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Background

● In the nebular phase (NP) we can see the 
whole ejecta and diagnose the contents of the 
exploded star.

● I am, together with Claes Fransson, developing 
computational tools to model the nebular phase 
spectra from given explosion models.

● So far we have applied our model to SN 1987A 
at 8 and 19 years. Currently working on 
modeling Type IIP's at ~300-600 days.



  

The model
Jerkstrand et al. 2011, in press (A&A)

● Fundamental assumptions:
● Spherical symmetry (1D)
● Homologous expansion 

– Always fulfilled in nebular phase (~1 minute for Ia's, 
few days for IIP's)

● Steady-state 
– Only valid at times when the cooling time scale and 

the recombination time scale are both shorter than 
the radioactive time scale (111 days) and the 
density change time scale (t/3).

– IIP's : t <~ 800 days (FranssonKozma1993).
– High-velocity SNe : may not be fulfilled at any time in 

the nebular phase!



  

Model atoms

● We currently have model atoms for the neutral 
and singly ionized species of H, He, C, N, O, 
Ne, Na, Mg, Al, Si, S, Ar, Ca, Sc, Ti, V, Cr, Mn, 
Fe, Co and Ni.

● Levels and lines come from Kurucz CD23 or 
NIST.

● Collision strengths, specific recombination 
rates, photoionization cross sections and 
charge transfer rates exist only for a (small) part 
of the levels/lines. Unknown atomic data is a 
problem.

 



  

Mixing

● We use 1D explosion models but 
still want to incorporate the 
important macroscopic mixing 
occuring.

● Our method to do this is to divide 
the ejecta into a core and an 
envelope. In the core, the zones 
are assumed to experience 
complete (macroscopic) mixing, 
and in the envelope no mixing.
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Mixing

● The mixing could be achieved by 
splitting the core shells and 
redistributing them in random 
order.

● We have chosen another 
approach : to let random 
numbers determine where in the 
core any emitting clump is 
positioned, and which clump type 
to encounter when following 
photons. 
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Gamma-rays / positrons

● The model starts by calculating the deposition 
of gamma-rays and positrons from the 
radioactive species.

● We use effective opacities for the gamma rays 
of κ(56Co) = 0.033(Z/A), κ(57Co) = 0.079(Z/A), 
κ(44Ti) = 0.040(Z/A) (Woosley1989).

● Comparison with detailed Compton scattering 
treatment shows small differences, at the 
percentage level (Maurer, priv. comm.).

● Positrons are assumed to be absorbed on-the-
spot.



  

Non-thermal deposition

● The radioactive deposition creates a population of 
fast electrons that heat, ionize and excite the 
gas.

● We determine the distribution of fast electrons, 
and the heating, ionization and excitation rates, by 
solving the Spencer-Fano equation (Kozma & 
Fransson 1992, 1998).



  

Ionization balance

● We compute the ionization balance assuming 
neutral, singly and doubly ionized ions (higher 
stages are not important in the NP).

● Ionization : 
● Non-thermal (from ground state), radiative (also 

from excited states), charge transfer. 
● Not included : collisional (not important in the NP)

● Recombination : 
● Radiative (spontaneous), charge transfer. 
● Not included : Collisional (not important), stimulated 

radiative, dielectronic. 



  

Excitation structure

● We compute approximate NLTE populations for all 
atoms listed before.

● Excitation : 
● Non-thermal, thermal, recomb., charge transfer. 
● Not included : photoexcitation/deexcitation, non-

thermal and radiative ionization.

● Deexcitation : 
● Radiative (spontaneous), thermal, recombinations, 

charge transfer. 
● Not included : photoexcitation/deexcitation, non-

thermal and radiative ionization.



  

Thermal equilibrium

● We compute the temperature by balancing 
heating with cooling.

● Heating : 
● Non-thermal, photoelectric, collisional deexcitations, 

free-free absorption, charge transfer.

● Cooling : 
● Collisional excitations, recombinations, free-free 

emission.



  

Radiation field

● We compute photoionization rates, 
photoelectric heating, collisional heating 
(following line absorptions), as well as the 
emergent radiation field, by emitting photon 
packets from all emission processes, and 
tracking them with a Monte Carlo technique.

● Line absorptions are followed by fluorescence 
and collisional deexcitation (heating) until the 
atom reaches the ground state.

● We use recursion rather than indivisibility, 
which limits us to moderate optical depths.



  

Coupling

● Non-thermal deposition, ionization, excitation, 
temperature and radiation field all depend on 
each other so are solved for iteratively in an 
outer loop.
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Coupling

● The dominance of the non-thermal energy input 
in supernovae in the nebular phase makes 
Lambda iteration better behaved than in e.g. 
stellar atmospheres.

● We find good convergence properties with the 
current method, although the neglect of 
photoexcitation may be critical.

● Investigation of the limits of our model will be 
done during this year.



  

Results



  

SN 1987A at 8 years
* Radiative transfer effects
are still important. * Fe I lines  dominate the spectrum.

* Ca I 4226 Å, previously unidentified.



  

SN 1987A at 8 years
* Fluorescence 
in Ca II 7300 Å.

* O I 6300, 6364 Å
contaminated by
Fe I lines.



  

SN 1987A at 8 years

* A 44Ti mass of (1.4±0.5)*10-4 
M

ʘ
  is our best fit to reproduce

the UV/optical spectrum.

* This is close to the 44Ti mass
in Cas A (1.6

-0.3
+0.6)*10-4 M

ʘ.



  

SN 1987A at 19 years
Kjaer et al. 2010 * Tomographic imaging at 

1.644 microns.

* Northern part is blueshifted, 
southern part is redshifted, just
as the ring --> ejecta is more in
the equatorial plane than 
perpendicular to it.



  

SN 1987A at 19 years
SPECTRAL MODEL: 

* The 1.64 μm line is 
synthesized silicon (Si I 
1.6459 μm), not iron (Fe II 
1.6440 μm).

* Explosively created
helium, made by freeze-out 
in the synthesis of nickel, 
shows clear emission 
at 2.058 and 1.083 μm.



  

Current project : Diagnosing SN 
Type II ejecta

● With several progenitor detections now having 
been made for Type II SN, it is highly interesting 
to see whether the suggested progenitors 
produce model spectra in agreement with the 
observed ones.

● Objects with a good set of late-time spectra 
include 1999em (M

pro
<15), 2004et (M

pro
=8

-1

+5), 

2005cs (M
pro

=8±2), 2008bk (M
pro

=9
-1

+4)..



  

Comparing progenitors

● Diagnosing emission from the O/Ne/Mg zone is 
the key to constraining the progenitor, because 
the mass of this zone varies strongly with 
progenitor mass, and it probaly does not suffer 
from molecule or dust formation.

Prog. Mass → 
Zone mass ↓

12 M
ʘ

19 M
ʘ

25 M
ʘ

Fe/He ~0.05 ~0.05 ~0.05

Si/S 0.061 0.14 0.21

O/Si/S 0.13 0.16 0.80

O/Ne/Mg 0.14 1.9 2.5

O/C 0.16 0.58 1.4

He 1.1 1.3 1.3

H 7.7 9.5 7.6

Total 9.3 13.6 13.8
Explosion models from
 Woosley & Heger 2007. 



  

Oxygen yields from different 
explosion models
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12 M
sun

 model compared to 19 M
sun

 

model at 400 days

The same hydrogen zone mass (7.7 M
sun

) has been used.



  

Sanity check : does the 19 M
sun

 

model reproduce SN 1987A at 400 
days? 
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