same



•SN2012auのパルサーの特徴 
• ベキ乗分布している超新星イジェクタに、パルサーの回転エネルギーを磁気双極子放射によって注入 

• 観測を説明するパルサーからのエネルギー注入率は、E=1040 erg/sである 
•解決していない点 
• Eex～1052ergを獲得した爆発機構 
• Chevalier & Fransson (1992) のモデルでは、自己重力が考慮されていない 
• 爆発エネルギーの注入の仕方によっては、速度が遅い(v<2,300km/s)イジェクタは存在しない 

• パルサーの磁場強度と自転周期 
• 爆発エネルギー：1052 erg 
• 親星の質量：イジェクタが4M◉      親星 M~20M◉ 
• 中心にいるのはマグネター？ 

• 自己重力を考慮したSN爆発を数値シミュレーションし、v<2,300km/sのイジェクタが存在する条件を
調べ、爆発機構について制限を与える 

• 6.2年後の明るさをパルサーの磁気双極子放射で説明することで、SN 2012auのパルサーの　　 　　
磁場強度と自転周期に制限を与える

!3

2. 爆発機構と後期の加熱源
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(Millisavljevic et al., 2018)

(Chevalier & Fransson, 1992)
・

マグネター (B>1014G) : M > 20-40 M◉ 
カニパルサー (B~1012G) : M < 10 M◉ 

( e.g., Aharonian et al., 2018 )

( e.g., Safi-Harb & Kumar, 2012 )

Power of the pulsar 
(Milisavljevic+  2018)

•Motion of a thin shell in ejecta 
pushed by energy injection from the 
central source (Chevalier and 
Fransson 1992) 

• ejecta 

• homologous expansion 

• inner region has a uniform 
density 

• Emission lines originate from the 
thin shell 

• the power from the pulsar~1040 
erg/s
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Constraints on Magnetic 
field

• If the energy is injected by the 
magnetic dipole radiation,                     
where the spin period P> 1ms. 

• Bsinα should be greater than 
3.2x1010 G 

• The initial spin period P0 is 
related to the current spin period 
by Magnetic braking model. 

• P0>1 ms requires Bsinα< 
3.3x1014 G

·E =
8π4B2 sin2 αR6

3c3P4

Short spin 
down time



Problems
• High kinetic energy (1052 erg) and low velocity (2,300 km/s) 
emission region 

• The mean velocity of the ejecta~16,000 km/s 

• Is it possible that the inner edge of the ejecta expands 
slower than 2,300 km/s? 

• Chevalier & Fransson model assumes the existence of 
slowly expanding ejecta (homologously expanding 
uniform ejecta) 

• The explosion should produce ~0.3 M◉ 56Ni
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Figure 6.1: The initial mass density distribution of the 6 M⊙ He core not including the NS (M = 1.6 M⊙) or the CSM (Nomoto
& Hashimoto, 1988).

velocity becomes large. On the other hand, the energy injection time affects the synthesis of 56Ni.
In order to limit the explosion mechanism and the pulsar activity, we perform hydrodynamical sim-

ulations with central energy sources. From the conditions imposed by the luminosities, the expansion
velocities of the forbidden lines and the mass of 56Ni, we investigate the possible scenario of the explo-
sion and the nebula phase of SN 2012au.

6.2 Models

6.2.1 Progenitor

Our simulation model starts with a pre-SN and the CSM. The progenitor model is taken from Nomoto
& Hashimoto (1988) which consists of a He core (Figure 6.1). The mass at the main sequence is
corresponding to 20 M⊙. The mass which is ejected at the explosion is 4.4 M⊙ and the baryonic mass
of the NS is 1.6 M⊙. The hydrogen envelope has been already lost by a wind and distributed around the
star as the CSM. The initial profile of the CSM is assumed as

ρCSM =
Ṁ

4πvwr2 , (6.1)

where the wind velocity vw and the mass loss rate Ṁ are assumed as constants. We consider that vw =

100 km/s, Ṁ = 10−5 M⊙/yr (cf., Smith 2014). Assuming the ideal gas with the temperature of 1, 000 K,
the pressure of the CSM is distributed.
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1D Explosion model 
Masuyama 2019

• Initial model=He core (6 
M◉) 

• Explosion energy=1052 erg 

• Changes the energy 
input rate or the duration 
dt of the energy input

Energy input 

Density distribution

Fe O
He
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Figure 6.3: The velocity distributions as functions of the enclosed masses with γ = 1.4 when explosion energies are injected
to ejecta for each of short time scales (∆t = 0.01 − 1 sec). The gray line shows 2, 300 km/s.
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Velocity depending on the 
energy input rates 

•Higher rates can reproduce 
slower ejecta near the inner edge 

• If the energy is still supplied 
when the reverse shock reaches 
the inner edge, then the matter 
there can be further accelerated. 

• Quick explosion is preferred. 

• Matter of 10-3 M◉ has slow 
velocities. 

• Magnetic braking requires 
Bsinα>1016 G=>inconsistent

Velocity distribution

Velocity observed at t~6.2 yr



Luminosity of [OIII] line

• Observed luminosity of [OIII] line ~1038 erg/s

• Line ratios of different ionization stages=>T∼6,300K

• From the mass and the expansion velocity=>N∼102 /
cm3, ∆V ∼ 3x1050 cm3

• L(λ = 500.7 nm) 8.63 × 10−10NeNiT−1/2 Ω(1, 2)
ω1

exp (−
hν21

kT ) × ΔV ∼ 1041 erg/s



56Ni production

• Estimate Ni mass from the maximum temperature 
Tmax attained in each cell 

• Assume matter with Tmax>5x109 K becomes Ni 

(Thielemann+ 1986)

• Quick explosion can produce more than 0.2 M◉ Ni



 Summary
• SN 2012au  

• energetic and quick explosion of a stripped envelope 
star 

• E~1052 erg, MNi~0.3 M◉, Minit~20 M◉ 

• Pulsar ionizes O and S in the inner ejecta 

• 3x1010 G < Bsinα< 3x1014 G 

• Pulsar might be kicked 



Other topics in Nuclear 
astrophysics group in RESCEU
• Dynamical mass ejection from massive stars a few 
years prior to supernovae: Kuriyama 

• Fallback Accretion onto Neutron star: Iwata, Kashiyama  

• Ejection of free neutrons from binary neutron star 
merger: Ishii 

• SN IIn Light curve: Takei, Tsuna, Kashiyama 

• Supernovae in close binary systems: Suda


