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4 Kasen & Woosley

the iron core, the deepest it can possibly be without vi-
olating nucleosynthetic constraints on the iron isotopes,
overestimates both the density and mass close to the ex-
plosion. It is difficult to launch a successful explosion in
the face of such high accretion and a more reasonable lo-
cation for the piston might be farther out near the base
of the oxygen shell. There is a sudden increase in the en-
tropy per baryon, S/NAk, to a value around 4.0 signals
a rapid fall off in density in the presupernova star. To
illustrate the sensitivity to the piston location, a second
version of the 0.6 B explosion of the solar metallicity 15
M⊙ star was calculated with the piston at the location
where S/NAk = 4.0. The 56Ni production declined from
0.24 M⊙ to 0.084 M⊙.

Second, the ejection of 56Ni is sensitive to the treat-
ment of mixing and fallback. It was assumed here that
whatever material had positive speed at 106 s, the time
of the link from the Kepler hydrodynamics code to the
spectral synthesis code would be ejected. Since some of
the slow moving material will fall back into the collapsed
remnant at later times, this also overestimates the ejec-
tion of 56Ni. However, mixing which is largely finished
before 106 s, reduces this sensitivity by taking 56Ni that
would have fallen in and moving it farther out in the
ejecta (Herant & Woosley 1994; Joggerst et al. 2009).

Observations of the tail of the supernova light curve
constrain the mass of 56Ni to be in the range ∼0.01 - 0.1
M⊙ (Arnett et al. 1989; Smartt et al. 2008) with values
closer to 0.1 M⊙ coming from the more massive progen-
itors. All in all, it seems that multiplying the 56Ni yield
of our models by a factor of 0.25 − 0.5 is reasonable. It
should be noted that the plateau phase of the light curve
is insensitive to the 56Ni production (see Section 6).

4.2. Mixing

In addition to its affect on the absolute yields, hydro-
dynamical mixing during the explosion can carry 56Ni
out into the hydrogen envelope and hydrogen deep into
the core of helium and heavy elements. The early ap-
pearance of X-rays in SN 1987A and the smoothness of
the light curve showed that substantial mixing occurred
- more than has been provided so far in any calculation
of just the Rayleigh-Taylor instability. Mixing that com-
mences with a broken symmetry in the exploding core
itself seems to be necessary (Kifonidis et al. 2003). Be-
cause a large number of models needed to be studied here
and because the degree of mixing is affected by the uncer-
tain asymmetry of the central engine, we used a simple
parametric representation of the mixing similar to that
used by Pinto & Woosley (1988) and Heger & Woosley
(2008). A running boxcar average of width ∆M is moved
through the star a total of n times until the desired mix-
ing is obtained. The default values ∆M and n are 10%
of the mass of the helium core and 4, respectively. This
gives, for example, the mixed composition for Model 15C
in Figure 1.

We explored the effects of varying the degree of mixing,
and found that it lead to only small changes at the end
of the plateau – i.e. once the recombination wave had
reached the inner layers of helium and heavier elements.

5. THE CALCULATION OF LIGHT CURVES AND SPECTRA

Several numerical studies of the light curves of SNe IIP
have been published (e.g., Litvinova & Nadezhin 1985;
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Fig. 2.— Bolometric light curves of a standard model
(M15 E1.2 Z1) with different amounts of 56Ni ejected (marked on
figure in units of M⊙). The radioactive energy deposition extends
the plateau, but has little impact on the luminosity at t < 50 days.

Young & Branch 1989; Utrobin 2007; Nadyozhin 2003).
One common limitation of the previous studies was
that the radiative transfer was often treated in the
diffusion approximation or with low wavelength res-
olution, although there have been a few exceptions
(c.f., Baklanov et al. 2005; Chieffi et al. 2003). Non-
LTE (NLTE) radiative transfer calculations have been
applied to the stationary spectra of SNe IIP (e.g.,
Dessart & Hillier 2005b; Baron et al. 2003), but not, so
far, to time-dependent light curve calculations.

To calculate light curves and spectra of our mod-
els, we applied a novel method which coupled a
multi-wavelength implicit Monte Carlo radiation trans-
port code to a 1-dimensional hydrodynamics solver
(Kasen et al. 2006; Kasen & Woosley 2009). The initial
conditions of the calculation were taken from the Ke-
pler explosion model at t = 106 s after explosion. At
this time, the ejecta was largely homologous and the hy-
drodynamics essentially unimportant. While we there-
fore neglect the earliest part of the light curve, our main
interest here is the plateau phase. Detailed radiative
transfer calculations of the shock breakout phase and
early luminosity will be discussed in a separate paper
(Kasen & Woosley 2009).

In the Monte Carlo approach, the radiation field is rep-
resented by discrete photon packets which are tracked
through randomized scatterings and absorptions. At the
start of the calculation, a large number (∼ 105) of pack-
ets were initiated in each zone. The energy of the packets
was chosen so that the sum equaled the equilibrium ra-
diation energy of the zone. The initial frequency ν and
direction vector D̂ of each packet were sampled assuming
that the distribution was isotropic and blackbody in the
comoving frame. Throughout the simulation, additional
packets were created to model gamma-rays input by the
decay of 56Ni and 56Co. The transport and absorption of
these gamma rays were likewise followed using a Monte
Carlo approach applying the relevant opacities.

We adopted a mixed-frame approach for the transport
whereby the gas opacities and emissivities were calcu-
lated in the comoving frame, while Monte Carlo packets
were tracked in the lab frame. The relevant optical opac-
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22) Using the chart below and a value of +4.83 for the absolute magnitude of the 
Sun, calculate the distance to Star G (in parsecs) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

23) Star H has a measured parallax of 0.0148 arc seconds and produced the light 
curve below.  What is the distance from Star H to the Sun (in parsecs)? 

 
 
 
 
 
 

24)  Which of the following spectra is closest to that of Star H? 
 
   a) 
 
 
   b) 
 
 
   c) 
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