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REMINDER: ALL WE HAVE IS LIGHT

  Light Curve (LC) 

Change in intensity of light or 
luminosity as a function of time. 

Can collect SN LCs in different 
“filters” and combine them to 

get a “bolometric” LC. 

SN LCs diverse in peak luminosity 
and duration.

Spectrum 

Light intensity as a function of wavelength  

Shows signatures of the components of the 
emitting source (spectral lines) 

SN spectra diverse but mainly two categories: 
H-poor (Type I) and H-rich spectra (Type II). 



DIVERSITY OF SUPERNOVA LIGHT CURVES

Some LCs show “plateaus” (IIP), others show a somewhat “linear decline” (IIL), others are 
consistent with the constant decay rate of cobalt-56 at late times while others show a 

variety of features. Type Ia SNe are strikingly homogeneous. 



WHY DO SN LIGHT CURVES LOOK SO 
DIFFERENT?

Why is the light curve 
different for Type II? 

Why is the light curve 
similar for Type Ia, Ib. Ic? 

Why are Type Ia brighter 
than Type Ib, Ic?

Some questions worth pondering…
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WHAT DO LC FEATURES TELL US?

tdiff

Lpeak

dL/dtdecay

Rise time to peak luminosity (trise): Varies according to SN ejecta mass and expansion velocity. 
Diffusion time-scale (tdiff): Time-scale for photons produced by the explosion to leak out of the SN 
ejecta and “free-stream”. -> Related to properties of SN matter (opacity, mass, expansion velocity). 
Peak Luminosity (Lpeak): Maximum luminosity reached. -> Related to when SN ejecta become 
transparent and how much energy is deposited by heating source. 
Late-time decay rate (dL/dtdecay): Rate of luminosity decline at late times. Characteristic of energy 
input source. 



THE VERY EARLY LC - SN SHOCK BREAK-OUT

• Before the main, long-duration part of the 
LC we rarely detect a very brief (<1-2 days) 
spike in the SN luminosity. 

• That spike is related to the break-out of 
the SN shock from the stellar surface 
(SBO)! 

• Instant shock energy heat deposition into 
the ejecta and subsequent expansion and 
cooling. 

• SBO LC give us direct information about 
the progenitor star (e.g. size). 

• If it wasn’t for a secondary re-brightening 
source, SNe would last very briefly and 
would be harder to detect.



POWERING THE RE-BRIGHTENING: MODELS
Radioactive decays of Ni-56 and Co-56

Magnetar spin-down

SN-ejecta - circumstellar interaction

In Type Ia and IIP, Ib/c SN the SN shock heating coverts 
intermediate mass elements (mainly Si, S, Ne, Mg) into the 

radioactive Ni-56 that subsequently decays to Co-56 and that, in 
turn to Fe-56. Gamma-rays are produced that can be trapped in 

the expanding SN ejecta re-heating them. 

In core-collapse SNe the collapse of the iron core is followed by 
the formation of a degenerate, ultra-dense neutron star that can, 

under certain conditions be highly magnetized. Conversion of 
magneto-rotational energy to radiation causes that newly-born 

“magnetar” to spin-down while simultaneously heating up the SN 
ejecta. 

The circumstellar environment where SN occur is not always 
“clean” as many massive stars lose a lot of mass prior to their 
explosion. The resulting SN ejecta can therefore collide and 

violently interact with this previously shed matter in these “dirty” 
conditions (Type IIn SNe). Shock heating can cause a very 

bright LC. 



LIGHT DIFFUSING THROUGH MASS

Random walk: When a photon (light 
particle) is produced in the core of a 
star, it undergoes millions of millions of 
interactions (scatterings/absorptions) 
with neighboring particles and 
changes direction several times until it 
eventually escapes to space. 

The time-scale for a photon to diffuse 
out of a gas depends mainly on the 
mass of the gas and 
the “opacity” of the mass (i.e. how 
transparent it is to light -> function of 
composition!).

Length of random walk ~ Square root 
of number of “interactions”

Same principle holds for light diffusion through expanding SN mass 
but also expansion speed plays a role!



  

•   Homologous expansion of the ejecta 
The speed of SN ejecta is linearly proportional to location: outer SN ejecta 
move faster than inner ejecta. 

•   Centrally located distribution of power source 
All input heating source is located in center of expanding ejecta. 
Idealized, for simple model since in reality we have 3-D mixing.  

•   Radiation Pressure Dominant 
The energy in the photons is greater than energy in the gas and the dynamics 
are controlled by the photon pressure. 

1st law of thermodynamics (energy conservation) coupled with radiative 
diffusion
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The simple diffusion model & assumptions

*Please forget this mess 
after the lecture!

Luminosity as function of time, input  energy, progenitor radius and SN ejecta speed.



RADIOACTIVE DECAY - II

• Model input parameters: 
Diffusion time-scale (fit), SN ejecta 
speed (observations), SN 
ejecta opacity (good proxy known 
for H/He composition).
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Take-away points

• Model output parameters: 
Nickel-56 mass, SN ejecta mass, 
SN ejecta gamma-ray trapping 
efficiency.



RADIOACTIVE DECAY WITH RECOMBINATION

Type IIP (plateau) SN show a phase of 
almost-constant luminosity following 
peak in their LCs. 

The progenitors of SN IIP are thought 
to be massive extended “red 
supergiant” (RSG) stars. Radius of RSG 
~ 35,000 that of Earth. 

The extended RSG envelopes are rich 
in hydrogen (H). H can be ionized 
when heated and then immediately 
recombine at a constant temperature 
of ~5,500 K. Constant temperature 
and large radius -> plateau. Once 
recombination of all H complete, SN 
dims. 



FITS TO OBSERVED LC DATA - RESULTS

Type Ia are brighter than Type Ib and Ic because they produce more nickel-56 in the original 
explosion. 

The thermonuclear burning of C and O in a white dwarf makes about 0.5 - 0.7 solar masses of 
Ni-56. A core-collapse that blasts the silicon layers makes about 0.1 solar masses of Ni-56. 

SN 1987A (Type II-pec) SN 2003jd (Type Ic)SN 1987 (Type Ia)

Nickel mass ~ 0.36 Msun 
SN ejecta mass ~ 3 Msun 
SN energy ~ 7 x 10^51 erg 

Nickel mass ~ 0.08 Msun 
SN ejecta mass ~ 11.2 Msun 
SN energy ~ 10^51 erg 

Nickel mass ~ 0.5 Msun 
SN ejecta mass ~ 1.45 Msun 
SN energy ~ 10^51 erg 



A MORE ACCURATE APPROACH: RADIATION 
TRASFER CALCULATIONS

   Real astrophysical systems are far more complex than what simple analytic 
models can capture. 

   In studying supernovae, physics is complicated since we need a model that 
predicts how light is diffusing through expanding, cooling supernova matter made 
up of a variety of components.  

   On top of that, radiation (light) interacts with matter occasionally changing it’s 
dynamics.  

   We need sophisticated radiation transport codes that can do the complicated 
math using advanced numerical techniques. 

   Billions of line opacities in the data-base necessary to calculate model spectra 
and then use these to calculate model LCs and compare against observations. 
Ultimate goal of numerical astrophysics.



AN ARMY OF NUMERICAL METHODS TO THE 
SERVICE OF UNDERSTANDING SUPERNOVAE

Radiation Hydrodynamics Radiation transport - “Diffusion”

Radiation transport - “Monte Carlo” Radiation transport - “Moment” schemes

Calculate interaction of 
radiation with matter 

including and effects on 
dynamics. Usually “multi-

group” flux limited diffusion. 

Examples: CASTRO, FLASH, 
RAGE 

Calculate spectra and 
bolometric LCs using  the 
evolution of the radiation 

field and large opacity 
databases. 

Examples: SNEC, SuperNu, 
PHOENIX, CMFGEN 

Calculate model spectra 
using large opacity 

databases and numerical 
models for the random walk 
of photons through matter. 

Examples: SEDONA, 
TARDIS  

Calculate model spectra 
and LCs using a 

sophisticated method to 
solve for the 

“moments” (derivatives) of 
the radiation field. 

Examples: STELLA, M1 



MODEL SN SPECTRA AND LIGHT CURVES

Model LCs of SN 2006gy by Moriya et al. (2013) using STELLA

Model Type IIn SN spectra by Dessart et al. (2015) using CMFGEN

Model SN Ic spectra by Chatzopoulos et al. (2015) using 
PHOENIX

Comparison of SN Ic spectra between PHOENIX and 
SEDONA (Chatzopoulos et al. 2015)



SUMMARY

➢ SN LCs show the evolution of the brightness of a SN with time. They can either be “broad-
band” (filtered) LCs or “bolometric” (including contributions from all wavelength) LCs. 

➢ Features of SN LCs like their rise time to peak luminosity, late-time decline rate and peak 
luminosity give us hints on the energetics and physical properties of a SN explosion. 

➢ Models of SN LCs are broadly based on a nickel-56 and cobalt-56 radioactive decay energy 
input. Some analytical models based on that input can give information on how much Ni is 
produced in a SN and how massive were the SN ejecta.  

➢ Other energy inputs have been discussed for SN LCs (magnetar spin-down, circumstellar 
interaction). We will revisit these in detail at a later lecture. 

➢ An accurate theory of radiation diffusion and spectral synthesis requires the development of 
complex numerical codes that help us model SN spectra and LCs in a more precise fashion. 

➢ There is a variety of (mostly private) numerical codes employing different numerical methods 
to model SN spectra and LCs. 

➢ Ultimate goal of numerical astrophysics is to compare our models with the observed LCs and 
spectra and understand the underlying nature of these explosions. 


