
 
 

 Unlocking the secrets of supernovae 
through their spectra 

 
 

  D. John Hillier & Chendong Li 
   University of Pittsburgh 

 
  Luc Dessart 
    Laboratoire d’Astrophysique de Marseille 

 
  Stan Woosley, Roni Waldman, Eli Livne, Stéphane Blondin 

 
  Special thanks: Atomic data community. 

 
 
 
 
        



Type I SN 
No Hydrogen 

Type Ia 

Degenerate WD 
(single / double) 

Type Ib 

Strong Si 

No Si 

He emission 

Type Ic 

No He emission 

Wolf-Rayet Stars 
Stripped cores produced 

by mass exchange in 
binaries (or mass loss 

in massive stars) 



Type II SN 
Hydrogen 

Type IIb 

Stars with most of 
H envelope lost 

(almost Ib/Ic) 

Type IIL 

H lines 
 disappear 

Light curve 

Linear 

Type IIP 

Plateau 

RSGs 
Class core collapse SN 

M < 20M¤ 

Narrow 
 nebular lines 

Type IIn 

Massive H envelope Smallish H envelope 

Interaction of Ejecta 
with CSM. Kinetic 
energy converted to 
thermal energy. 

BSGs 
SN(1987A) 

Type IIp 



Non-­‐LTE	
  

ni	
  =	
  f	
  (	
  ne,	
  T[J],	
  n1[J],	
  …,nn[J],	
  J1,...,	
  Jm)	
  

Jk	
  =	
  f	
  (	
  ne,	
  T,	
  n1,	
  n2,	
  …,nn,	
  )	
  
	
  
Solve	
  rate	
  equa,ons:	
  

2000	
  levels,	
  60	
  depth	
  points	
  	
  
	
   	
  120,000	
  simultaneous	
  equa,ons!	
  
	
   	
  Must	
  be	
  solved	
  “at	
  the	
  same	
  ,me”	
  as	
  the	
  radia,ve	
  transfer	
  equa,on.	
  
	
   	
  50,000	
  	
  frequencies.	
  

	
  
Include	
  all	
  processes:	
  

photoioniza,ons	
  /	
  recombina,ons	
   	
  	
  	
  	
  bound-­‐bound	
  transi,ons	
  
collisional	
  ioniza,ons	
  /recombina,ons	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  collisional	
  excita,ons	
  /	
  de-­‐	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
   	
  excita,ons	
  
dielectronic	
  recombina,ons	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Auger	
  ioniza,ons	
  
charge	
  exchange	
  reac,ons,	
  e.g.,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Non-­‐thermal	
  collisions	
  (SN)	
  

Fe2+	
  +	
  	
  H	
  	
  	
  ó	
  	
  Fe+	
  +	
  H+	
  	
  

 
 



Dessart & Hillier (2008, MNRAS, 
385,57) 





Important	
  in	
  nebular	
  phase	
  of	
  
Type	
  II	
  SN.	
  
	
  
Important	
  in	
  Type	
  Ib/c	
  almost	
  
immediately.	
  
	
  
	
  

Non-thermal excitation and ionization in supernovae 9

1000 10000
Velocity (km/s)

-1.0

-0.5

0.0

0.5

1.0

N
or

m
a

li
ze

d
 r

a
te

 -
 H

I

Photoionization
Collsional ionization
Charge exch. ionization
Non-thermal ionization
Radiative recombination
Collisional recombination
Charge exch. recombination
Advection recombination

1000 10000
Velocity (km/s)

-1.0

-0.5

0.0

0.5

1.0

N
or

m
a

li
ze

d
 r

a
te

 -
 H

eI

Photoionization
Collsional ionization
Charge exch. ionization
Non-thermal ionization
Radiative recombination
Collisional recombination
Advection recombination

Figure 12. Normalized rates for H i (top) and He i (bottom),
including all processes allowed in the modeling.

to populate it below 3000 km s−1. Recombination is also
non-negligible. These are indirectly related to the non-
thermal ionization processes. Thus, in contrast to the
He i 2.058µm line, non-thermal excitation is largely irrel-
evant for He i 1.083µm. This is due to the difference in be-
havior of the collision strength of the two transitions. Non-
thermal excitation from the ground state (1s 1s 1S) is gen-
erally the dominant excitation route, since the ground state
is the most populated state. At low energies, the collision
strength for the singlet transition, Ω(1s 1s 1S - 1s 2p 1Po)
, is similar to that of the triplet transition, Ω(1s 1s 1S -
1s 2p 3Po). However, Ω(1s 1s 1S - 1s 2p 1Po) grows signifi-
cantly as the impact energy increases, while Ω(1s 1s 1S -
1s 2p 3Po) is approximately constant at high energies. As
a result, non-thermal excitation processes contribute much
less to the triplet states than to the singlet states. Due to
radiative excitation from 1s 2s 3S to 1s 3p 3Po and subse-
quent decay to 1s 3s 3S, cascades from 1s 3s 3S, rather than
1s 3d 3D, is the dominant process populating the 1s 2p 3Po

state above 3000 km s−1.
Despite the importance of non-thermal processes, we

find that photoionization and recombination play a crucial,
if not dominant, role in populating many other levels. How-
ever, in a “thermal” model, the photoionization and recom-
bination rates are too small to produce a prominent effect.
The trigger for the large photoionization and recombina-
tion rates is non-thermal processes. In Figure 12 we show
the normalized rates affecting the ion H i and He i ioniza-
tion balance for model D127 NT. For H i, the fraction of
non-thermal energy deposited via the ionization channel is
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Figure 13. Comparison of optical and IR spectra between model
D127 NT and D127.

small and photoionization and recombination are the dom-
inant processes and balance each other below 8000 km s−1.
We check an individual level, n = 1, of H i in both model
D127 NT and D127, and find that the photoionization and
recombination rates are increased by a factor of ∼ 2 when
non-thermal processes are included. For the He i 1s 2p 1Po

state, non-thermal ionization and excitation rates in model
D127 NT are 5 orders of magnitude greater than any rate
in model D127. Below 3000 km s−1, non-thermal ionization
becomes significant, and the radiative recombination rate is
now balanced by the photoionization and the non-thermal
ionization rates. Although the net non-thermal rate is not
overwhelmingly dominant, it is crucial for controlling the
ionization balance.

5.3 Comparison of optical and IR spectra

Figure 13 shows the comparison of the optical and IR spec-
tra between models D127 NT and D127. In the optical range
(Figure 13, top panel), D127 NT produces slightly lower
fluxes generally. The two enhanced prominent features are
Hα and He i 7065Å, which have been mentioned previously.
The Ca ii IR triplet is slight weakened. In the bottom panel
of Figure 13, most of the lines are strengthened, such as
He i 1.083µm, Pa γ 1.094 µm, O i 1.129µm, Pa β 1.281 µm
and Pa α 1.875 µm. However, Ca ii 1.184 and 1.195µm are
weakened, as is the Ca ii IR triplet.

Dessart & Hillier (2011) found that the Balmer lines
suddenly disappeared at end of the photospheric phase, in
their SNe II-P models, as a result of the vanishing of Balmer-
continuum photons. However, observations of Type II SNe
show a strong Hα profile during the nebular phase. They
attributed this discrepancy to the exclusion of non-thermal
excitation and ionization in the models. We present here
the comparison of Hα at day 127 in Figure 14. While Hα
is almost absent in model D127, it shows a strong P Cygni
Hα profile in model D127 NT. The emission component is
stronger and wider and a P Cygni absorption trough is now
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Figure 9. Upper panel: The D127 model spectrum (black) and
the model spectra computed by including only bound-bound tran-
sitions of He i (red) and H i (blue) at optical band. Lower panel:
Same as the upper panel, but for the D127 NT model.
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Figure 10. Illustration of model spectrum (black) and model
spectrum computed by including only bound-bound transitions
of He i (red) for model D127 (top panel) and D127 NT (bottom
panel) between 1.9 and 2.2µm.

small fraction of line flux coming from 2000 - 3000 km s−1 re-
gion for some lines, e.g., He i 1.083 µm. H i lines in the ther-
mal model (upper panel) are generally weak and He i lines
are absent. In the non-thermal model (lower panel), all H i
lines are strengthened, with Hα particularly boosted by non-
thermal processes. He i lines also contribute significantly to
the spectrum. While most optical He i lines are contami-
nated by other lines, He i 7065Å might be a good diagnostic
to infer the influence of non-thermal processes on helium.
Notice that He i 4471 Å is excellent in the non-thermal
model but absent from the spectra due to line-blanketing.

The prominence of He i 1.083µm and He i 2.058µm due
to non-thermal processes at late times (t ! 200 d) was
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Figure 11. Top: Normalized rates for different processes that
populate and depopulate the 1s 2p 1Po state of He i. Only pro-
cesses with a fractional rate ! 5% at more than one depth
are shown. Bottom: Same as the top panel, but for the case of
1s 2p 3Po state of He i.

noted by Li & McCray (1995), and observations showed
He i 2.058µm is more isolated (Meikle et al. 1989). In Fig-
ure 10, we show the model spectra and the spectra with
only bound-bound transitions of He i for models D127 NT
and D127, focusing on the He i 2.058µm line. Similar to the
optical band, no He i line is present in model D127 in the
wavelength range 1.9 µm to 2.2 µm. However, He i 2.058µm
produces a prominent absorption feature in the D127 NT
model. This feature has been seen in observations of SN
1987A (Meikle et al. 1989), providing strong evidence for
the influence of non-thermal processes on He i. Li & Mc-
Cray (1995) showed that He i 2.058µm is mainly due to
non-thermal excitation and He i 1.083µm is mainly excited
by thermal electrons during 200 d " t " 450 d.

In Figure 11, we illustrate the major fractional rates (!
5% at any depth) that populate and depopulate the states
1s 2p 1Po and 1s 2p 3Po of He i for model D127 NT. Posi-
tive normalized rates illustrate the routes that populate the
state, while negative ones show the routes that depopulate
the state. States 1s 2p 1Po and 1s 2p 3Po are the upper levels
for the He i lines 2.058µm and 1.083µm, respectively. For
the state 1s 2p 1Po, we confirm that non-thermal excitation
is the main excitation mechanism. Cascades from higher lev-
els, especially the 1s 3d 1D state, also play an important role
at this stage.

For the state 1s 2p 3Po, cascades from higher lev-
els (mainly 1s 3s 3S and 1s 3d 3D) are the key processes
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mass, composition, as well as the mass and distribution of 56Ni.
Here, it varies from a few days in model Bmi25mf5p04z1, to about
20 d in model “lm18a7Ad” (compatible with the observations of
SN1987A, Phillips et al. 1988), and about 100 d in the SN II-P
model s15e12.

This light-curve diversity is also directly connected to the
evolution of the ejecta internal energy with time, which is dras-
tically different between such ejecta. To emphasize the impor-
tance of adiabatic cooling through expansion, we have evolved
a number of SN ejecta with a separate program that assumes no
diffusion of heat, pure adiabatic cooling, and treats radioactive-
decay heating as a pure local heating source. In this respect,
it evolves each ejecta mass-shell individually (i.e., one-zone
model), updating its energy according to ∆e = −p∆(1/ρ) +
δedecay, where e, δedecay, p, and ρ are the specific energy, the
decay energy, the pressure and the density associated with that
mass shell. We solve this equation using the Newton-Raphson
technique and employ an equation of state, developed as part
of the work shown in Dessart et al. (2010b), which is function
of density, temperature, and composition.

As shown in Fig. 12 for a post-explosion time of ∼10 d,
the inner-ejecta temperature obtained with CMFGEN agrees very
well with the one computed assuming no diffusion and pure
adiabatic cooling (this also serves as an independent and ad-
ditional check on CMFGEN predictions). Because of the huge
range in progenitor radii, these inner-ejecta temperatures vary
by up to a factor of ten between the 56Ni-deficient originally-
compact SN Ic model Smi60mf7p08z1 and the originally-
extended SN II-P model s15e12iso (Dessart & Hillier 2010a).
Closer to the photosphere (shown as a dot), the temperature
is influenced by non-LTE effects (s15e12iso), radiative cooling
(lm18a7Ad), and the heat wave generated by decay heating at
depth (Bmi25mf5p04z1). The contrast in brightness between
models (shown in Figures 1 and 11) is reflected by the larger
radii/temperatures of the corresponding model and epoch, and
nearly exclusively reflects modulations in (adiabatic) expansion
losses.

The post-breakout plateau is generally only observed in SNe
II, and in particular those of the plateau type because it is bright
and lasts for a long time. In contrast, SNe Ib/c are generally dis-
covered during the re-brightening phase, around peak light, or even
later, so that any plateau phase taking place earlier is missed, and
the shock-breakout time is poorly constrained. There are a few ex-
ceptions to this. For example, the fading from the breakout phase
was observed in SN 1993J, which transitioned after a few days to
a re-brightening, but by only ∼1mag (Richmond et al. 1994). SN
2008D was caught as the shock broke out of the progenitor star
(Soderberg et al. 2008; Chevalier & Fransson 2008; Modjaz et al.
2009). By 1 d after breakout, the luminosity plateaus, but already by
5 d the SN re-brightens. Interestingly, it brightens by merely 1mag
to reach a peak before fading again. SN2005bf was a peculiar SN Ib
in that it showed a double-peak bolometric light curve. No plateau
is visible prior to the first peak (Folatelli et al. 2006) and the explo-
sion time is not known, although this SN was clearly not discovered
early.3 In contrast, SNe associated with γ-ray-bursts (GRBs), e.g.,
SN1998bw (Patat et al. 2001) or SN2010bh (Chornock et al. 2010),

3 The first peak shows a rise time and a maximum luminosity that is in fact
very comparable to standard SNe Ib. The “anomaly” with SN2005bf is the
bright second peak, which does not seem to stem from decay energy but
seems more consistent with the birth of a magnetar (Maeda et al. 2007) .

Figure 11. Comparison of the bolometric-luminosity evolution of SN Ib
model Bmi25mf5p04z1 (0.0534M! of 56Ni), SN II-pec model “lm18Af”
of SN1987A (0.084M! of 56Ni; Dessart & Hillier 2010b), and SN II-P
model s15e12 (0.086M! of 56Ni; Dessart & Hillier 2010a). These three
models have a similar ejecta kinetic energy of 1-1.2 B, and full γ-ray trap-
ping is assumed (it does not hold for model Bmi25mf5p04z1 past ∼>70 d;
see Fig. 13). All models show an early-time luminosity plateau whose mag-
nitude is function of the progenitor radius and the H/He abundance ra-
tio, and a late-time luminosity behaviour reflecting the initial amount of
56Ni. The distinct evolution is primarily conditioned by the progenitor-
envelope properties, i.e., in particular whether the progenitor radius is
∼4R! (Bmi25mf5p04z1), ∼50 R! (lm18a7Ad), or ∼800 R! (s15e12).

have a well defined explosion time, but in these, the object seems
to be always brightening at

∼
>1 d after the GRB signal.

The post-breakout plateau that we discuss here seems to have
been seen in SN2008D, lasting for a few days only, and with a
brightness that is merely 1mag below the peak. This short post-
breakout plateau suggests that the ejecta mass is very small. The
huge plateau brightness is however perplexing. Efficient out-
wardmixing of 56Niwould enhance the brightness, but it would
induce a brightening, not a plateau and is therefore not the
likely explanation. The small contrast in brightness between the
plateau and the peak would require the progenitor star to have a
larger radius than 87A, which seems at odds with stellar evolution
or the breakout signal itself (Yoon et al. 2010; Chevalier & Frans-
son 2008). An alternative might be that we are seeing a volume-
integrated (from a nebula) and/or a time-integrated luminosity from
the SN, or that the faintness of the SN at such early times challenges
a proper determination of its brightness. In our models, we expect a
typical plateau-to-peak luminosity contrast of a factor of ten. Since
the colour hardly changes between these epochs, it corresponds to
a brightening by ∼3mag, rather than

∼
<1mag.

Compared to the progenitor WR stars, which emit the bulk
of the radiation in the UV, the post-breakout plateau should be
∼
>10mag brighter in the V -band (van der Hucht 2001). This enor-
mous visual brightening might still be difficult to detect if the SN is
located in a crowded region or if it falls on the galaxy light. For SNe
located at large galactocentric radii, it should however be possible,
provided the search is deep and performed on a daily cadence.

5.2 Peak luminosity and width

Our 56Ni-rich models, which contain 0.0534–0.120 M! of 56Ni
and 2.38–3.42M! ejecta masses (Table 2), display a similar bright-
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Table 1. Progenitor-model properties, including global characteristics and surface mass fractions of important species. We include the progenitor-envelope
binding energy outside of 1.4 (top three models) and 2.0M! (the rest of the models). Numbers in parenthesis refer to powers of ten. [See text for discussion.]

Model Mi Z Mf R∗ Age Eb XH XHe XC XN XO XNe XMg XSi XFe

[M!] [Z!] [M!] [R!] Myr [B]

Bmi18mf3p82z1 18.0 1.0 3.82 10.0 9.8 0.20 2.69(-2) 9.68(-1) 1.06(-4) 3.75(-3) 9.14(-5) 3.69(-4) 1.20(-4) 1.04(-4) 1.42(-3)
Bmi18mf4p40z1 18.0 1.0 4.40 12.3 9.5 0.32 4.16(-2) 9.54(-1) 1.06(-4) 3.71(-3) 8.92(-5) 3.63(-4) 1.19(-4) 1.03(-4) 1.42(-3)
Bmi25mf5p04z1 25.0 1.0 5.04 4.35 7.5 0.61 2.12(-8) 9.95(-1) 1.36(-4) 3.82(-3) 8.10(-5) 3.76(-4) 1.22(-4) 1.06(-4) 1.43(-3)
Bmi25mf6p49z1 25.0 1.0 6.49 3.64 6.8 0.58 0.0 9.81(-1) 4.23(-4) 1.31(-2) 3.11(-4) 1.69(-3) 6.68(-4) 7.37(-4) 1.36(-3)
Smi60mf7p08z1 60.0 1.0 7.08 0.45 0.5 0.86 0.0 1.30(-1) 4.77(-1) 0.0 3.45(-1) 3.42(-2) 1.07(-3) 8.25(-4) 1.42(-3)
Bmi25mf7p3z0p2 25.0 0.2 7.3 2.10 7.3 0.46 0.0 9.99(-1) 6.01(-5) 0.0 5.66(-5) 3.23(-4) 1.23(-4) 1.49(-4) 2.72(-4)
Smi25mf18p3z0p05 25.0 0.05 18.3 1.14 10.0 1.49 0.0 5.34(-1) 1.72(-1) 2.96(-3) 2.17(-1) 5.82(-2) 1.57(-2) 4.61(-5) 6.80(-5)

Table 2. Same as Table 1, but now showing the explosion/ejecta properties, including the total ejecta yields for important species. The last column gives the
velocity of the ejecta shell that bounds 99% of the total 56Ni/56Co mass. [See Table 1 and the text for additional details.]

Model Mremnant Mejecta Ekin MH MHe MC MN MO MNe MMg MSi MFe M56Ni V56Ni

[M!] [M!] [B] [M!] [M!] [M!] [M!] [M!] [M!] [M!] [M!] [M!] [M!] km s−1

Bmi18mf3p82z1 1.44 2.38 1.2 6.56(-3) 1.57(0) 8.70(-2) 4.61(-3) 2.97(-1) 1.39(-1) 5.21(-2) 7.10(-2) 3.14(-3) 1.20(-1) 4000
Bmi18mf4p40z1 1.63 2.77 1.2 1.01(-2) 1.71(0) 1.17(-1) 4.76(-3) 4.99(-1) 1.84(-1) 6.95(-2) 7.80(-2) 1.03(-3) 7.20(-2) 3400
Bmi25mf5p04z1 1.62 3.42 1.2 5.06(-9) 1.78(0) 1.52(-1) 4.46(-3) 8.08(-1) 4.43(-1) 1.05(-1) 5.33(-2) 1.36(-3) 5.34(-2) 3000
Bmi25mf6p49z1 2.54 3.95 1.0 0.0 1.61(0) 3.54(-1) 8.08(-3) 1.53(0) 7.64(-1) 1.84(-1) 3.36(-2) 5.92(-3) 0.0 0.0
Smi60mf7p08z1 2.88 4.20 1.0 0.0 2.25(-1) 1.19(0) 0.0 2.65(0) 7.79(-1) 2.10(-1) 2.24(-2) 7.21(-3) 0.0 0.0
Bmi25mf7p3z0p2 2.33 4.97 1.0 0.0 2.07(0) 3.98(-1) 1.21(-3) 1.78(0) 9.25(-1) 1.22(-1) 4.19(-3) 1.40(-3) 0.0 0.0
Smi25mf18p3z0p05 2.51 15.79 1.0 0.0 1.32(0) 2.03(0) 1.45(-3) 9.11(0) 2.83(0) 4.31(-1) 5.87(-1) 1.08(-3) 0.0 0.0

Figure 1. Synthetic bolometric light curves computed with our non-LTE time-dependent CMFGEN simulations based on binary- and single-star WR progenitor
models (see Tables1-2). A colour coding is used to differentiate the models, and dots indicate the actual post-explosion times at which the computations are
performed (in a time sequence). Simulations including unstable nuclei (here exclusively produced through the decay of 56Ni and 56Co isotopes) brighten
about a weak after the onset of a post-breakout plateau, while all other simulations show a precipitous fading as the photosphere recedes to the deeper helium-
deficient ejecta layers of increasing mean-atomic weight and original binding energy. For reference, we give the bolometric magnitude on the right-hand-side
ordinate axis.

c© 2010 RAS, MNRAS 000, 1–20
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Figure 9. Top: Same as Fig. 8, but now for the HeI 5875 Å region (left; we also witness absorption from the 6678 Å line to the red) and the HeI 10830 Å
region (right). The model depicted is Bmi18mf3p82z1. Middle: Same as top, but now for model Bmi25mf5p04z1. Bottom: Same as top, but now for model
Bmi25mf7p3z0p2. In this low-metallicity model, HeI lines are present at early times, and persist even for two weeks for the near-IR line, even in the absence
of non-thermal excitation by high-energy electrons. Note that the abscissa scale now extends to 50000 km s−1.

He I line for the first 10 d show a wealth of lines from C I and O I
in the red part of the optical range, while only very few and weak
lines are associated with nitrogen (i.e., N I; Figs. 6–7). There are
numerous C I lines, but the stronger ones are at 8335, 9405, 9658,
and 10691 Å. For O I, the stronger lines are at 7774, 7987–7995,
8446, 9261, and 11287 Å. Some of these overlap with He I 10830 Å,
but He I 5875 Å should then be searched for in early-time observa-
tions to help resolve the ambiguity. There are also lines from once-

ionised species like C II, for example in model Bmi25mf18p3z0p05
at 1.51 d, with the strongest features at 5890 and 6580 Å (dou-
blet lines). All these C/O lines have similar strength in models
Smi60mf7p08z1 and Smi25mf18p3z0p05. The appearance of such
C/O lines arise from the large C/O mass fraction at the photosphere
in both models, each element having a mass fraction of 0.2–0.5
(Table 1). Such progenitors would be classified WC stars and the
lack of helium lines in their optical spectra at 1-10 d after explo-
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Figure 3. Colour map of the density distribution in a 2D axisymmetric
prolate ejecta produced by applying a radial distortion (left) or a density
scaling (right) to the 1D s15e12 model of Dessart & Hillier (2011) at 17.9 d
after explosion. For the most part, this 1D ejecta is well described by a
power-law density distribution d1D(r) with d ln d1D/d ln r = −10. In this
illustration, we use a radial stretching yielding d(r, µ) = d1D(r/(1 + A2µ

2))
with A2 = 0.175, or a latitudinally dependent density scaling yielding d(r,
µ) = d1D(r) × (1 + A1µ

2), with A1 = 4.

and 500 frequency points (to cover from −20 000 to 40 000 km s−1

for 87A models or −15 000 to 30 000 km s−1 for s15 models). We
compute polarization signatures for the s15 model from 8.5 to 150 d
after explosion, stepping through the sequence of Dessart & Hillier
(2011) at photospheric epochs, but show only a few calculations at
nebular times.

Most of the polarization signatures we discuss in this paper were
computed with the long characteristic code, as it yields the Stokes
parameters for a variety of inclinations at no extra cost. However, the
code currently requires an optically thick inner boundary, preventing
its use at and beyond the end of the plateau phase. Although the
Monte Carlo code operates for a prescribed inclination, it can be
used with an optically thin inner boundary (i.e. transparent hollow
core). Hence, we use the Monte Carlo code to produce polarization
signatures during the nebular phase – these are discussed near the
end of the paper in Section 6.4.

5 PO L A R I Z AT I O N SI G NAT U R E F O R
O NE R EF ER EN CE M O D EL/CAS E

In this section, we discuss in detail the total and polarized flux for
model s15TO at 51.3 d after explosion. We produce an oblate ejecta
by means of a 25 per cent stretching (A2 = −0.25) in the radial
direction. To facilitate the interpretation we adopt an inclination
of 90◦ (i.e. we observe the axisymmetric ejecta edge-on). In the
top panel of Fig. 4, we present the normalized Hα flux FI /FIc at
this epoch (solid), together with the polarized flux FQ/FIc (dashed)
and FQ/FI (dash–dotted). The wavelength coverage includes the
neighbouring continuum regions. Despite the sizeable asphericity,

Figure 4. Illustration of various radiative quantities over the Hα region
(the x-axis shows the Doppler velocity centred on its rest wavelength) ob-
tained for model s15TO at 51.3 d after explosion and for an inclination of
90◦ (edge-on view of an oblate spheroid). Top: variation with Doppler ve-
locity of the normalized flux FI /FIc (solid), polarized flux normalized to
the continuum flux FQ/FIc (dashed) or normalized to the local flux FQ/FI

(dash–dotted). Middle: observed angle-integrated value of dFQ(ρ). In these
lower and middle panels, we also overplot contours (shown in black) for
the angle-integrated quantity ρI(ρ), whose integral over ρ yields the flux FI

(at a given wavelength). Bottom: variation of ĪQ(ρ) with Doppler velocity
and impact parameter ρ. This angle-averaged value of the local IQ(ρ) is
systematically negative and reaches a minimum at the limb of the photodisc
(ρ ∼2.5×1015 cm).

the polarization is below 1 per cent both in the continuum and within
the line (irrespective of the normalization to FI or FIc).

The polarization shows a complicated behaviour across the
P Cygni line profile. FQ/FIc varies from ∼−0.15 per cent in the
continuum to ∼−0.2 per cent in the P Cygni trough, becomes zero
at a Doppler velocity of ∼−6000 km s−1, peaks at 0.9 per cent in the
red wing of the profile, before gradually returning to the continuum
value of ∼−0.15 per cent at a Doppler velocity of ∼15 000 km s−1.
In the Q − U plane, this excursion would correspond to a flat loop
along the line U = 0. Observationally, it would correspond to linear
excursions in the Q − U plane offset by ISP, and at an angle set by
the orientation of the ejecta on the sky. The lower panels in Fig. 4
help explain the origin of this low polarization.

The lower panel depicts ĪQ(ρ) which gives the variation with ρ

of the local value of IQ(ρ, δ) across the profile. As the polarization is
perpendicular to the radial direction, IQ(ρ, δ) is negative, irrespective

C© 2011 The Authors, MNRAS 415, 3497–3519
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Figure 10. Left-hand column: synthetic Hα normalized line flux (upper panels) and normalized linearly polarized flux (lower panels) based on model s15e12
at 51.3 d after explosion, and shown for an increasing oblateness corresponding to A1 = −0.2 (top) and −0.89 (bottom). Right-hand column: same as the
left-hand column, but now in the right-hand panel of each row, we show synthetic profiles for a model having the inverse of the pole-to-equator density ratio
shown in the left-hand panel. Note how this switch from oblateness to prolateness (with equivalent density contrast between pole and equator) has for main
effect to flip the sign of the polarization, with subtle differences occurring within the region of P Cygni profile absorption.

are more optically thick, so that more radiation escapes through the
poles. The bias is enhanced at shorter wavelengths.

Comparisons between stretched and scaled models confirm the
wavelength-dependent polarization discussed above, but the precise
quantitative behaviour is a function of both the assumed asymmetry
and the structure of the SN ejecta. In SNe, it is essentially the same
medium that emits and scatters so that subtle, and rather unpre-
dictable, cancellation effects take place. These are essentially im-
possible to predict without detailed radiative-transfer calculations.
It also appears essential to start from physical inputs of the aspheri-
cal ejecta rather than use ad hoc prescriptions for their morphology,
as we presently do in this exploratory work.

Observationally, the wavelength variation of continuum polar-
ization in the optical is generally associated with the differential
magnitude of line blanketing. Its dominance shortward of 5000 Å,
in particular because of a forest of Fe II lines in cool SN spectra,
is expected to drive the SN polarization to zero in that spectral
region.

Our calculations suggest that SNe during the plateau phase should
show, if asymmetric, a continuum polarization which is a function
of wavelength, and which may show sign reversals. Such signatures
are difficult to observe for two reasons. First, the polarization level
is low, even if there is a large asymmetry. Secondly, the observa-
tions need to be corrected for ISP which is difficult to be accurately
estimated, and often it is constrained by a requirement that the po-
larization variation with wavelength is ‘simple’. However, the pre-
dicted continuum polarizations have been observed. In particular,
Chornock et al. (2010) obtained observations of SN 2007aa during
the plateau phase, 50 (i.e. −50 d) and 22 d before the plateau phase
ends. Observations at −50 d show a continuum polarization which
increases from blue to red, which is negative below ∼5000 Å, and
which is positive above that wavelength. The observation at −22 d
seems to be flatter, and shows no polarization reversal. Compli-
cated polarization signatures across the lines are seen, although in
the spectrum at −50 d the polarization appears to go to zero close
to line centre, rather than on the blue side of the emission as we

C© 2011 The Authors, MNRAS 415, 3497–3519
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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
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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
LUMINOSITY

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

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

©!2006!Nature Publishing Group!

!

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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mass, composition, as well as the mass and distribution of 56Ni.
Here, it varies from a few days in model Bmi25mf5p04z1, to about
20 d in model “lm18a7Ad” (compatible with the observations of
SN1987A, Phillips et al. 1988), and about 100 d in the SN II-P
model s15e12.

This light-curve diversity is also directly connected to the
evolution of the ejecta internal energy with time, which is dras-
tically different between such ejecta. To emphasize the impor-
tance of adiabatic cooling through expansion, we have evolved
a number of SN ejecta with a separate program that assumes no
diffusion of heat, pure adiabatic cooling, and treats radioactive-
decay heating as a pure local heating source. In this respect,
it evolves each ejecta mass-shell individually (i.e., one-zone
model), updating its energy according to ∆e = −p∆(1/ρ) +
δedecay, where e, δedecay, p, and ρ are the specific energy, the
decay energy, the pressure and the density associated with that
mass shell. We solve this equation using the Newton-Raphson
technique and employ an equation of state, developed as part
of the work shown in Dessart et al. (2010b), which is function
of density, temperature, and composition.

As shown in Fig. 12 for a post-explosion time of ∼10 d,
the inner-ejecta temperature obtained with CMFGEN agrees very
well with the one computed assuming no diffusion and pure
adiabatic cooling (this also serves as an independent and ad-
ditional check on CMFGEN predictions). Because of the huge
range in progenitor radii, these inner-ejecta temperatures vary
by up to a factor of ten between the 56Ni-deficient originally-
compact SN Ic model Smi60mf7p08z1 and the originally-
extended SN II-P model s15e12iso (Dessart & Hillier 2010a).
Closer to the photosphere (shown as a dot), the temperature
is influenced by non-LTE effects (s15e12iso), radiative cooling
(lm18a7Ad), and the heat wave generated by decay heating at
depth (Bmi25mf5p04z1). The contrast in brightness between
models (shown in Figures 1 and 11) is reflected by the larger
radii/temperatures of the corresponding model and epoch, and
nearly exclusively reflects modulations in (adiabatic) expansion
losses.

The post-breakout plateau is generally only observed in SNe
II, and in particular those of the plateau type because it is bright
and lasts for a long time. In contrast, SNe Ib/c are generally dis-
covered during the re-brightening phase, around peak light, or even
later, so that any plateau phase taking place earlier is missed, and
the shock-breakout time is poorly constrained. There are a few ex-
ceptions to this. For example, the fading from the breakout phase
was observed in SN 1993J, which transitioned after a few days to
a re-brightening, but by only ∼1mag (Richmond et al. 1994). SN
2008D was caught as the shock broke out of the progenitor star
(Soderberg et al. 2008; Chevalier & Fransson 2008; Modjaz et al.
2009). By 1 d after breakout, the luminosity plateaus, but already by
5 d the SN re-brightens. Interestingly, it brightens by merely 1mag
to reach a peak before fading again. SN2005bf was a peculiar SN Ib
in that it showed a double-peak bolometric light curve. No plateau
is visible prior to the first peak (Folatelli et al. 2006) and the explo-
sion time is not known, although this SN was clearly not discovered
early.3 In contrast, SNe associated with γ-ray-bursts (GRBs), e.g.,
SN1998bw (Patat et al. 2001) or SN2010bh (Chornock et al. 2010),

3 The first peak shows a rise time and a maximum luminosity that is in fact
very comparable to standard SNe Ib. The “anomaly” with SN2005bf is the
bright second peak, which does not seem to stem from decay energy but
seems more consistent with the birth of a magnetar (Maeda et al. 2007) .

Figure 11. Comparison of the bolometric-luminosity evolution of SN Ib
model Bmi25mf5p04z1 (0.0534M! of 56Ni), SN II-pec model “lm18Af”
of SN1987A (0.084M! of 56Ni; Dessart & Hillier 2010b), and SN II-P
model s15e12 (0.086M! of 56Ni; Dessart & Hillier 2010a). These three
models have a similar ejecta kinetic energy of 1-1.2 B, and full γ-ray trap-
ping is assumed (it does not hold for model Bmi25mf5p04z1 past ∼>70 d;
see Fig. 13). All models show an early-time luminosity plateau whose mag-
nitude is function of the progenitor radius and the H/He abundance ra-
tio, and a late-time luminosity behaviour reflecting the initial amount of
56Ni. The distinct evolution is primarily conditioned by the progenitor-
envelope properties, i.e., in particular whether the progenitor radius is
∼4R! (Bmi25mf5p04z1), ∼50 R! (lm18a7Ad), or ∼800 R! (s15e12).

have a well defined explosion time, but in these, the object seems
to be always brightening at

∼
>1 d after the GRB signal.

The post-breakout plateau that we discuss here seems to have
been seen in SN2008D, lasting for a few days only, and with a
brightness that is merely 1mag below the peak. This short post-
breakout plateau suggests that the ejecta mass is very small. The
huge plateau brightness is however perplexing. Efficient out-
wardmixing of 56Niwould enhance the brightness, but it would
induce a brightening, not a plateau and is therefore not the
likely explanation. The small contrast in brightness between the
plateau and the peak would require the progenitor star to have a
larger radius than 87A, which seems at odds with stellar evolution
or the breakout signal itself (Yoon et al. 2010; Chevalier & Frans-
son 2008). An alternative might be that we are seeing a volume-
integrated (from a nebula) and/or a time-integrated luminosity from
the SN, or that the faintness of the SN at such early times challenges
a proper determination of its brightness. In our models, we expect a
typical plateau-to-peak luminosity contrast of a factor of ten. Since
the colour hardly changes between these epochs, it corresponds to
a brightening by ∼3mag, rather than

∼
<1mag.

Compared to the progenitor WR stars, which emit the bulk
of the radiation in the UV, the post-breakout plateau should be
∼
>10mag brighter in the V -band (van der Hucht 2001). This enor-
mous visual brightening might still be difficult to detect if the SN is
located in a crowded region or if it falls on the galaxy light. For SNe
located at large galactocentric radii, it should however be possible,
provided the search is deep and performed on a daily cadence.

5.2 Peak luminosity and width

Our 56Ni-rich models, which contain 0.0534–0.120 M! of 56Ni
and 2.38–3.42M! ejecta masses (Table 2), display a similar bright-
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Figure 6. The fractional energy (solid lines) consumed by a
species in the non-thermal excitation (top) and ionization (bot-
tom) processes as a function of ejecta velocity. Only the largest
5 (summation over all depths) fractions are shown. The fractions
of species abundances are plotted in dashed lines for comparison.
Importantly, the highest ionization stage of each element is ex-
cluded in the calculations of fractional abundances. (see the text
for details).
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Figure 7. Comparison of temperature structure between model
D127 NT (black) and model D127 (red).

into heat/temperature is stored up in ionization/excitation,
driving the material even further away from LTE level pop-
ulations.

Notice that the temperature of the two models is simi-
lar below 1000 km s−1, despite the existence of a substantial
amount of 56Ni. Even though the region is not in LTE, colli-
sional processes are important, and there is a strong coupling
between the radiation field and the gas, and thus energy ini-
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Figure 8. Logarithmic species fractions of different ionization
stages for hydrogen (top) and helium (bottom). Comparison is
made between model D127 NT (solid lines) and D127 (dashed
lines).

tially deposited via the ionization and excitation channels
can be thermalized. The fractions of energy entering the
three channels are shown in Figure 5. The heating fraction
becomes dominant in the inner region, which is consistent
with the temperature comparison in Figure 7.

5.2 Controlling processes for H i and He i lines

In this section, we compare the hydrogen and helium ioniza-
tion structure in the D127 and D127 NT models and study
the processes controlling the H i and He i lines in the non-
thermal model. The H and He ionization fractions for both
the D127 and D127 NT models are illustrated in Figure 8.
In the cobalt region, the ionized H fraction has increased
by up to an order of magnitude, while in the region above
v > 5000 km s−1, the ionization is unchanged, since 56Co is
deficient there.

While He remains neutral for v < 10 000 km s−1, the
singly ionized He fraction is now significant. We can also see
significant change in the He ionization fraction above the
region where cobalt is abundant, which is due to a small
amount of cobalt in the model. At large velocities, the ion-
ization of both H and He is frozen, since the expansion time-
scale is smaller than the recombination time-scale (Dessart
& Hillier 2010).

Figure 9 shows the model spectra and the spectra with
only bound-bound transitions of He i and H i at the optical
band. Optical, as well as IR, H i and He i lines mainly orig-
inate below 2000 km s−1 in the non-thermal model, with a
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  He,	
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  Si,	
  S,	
  Ti,	
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  photoionization	
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  exchange	
  reactions	
  in	
  H	
  poor	
  environments	
  (O,	
  C,	
  Si,	
  Fe,	
  Co,	
  Ni).	
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Time	
  Dependent	
  Radiative	
  Transfer	
  

	
  
For	
  Homologous	
  expansion:	
  
	
  

! 

1
cr3

D(r3H" )
Dt

+
1
r2
#(r2K" )
#r

+
K" $ J"

r
$
"V
rc

#H"

#"
= $%"H"

! 

1
cr3

D(r3J" )
Dt

+
1
r2
#(r2H" )
#r

$
"V
rc

#J"
#"

=%" $ &" J"

! 

1
cr4

D(r4J)
Dt

+
1
r2
"(r2H)
"r

= # (S $ J)

! 

1
cr4

D(r4H)
Dt

+
1
r2
"(r2K)
"r

+
K # J
r

= #$ H

Grey transfer: 

100,000 equations! 
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Type	
  Ib/Ic	
  

Progenitor	
  
Wolf-­‐Rayet	
  (W-­‐R)	
  star?	
  
Binary	
  channel	
  W-­‐R	
  star?	
  

Helium	
  abundance	
  
Mixing	
  /	
  Asymmetries	
  
	
  

Type	
  II	
  P	
  
Progenitors	
  	
  (M	
  <	
  20	
  M¤)	
  –	
  Why?	
  
Explosion	
  mechanism	
  
Asymmetries	
  
Mixing	
  

 

Type	
  Ia	
  SN	
  
Progenitor?	
  

Single	
  degenerate	
  
Double	
  degenerate	
  (M>	
  1.4	
  M¤)	
  
Double	
  degenerate	
  (M<	
  1.4	
  M¤)	
  

Why	
  such	
  standardizable	
  candles?	
  
DeZlagration	
  /	
  Detonation	
  
Mixing	
  /	
  Asymmetries	
  

 



Pair	
  Instability	
  SNe	
  (PISN)	
  
Observed?	
  
Metallicity?	
  
	
  

Type	
  IIn	
  SN	
  
Interaction	
  with	
  circumstellar	
  medium?	
  
Cause	
  of	
  CSM	
  
Progenitor	
  

Luminous	
  SNe	
  
PISN?	
  
IIn?	
  
	
  

SNe	
  imposters	
  
Luminous	
  explosions	
  –	
  LBV	
  like	
  
Mechanisms	
  

Surveys	
  
SNe	
  factory	
  
Polamar	
  Transient	
  Factory	
  
SkyMapper	
  
Pan-­‐Stars	
  
LSST	
  
	
  

Experiment	
  
Raleigh-­‐Taylor	
  instabilities	
  
Instabilities	
  
Magnetic	
  Zields	
  

Theory	
  
Explosions	
  

2D/3D	
  
Need	
  constraints	
  on	
  progenitors	
  
Mixing/resolution	
  
	
  

Light	
  curves	
  /	
  Spectra	
  
1D	
  /	
  3D	
  Monte	
  Carlo	
  
Ray	
  tracing	
  (1D/3D)	
  
LTE	
  /	
  non-­‐LTE	
  /	
  LTE	
  with	
  scattering.	
  

Bright Future 
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Bound-Free Jump (n=1 state in He II) 
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bound-bound 
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Illustration of opacity for 
a real stellar atmosphere. 



Time	
  Dependent	
  Statistical	
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One such equation for each level (all species & Ionization stages) 

Note:	
  
Primarily	
  effects	
  ionization	
  balance.	
  Recombination	
  processes	
  generally	
  much	
  slower	
  
than	
  radiative	
  processes	
  coupling	
  levels	
  in	
  a	
  given	
  ionization	
  stage.	
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