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What do we want to learn about 
supernovae? 

•  What explodes? 
–  progenitors, evolution 

towards explosion 

•  How does it 
explode? 
–  explosion 

mechanisms 

•  Where does it 
explode? 

–  environment  
•  local and global 

–  feedback 

•  What is left behind? 
–  remnants 

–  compact remnants 

–  chemical enrichment 

•  Other uses of the 
explosions 

–  light beacons 

–  distance indicators 

–  chemical factories 



SN 
Classification 



The expectations … 

Heger et al. 2003 



Difficulties 

•  Supernovae are bright (~1043 erg/s at peak) 
•  Neutron stars (thermal energy typically 

~1035 erg/s) are buried near the centre of 
the explosions 
–  need to wait until the envelope becomes 

transparent à can be decades 

•  Supernovae are rare 
•  Supernovae are complicated 

–  complicated explosion physics 
•  hydrodynamics, neutrino physics, GR effects 
• many unknown parameters 
•  not enough observational constraints 
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Figure 1. Pulsar spindown rate, Ṗ , vs. the rotation period P. Green dots indicate the 42 young, radio-loud gamma-ray pulsars and blue squares show the 35 young,
“radio-quiet” pulsars, defined as S1400 < 30 µJy, where S1400 is the radio flux density at 1400 MHz. Red triangles are the 40 millisecond gamma-ray pulsars. The
710 black dots indicate pulsars phase-folded in gamma rays using rotation models provided by the “Pulsar Timing consortium” for which no significant pulsations
were observed. Phase-folding was not performed for the 1337 pulsars outside of globular clusters indicated by gray dots. Orange open triangles indicate radio MSPs
discovered at the positions of previously unassociated LAT sources for which we have not yet seen gamma pulsations. We plot them at Ṗ ≡ 5 × 10−22 when Ṗ is
unavailable. Shklovskii corrections to Ṗ have been applied to the pulsars with proper motion measurements (see Section 4.3). For clarity, error bars are shown only
for the gamma-detected pulsars.
(A color version of this figure is available in the online journal.)

Table 1
Pulsar Varieties

Category Count Sub-count Fraction

Known rotation-powered pulsars (RPPs)a 2286
RPPs with measured Ṗ > 0 1944
RPPs with measured Ė > 3 × 1033 erg s−1 552

Millisecond pulsars (MSPs; P < 16 ms) 292
Field MSPs 169
MSPs in globular clusters 123
Field MSPs with measured Ė > 3 × 1033 erg s−1 96
Globular cluster MSPs with measured Ė > 3 × 1033 erg s−1 25

Gamma-ray pulsars in this catalog 117
Young or middle-aged 77
Radio-loud gamma-rayb 42 36%
Radio-quiet gamma-ray 35 30%
Gamma-ray MSPs (isolated + binary) (10+30) = 40 34%

Radio MSPs discovered in LAT sources 46
with gamma-ray pulsationsc 34

Notes.
a Includes the 2193 pulsars, which are all RPPs, in the ATNF Pulsar Catalog (v1.46, Manchester et al. 2005); see
http://www.atnf.csiro.au/research/pulsar/psrcat, as well as more recent discoveries. D. Lorimer maintains a list of
known field MSPs at http://astro.phys.wvu.edu/GalacticMSPs/.
b S1400 > 30 µJy, where S1400 is the radio flux density at 1400 MHz.
c Only 20 of the new radio MSPs showed gamma-ray pulsations when the dataset for this catalog was frozen.

For known pulsars we use years of radio and/or X-ray time-
of-arrival measurements (“TOAs”) to fit the timing model pa-
rameters using the standard pulsar timing codes Tempo (Taylor
& Weisberg 1989) or Tempo2 (Hobbs et al. 2006). In addition
to providing a model for folding the gamma-ray data, the radio

observations also provide the information needed to measure
the absolute phase alignment (after correcting for interstellar
dispersion) between the radio or X-ray and gamma-ray pulses,
providing key information about the relative geometry of the
different emission regions.
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Energy escape from 
a (core-collapse) 
supernova 
 

SN 1987A 
the best observed 
supernova ever 

Suntzeff (2003) 
(also Fransson et al. 2007) 



Detecting neutron stars in SNe 

• Wait until remnant phase 

– patience à SN 1987A, Cas A, Crab 

•  Look for signatures in explosion 

– magnetar SNe? 

•  Trust explosion models 

–  still many fundamental uncertainties 

•  Search for ensemble properties 

–  neutron star kicks 



Lick Observatory Supernova Search 

Leaman et al. 2010; Li et al. 2010 

•  Volume-limited sample in the local 
universe (out to 60 Mpc) 



Type II SNe – 
Variable appearance 

The Astrophysical Journal, 786:67 (35pp), 2014 May 1 Anderson et al.

Figure 2. SNe II absolute V-band light-curves of the 60 events with explosion
epochs and AV corrections. Light-curves are displayed as Legendre polynomial
fits to the data, and are presented by black lines. For reference we also show in
colors the fits to our data for four SNe II: 1986L, 1999em, 2008bk, and 1999br.
(A color version of this figure is available in the online journal.)

with an accompanying lower limit to the probability of finding
such a correlation strength by chance.22 Where correlations are
presented with parameter pairs (N) higher than 20, binned data
points are also displayed, with error bars taken as the standard
deviation of values within each bin.

4.1. SN II Parameter Distributions

In Figure 3 histograms of the three absolute V-band magni-
tude distributions: Mmax, Mend and Mtail are presented. These
distributions evolve from being brighter at maximum, to lower
luminosities at the end of the plateau, and further lower values
on the tail. Our SN II sample is characterized, after correction for
extinction, by the following mean values: Mmax = −16.74 mag
(σ = 1.01, 68 SNe); Mend = −16.03 mag (σ = 0.81, 69 SNe);
Mtail = −13.68 mag (σ = 0.83, 30 SNe).

The SN II family spans a large range of ∼4.5 mag at peak,
ranging from −18.29 mag (SN 1993K) through −13.77 mag
(SN 1999br). At the end of their “plateau” phases the sample
ranges from −17.61 to −13.56 mag. SN II maximum light ab-
solute magnitude distributions have previously been presented
by Tammann & Schroeder (1990) and Richardson et al. (2002).
Both of these were B-band distributions. Tammann & Schroeder
presented a distribution for 23 SNe II of all types of MB =
−17.2 mag (σ = 1.2), while Richardson et al. found MB =
−17.0 mag (σ = 1.1) for 29 type IIP SNe and MB = −18.0 mag
(σ = 0.9) for 19 type IIL events. Given that our distributions
are derived from the V band, a direct comparison to these works
is not possible without knowing the intrinsic colors of each SN

22 Calculated using the on-line statistics tool found at:
http://www.danielsoper.com/statcalc3/default.aspx (Cohen et al. 2003).

Figure 3. Histograms of the three measured absolute magnitudes of SNe II.
Top: peak absolute magnitudes; Mmax. Middle: absolute magnitudes at the end
of the plateau; Mend. Bottom: absolute magnitudes at the start of the radioactive
tail; Mtail. In each panel the number of SNe is listed, together with the mean
absolute V-band magnitude and the standard deviation on that mean.
(A color version of this figure is available in the online journal.)

within both samples. However, our derived Mmax distribution is
reasonably consistent with those previously published (although
slightly lower), with very similar standard deviations.

At all epochs our sample shows a continuum of absolute
magnitudes, and the Mmax distribution shows a low-luminosity
tail as seen by previous authors (e.g., Pastorello et al. 2004; Li
et al. 2011). All three epoch magnitudes correlate strongly with
each other: when a SN II is bright at maximum light it is also
bright at the end of the plateau and on the radioactive tail.

Figure 4 presents histograms of the distributions of the three
V-band decline rates, s1, s2 and s3, together with their means
and standard deviations. SNe decline from maximum (s1) at
an average rate of 2.65 mag per 100 days, before declining
more slowly on the “plateau” (s2) at a rate of 1.27 mag per
100 days. Finally, once a SN completes its transition to the
radioactive tail (s3) it declines with a mean value of 1.47 mag
per 100 days. This last decline rate is higher than that expected
if one assumes full trapping of gamma-ray photons from the
decay of 56Co (0.98 mag per 100 days, Woosley et al. 1989).
This gives interesting constraints on the mass extent and density
of SNe ejecta, as will be discussed below. We observe more
variation in decline rates at earlier times (s1) than during the
“plateau” phase (s2).

As with the absolute magnitude distributions discussed above,
the V-band decline rates appear to show a continuum in their
distributions. The possible exceptions are those SNe declining
extremely quickly through s1: the fastest decliner SN 2006Y
with an unprecedented rate of 8.15 mag per 100 days. In the
case of s2 the fastest decliner is SN 2002ew with a decline rate
of 3.58 mag per 100 days, while SN 2006bc shows a rise during
this phase, at a rate of −0.58 mag per 100 days. The s2 decline
rate distribution has a tail out to higher values, while a sharp
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Very different explosions 

76 SNe II from PanSTARRS-1 
Sanders et al. (2014) 

Yet similar 
neutrons stars? 



Superluminous SNe 

Luminous Supernovae
Avishay Gal-Yam

Supernovae, the luminous explosions of stars, have been observed since antiquity. However,
various examples of superluminous supernovae (SLSNe; luminosities >7 × 1043 ergs per second)
have only recently been documented. From the accumulated evidence, SLSNe can be classified
as radioactively powered (SLSN-R), hydrogen-rich (SLSN-II), and hydrogen-poor (SLSN-I, the most
luminous class). The SLSN-II and SLSN-I classes are more common, whereas the SLSN-R class is
better understood. The physical origins of the extreme luminosity emitted by SLSNe are a focus of
current research.

Supernova explosions play
important roles in many
aspects of astrophysics.

They are sources of heavy ele-
ments, ionizing radiation, and
energetic particles; they drive
gas outflows and shock waves
that shape star and galaxy for-
mation; and they leave behind
compact neutron star and black
hole remnants.Thestudyof super-
novae has thus been actively
pursued for many decades.

The past decade has seen the
discovery of numerous superlu-
minous supernovaevents (SLSNe;
Fig. 1). Their study is motivated
by their likely association with
the deaths of the most massive
stars, their potential contribu-
tion to the chemical evolution of
the universe and (at early times)
to its reionization, and the possi-
bility that they aremanifestations
of physical explosion mecha-
nisms that differ from those of
their more common and less lu-
minous cousins.

With extreme luminosities ex-
tending over tens of days (Fig. 1)
and, in some cases, copious ultraviolet (UV) flux,
SLSN events may become useful cosmic beacons
enabling studies of distant star-forming galaxies
and their gaseous environments. Unlike other
probes of the distant universe, such as short-lived
gamma-ray burst afterglows and luminous high-
redshift quasars, SLSNe display long durations
coupled with a lack of long-lasting environmental
effects; moreover, they eventually disappear and
allow their hosts to be studied without interference.

Supernovae traditionally have been classified
mainly according to their spectroscopic properties
[see (1) for a review]; their luminosity does not
play a role in the currently used scheme. In prin-

ciple, almost all SLSNe belong to one of two
spectroscopic classes: type IIn (hydrogen-rich
events with narrow emission lines, which are
usually interpreted as signs of interaction with
material lost by the star before the explosion) or
type Ic (events lacking hydrogen, helium, and
strong silicon and sulfur lines around maximum,
presumably associated with massive stellar ex-
plosions). However, the physical properties im-
plied by the huge luminosities of SLSNe suggest
that they arise, in many cases, from progenitor
stars that are very different from those of their
much more common and less luminous analogs.
In this review, I propose an extension of the clas-
sification scheme that can be applied to super-
luminous events.

I consider SNe with reported peak magnitudes
less than −21 mag in any band as being superlu-

minous (Fig. 1) (see text S1 for considerations
related to determining this threshold) (2).

Recent Surveys and the Discovery of SLSNe
Modern studies based on large SN samples and
homogeneous, charge-coupled device–based lu-
minosity measurements show that SLSNe are
very rare in nearby luminous and metal-rich host
galaxies (3, 4). Their detection therefore requires
surveys that monitor numerous galaxies of all
sizes in a large cosmic volume. The first genera-
tion of surveys covering large volumes was de-
signed to find numerous distant type Ia SNe for
cosmological use. These observed relatively small
fields of view to a great depth, placing most of the

effective survey volume at high
redshift (5).

An alternative method for sur-
veying a large volume of sky is
to use wide-field instruments to
cover a large sky area with rel-
atively shallow imaging. With
most of the survey volume at
low redshift, one can conduct an
efficient untargeted survey for
nearby SNe. Such surveys pro-
vided the first well-observed ex-
amples of SLSNe, such as SN
1999as (6), which turned out to
be the first example of the ex-
tremely 56Ni-rich SLSN-R class
(7), and SN 1999bd (8) (Fig. 2),
which is probably the first well-
documented example of the SLSN-
II class (9).

Further important detections
resulted from the Texas Super-
nova Survey (TSS) (10) (text S2).
On 3 March 2005, TSS detected
SN 2005ap, a hostless transient
at 18.13 mag. Its redshift was z =
0.2832, which indicated an ab-
solute magnitude at peak around
−22.7 mag, marking it as the most
luminous SN detected until then
(11). SN 2005ap is the first ex-

ample of the class defined below as SLSN-I. On
18 November 2006, TSS detected a bright tran-
sient located at the nuclear region of the nearby
galaxy NGC 1260 [SN 2006gy (12)]. Its mea-
sured peak magnitude was ~ −22 mag (12, 13).
Spectroscopy of SN 2006gy clearly showed hy-
drogen emission lines with both narrow and
intermediate-width components, leading to a spec-
troscopic classification of SN IIn; this is the proto-
type and best-studied example of the SLSN-II
class.

During the past few years, several untargeted
surveys have been operating in parallel (14). The
large volume probed by these surveys and their
coverage of a multitude of low-luminosity dwarf
galaxies have led, as expected (15), to the detec-
tion of numerous unusual SNe not seen before
in targeted surveys of luminous hosts; indeed,
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Fig. 1. The luminosity evolution (light curve) of supernovae. Common SN explosions
reach peak luminosities of ~1043 ergs s−1 (absolute magnitude > −19.5). Super-
luminous SNe (SLSNe) reach luminosities that are greater by a factor of ~10. The
prototypical events of the three SLSN classes—SLSN-I [PTF09cnd (4)], SLSN-II [SN
2006gy (12, 13, 77)], and SLSN-R [SN 2007bi (7)]—are compared with a normal
type Ia SN (Nugent template), the type IIn SN 2005cl (56), the average type Ib/c
light curve from (65), the type IIb SN 2011dh (78), and the prototypical type II-P SN
1999em (79). All data are in the observed R band (80).
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Gal-Yam (2011) 

Very energetic 
explosions with 
>1044 erg/s at 
peak 
 
Ideas: 
•  pair-instability 

SNe 
•  circumstellar 

interaction 
•  massive winds 

‘bloated stars’ 
•  ‘internal 

engine’ 



Magnetar-driven SNe 

• Highly magnetic neutron star with high 
initial spin period 

– B≥1014 G 

– Pi= 2-20 ms 

–  energy release  
over days to  
weeks 

Kasen & Bildsten (2010) 
Woosley (2010) 

Dessart et al. (2012) 

Inserra et al. (2013) 
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Figure 3. Required B and Pi needed to achieve a given Lpeak. The lines are
contours of constant Lpeak assuming Esn = 1051 ergs and Mej = 5 M⊙ (solid)
or Mej = 20 M⊙ (dashed) from Equation (15). Regions to the right of the knee
have tp < td, whereas regions to the left of the knee have tp > td. The horizontal
dotted line shows where Ep = 1051 ergs.

the maximum of Le occurs when ∂(Eintt)/∂t = 0, yielding the
time of maximum in the light curve

tpeak = tp

([
(l − 1)Ep

Lpeaktp

]1/l

− 1
)

. (16)

For tp ≪ td, the light curve peaks at tpeak ≈ tdf
−1/2

[ln(td/tp) − 1]−1/2 (assuming l = 2), whereas for tp ≫ td the
peak occurs at tpeak ≈ tp(

√
2/f − 1).

Figure 2 shows one-dimensional radiation hydrodynamic
calculations for Mej = 5 M⊙, Esn = 1051 erg, and central
magnetars (l = 2) with Pi = 5 ms. A gray opacity κ =
0.2 cm2 g−1 was assumed. The simple one-zone model works
remarkably well at predicting Lpeak and tpeak, and comparison
with the numerical models fixes the value of f = (l + 1)/2.
At late times (t > tτ=1) when the SN becomes optically thin,
the light curve tracks the magnetar luminosity, L ∼ t−2, which
is similar to the curve of 56Co decay. Late time measurements
of the bolometric light curve could discriminate the two energy
sources, though it is not clear that the assumptions of complete
thermalization and constant l = 2 spin-down will hold at these
late times.

In Figure 3, we use Equation (15) to find the locus in the
Pi–B space (assuming l = 2) needed to reach a certain Lpeak
in a supernova with Esn = 1051 ergs and Mej = 5 M⊙ or
Mej = 20 M⊙. A larger Mej increases td, which reduces Lpeak
for a given set of magnetar parameters. Magnetars with Pi !
5 ms (below the dotted line) dump enough energy to increase
the ejecta velocity, shortening td. The lines merge for low B as
they asymptote to Lpeak → Lp.

We can also invert the problem and use the measured values
of Lpeak and tpeak for an individual supernova to infer B and
Pi. Figures 4 and 5 use Equations (15) and (16) to illustrate
how Lpeak and tpeak vary with B and Pi. This “mapping” allows
for an assessment to be made of the magnetar’s properties and
illuminates which numerical calculations should be done. We
placed the observed values for 2008es on these plots, motivating
the numerical results we show in the following section.

Figure 4. Dependence of Lpeak and tpeak on the initial magnetar spin and B field.
The solid lines are for fixed B14 = 100, 30, 10, 3, 1, 0.3, and 0.1 and varying
spin period, whereas the dashed lines are for a fixed Pi = 1, 3, 10, and 30 ms
and varying B. This calculation assumed Esn = 1051 ergs and Mej = 5 M⊙.

Figure 5. Same as Figure 4, but assuming an ejected mass Mej = 20 M⊙.
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Figure 6. Bolometric light curve calculations of magnetar-energized supernovae
compared to observed events. A constant opacity κ = 0.2 g cm−2 is assumed.
Black squares show V-band observations of the luminous Type II-L SN2008es
(Gezari et al. 2009) with an assumed rise time of 25 days. Red diamonds show
R-band observations of the Type Ic SN 2007bi (Gal-Yam et al. 2009) with an
assumed rise time of 50 days.
(A color version of this figure is available in the online journal.)

Kasen & Bildsten (2010) 



Determine the neutron star 
parameters 
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Figure 3. Required B and Pi needed to achieve a given Lpeak. The lines are
contours of constant Lpeak assuming Esn = 1051 ergs and Mej = 5 M⊙ (solid)
or Mej = 20 M⊙ (dashed) from Equation (15). Regions to the right of the knee
have tp < td, whereas regions to the left of the knee have tp > td. The horizontal
dotted line shows where Ep = 1051 ergs.

the maximum of Le occurs when ∂(Eintt)/∂t = 0, yielding the
time of maximum in the light curve

tpeak = tp

([
(l − 1)Ep

Lpeaktp

]1/l

− 1
)

. (16)

For tp ≪ td, the light curve peaks at tpeak ≈ tdf
−1/2

[ln(td/tp) − 1]−1/2 (assuming l = 2), whereas for tp ≫ td the
peak occurs at tpeak ≈ tp(

√
2/f − 1).

Figure 2 shows one-dimensional radiation hydrodynamic
calculations for Mej = 5 M⊙, Esn = 1051 erg, and central
magnetars (l = 2) with Pi = 5 ms. A gray opacity κ =
0.2 cm2 g−1 was assumed. The simple one-zone model works
remarkably well at predicting Lpeak and tpeak, and comparison
with the numerical models fixes the value of f = (l + 1)/2.
At late times (t > tτ=1) when the SN becomes optically thin,
the light curve tracks the magnetar luminosity, L ∼ t−2, which
is similar to the curve of 56Co decay. Late time measurements
of the bolometric light curve could discriminate the two energy
sources, though it is not clear that the assumptions of complete
thermalization and constant l = 2 spin-down will hold at these
late times.

In Figure 3, we use Equation (15) to find the locus in the
Pi–B space (assuming l = 2) needed to reach a certain Lpeak
in a supernova with Esn = 1051 ergs and Mej = 5 M⊙ or
Mej = 20 M⊙. A larger Mej increases td, which reduces Lpeak
for a given set of magnetar parameters. Magnetars with Pi !
5 ms (below the dotted line) dump enough energy to increase
the ejecta velocity, shortening td. The lines merge for low B as
they asymptote to Lpeak → Lp.

We can also invert the problem and use the measured values
of Lpeak and tpeak for an individual supernova to infer B and
Pi. Figures 4 and 5 use Equations (15) and (16) to illustrate
how Lpeak and tpeak vary with B and Pi. This “mapping” allows
for an assessment to be made of the magnetar’s properties and
illuminates which numerical calculations should be done. We
placed the observed values for 2008es on these plots, motivating
the numerical results we show in the following section.

Figure 4. Dependence of Lpeak and tpeak on the initial magnetar spin and B field.
The solid lines are for fixed B14 = 100, 30, 10, 3, 1, 0.3, and 0.1 and varying
spin period, whereas the dashed lines are for a fixed Pi = 1, 3, 10, and 30 ms
and varying B. This calculation assumed Esn = 1051 ergs and Mej = 5 M⊙.

Figure 5. Same as Figure 4, but assuming an ejected mass Mej = 20 M⊙.
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Figure 6. Bolometric light curve calculations of magnetar-energized supernovae
compared to observed events. A constant opacity κ = 0.2 g cm−2 is assumed.
Black squares show V-band observations of the luminous Type II-L SN2008es
(Gezari et al. 2009) with an assumed rise time of 25 days. Red diamonds show
R-band observations of the Type Ic SN 2007bi (Gal-Yam et al. 2009) with an
assumed rise time of 50 days.
(A color version of this figure is available in the online journal.)

Kasen & Bildsten (2010) 



Further evidence 

spectral lines are close to 10,000 km s21 at all times. Intriguingly, the
early spectra of our objects are very similar to those of superluminous
supernovae of type I (refs 2, 11, 12) and evolve in the same way, but on
longer timescales and with lower line velocities (Fig. 2).

Nebular modelling of SN 2007bi spectra has been used to argue1 for large
ejected oxygen and magnesium masses of 8–15M[ and 0.07–0.13M[,
respectively (where M[ is the solar mass). Such masses are actually
closer to values in massive core-collapse models18 than in PISN models,
which eject ,40M[ oxygen and ,4M[ magnesium1,8,9. In the work
reported in ref. 1, an additional 37M[ in total of Ne, Si, S, and Ar were
added to the model, providing a total ejecta mass consistent with a
PISN. However, this was not directly measured1, because these elements
lack any identified lines. These constraints are important, so we investi-
gated line formation in this phase using our own non-local thermodynamic
equilibrium code19 (Extended Data Fig. 5; Supplementary Information

section 4). We found that the luminosities of [O I] 6,300, 6,364 Å, O I

7,774 Å and Mg I] 4,571 Å, and the feature at 5,200 Å ([Fe II] 1 Mg I),
can be reproduced with 10–20M[ of oxygen-dominated ejecta, contai-
ning ,0.001–1M[ of iron, given reasonable physical conditions (singly
ionized ejecta at a few thousand degrees). Thus, although the nebular
modelling of SN 2007bi in ref. 1 provided a self-consistent solution for
PISN ejecta, our calculations indicate that this solution is not unique,
and has not ruled out lower-mass ejecta on the core-collapse scale
(10M[). Moreover, if the line at 5,200 Å is [Fe II], then both our model
and the model of ref. 1 predict a dominant [Fe II] 7,155 Å line (at the
low temperatures and high iron mass expected in PISN), which is not
present in the observed spectra. To estimate the nickel mass needed to
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Figure 1 | Optical light curves of slow-fading super-luminous supernovae.
Data for PTF 12dam (including discovery data announced15 by PTF) and SN
2007bi (from refs 1 and 10) are given in the SDSS (Sloan Digital Sky Survey)
r band (central wavelength lc 5 6,230 Å), while for PS1-11ap at z 5 0.523, the
PS1 zP1 filter corresponds to a rest-frame filter of lc 5 5,680 Å (width of
passband lwidth < 1,350 Å), similar to SDSS r. The first three PS1-11ap points
were transformed from iP1 using the observed iP1 2 zP1 colour (see
Supplementary Information sections 2 and 3 for details of the data, including
k-corrections, colour transformations and extinction). The three supernovae
(open symbols) display the same slow decline from maximum, matching the
rate expected from 56Co decay (dashed line) with close to full c-ray trapping
(although similar declines can be generated for ,100 days after peak from
magnetar spin-down21). Powering these high luminosities radioactively
requires at least 3–7M[ of 56Ni (refs 1, 10, 18 and 20), suggesting an extremely
massive progenitor and possible pair-instability explosion1. Also shown are
synthetic SDSS r-band light curves (solid lines) generated from published
one-dimensional models7,8 of PISNs from 100–130M[ stripped helium cores.
These fit the decline phase well, but do not match our early observations. The
rise time of a PISN is necessarily long (rising 2.5 mag to peak in 95–130 days),
because heating from 56Ni/56Co decay occurs in the inner regions, and the
resultant radiation must then diffuse through the outer ejecta, which typically
has mass .80M[ (ref. 7). Models with higher-dimensional outward mixing of
56Ni are likely to show even shallower gradients in the rising phase, while as-yet
unexplored parameters such as rotation and magnetic fields will have little
effect on the diffusion timescale, which is set by the mass, kinetic energy and
opacity of the ejecta (see Supplementary Information section 5.2). The pre-peak
photometry of PTF 12dam and PS1-11ap shows only a moderately slow rise
over 50–60 days, which is therefore physically inconsistent with the PISN
models. Error bars, 61s.
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Figure 2 | Spectral evolution of PTF 12dam and PS1-11ap from super-
luminous supernovae of type I to SN 2007bi-like. a–e, We show spectra of
PTF 12dam, PS1-11ap, SN 2007bi, and the well-studied superluminous
supernovae of type I, SN 2010gx11, SN 2005ap2 and PTF09cnd2. Our spectra
have been corrected for extinction and shifted to respective rest frames
(details of reduction and analysis, including construction of model host
continua for subtraction from d and e, in Supplementary Information section
3), and scaled to facilitate comparison. Phases are given in rest-frame days
relative to maximum light. No hydrogen or helium are detected at any stage
(near-infrared spectra of PTF 12dam, obtained at 113 days and 127 days, also
show no He I; see Supplementary Information section 3). a, Before and around
peak, our objects show the characteristic blue continua and O II absorptions
common to super-luminous supernovae of type I/Ic2,12,21, although the lines in
the slowly evolving objects are at lower velocities than are typically seen in those
events. b, Shortly after peak, Fe III features emerge, along with the Mg II and Ca II

lines that dominate superluminous type I supernovae at this phase. c, By
55 days after peak, PTF 12dam is almost identical to SN 2007bi. We note that
these objects still closely resemble SN 2010gx, but seem to be evolving on longer
timescales (consistent with the slower light-curve evolution). d, At ,100 days,
PTF 12dam also matches PTF09cnd2, which faded slowly for a superluminous
type I supernova after a 50-day rise. e, The spectra are now quasi-nebular,
dominated by emission lines of Ca II H and K, Mg I] 4,571 Å, Mg I 5,183 Å 1
[Fe II 5,200] Å blend, [O I] 6,300, 6,364 Å, [Ca II] 7,291, 7,323 Å, and O I 7,774 Å,
but some continuum flux is still visible. We find that the emission line
intensities can be reproduced by ejecta from a 15M[ type I supernova at a few
thousand degrees, without requiring a large mass of iron (Supplementary
Information section 4).
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curve from our near-ultraviolet to near-infrared photometry (Fig. 4).
PTF 12dam is brighter than SN 2007bi, and fitting it with radioactively
powered diffusion models18,20 requires ,15M[ of 56Ni in ,15–50M[
of ejecta — combinations that are not produced in any physical model
(Extended Data Fig. 6; Supplementary Information section 5.1). Further-
more, such large nickel fractions are clearly not supported by our spectra.

The combination of relatively fast rises and blue spectra, lacking ultra-
violet line blanketing, shows that PTF 12dam, PS1-11ap and probably SN
2007bi are not pair-instability explosions. We suggest here one model
that can consistently explain the data. A magnetar-powered supernova

can produce a light curve with the observed rise and decline rates as
the neutron star spins down and reheats the ejecta13,14,16,17. It has been
suggested that ,10% of core-collapses may form magnetars14. Although
their initial-spin distribution is unknown, periods> 1 ms are physically
plausible. This mechanism has already been proposed for SN 2007bi14, as
well as for fast-declining superluminous type-I supernovae2,21. We
fitted a magnetar-powered diffusion model21,22 to the bolometric light
curve of PTF 12dam (Fig. 4), and found a good fit for magnetic field
B < 1014 G and spin period P < 2.6 ms, with an ejecta mass of,10–16M[.
At peak, the r-band luminosities of PTF 12dam and PS1-11ap are ,1.5
times that of SN 2007bi. Scaling our light curve by this factor, our
model implies a similar ejected mass for SN 2007bi, with a slower-
spinning magnetar (P < 3.3 ms), comparable to previous models14.
If the magnetar theory is correct for normal superluminous type-I
supernovae2,21, our objects could be explained as a subset in which
larger ejected masses and weaker magnetic fields result in slower pho-
tometric and spectroscopic evolution.

This leaves no unambiguous PISN candidates within redshift z , 2
(although possible examples exist at higher redshift4). We used the pro-
perties of the Pan-STARRS1 Medium Deep Survey (PS1 MDS, with a
nightly detection limit of ,23.5 mag in g,r,i-like filters21,23,24) to constrain
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Figure 3 | Spectral comparison with pair-instability and magnetar-driven
supernova models. a–c, We compare our ultraviolet and optical data to the
predictions of PISN7,8,13 and magnetar models13 (lines in models are identified
in refs 8 and 13). The absence of narrow lines and hydrogen/helium seems to
make interaction-powered colliding-shell models unlikely (for example, the
pulsational pair-instability; see Supplementary Information section 5.3). Model
spectra are matched to the observed flux in the region 5,500–7,000 Å. a, We
compare PS1-11ap to a Wolf–Rayet progenitor magnetar model (pm1p013) at
peak light (model spectra at later epochs do not currently exist in the literature).
The magnetar energy input is equivalent to several solar masses of 56Ni, in ejecta
of only 6.94M[. The high internal-energy-to-ejecta-mass ratio keeps the ejecta
hot and relatively highly ionized, resulting in a blue continuum to match our
observations. Moreover, this energy source does not demand the high mass of
metals intrinsic to the PISN scenario7,8. Redward of the Mg II line at 2,800 Å, this
model shows many of the same Fe III and O II lines dominating the observed
spectra, although the strengths of the predicted Si III and C III lines in the
near-ultraviolet are greater than those observed in PS1-11ap. We also compare
PTF 12dam at peak to a 130M[ He core PISN model7. The model spectrum has
intrinsically red colours below 5,000 Å owing to many overlapping lines from
the large mass of iron-group elements and intermediate-mass elements. Our
rest-frame ultraviolet spectra of PS1-11ap, and ultraviolet photometry of
PTF 12dam, show that the expected line blanketing/absorption is not observed.
b, PTF 12dam compared to models of 125–130M[ PISNs7,8 at 55 days.
Although the observed spectrum has cooled, the models still greatly
under-predict the flux blueward of 5,000 Å. c, PS1-11ap, at 78 days, compared
to 100–130M[ PISN models7,8 at similar epochs. Again, our observations are
much bluer than PISN models. In particular, PS1-11ap probes the flux below
3,000 Å, where we see the greatest discrepancy.
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Figure 4 | Bolometric light curve and magnetar fit. Our PTF 12dam
bolometric light curve (open circles), comprising Swift observations in the
near-ultraviolet, extensive griz imaging, and multi-epoch near-infrared (JHK)
data (Supplementary Information section 5), is well fitted by our semi-analytic
magnetar model21 (black line) (see Supplementary Information section 5.4).
This model, with magnetic field B < 1014 G and spin period P < 2.6 ms, can fit
both the rise and decay times of the light curve. A large ejecta mass
of ,10–16M[ is required—significantly higher than typically found for type
Ibc supernovae28, but similar to the highest estimates for SN 2011bm29 and SN
2003lw30 (though well below the .80M[ expected in PISNs). In the context
of the magnetar model, the parameters of our fit are consistent with the
observed spectroscopic relation to super-luminous supernovae of type I. Fits to
a sample of such objects using the same model21 found uniformly lower ejected
masses and higher magnetic fields than in PTF 12dam. The large ejecta
mass here results in a slow light-curve rise and broad peak compared to other
super-luminous supernovae of type Ic2,3,21, and would explain the slower
spectroscopic evolution, including why the spectrum is not fully nebular at
200 days. The weaker B field means that the magnetar radiates away its
rotational energy less rapidly, so that more of the heating takes place at later
times; this gives the impression of a radioactive tail. Higher ejected mass and
weaker magnetar wind may account for the lower velocities in slowly declining
events. Also shown for comparison are bolometric light curves of model
PISNs7,8 from 80–130M[ He cores (coloured lines). Although PISNs from less
massive progenitors do show faster rise times, the rise of PTF 12dam is too
steep to be consistent with the PISN explosion of a He core that is sufficiently
massive to generate its observed luminosity. Errors bars, 61s photometry,
combined in quadrature.
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•  Fast rise 
•  blue colours 
•  high temperatures 



Neutron star “tug boat” 

•  Asymmetries in explosion models 

–  convection  

à standing accretion shock instability 

–  neutrino convection 

• momentum transfer onto neutron star 

– density differences 

•  “tug boat effect” 

1358 H.-T. Janka

Figure 1. Schematic visualization of SN mass ejection and compact remnant kicks. In the left-hand image the ejecta are spherically symmetric and no recoil
is imparted to the central object. Asymmetric mass ejection must lead to compact remnant motion with the opposite linear momentum (middle panel). The
momentum can be transferred by gravitational forces and by direct hydrodynamical forces in the case of accretion. The latter are crucial when the protoneutron
star is accreting fallback matter to collapse to a BH (right-hand panel). (Image taken from Scheck et al. (2006); reproduced with permission C⃝ESO.)

velocities exceeding the local escape speed, and the inward pointing
accretion downdrafts lose their supply of fresh gas. Accretion to the
PNS therefore decays and the transition to the neutrino-driven wind
phase takes place, during which the PNS continues to lose mass at
a low and declining rate (!10−3–10−2 M⊙ s−1) in an essentially
spherically symmetric supersonic outflow. This outflow is driven
by the energy that neutrinos escaping from the hot PNS deposit
in the layers adjacent to the neutrinosphere (Duncan, Shapiro &
Wasserman 1986; Qian & Woosley 1996).

Accretion downflows and rising bubbles can directly transfer mo-
mentum to the NS by hydrodynamic effects (Janka & Müller 1994).
Because of the strongly time-dependent and non-stationary flows
before and during the initiation of the explosion, however, the NS
is bounced back and forth in varying directions and can attain only
small recoil velocities (at most around 100 km s−1) in multidimen-
sional simulations of this early post-bounce phase (e.g. Fryer 2004;
Fryer & Young 2007). Once the explosion sets in and the asym-
metry pattern of the ejecta becomes frozen in, however, significant
linear momentum in a certain direction can build up in the compact
remnant (as visualized in the right-hand panel of Fig. 1). This NS
recoil points away from the direction of strongest mass ejection. In
contrast to such a hydrodynamic acceleration associated with the
accretion downdrafts and anisotropic outflows, the spherically sym-
metric neutrino-driven wind does not contribute to the NS recoil on
any significant level. Instead, the compact remnant experiences a
persistent traction that is exerted by the anisotropic gravitational
attraction of the asymmetrically distributed ejecta. The correspond-
ing NS acceleration is directed towards the densest, slowest ejecta
clumps (Fig. 1, middle panel). The NS velocity grows at the ex-
pense of ejecta momentum, but the associated loss of momentum in
the outward moving ejecta can be compensated by their continuous
reacceleration as internal explosion energy is converted to kinetic
energy by hydrodynamic forces in the accelerating SN blast. The
NS and the towing high-density ejecta clumps can also be consid-
ered as a mass entity that moves jointly in a shared gravitational
trough and interacts hydrodynamically (and gravitationally) with
the surrounding SN material, similar to a sailing ship that is blown
by the wind and is pulling a dinghy on a tow line.

The long-distance gravitational coupling between compact rem-
nant and dense, slowly expanding ejecta is the most efficient contri-
bution to the long-lasting acceleration of the newly formed NS. In
3D simulations this gravitational tug-boat mechanism was shown

to be able to accelerate the NS to velocities in excess of 700 km s−1

over time-scales of many seconds (Wongwathanarat et al. 2010,
2013), and analytic estimates (Wongwathanarat et al. 2013) as well
as 2D simulations (Scheck et al. 2006) suggest that in extreme cases
more than 1000 km s−1 are well possible.

3.2 BH acceleration in fallback supernovae

Asymmetric mass ejection and the associated acceleration of the
compact remnant by hydrodynamical and gravitational interaction
has interesting implications in the case of BH formation in fall-
back SNe, i.e. in SN explosions where the energy injected to the
blast wave is not sufficient to unbind the whole stellar mantle and
envelope. In this case a larger fraction of the progenitor will fall
back to the newly formed NS after its initial expansion has been
slowed down by reverse shocks that originate when the outgoing
SN shock wave decelerates in regions where the density gradient
is more shallow than ρ ∝ r−3 (e.g. Kifonidis et al. 2003). If suffi-
ciently massive, the fallback will trigger the delayed collapse of the
NS to a BH. The BH in LMXBs must have gained its mass by such
a massive fallback in the course of the SN explosion of the primary
star.

As described in Section 3.1, the PNS in an asymmetric explo-
sion is accelerated mainly due to the gravitational attraction of the
slowest moving parts of the ejecta. The gravitational interaction be-
tween compact remnant and the innermost ejecta also determines
the fallback in the SN. Therefore the fallback is likely to occur pref-
erentially in the directions where the explosion is weaker, whereas
the matter with the highest expansion velocities has the best chance
to escape from the gravitational influence of the central object. This
anisotropic fallback will enhance the momentum asymmetry of the
SN mass ejection, thus increasing the kick velocity of the com-
pact remnant. According to the arguments given in Section 3.1,
the corresponding additional acceleration of the accretor is medi-
ated by hydrodynamical and gravitational forces associated with the
anisotropic infall of the fallback matter (Fig. 1, right-hand panel).
Since the asymmetry of the fallback should correlate with the mo-
mentum asymmetry of the initially (i.e. after the saturation of the
NS kick and prior to the fallback) expanding SN matter, the mo-
mentum of the BH-forming remnant must be expected to increase
with the fallback mass. From this scenario one therefore expects
a BH momentum distribution that grows with the BH mass, or, in
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Fig. 2. Entropy-isosurfaces (left) of the SN shock (grey) and of the high-entropy bubbles (green), and entropy distribution in a cross-sectional
plane (right) at t = 140, 248, 515 ms, and 1.3 s for model W15-2. The viewing direction is normal to the xz-plane. Length scales are given by the
yardsticks below each image. Small Rayleigh-Taylor mushrooms start growing at ∼100 ms (top panels). The rising high-entropy bubbles merge and
rearrange to form larger bubbles by the time the explosion sets in (second from top). The NS starts accelerating due to the asymmetric distribution
of the ejecta, the acceleration reaching its maximum at ∼500 ms (third from top). At this epoch, the ejecta show a clear dipolar distribution with
more dense, low-entropy material concentrated in the hemisphere containing the kick direction. The final NS kick direction has already found its
orientation, and its projection onto the xz-plane is shown by the white arrows pointing to the lower right direction. The bottom panels show the
entropy structure when the essentially spherically symmetric neutrino-driven wind has developed, visible as the green central region enclosed by
the highly aspherical wind-termination shock (lower right panel).
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Dependence on Ni distribution A. Wongwathanarat et al.: Neutron star kicks and spins and supernova nucleosynthesis

Fig. 15. Volumetric three-dimensional visualization of the nickel distribution for models W15-1, W15-2, L15-1, and L15-2 at the postbounce
time given in the top left corner of each panel along with the model name. The semi-transparent isosurfaces correspond to a chosen value of the
nickel mass per grid cell of 3 × 1026 g and are displayed at a stage well after all nucleosynthesis processes have seized in our simulations. The
orange vectors represent the NS kick directions and are scaled by the corresponding NS velocities (96 km s−1 for the shortest arrow and 575 km s−1

for the longest one). The high-kick models W15-1 and W15-2 in the upper two panels exhibit a clear asymmetry with much more nickel being
ejected in the hemisphere opposite to the kick direction. In contrast, the moderate-kick models L15-1 and L15-2 in the lower two panels exhibit a
more isotropic distribution of the nickel, in particular no obvious hemispheric asymmetry between kick and anti-kick directions. While the radial
distribution of the nickel may be strongly affected and changed by subsequent mixing instabilities that develop after the outgoing shock has passed
the composition-shell interfaces of the progenitor star, the hemispheric differences in the nickel ejection will not be destroyed during the later
supernova explosion.

effect is simple: anisotropies of the neutrino emission exhibit
short-timescale intermittency and are characterized by a higher-
order multipole structure in angular space. As a consequence,
the neutrino-induced momentum transfer is diminished by sta-
tistical averaging and is therefore unable to cause any significant
net kick in a certain direction. Moreover, only a small fraction
of the total neutrino energy loss is radiated anisotropically dur-
ing the simulation time. Instead, the far majority of the escaping
neutrinos contribute to the isotropic background flow that dif-
fuses out of the essentially spherical, hot accretion layer around
the nascent NS.

NS acceleration by the gravitational tug-boat mecha-
nism was first discussed on the basis of axisymmetric (2D)

simulations by Scheck et al. (2004, 2006) and was confirmed
in 3D with a small set of explosion models by Wongwathanarat
et al. (2010b). Moreover, support for this mechanism was re-
cently also provided by the 2D simulations of Nordhaus et al.
(2010, 2012), in which the NS was allowed to move self-
consistently out of the grid center.

While the artificial constraint to axisymmetry enforces a
collimation of large-scale flows parallel to the polar grid axis
and thus tends to favor a pronounced, dipolar deformation of
the explosion, the 3D asphericities appear less extreme and
seemingly less promising for high NS kicks. Nevertheless, the
inhomogeneities and anisotropies in the massive postshock shell
are sizable also in 3D. In fact, low spherical harmonics modes

A126, page 23 of 25
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Is this observed? 

•  Resolved ejecta observations so far 
limited 

– SN 1987A 

• Ni (Fe) distribution in SN remnants often 
difficult 

–  stable Fe 

– pre-explosion Fe 

• Other elements more easily accessible 



Cassiopeia A 

•  Asymmetry in ejecta 

–  44Ti distributed 
differently from  
Si and Mg 

–  ‘opposite’ to the  
motion of the  
compact object 

Fe is produced in close physical proximity to the 44Ti. Some correlation
would therefore be expected. The simplest explanation for the lack of
correlation is that much of the Fe-rich ejecta have not yet been pene-
trated by the reverse shock and therefore do not radiate in the X-ray
band. Whereas X-rays from 44Ti decay are produced by a nuclear
transition and directly trace the distribution of synthesized material,
the Fe X-ray emission results from an atomic transition and traces the
(mathematical) product of the Fe density and the density of shock-
heated electrons; without the hot electrons, the Fe will not be visible in
the X-rays. A possible explanation of our observations is that the bulk
of the Fe ejecta in Cas A have not yet been shock-heated, further
constraining models18–20 of the remnant as well as the total amount

of Fe. An alternative explanation is that most of the Fe is already
shocked and visible, and that some mechanism decouples the produc-
tion of 44Ti and Fe and produces the observed uncorrelated spatial map.

Unshocked or cool, dense material (material that either was never
heated or has already cooled after being shock-heated) might still be
visible in the optical or infrared spectral band. The Spitzer space tele-
scope observes line emission from interior ejecta primarily in [Si II] but
it seems that there is not a significant amount of Fe present in these
regions21. However, if unshocked ejecta are of sufficiently low density
or have the wrong ionization states, then they will be invisible in the
infrared and optical. Low-density Fe-rich regions may in fact exist
interior to the reverse-shock radius as a result of inflation of the emit-
ting material by radioactivity (the ‘nickel bubble’ effect22).

The concentration of Fe-rich ejecta inferred from maps in X-ray
atomic transitions is well outside the region where it is synthesized, and
not in the centre of the remnant interior to the reverse shock. This
observation has been used to suggest the operation of a strong instab-
ility similar to that proposed for SN 1993J23. The presence of a signifi-
cant fraction of the 44Ti interior to the reverse shock and the implied
presence of interior ‘invisible’ iron requires this conclusion be revisited.
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Figure 1 | The broadband hard-X-ray spectrum
of Cas A. Data from both telescopes over all
epochs are combined and shown as black data
points with 1s error bars. The spectra are shown
combined and rebinned for plotting purposes only.
Also shown are the best-fit continuum models for
a power law (blue) and a model that describes
electron cooling due to synchrotron losses (red).
The continuum fits were obtained using the
10–60-keV data and extrapolated to 79 keV with
the best-fit values for the continuum models
provided in Extended Data Table 2, although the
choice of continuum model does not significantly
affect the measurement of the lines (Methods).
When the continuum is extrapolated to 79 keV,
clearly visible line features (Extended Data Fig. 5)
appear near the 44Ti line energies. Inset: zoomed
region around the 44Ti lines showing the data and
the two models on a linear scale. The vertical green
lines are the rest-frame energies of the 44Ti lines
(67.86 and 78.36 keV). A significant shift of
,0.5 keV to lower energy is evident for both lines,
indicating a bulk line-of-sight velocity away from
the observer. Details of the data analysis, including
a discussion of the NuSTAR background features
(Extended Data Fig. 4), are given in Methods.
Extended Data Table 3 lists the parameters of the
best-fit Gaussian models of these features with
the error estimates described in Methods.
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Figure 2 | A comparison of the spatial distribution of the 44Ti with the
known jet structure in Cas A. The image is oriented in standard astronomical
coordinates as shown by the compass in the lower left and spans just over 59 on
a side. The 44Ti observed by NuSTAR is shown in blue, where the data have
been smoothed using a top-hat function with a radius shown in the lower right
(dashed circle). The 44Ti is clearly resolved into distinct knots and is non-
uniformly distributed and almost entirely contained within the central 10099
(Methods and Extended Data Fig. 2). Shown for context in green is the Chandra
ratio image of the Si/Mg band (data courtesy of NASA/CXC; Si/Mg ratio image
courtesy of J. Vink), which highlights the jet–counterjet structure, the centre
of the expansion of the explosion2 (yellow cross) and the direction of motion of
the compact object (white arrow). In contrast to the bipolar feature seen in the
spatial distribution of Si ejecta, which argues for fast rotation or a jet-like
explosion, the distribution of 44Ti is much less elongated and contains knots of
emission away from the jet axis. A reason for this may be that the Si originates in
the outer stellar layers and is probably highly influenced by asymmetries in the
circumstellar medium, unlike the 44Ti, which is produced in the innermost
layers near the collapsing core.
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SN 1987A evolution 
(1994-2010) 



The inner ejecta 

Comparison optical vs. IR 

optical  

heated by X-rays 

IR 

radioactive heating 



Asymmetry in the ejecta 

[Si I] +[Fe II] 
[Si I] +[Fe II] 
1.64 μm 



The next surprise 
X-raying the ejecta of SN 1987A 

flux of the inner  
ejecta has increased 
again (starting at 
about 13.5 years) 

sign of additional  
energy input 

R 

B 

1994 2003 1999 2009 

Larsson et al. 2011 



What’s happening? 

The outer ejecta has reached the equatorial 
ring and creates shocks in the dense material 

X-rays are emitted in all directions  

heat the inner ejecta 

Other possibilities excluded 

–  reverse shock in HII region à no increase in 
(broad) Lyα or Hα observed 

– pulsar à no trace so far (e.g. in radio or X-rays) 

–  transition from optically thick to optically thin dust 
à unlikely to occur at this point 



Transition to SN remnant 

SN 1987A no longer powered by radioactive 
decays, but the kinetic energy from the 
shocks 

Heating on the outskirts  
à shell-like structure 

Different from the Fe-core 
still heated by 44Ti 
– Kjær et al. 2010;  

– SINFONI observations 



Evolution of the inner ejecta 

Clear change in 
morphology at 
optical 
wavelengths 

1994 1998 2000 

2003 2006 2009 

13 Nov 2000 12 Dec 2009 

Larsson et al. 2013 



IR observations 

[Si I]/[Fe II] 1.644µm  
emission 

2005 2011 



Complementary optical and IR 
observations  

Optical emission clearly different from the IR 

–  [Si I]+[Fe II]  
concentrated  
towards the center 

– Optical (Hα) in a  
‘shell’ 

Ø Different energy 
sources 



3-dimensional picture 

Derived from 
[Si I]+[Fe II] 1.644µm 
emission 

Emission in the plane of 
the equatorial ring 

Clumpy distribution 

Extending out to  
~4500 km s-1  

Larsson et al. 2013 



No sign yet of a neutron star 



Dust in SN 1987A 

•  Synchrotron emission from the ring 

•  Thermal dust in the inner ejecta 
The Astrophysical Journal Letters, 782:L2 (6pp), 2014 February 10 Indebetouw et al.

Figure 1. Top row: continuum images of SN 1987A in ALMA Bands 3, 6, 7, and 9 (2.8 mm, 1.4 mm, 870 µm and 450 µm respectively). The spatial resolution is
marked by dark blue ovals. In Band 9 it is 0.33 × 0.′′25, 15% of the diameter of the equatorial ring. At Bands 7, 6, and 3 the beams are 0.69 × 0.′′42, 0.83 × 0.′′61, and
1.56 × 1.′′12, respectively. At long wavelengths, the emission is a torus associated with the supernova shock wave; shorter wavelengths are dominated by the inner
supernova ejecta. The bottom row shows images of the continuum at 6.8 mm imaged with the Australia Telescope Compact Array (ATCA; Zanardo et al. 2013, 0.′′25
beam), the hydrogen Hα line imaged with the Hubble Space Telescope (HST; Image courtesy of R. Kirshner and the SAINTS collaboration; see also Larsson et al.
2013), and the soft X-ray emission imaged with the Chandra X-Ray Observatory (Helder et al. 2013).

Table 1
Flux Densities

Component ν λ Fν Epoch Telescope Angular Ref.
(GHz) (mJy) Res.

Torus 36.2 8.3 mm 27 ± 6 2008 ATCA 0.′′3 Potter et al. (2009)
Torus 44 6.8 mm 40 ± 2 2011 ATCA 0.′′3 Zanardo et al. (2013)
Torus 90 3.2 mm 23.7 ± 2.6 2011 ATCA 0.′′7 Lakićević et al. (2012b)
Both 110 2.8 mm 27 ± 3 2012 ALMA 1.′′3 This Letter
Torus 215 1.4 mm 17 ± 3 2012 ALMA 0.′′7 This Letter
Ejecta 215 1.4 mm <2 2012 ALMA 0.′′7 This Letter
Torus 345 870 µm 10 ± 1.5 2012 ALMA 0.′′5 This Letter
Ejecta 345 870 µm 5 ± 1 2012 ALMA 0.′′5 This Letter
Torus 680 440 µm <7 2012 ALMA 0.′′3 This Letter
Ejecta 680 440 µm 50 ± 15 2012 ALMA 0.′′3 This Letter
Both 860 350 µm 54 ± 18 2010 Herschel 24′′ Matsuura et al. (2011)
Both 860 350 µm 44 ± 7 2011 APEX 8′′ Lakićević et al. (2012a)
Both 1200 250 µm 123 ± 13 2010 Herschel 18′′ Matsuura et al. (2011)
Both 1900 160 µm 125 ± 42 2010 Herschel 9.′′5 Matsuura et al. (2011)
Both 3000 100 µm 54 ± 18 2010 Herschel 13.′′5 Matsuura et al. (2011)

(Figure 3). This implies that that the carbon dust mass is much
higher today than the 5 × 10−4 M⊙ measured two years after the
explosion (Wooden et al. 1993; Ercolano et al. 2007), and that
within uncertainties nearly all of the 0.23 ± 0.1 M⊙ of carbon
(Thielemann et al. 1990; Woosley & Heger 2007) released in
the explosion is now in dust. The dust mass depends on opacity,
temperature, and optical depth but is quite robustly constrained
by the data. We use amorphous carbon opacity κ = 10 and
3 cm2 g−1 at 450 and 870 µm, respectively (Rouleau & Martin
1991). Values in the literature range from 2 to 10 cm2 g−1 at
450 µm (e.g., Planck Collaboration et al. 2013; Jager et al.
1998); using a lower value would only raise the dust mass. Our

analysis of CO emission observed with ALMA and Herschel
finds >0.01 M⊙ of CO in SN 1987A (Kamenetzky et al. 2013).
Within uncertainties, the carbon in dust and CO does not yet
exceed the nucleosynthetic yield, but as future observations
refine the CO and dust masses, strong constraints may be placed
on nucleosynthesis, chemistry, dust coagulation, or all three.

The temperature is quite well constrained by these data, and
theoretical models predict a similar temperature. Cooling by
adiabatic expansion and radiation is offset by heating from
44Ti decay and by external X-ray heating from the shocks.
The current gas temperature in the absence of X-ray heating is
modeled to be 20–100 K (Fransson et al. 2013). Models predict
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Figure 2. Emission from the synchrotron torus of SN 1987A as a function of wavelength, on the same intensity color scale. Emission from the inner ejecta has been
subtracted to isolate the torus. The 6.8 mm ATCA image (Zanardo et al. 2013) has been smoothed to 0.′′55 beam similar to the ATCA 3.2 mm (0.′′7; Lakićević et al.
2012b) and ALMA images.

Figure 3. Spatially separated ALMA flux densities of the torus (green) and inner ejecta (red). Previous measurements are marked in black (Potter et al. 2009; Zanardo
et al. 2013; Lakićević et al. 2012a, 2012b; Matsuura et al. 2011). Measurements at longer wavelengths dominated by shock emission have been scaled to the epoch
of the ALMA observations according to the light curve Fν ∝e((t−5000)/2231) at 44 GHz (Zanardo et al. 2010); the original flux densities at their epochs of observation
are shown as open circles. The spectral energy distribution (SED) of the torus is a power law Fν ∝ να with a single index α = −0.8 ± 0.1 (green dashed line). The
SED of the inner ejecta is fit well by a model of dust emission—shown here is 0.23 M⊙ of amorphous carbon dust at 26 K (red dashed line), and a combination of
amorphous carbon and silicate dust (0.24 M⊙ and 0.39 M⊙ respectively, both at 22 K, two lower magenta dotted lines sum to the upper dotted line).

that significant X-rays do not yet penetrate inward as far as the
2 × 1017 cm radius of the ALMA 450 µm emission (Fransson
et al. 2013). The compact and centrally peaked 450 µm emission
supports this interpretation, since external heating would likely
result in more limb-brightened or extended dust emission. Since
the ionization fraction is below 1% (Larsson et al. 2013), less
than ∼40% of the X-ray flux will go into heating (Xu & McCray
1991), and <5% of the observed total flux 4.7 × 1036 erg s−1

(Helder et al. 2013) is intercepted by the ejecta. Even if it
did reach the dusty inner core, the energy deposition would be
<10% of the heating from 44Ti decay (Jerkstrand et al. 2011).
The best-fit dust mass Md scales approximately as T −2

d , and
Md > 0.1 M⊙ for Td < 50 K.

The emission is optically thin at 450 µm, and Md is insensitive
to unresolved clumpiness: If 0.23 M⊙ of dust uniformly filled a
region the size of the ALMA emission, the peak surface density

would be 0.02 g cm−2, with an optical depth τ450 <0.2. If the
dust is clumpy, each clump remains optically thin unless the
filling fraction is less than ∼2%; a filling fraction of 10%–20%
was fitted to the infrared spectrum (Lucy et al. 1991; Ercolano
et al. 2007) and consistent with the CO clump filling factor
of 0.14 fitted to ALMA CO emission (Kamenetzky et al.
2013). Analytical formulae for radiative transfer in dense clumps
(Városi & Dwek 1999) indicate that the effective optical depth
of the ensemble of clumps remains low over a very wide range
of clump filling fraction and number.

The data can also be fit by a combination of carbona-
ceous and silicate (Mg2SiO4) dust (Figure 3; dotted line), al-
though the mass of carbonaceous dust cannot be significantly
reduced because amorphous carbon has the highest submillime-
ter opacity κ among minerologies similar to the interstellar
medium, and eliminating it would require dust masses of other
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Summary 
Connection between SN explosion and neutron 

star difficult 
time scales 

isolating explosion material from SN shocks in the 
interstellar 

Some SNe may be powered by the neutron 
star formed in the explosion 
“fast” rise time + high luminosity 

can be provided by the spin down energy of a 
magnetar 



Summary 
Cas A 

indications of asymmetric distribution of 44Ti 

opposite compact remnant 

SN 1987A 
first direct look at an explosion 

resolved inner ejecta (iron core) are the immediate 
reflection of the explosion mechanism 

confirmation asymmetries in the explosion 

possibly best chance to look for a neutron star in 
the coming years 

illumination by external sources?  

dust? 


