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tion of dust in any supernova. A quantita-
tive model provided many characteristics 
of the dust including its mass and type.  
It was supplemented by concurrent infra-
red observations from ESO. This method-
ology of using optical spectra as a diag-
nostic of dust formation has stood the 
test of time and has not been surpassed.

In 1989, the New Technology Telescope 
(NTT) at La Silla saw first light. The intrin-
sic optical quality of the NTT and the 
behaviour of the atmosphere were so 
excellent that the images of stars looked 
very pixellated when viewed at full reso-
lution with the imagers available at the 
time. This was not only aesthetically 
unsatisfactory, but also scientifically detri-
mental, and it inspired Leon to enhance 
his deconvolution algorithm developed  
in 1974 to decrease the size of the out- 
put pixels so that the processed images 
would be sharper and look much 
smoother.

Only one year later, shortly after the 
launch of the Hubble Space Telescope 
(HST), it was discovered that the curva-
tures of the primary and secondary 
 mirrors of the HST did not match. As a 
result, HST images of stars had a sharp 
core but very extended halos. Until the 
problem was fixed in 1993 by astronauts 

Dietrich Baade 1

John Danziger 2

Richard Hook 1

Jeremy Walsh 1

1 ESO
2  Astronomical Observatory of Trieste, Italy

In March this year, Leon Lucy passed 
away unexpectedly. Leon was one of  
the most highly respected stellar astro-
physicists of his generation. He was a 
student of Franz Kahn at the University  
of Manchester, where he received his 
doctoral degree in 1962. After postdoc-
toral positions at Princeton, Goddard 
Institute for Space Studies in New York 
and the Max Planck Institute for Physics 
and Astrophysics in Munich, he spent 
20 years (from 1965 to 1986) at the 
Department of Astronomy at Columbia 
University, where he served as chair from 
1979 to 1982. For a decade at Columbia, 
he was co-editor of the Astronomical 
Journal, initially alongside Lodewijk 
 Woltjer, and later with Norman Baker. 
From 1998, Leon was a visiting professor 
at Imperial College London.

Leon started his career at a time when 
computers became capable of simulating 
complex physical processes. He realised 
early their power as tools to develop 
physical understanding beyond analytical 
techniques. His scientific vision and 
mathematical skills resulted in creativity in 
three different areas, namely: the inven-
tion of smoothed-particle dynamics; a 
method to combine radiative transfer 
 calculations in expanding atmospheres 
using Monte Carlo methods; and the 
independent development of an iterative 
restoration technique, which is known  
as the Richardson-Lucy deconvolution 
 algorithm. These three methods are still 
very broadly and successfully used in 
many scientific areas, and beyond. Leon 
continued to develop and apply these 
three methods in a large variety of con-
texts. Later, he also worked on algorithms 
to infer the validity of Bayesian models. 
Leon’s, mostly first-author, papers set the 
standard for the combination of elegance 
and clarity.

In 1976, Leon visited ESO, which was in 
Geneva at that time, for half a year, and 

he worked at ESO in Garching from 1984 
to 1998 — initially in the Science Division 
and from 1991 in the Space Telescope- 
European Coordinating Facility (ST-ECF). 
Three important events occurred during 
the time of Leon’s stay at ESO, though in 
none of them was Leon’s participation 
initially foreseen. His emphatic offers to 
engage in providing support on these 
occasions demonstrated Leon’s strong 
motivation to accept responsibility when 
he saw the possibility to make a signifi-
cant contribution, which he impressively 
achieved in all three cases.

The first opportunity arose completely 
unpredictably in 1987 with the supernova 
explosion SN 1987A in the Large 
Magellanic Cloud. The brightest naked 
eye supernova since the 17th century, 
this event meant that scientific analysis 
methods for observations of unprece-
dented detail had to be developed largely 
from scratch. Leon wrote two computer 
codes to model the spectra of the early 
photospheric and the subsequent nebu-
lar phases. The first results were pre-
sented as early as the summer of 1987.  
In August 1988, a subtle change was 
observed in the optical emission lines of 
SN1987A. Leon realised that this effect 
was due to obscuration by dust, which 
was the earliest recognition of the forma-
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What%powers%the%Light%Curve%of%SN?
1. Radioactive%decay

56Ni%! 56Co;%%HalfAlife%=%%%%%%%6.08%days%
56Co%! 56Fe;%%HalfAlife%=%%%%77.27%days%
57Co%! 57Fe;%%HalfAlife%=%%271.8%days
44Ti%%! 44Sc%(! 44Ca);%%HalfAlife%=%%60.0%years

2. Shock%deposited%energy

Small%progenitors
Rapid%expansion%=>%large%adiabatic%cooling
Shock%energy%less%important.

Large%progenitors
Powers%preAnebula%phase%l.c.%of%RSG%progenitors
Recom.%energy%NOT%important,%but%recombination%controls%the%light%curve%evol.

3. Interaction%– conversion%of%kinetic%to%thermal%energy.
Fluff,%wind,%CSM

4.%%%%%Magnetar%powered



Type%IIP%SN%

• RSG%progenitor
• Large%progenitor%

• Triggered%by%core%collapse
• Most%of%energy%emitted%as%neutrinos.%Neutron%star%remnant.

• Still%unclear%what%“powers”%ejecta.%

• Aspherical%explosion%(hidden%by%H%rich%envelope?)

• Light%curve
• Powered%by%shock%deposited%energy,%%and%then%decay%(56Ni%N>%56Co%N>%56Fe).%

• Spectra%dominated%by%H,%He%I%at%early%times
• True%continuum%seen%until%nebular%phase.%
• H,%Ca%II%etc seen%at%late%times%

Type%IIpec SN

BSG%progenitor
• Adiabatic%cooling%very%important

• 1987A%was%much%fainter%than%“expected”



Fundamental*Questions
(1) What*are*the*progenitors*of**Ib,*Ic,*broad<lines*Ic SN?

a) Classic*Wolf<Rayet stars?
b) He*stars*resulting*from*binary*evolution*(Mpro <*20)*

(2) What*is*the*mass*of*the*ejecta?

a) H*mass*–controls*the*light*curve*in*IIP*
b) He*core*mass*

(3) What*is*the*progenitor*mass?
a) Mass*loss*history
b) Binarity
c) Oxygen*mass?

(4) How*much*mixing*occurs*and*inhomogeneities?
(1) Macroscopic*versus*microscopic*mixing
(2) When*does*it*occur?

(5) Constraints*on*the*nucleosynthesis

(1) Abundance*tomography*(Paolo)

(6) Asymmetries?

(7) Evolution*as*a*function*of*z*&*Z

Explosion*physics



Spectral)Modeling
Monte&Carlo

Trace&photon&packets&through&the&ejecta.
Treats&absorption,&scattering,&and&emission.
3D&is&not&much&more&complex&than&1D&(but&very&computational).
FullCnon&LTE&possible,&but&many&codes&&are&pseudo&nonCLTE.

Exceptions&CC codes&of&Anders&Jerkstrand,&&Mattias Ergon

Solve&Radiative Transfer&Equation&(rayCtracing)
Fully&nonCLTE.
Not&subject&to&statistical&errors&(but&discretation errors).
3D&is&much&more&expensive&than&1D&(by&factor&of&&105!)

CMFGEN: 1D&time&dependent&radiative transfer&code.
e.g.,&Hillier&&&Miller&(1998),&&Hillier&&&Dessart (2012)
(cf.&codes&of&Peter&Hoeflich;&PHOENIX&– Peter&Hauschildt).



Spectral)Modeling)Difficulties

Initial)value)problem

At)many)phases)(primarily)pre<nebula))need)to)run)a)time)sequence.

Need)a)pre<SN)model)(i.e.,)progenitor)model).

Mass,)H<envelope)mass,)radius,)core)mass,)full)composition)profile.

Core)collapse)SNe cannot)(generally))be)exploded)from)first)principles.

56Ni)mass)and)explosion)energy)are)“free”)parameters.

Time)dependent)radiative)transfer)and)energy)equation

SNe are)expanding.)Diffusion)time)is)long.)

Flux)is)not)conserved.

Non<LTE)<< time)dependent)kinetic)equations

Potentially)affects)ionization)structure.

Crucial)for)explaining)H⍺)in)Type)IIP)Sne .

Additional)complexities)

Gamma)ray)transport)&)non)thermal)ionization.

Mixing)/)clumping)/)non<sphericity.
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Opacity(Project:

Seaton(1987;(Hummer(et(al.(1993

Bob(Kurucz

Bell(and(Kurucz (1995)

http://kurucz.harvard.edu

Keith(Butler((Munich)

Sultana(Nahar /(Anil(Pradhan

http://www.astronomy.ohioM

state.edu/~nahar/nahar_radiativeatomicdata/index.html

NIST

http://www.nist.gov/pml/data/asd.cfm (Energy(levels,(f values,(bib)

http://www.nist.gov/pml/pubs/atspec/index.cfm (Introduction(to(Atomic(

Spectroscopy)

CLOUDY((Ferland/Verner)

Charge(exchange(rates

Ground(state(photoionization crossMsections

+(many(others

Atomic'Data

http://kurucz.harvard.edu/
http://www.astronomy.ohio-state.edu/~nahar/nahar_radiativeatomicdata/index.html
http://www.nist.gov/pml/data/asd.cfm
http://www.nist.gov/pml/pubs/atspec/index.cfm


Energy'Conservation'(in'CMF)

r2

max

H(r
max

) = r2H(r) +
Z r

max

r

r2

4⇡

✓
ė
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Lcmf – Luminosity-in-the-comoving frame
Q--------– Energy-from--radioactive--decay
E(t)--– Radiative-energy-in-envelope

Energy-Conservation

see-also,-Katz-(2013),-Nakar et-al.-(2016)
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Why$D/Dt in$SEEs?

Utrobin$&$Chugai$
2005,$A&A,$441,$271

Dessart &$Hillier$
2008,$MNRAS,$385,$57
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Figure 15. Comparison of U and V magnitudes for models m15e0p6, m15e1p3, and m15e2p9. Notice the degeneracy of their U − V color evolution (right).

Figure 16. Spectral comparison between SN2005cs (Dessart et al. 2008) and the under-energetic model m15e0p6 (the synthetic spectra are first reddened with
E(B − V ) = 0.04mag and later normalized to observations at 6000 Å). In this illustration, we are merely interested in comparing the relative agreement
between model and observations when the colors match — the absolute flux level, which may be offset due to an inadequate explosion energy, progenitor
radius, or 56Ni mass, is not of primary interest here.

these RSGs often exhibit intense mass loss episodes, as in the case
of VY CMa. If it were to explode, rather than producing a type II-P,
the resulting SN would probably be a Type IIn, or a II-L.

The effect of metallicity is interesting. It is visible in the pre-
SN object through the influence on the final mass and radius. In the
SN II-P spectra, variations in metallicity modulate the magnitude
of line blanketing, which affects the entire UV range. In the opti-
cal, the effect is visible through strong individual line features for

numerous metal species, including O, Na, Ca, Ti, and Fe. Hence,
the outer layers of SN II-P ejecta, unaffected by steady/explosive
burning or mixing, represent a great potential for metallicity stud-
ies. SN II-P observations could be used to infer the metallicity at
the SN site, which is important to understand the progenitor evo-
lution, but also as a tool to infer metallicities in the nearby and
distant Universe. This may prove particularly useful in the coming
years with JWST and extremely large telescopes.

c⃝ 2012 RAS, MNRAS 000, 1–19

Spectra(compared(at(same(color!
Dessart,(Hillier,(Waldman,(Livne,(2013,(MNRAS,(433,1745



Blueshifted emission peaks in SNe II 675

Figure 4. Evolution in time of the velocity offset of SN Hα emission peaks for the 95 SNe II in the current sample. Three events are shown: a sub-luminous
event, SN 2008bk; a prototype Type II-P, SN 1999em; and a faster declining event, SN 2008if. A standard error bar for all measurements is given in black,
where the origin of the velocity error is outlined in Section 2, and the time error is based on average errors of estimated explosion epochs (see Anderson et al.
2014 for a detailed description of that process).

a range of properties for the same main-sequence star mass but
different initial rotation rate, mixing-length parameter, core over-
shooting prescription or explosion energy). We also include model
m15mlt1x3, which is evolved the same way as m15 but with a
mixing-length parameter of 1.5 and a mass-loss enhanced by a fac-
tor of 3 compared to the standard red supergiant (RSG) mass-loss
rates provided by the ‘DUTCH’ recipe in MESA. This produces a low
envelope-mass RSG at the time of explosion, which, when exploded
to yield a 1.2 B ejecta kinetic energy, yields a II-Linear light-curve
morphology (see Hillier et al., in preparation).

4.2 Results for SN II-P simulations

The first important result is that the peak-emission blueshift, ob-
served in spectra of SNe II (see, e.g. Fig. 1) is also predicted by
simulations at all times prior to the onset of the nebular phase. Fig. 5
shows the evolution of the Hα region from 11 d until 138 d after ex-
plosion in model m15mlt3. This model matches well the spectral

and light-curve evolution of SN 1999em, except for a prolonged
plateau phase of !150 d, which stems for the underestimated RSG
mass loss in the MESA model (see Dessart et al. 2013 for details).
The evolution of the velocity offset of peak emission agrees qual-
itatively and quantitatively with the observations. Importantly, all
the simulations presented in Dessart et al. (2013) show the same
behaviour, in agreement with observations (Fig. 6). Typical peak
blueshifts are of the order of −3200 km s−1 at 10 d after explosion
and steadily decrease in strength to eventually reach zero at the end
of the plateau, as observed.

5 D ISCUSSION

In previous sections, it has been shown that significant blueshifted
velocities of Hα emission peaks are a common feature of both
observations and models of SNe II. Here, we first discuss
the physical origin of these features and their diversity, before

MNRAS 441, 671–680 (2014)
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Blueshifted emission peaks in SNe II 677

Figure 6. Evolution of the velocity offset of Hα peak emission with respect to rest wavelength for the large set of models presented in Dessart et al. (2013).
All models follow the same trajectory, except for models m15e3p0/m15e0p6 (3 and 0.6 B, respectively), which have a larger/lower ejecta energy than other
models (i.e. 1.2 B), and for model m15mlt1x3, in which the RSG mass-loss was artificially increased by a factor of 3. (See the text for discussion.)

photons have a relatively low destruction probability and we can
therefore see line emission from layers deeper than the continuum
photosphere.

Fig. 7 illustrates these effects for model m15mlt3 at 11 d (left-
hand panel). As time progresses, the situation evolves significantly
for several reasons. The spectrum formation recedes to deeper layers
in the ejecta, where the density profile is flatter, favouring extended
emission above the continuum photosphere. The velocities are also
lower, so any velocity offset becomes less conspicuous. Moreover,
time-dependent ionization exacerbates this effect by making the line
optical depth more slowly varying with radius/velocity (Dessart &
Hillier 2008), also favouring extended line emission. Interestingly,
it is in part the increase in the extension of the spectrum formation
region that favours the rise of polarization at the end of the plateau
phase in SNe II-P (Dessart & Hillier 2011).

Departures from the mean trajectory of the peak location in ve-
locity space of emission peaks are visible for three models in Fig. 6.
First, the two models with a lower/higher kinetic energies (mod-
els m15e0p6 and m15e3p0) show smaller/larger offsets, simply
reflecting the contrast in ejecta velocity (same envelope mass M,
but different kinetic energy E). In these, the peak blueshifts at 10 d
after explosion are −2000 and −3500 km s−1, respectively. Sec-
ondly, model m15mlt1x3, which has a higher ejecta kinetic energy
to ejecta mass (same E of 1.2 B as the models of Dessart et al. 2013,
but much lower H-envelope mass), shows a markedly different tra-
jectory for the peak-emission offset. Because the expansion rate is

much larger, the offset is large initially, but the reduced envelope
mass makes the transition to nebular phase earlier, and at such times
the offset is always found to be zero in our models. Thus, the rate
of change of this offset is much larger in model m15mlt1x3. This
is an interesting property which is also seen in observations. In-
deed, SNe with a higher s2 parameter (i.e., V-band light curves with
steeper decline rates) also have larger initial velocity offsets (see
Fig. 8).

5.2 Correlation with other SN properties

While a full investigation into how observations of blueshifted emis-
sion are related to other SN properties is beyond the scope of this
paper, in this section we outline a couple of interesting correlations
that have been found, and suggest how these may be used to further
understand the nature of SNe II. In Fig. 8, the decline rate dur-
ing the ‘plateau’, s2 (which is a proxy for the degree to which an
SN II could be classified as ‘Linear’; see Anderson et al. 2014),
is plotted against the SN emission-peak velocity offset measured
at 30 d post-explosion (only SNe which have both s1 – the initial
decline from maximum – and s2 defined are included, see Ander-
son et al. 2014 for justification of this). A correlation is found in
that faster declining SNe show higher velocity offsets at the same
epoch as compared to smaller s2 SNe. To test the significance of this
correlation, we employ a Monte Carlo application of the Pearson
test for correlations (following the procedure outline in Anderson

MNRAS 441, 671–680 (2014)
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Anderson(et(al.,(2014,(
MNRAS,(441,(671

Hα(velocity(evolution

Blueshifted emission peaks in SNe II 673

Figure 1. Hα spectral sequence of SN 2007X. The rest velocity of the
SN position, as measured from the host H II region narrow Hα emission,
is indicated by the short dashed blue line (i.e. at zero velocity). The long
dashed magenta line shows the evolution of the Doppler velocity of the
emission peak.

recession velocity, as described above. When the host galaxy
recession velocity is employed, this brings a velocity error of
≈200 km s−1 (in extreme cases) due to the fact that recession veloc-
ities are measured at galaxy centres, while SNe explode at a range
of galactocentric distances, and hence due to galaxy rotational ve-
locities, could have rest velocities offset from those published in
the literature (note, this is a very conservative error estimate; see
Fig. 2). In addition, from our experience measuring peak emission
wavelengths, any single spectral measurement has an error of sev-
eral hundred km s−1 (due to the difficulty in defining the peak,
together with the spectral resolution of each observation). Hence,
we assume a conservative error of 500 km s−1 on all SN velocity
measurements.

An example spectral sequence is shown in Fig. 1, where there
is clear evidence for a significant blueshift of the SN Hα emission
peak with respect to the narrow line from a coincident H II region.
In addition, one observes a significant evolution of velocities with
time, in particular of the emission-peak offset.

Before continuing to our results, we note that while this work
concentrates on the observed wavelength/velocity of the Hα emis-
sion peak, significant velocity offsets are also found for the emission
peaks of other spectral features. At early times, one observes very
similar strength velocity offsets for the emission peak of Hβ. How-
ever, after several weeks post-explosion, an accurate measurement
becomes impossible because of the increased effects of line blanket-
ing, in particular the overlap with neighbouring Fe II lines. Hence,
one cannot follow the evolution of Hβ emission velocity for more
than a few weeks after explosion. Another complication is that some
spectral features are absent at early times, and so only appear when
line blanketing and line overlap are strong. This is for example a
problem with the spectral feature at 4450 Å seen in the earliest spec-
tra of SN 2006bp (Quimby et al. 2007) and SN 1999gi (Leonard
et al. 2002b), which indeed models predict to be He II4686 Å but
strongly blueshifted due to a very steep density gradient in the

photospheric regions at early times (Dessart et al. 2008). Hα is by
far the strongest line in emission in SN II spectra, and is present at
all epochs. This line is thus ideally suited for the study presented
here, and we continue using Hα as the tracer of velocity-shifted
emission features for the remainder of this paper.

3 R ESULTS

In Fig. 2 (top panel), the distribution of velocities of narrow Hα

emission (associated with the coincident H II region) with respect
to host galaxy recession velocities is presented. This distribution

Figure 2. Top: histogram showing the velocity of the narrow peak emission
(associated with a coincident H II region) detected in each SN spectrum, and
given with respect to the host galaxy recession velocity. Bottom: histogram
of the distribution of velocity offsets of Hα SN emission for the entire sample
of SN II spectra (corresponding to different post-explosion epochs).

MNRAS 441, 671–680 (2014)
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SNe II-P as metallicity probes 1859

Figure 1. Spectral evolution in the optical range for SN II-P models at one-tenth (m15z2m3, left) and twice (m15z4m2, right) the solar metallicity, highlighting
their sensitivity to metallicity variations. The UV range is also sensitive to metallicity variations but lines tend to overlap and to be saturated, which complicates
the analysis. The red curve corresponds to the synthetic continuum flux. Line identifications are discussed in detail in the appendix of Dessart et al. (2013b).

when they have the same colour, as done in Dessart et al. (2013b) at
U − V of −0.4, 0.4, and 1.7 mag. Despite the comparable spectral
energy distributions at a given colour, our set of SN II-P models
shows considerable diversity in individual lines strengths, and in
particular during the recombination phase when metal-line blanket-
ing strengthens. This phase typically starts a month after explosion,
although variations in progenitor radius can delay its onset (Dessart
et al. 2013b). The lower the metallicity, the weaker the metal lines
appear (Fig. 1). The most obvious variations are in the following
spectral lines or groups of lines (given in order of increasing atomic
mass of the parent species):

(i) O I 7777 Å,
(ii) Na I D,
(iii) the Ca II triplet at 8500 Å and the semi-forbidden-line doublet

at 7300 Å,
(iv) the Ti II broad blanketing region ranging from 4200 to

4500 Å, and associated with the atomic configurations 3d24s–3d24p,
3d3–3d24p,

(v) Sc II 5239 Å (4s2 1Se–4p 1Po), 5526 Å (3d2 1Ge–4p 1Fo),
5669 Å (3d2 1GPe–4p 3Po), and companion configurations,

(vi) Fe II 4923, 5018, and 5169 Å (3d54s2Se–3d6 4p Po terms).

Because of line overlap, numerous other lines, from these or other
metal species, prevent a clear connection to a metallicity variation,
particularly when the metallicity is super-solar (model m15z4m2).
In this case, the total flux (black curve) departs significantly from
the continuum flux level (red curve), even between neighbouring
P-Cygni profiles. In contrast, even when metal-line blanketing is
strong, the lower metallicity model m15z2m3 still exhibits well-
isolated P-Cygni profiles, with the flux going back to the continuum
level in-between neighbouring features.

The UV range is very sensitive to the metal composition at the
photosphere. Indeed, it is strongly attenuated by metal-line blan-
keting, even at one-tenth solar metallicity. Numerous metal lines
overlap and may remain saturated even when the metal abundance
decreases. Bumps and valleys in the UV range do not correspond to
specific line features, but reflect absorption variations instead. So,
bumps are merely regions of reduced absorptions (i.e. not residual
emission above the continuum level). Hence, one cannot in general
associate a given feature with a specific metal line, complicating
the inference of metal abundances from UV spectra. The UV flux
is also faint because of the low temperature of the photosphere dur-
ing the recombination epoch. Hence, the UV domain is not ideal if
we wish to determine robust metallicity signatures from SNe II-P
spectra over a large range of distances.

The strong differences shown in Fig. 1 can be quantified by means
of line-absorption equivalent widths (EWs), which we measure for
each time step in each model sequence. With CMFGEN, we can com-
pute the continuum flux for each epoch and thus calculate the true
EW for any feature. However, line overlap often prevents the asso-
ciation of a given feature with a given transition in a given atom/ion.
To identify an abundance effect on specific lines, which is our first
goal, we compute the spectrum for each species individually. Do-
ing these EW calculations on theoretical models is automatic and
unambiguous, which is why in this model section we show such
measurements, as opposed to the standard pseudo-EW (pEW) ex-
tracted from observed spectra. We show the results of true EW
calculations on Hα, O I 7777 Å, Na I D, Fe II 5018 Å, Fe II 5169 Å,
and Ca II 7300 Å in Fig. 2.

The Hα EW becomes more and more negative as the SN model
proceeds through the photospheric phase. This is not a signature
of an abundance variation but simply a reflection of the changing

MNRAS 440, 1856–1864 (2014)
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Measuring*metallicity

Dessart et*al,*2014,*MNRAS,*440,*1856

Anderson*et*al,*2016,*A&A,*589,*110**AA correlation*wit*Z(O)
Anderson*et*al,*2018,*NatAS,2,*574*AA <0.1*Z⊙
Yan*et*al.*,*2017,*ApJ 840,*57**AA Sub*–solar*SLSLNAI:



Clumping)and)Mixing

Is)the)mixing)mixing)microscopic)or)macroscopic?

Ca)
O Ca O

Microscopic)– O)I)lines)“weak”
as)Ca)II)more)efficient)coolant.

Macroscopic)– O)I)lines)“strong”

Clumping)– scale)and)magnitude?
a) SN)photosphere)1014 cm
b) Clump)~)Rsun
c) Sobolev length)~)rVth/V)~)r)/100 (Vth=10)km/s,)V=10,000)km/s)

Lowers)ionization!



Bersten et'al,'2011,'ApJ,'729,'61

56Ni'mixing'influences'the'light'curve.





Imaging'of'Antares

Ref: Vigorous(atmospheric(motion(in(the(red(supergiant(star(Antares.
Ohnaka,(Weigelt,(Hofmann,(Nat.(2017,(548,(310
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post-explosion properties of SN 2013cu via spectroscopic mod-
eling. At this point, we perform no hydrodynamical model-
ing. Our models are specified by the location of the inner
boundary (Rin), bolometric luminosity (LSN), constant progen-
itor mass-loss rate (Ṁ), and wind velocity (vwind), and H, He, C,
N, and O abundances. Solar abundances are used for P, S, and Fe.

We assume a steep density gradient with a scale height
of 0.007 Rin to simulate the shock layer, which is joined
smoothly to the non-shocked progenitor wind characterized by
a density profile ⇢ / r

�2. We assume di↵usion approximation
at the inner boundary, which has a density ⇢in that is adjusted to
obtain a Rosseland optical depth (⌧ross) of 50 at Rin. This ensures
that the photons are thermalized at all wavelengths at the inner
boundary (see also Dessart & Hillier 2005, although their mod-
els are for non-interacting SN at later epochs). These conditions
mimic those of SN shock breakout that occurs in the progeni-
tor wind or circumstellar medium (CSM; see Ofek et al. 2010;
Chevalier & Irwin 2011; Moriya & Maeda 2014), as proposed by
G14 for SN 2013cu. We also assume that no energy is generated
in the progenitor wind, that time-dependent e↵ects are negligi-
ble, and that the medium in unclumped. By fitting an observed
spectrum, we are able to constrain the following properties, us-
ing the diagnostics in parenthesis:

– progenitor Ṁ (strength of the H↵ line);
– progenitor vwind (width of the narrow component of emission

lines);
– LSN and Rin (ionization structure and absolute flux assuming

a distance d to the SN);
– progenitor chemical abundances (H↵, He ii �5411,

C iv ��5801–5810, N iv ��7109–7123).

We are aware that our post-explosion modeling has several sim-
plifications and caveats that may a↵ect the observables. First,
we consider a stationary wind for the progenitor with constant
mass-loss rate. Second, the hydrodynamics of the inner wind
may be modified by the huge radiation field from the SN shock
breakout as well as the radiation from the wind-SN interac-
tion (Ofek et al. 2010; Nakar & Sari 2010; Chevalier & Irwin
2011; Moriya et al. 2011), with the inner wind being accelerated
(Fransson et al. 2014). Radiation hydrodynamical simulations of
SN interacting with a dense CSM show that acceleration of the
inner wind may occur depending on the wind density and SN lu-
minosity (Moriya et al. 2011). However, CMFGEN cannot han-
dle non-monotonic outflows at the moment. Third, the radiation
field and level populations may be a↵ected by time dependence,
since the physical conditions rapidly change within the first day
after shock breakout (e.g., Dessart & Hillier 2011; Dessart et al.
2011; Gezari et al. 2008). However, as long as the photosphere
(defined as the layer where ⌧ross = 2/3) is located in the pro-
genitor wind and the SN shock front is located at high optical
depths, our working model allows us to obtain realistic quanti-
tative information about SN progenitor winds via spectroscopic
modeling.

Figure 1a shows the observed optical spectrum of 2013cu
at 15.5 h after the explosion (G14) and our best-fitting CMFGEN
model. We obtain that a slow, dense wind or CSM surrounds the
progenitor at the time of explosion, with vwind . 100 km s�1 and

Ṁ ' 3 ⇥ 10�3
✓

vwind

100 km s�1

◆
M� yr�1. (1)

We note that lower values of vwind are allowed since the narrow
component of the spectral lines is unresolved by the observa-
tions. Our values of Ṁ and vwind are lower than the analytical

(b) 2013cu possible progenitor model

(a) 2013cu at 15.5h (obs and model)
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Fig. 1. a) Model of the spectrum of SN 2013cu at 15.5 h after the explo-
sion (red-dashed line) and the respective observations from G14 (black).
The strongest features are labeled. b) Example of a possible LBV pre-
explosion spectrum of the progenitor of SN 2013cu. We note the huge
di↵erence in pre- and post-explosion morphology due to very di↵erent
ionization conditions before and after the SN.

estimates of G14 (1 ⇥ 10�2
M� yr�1 and 500 km s�1, respec-

tively). This di↵erence arises from our detailed line-profile mod-
eling, which includes an accurate treatment of electron scatter-
ing. We refer the reader to Dessart et al. (2009) for a discussion
on how CMFGEN treats electron scattering. Still, our determina-
tion of Ṁ/�1 is roughly consistent with this previous study. Our
best-fitting model has LSN = 1⇥1010

L� and Rin = 1.5⇥1014 cm,
which is consistent with the dense portions of the wind not being
overrun by the SN shock front.

The early-time spectral morphology of SN 2013cu is accu-
rately reproduced by our model (Fig. 1a). We can reproduce rea-
sonably well the strength and shape of most features, with a nar-
row component and broad emission wings that are caused by
electron scattering and not by the wind velocity field. The blue
wings of the Balmer lines are underestimated by our models,
which may be a sign that the inner wind is accelerated (Fransson
et al. 2014). The strength of the He i lines is also underestimated
by our models, although a larger value of Rin would reproduce
the He i lines more accurately.

Our modeling allows us to directly determine the chemi-
cal composition of a SN progenitor wind. We find a signifi-
cant amount of H and He, with abundances (by mass) of X ⇡
0.46 ± 0.2 and Y ⇡ 0.52 ± 0.2, respectively. The errors are
largely dominated by the unsatisfactory fit of the He i lines,
and future model improvements could possibly reduce these
uncertainties significantly. We find that the wind is enhanced
in N and depleted in C relative to solar values (mass fractions
of 8.0 ⇥ 10�3 and 1.0 ⇥ 10�5, respectively). Assuming a solar
CNO content yields a depleted O mass fraction of 1.6 ⇥ 10�4.
We estimate the error in the CNO abundances to be 50%. The
errors in the abundances are determined by running models with
di↵erent abundances, comparing the synthetic spectra and ob-
servations by eye, and estimating the range of values that pro-
vide a satisfactory fit. Taking the errors into account, the abun-
dances of 2013cu are consistent with having a progenitor that
lost a sizable fraction of the H envelope and presents fully
CNO-processed material at the surface, confirming the sugges-
tions from G14.
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Figure 1. Observed (dereddened and redshift corrected) spectra of SN 2012aw (red) compared to the 15 M⊙ model (blue). The grey band shows the strongest
telluric absorption band.

Figure 2. Observed (dereddened and redshift corrected) NIR spectrum of SN 2012aw at 306 d (red) compared to the 15 M⊙ model (blue). Inset is a zoom-in on
the CO overtone, and a comparison with the overtone in SN 2004et at the same epoch (Maguire et al. 2010), scaled to the same distance assuming D = 5.5 Mpc
and EB−V = 0.41 mag for SN 2004et. The grey bands show the strongest telluric absorption bands.

in Ca II λ8662 in the model, presumably due to a too high den-
sity in the envelope, or a poorly reproduced ionization balance in
calcium (the relative amounts of Ca II and Ca III). The H and He
line discrepancies are likely related to the mixing scheme applied
for bringing hydrogen and helium clumps into the radioactive core,
but do not strongly affect our analysis of the metal emission lines
below.

There is a unique emission line that provides a direct link to
the nucleosynthesis – the [O I] λλ6300, 6364 doublet. The useful-
ness of this line stems from several factors. Oxygen production is
highly sensitive to the helium-core mass, which in turn depends on
the zero-age main-sequence (ZAMS) mass (e.g. Woosley & Weaver
1995; Thielemann, Nomoto & Hashimoto 1996). Additionally, most
of the oxygen is synthesized during hydrostatic helium and carbon

MNRAS 439, 3694–3703 (2014)
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From:&Wongwathanarat et&al.&2015,&A&A,&577,&A48

A. Wongwathanarat et al.: 3D CCSN simulations

Fig. 14. Particle representations of the spatial distributions of He, C, O, and Ni+X for models W15-2-cw, L15-1-cw, N20-4-cw, and B15-1-pw
(from top) at the time of shock breakout. We show only particles within a slab given by −0.05 Rmax

s ≤ y ≤ 0.05 Rmax
s . The dashed lines give

the shock’s location in the y = 0 plane. The particles are colored according to their radial velocity, which is binned into four bins, each bin
containing 25% of the total mass of the element. Blackish particles represent the slowest 25% by mass of an element, while bluish particles mark
the fastest 25%. The black thin shell contains matter that was hit by the reverse shock, and thus moves slower than matter located inside this shell
(reddish and greenish particles). The positive y-axis points away from the viewer.
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Figure 18. χ2 distribution of the fit of the semi-analytical model to the observed quantities, as a function of the estimated ejected mass.
(A color version of this figure is available in the online journal.)
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Figure 19. Comparisons of the evolution of the main observables of SN 2012aw with the best-fit model computed with our radiation-hydrodynamics code (total
energy 1.5 foe, initial radius 3 × 1013 cm, envelope mass 19.6 M⊙). Top, middle, and bottom panels show the bolometric light curve, the photospheric velocity, and
the photospheric temperature as a function of time. To better estimate the photosphere velocity from observations, we use the minima of the profile of the Sc ii lines.
(A color version of this figure is available in the online journal.)

8. DISCUSSION AND CONCLUSIONS

We have presented the results of our photometric and spec-
troscopic campaign of the Type IIP SN 2012aw. Our pho-
tometry maps the SN from the explosion up to the end
of the plateau (at day ∼ 125), in the UV-optical-NIR bands.

Moreover, two additional epochs were collected in the neb-
ular phase (at day 286 and day 333), to get an estimate of
the 56Ni mass. Spectroscopic data map the SN evolution from
day 2 to day 90. Our data allowed us to draw a detailed pic-
ture of SN 2012aw, by deriving all the relevant diagnostics,
namely the expansion velocity and photospheric temperature
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Figure 22. Evolution of the continuum polarization FP with respect to the end of the plateau phase for model s15CO. Throughout each time sequence, we
adopt a fixed asphericity corresponding to ρeq/ρpol =1.11 (A1 = −0.1, black), 1.25 (A1 = −0.2, blue), 1.67 (A1 = −0.4, green) and 5.0 (A1 = −0.8, red). We
show results for an inclination of 90◦, which is the inclination of maximum polarization at nebular times but not necessarily at earlier times due to optical-depth
effects (vertical arrows indicate the ejecta electron-scattering optical depth for a selection of times). Although conditioned by the asphericity of the ejecta, the
rise in continuum polarization that occurs suddenly and precisely at the end of the plateau phase results primarily from the transition to an optically thin ejecta.
A similar occurrence has been observed in e.g. SN2004dj (Leonard et al. 2006) and likely results from this sudden change in ejecta optical depth.

Figure 23. Left: synthetic line-profile calculations for O I 6300 Å (i.e. blue component of the corresponding doublet line) obtained with the Monte Carlo
programme using model s15e12 at 710 d after explosion and adopting an oblate deformation (A1 = −0.8; pole-to-equator density ratio is 0.2). Using a colour
coding, we show the profile variations as a function of inclination, from pole-on (black) to equator-on (red) – we use a constant 10◦ increment. Right: same as
left, but now for a prolate configuration.

been widely used for speculating on the level and nature of aspheric-
ity of core-collapse SN ejecta (see e.g. Maeda et al. 2008; Modjaz
et al. 2008). We have carried out some Monte Carlo simulations of
the blue component of this doublet at 6300 Å for models s15CO and
s15CP at 710 d after explosion (oblate/prolate configuration with a
pole-to-equator density ratio of 0.8/1.2; Fig. 23).

For the oblate configuration, the profile broadens and develops
a flat top as the inclination is increased. A double peak appears at
large inclinations of 60◦ or more. For arbitrary orientations, there is
a probability P(<θ 0) = 1 − cos θ 0 of seeing such an axisymmetric
SN with an inclination less that θ 0, hence about a 50 per cent chance
of seeing a double-peak profile for such an oblate SN morphology.
For prolate configurations, the variation with inclination is reversed
although the amplitudes of the flux variations are much larger. The
oblate configuration seen pole-on and the prolate configuration seen

edge-on correspond to similar profile morphologies, i.e. a single
broad emission. Obviously, prolate and oblate configurations are
difficult to disentangle from line-profile morphology. However, in
this last example, the former would yield no line or continuum
polarization by symmetry, while the latter may.

8 A SPHERICITY EFFECTS O N O BSERVED
LUMI NOSITY

Because of the variation of the area of the radiating layer with incli-
nation, as well as the angular dependence of the specific intensity,
the flux and derived luminosity of aspherical SN ejecta is view-
ing angle dependent (Höflich 1991; Steinmetz & Höflich 1992).
In the simulations presented in this paper, we find variations in
flux/luminosity by up to 50 per cent. This is relatively small if we

C⃝ 2011 The Authors, MNRAS 415, 3497–3519
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recombination front rapidly recedes through the helium core16.
Previous studies12 have noted the confluence of factors making the
drop-off of the plateau a propitious period in which to search for
evidence of explosion asphericity, as the innermost regions are
exposed at a point when sufficient optical depth to electron scattering
in the inner core still exists to polarize the light and, hence, reveal the
geometry. Our fourth spectropolarimetric observation captures this
moment in a type II-P supernova (to our knowledge, for the first
time). Taken during the steepest part of the descent off the plateau
(Fig. 2), on day 91 after explosion, the data show a dramatic change
from those obtained just 19 days earlier: the polarization level
has increased to nearly 0.6% in the continuum-dominated region
6,800–8,200 Å (Fig. 1), as well as in the troughs of some of the
stronger P-Cygni line features, including most prominently that due
to Na I D. The PAs in the P-Cygni troughs agree with the continuum
PA, with a measured value of v ¼ 328 ^ 38 in the Na I D absorption
compared with v ¼ 288 ^ 28 for the continuum region. The
observed spectropolarimetric behaviour of SN 2004dj matches
expectations resulting from a strong departure from spherical sym-
metry for the electron-scattering atmosphere in the inner regions of

the ejecta (expansion velocities less than ,2,500 km s21, or about
1/10 the radius of the supernova assuming amaximum ejecta velocity
of ,25,000 km s21).
As SN 2004dj moves into the nebular phase and the atmosphere

continues to expand, the optical depth to electron scattering, and thus
the polarization, is expected to fall. Specifically, if the day 91 obser-
vation occurred at or beyond the time when the single-scattering
limit is reached in the supernova’s atmosphere (a single-scattering
atmosphere produces maximum supernova polarization6), then the
polarization should subsequently decrease in proportion to the
(angle-averaged) electron-scattering optical depth, as this deter-
mines the percentage of scattered light. For this simple scenario,
the polarization would be expected to decline with time t as 1/t2,
owing to geometrical dilution caused by homologous expansion
(that is, the same number of scattering electrons spread over a cross-
sectional area that grows as t2). This prediction is borne out rather
well by the data (Fig. 2), although there is some evidence suggestive of
amore complex situation. Specifically, the PA changes by 308 between
days 91 and 128, after which it remains constant for the next three
epochs (Table 1). This result has a high degree of statistical signifi-
cance, and indicates that the scattering environment’s morphology
might be more complicated than that of a single, fixed geometry; we
speculate on possible causes of this PA rotation below.
The link between long-soft g-ray bursts (GRBs) and a subset of

type Ic supernovae—specifically those with spectral lines indicating
very high expansion velocities at early times4—is now secure2,3, and
successful models for GRBs require a jet-like explosion from ener-
getics considerations. While it is not clear that the same mechanism
that generates the GRB is also responsible for exploding the star, the
substantial early-time polarization that has been measured for some
of these events9, and for more typical type Ic supernovae as well8,
supports the contention of a non-spherical explosion for ‘stripped-
envelope’ supernovae. The most thoroughly studied non-spherical

Figure 1 | Intrinsic polarization of SN 2004dj during the photospheric
phase, with day since explosion indicated. The flux spectrum is from day
91, with prominent line features labelled. The recession velocity of
131 km s21 (NASA Extragalactic Database) has been removed from all data.
The polarization data have been corrected for an interstellar polarization
(ISP) contribution, which was derived by examining (1) the observed
polarization in spectral regions dominated by the strongest emission lines
(that is, Na I D, Ha and the Ca II near-infrared triplet), which are believed to
be intrinsically unpolarized17, and (2) the observed polarization at late times
(that is, the nebular phase), when the electron-scattering optical depth of the
atmosphere has dropped well below unity and the observed polarization at
all wavelengths is largely due to ISP (see ref. 19 for a complete discussion).
These complementary approaches yield virtually identical results (to within
0.1%) for the ISP estimation. For our data set, the final epoch is from day
271, at which point the ejecta are probably not fully nebular and some small
intrinsic polarization (,0.1%) may still exist. Examining the temporal
evolution in the Stokes q–u plane, we find the late-time polarization to be
steadily decreasing down to the level indicated by the earliest measurements
made during the plateau phase, suggesting that these early epochs possess
little to no intrinsic polarization (this is also supported by the lack of any line
features at these times). Thus, to derive the intrinsic polarization at all
epochs, we fitted a low-order spline to the Stokes q and u spectra of the data
from day 58 (note that the data from day 39 have significantly lower signal-
to-noise ratio than those obtained at the other plateau epochs), and then
subtracted the result from the Stokes parameters obtained on all other
epochs. This resulted in the removal of p ISP < 0.29%, v ISP < 208 from the
observed data.

Figure 2 | Light curve and continuum polarization of SN 2004dj.
Polarization measures are from Table 1; error bars are 1j (s.d.) statistical.
Photometry is from data obtained with the 30-inch (0.8-m) Katzman
Automatic Imaging Telescope (KAIT) at Lick Observatory and the 60-inch
(1.5-m) telescope at Palomar Observatory. The dashed line represents the
expected decline in polarization (p¼ ðt0=tÞ2 £ p0, where t0 ¼ 91 days and
p0 ¼ 0.558% fromTable 1) during the transition to the nebular phase due to
the effects of diminishing electron scattering in optically thin, expanding
ejecta. Note that the age of SN 2004dj at discovery and, hence, the plateau
duration, is not well constrained by direct observation, as NGC 2403 had
just emerged from solar conjunction and the most recent reported
pre-explosion image was taken over six months earlier27. Our adopted
explosion date of 2004 July 14 results from the spectral analysis of ref. 14, but
we note that the light-curve modelling of ref. 24 yields an explosion date 31
days earlier. If the earlier date were adopted, the estimated plateau duration
would increase from ,70 to ,100 days.
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Figure 6. Spectropolarimetry of SN 2006my on day 38, plotted as 50 Å bins.
The Stokes parameters have been rotated by 174.◦1, as described in the text. The
solid line in the top panel is the total-flux spectrum. Note the high continuum
polarization, near 1%, at continuum wavelengths near 7000 and 8000 Å. The
two horizontal black bars mark our two continuum regions.

weighted average polarization in our two continuum windows
to be P = 0.97% ± 0.04% at P.A. = 174.◦1 ± 1.◦2. Then, we
rotated our Stokes parameters by 174.◦1 to align qRSP with this
polarization angle. The results are plotted in Figure 6.

The data are of lower quality than for SN 2006ov but show
broadly similar characteristics. High continuum polarization
is seen in qRSP, with deep depolarizations present at the
wavelengths of strong line features. Li et al. (2007) found that
the extinction to SN 2006my was likely to be minimal, and hence
low ISP should be expected. We determined the polarization at
the peak of Hα using the same window as for SN 2006ov above
and found (qRSP,uRSP) of (0.03%, 0.03%) with an uncertainty of
0.04% in each Stokes parameter. Just as for SN 2006ov, the data
for SN 2006my are consistent with negligible ISP in the host
galaxy. In this object, the continuum polarization is distinctly
lower than in SN 2006ov, although it is unclear how much
of the difference is due to the later epoch of the SN 2006my
observations.

3.3. SN 2007aa

Unlike the other two objects, SN 2007aa was discovered
shortly after explosion, allowing us the opportunity to obtain
data at early times and have a comparison for the late-time data.

Our first epoch of spectropolarimetry was obtained on day
−50, well before the end of the plateau, and only 28 days
after discovery. As discussed above, Folatelli & Morrell (2007)
described a spectrum taken one day after discovery as being
similar to that of SN 1999em at 20 days after explosion, implying
an epoch for our first observation of ∼47 days after explosion.
We used the SuperNova IDentification code of Blondin & Tonry
(2007) to cross-correlate our day −50 spectrum with a library
of supernova templates, holding the redshift fixed. The top
three individual SNe with spectral matches (ignoring spectra
on multiple dates per object) were SNe 2004et, 2004dj, and
2006bp at 56, 56, and 58 days, respectively, after their estimated
explosion dates (Sahu et al. 2006; Vinkó et al. 2006; Quimby
et al. 2007).

These estimates are all consistent with SN 2007aa having a
normal plateau duration of ∼100 days, with our first set of data
being taken near the middle. Our second epoch, on day −22,
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Figure 7. Early-time spectropolarimetry of SN 2007aa obtained while the object
was on the plateau, on days −50 and −22. The polarization data have been
rotated by 172.◦4 to align qRSP with the direction of the late-time continuum
polarization. The blue solid lines in the background of each qRSP plot are the
total-flux spectra from each date. Note the weak continuum polarization with
significant line polarization features. The “droop” in uRSP to negative values
in the 2007 March 18 polarization data at wavelengths greater than 8200 Å
is unexplained and may not be real, although none of the standard or probe
stars observed that night showed such an effect. In any case, none of the results
presented in this paper rely on data from that portion of the spectrum. The
horizontal black bar in each qRSP panel marks our continuum region.
(A color version of this figure is available in the online journal.)

was taken late in the plateau stage, but before the beginning of
the steep decline phase, while our third epoch, on day 3, was
taken during the steep decline and just before the beginning of
the radioactive-decay tail.

The two plateau epochs of spectropolarimetry are plotted
versus wavelength in Figure 7 and in the q−u plane in Figure 8.
We have applied a rotation of 172◦ to the data in Figure 7 in
anticipation of the late-time results. A low level of continuum
polarization at early times in SN 2007aa is clear from Figure 7.
At both epochs, uRSP was near zero and qRSP ranged over
0%–0.2% in the continuum. Line polarization features are
clearly present at the Balmer, Na i, Fe ii, Ca ii, and O i lines.
The strongest line polarization feature, at Hα, had an extent
of about 0.4% in the first epoch and grew to ∼1% in the
second epoch. Close inspection of uRSP in the second-epoch
data shows small variations at the positions of the line features.
This is a hint that the line features indicate deviations from
axisymmetry.

To examine this in more detail, we have plotted the data
points in the Hα line from day −22 in Figure 8 as the solid

Chornock et*al,
2010,*ApJ,*713,*1363
SN*2007aa

Modelling of Type II SN polarization 3513

Figure 16. Synthetic total and polarized flux for model s15CO at 51.3 d after explosion (A1 = −0.8) and shown for Balmer (top; left- and right-hand panels
show Hα and Hδ) and Paschen (bottom; left- and right-hand panels show Pα and Pδ) lines.

Figure 17. Left: variation of the normalized total (upper panel) and polarized (lower panel) flux versus Doppler velocity and inclination for Fe II 5169 Å. Ejecta
properties are identical to those used in Fig. 8. Middle: same as left, but now for the Na I 5889 Å line. Right: same as left, but now for the Ca II 8662 Å line.

has a photospheric temperature of 6600 K (compared to 5400 K
for s15e12 at 51.3 d) and a photospheric velocity of 10 900 km s−1

(compared to 5378 km s−1 for s15e12 at 51.3 d). And indeed, for
the same asphericity, these two models of a SN II-pec and a SN II-P

yield a similar polarization signature (Figs 8 and 20), although corre-
sponding to very different post-explosion times. On similar grounds,
we find that the proximity of ejecta properties for the s15e12 and
s25e12 models described in Dessart & Hillier (2011) for 15 and

C⃝ 2011 The Authors, MNRAS 415, 3497–3519
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

Dessart &*Hillier,*2011
MNRA,*415,*3497



Two$transfer$codes
Monte$Carlo$– can,$in$principal,$be$3D.
Ray$tracing$$– limited$to$axisymmetric$geometries.

Generate$model$that$depends$on$colatitude$using$CMFGEN$1D$model.
(a)$Shift$$structure$in$r
(b)$Scale$structure$with$angle
(c)$Combine$several$CMFGEN$models.
(d)$(Alternatively$could$read$in$2D$or$3D$model)

Polarization*Codes

No$N$in$MC$code



Model&calculations
Prolate:&50%&density&enhancement&at&pole.
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Conclusions

Tremendous*advances*in*the*last*30*years**5 1987A

New*surveys*are*going*to*reveal*thousands*of*transits

Which*will*get*spectroscopic*obs?

Need*benchmark*studies*for*IIP

Still*fundamental*questions*:

Origin*of*Ib,*Ic &*broad*lined*Ic SN

Existence*of*PISN*&*PPISN

pre5SN*eruptions

progenitor*masses

abundance*yields

Multi–D*effects**are*crucial.

Less*so*for*IIP?



THE
END


