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Overview

► Explosive nucleosynthesis
► Radioactive decay
► Important radionuclides for supernova light curves

► Bolometric supernova light curves in the lepton dominated phase
► High central density (Chandrasehkar-mass) vs low central density 

(violent merger) models

Part I: Explosive nucleosynthesis and radionuclides

Part II: Late time supernova light curves – diagnostic power



Astrophysics and Nuclear Structure, January 29, 2013 Ivo Seitenzahl, Uni Würzburg

Type Ia SN 2003hv 

(Leloudas et al, 2009, A&A, 505, 265)‏

After ~200d, bolometric light curve (that is, luminosity integrated over UVOIR wavelengths 
as a function of time) is following 56Co half life.
Departure at ~800d is due to nuclear structure of 57Fe!       
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Explosive nucleosynthesis

► Thermonuclear fusion in supernovae does not 
proceed under hydrostatic conditions, rather in

a rapidly expanding medium.

► Often temperatures reached are high enough 
that reaction rates are so fast that nuclear 
statistical equilibrium (NSE) is reached. Ye~0.5

► In NSE, all nuclear reactions are in detailed 
balance, and the equilibrium mass fractions are 
determined by minimizing the Helmholtz free 
energy F=(U-Q)-TS.

→ High entropy environments are dominated 
by light particles (such as p,n,4He).

► → Low entropy environments are dominated 
by nuclei with the highest binding energy for 
the given neutron excess (here: Fe-group). 

Mass fractions during expansion as a function

of decreasing temperature. NSE values are

dashed. Solid lines are reaction network

calculations. Freeze-out occurs at low 

temperature, when nuclear reaction are too slow

to keep the abundance in equilibrium for the 

rapidly changing thermodynamic conditions.   
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Example: nucleosynthesis conditions in SNe Ia

Normal freeze-out from NSE:

► Lower entropy, higher densities > 3e8 g cm-3

► Low light particle fraction during freeze-out

► 55Co survives 

Alpha-rich freeze-out from NSE

► Higher entropy, lower densities < 3e8 g cm-3

► High light particle fraction during freeze-out

► 55Co destroyed by 55Co(p,γ)56Ni 

Thielemann et al. 1986
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Nuclear Decay

Positron (electron) emission: 
► Proton in the nucleus decays into a neutron, positron, and electron neutrino. The 

positron and neutrino are ejected. Only possible if |ΔEbind| > mn- mp+me = 1.8 MeV. 

► Nuclei that have an open positron channel always also have an admixture of electron 
capture, unless completely ionized, since here  |ΔEbind| > mn - mp - me  = 0.8 MeV.

► For neutron rich nuclei, neutron in the nucleus decays into proton, electron, and 

electron anti-neutrino (positron capture generally not important here).

Orbital (usually K/L-shell) electron capture by a proton in the nucleus:
► Daughter has a hole in the inner atomic electron structure.

► Hole is generally filled by higher lying electrons transitioning to lower lying levels 
emitting X-rays in the cascade.

► Energy difference and quantum numbers can also be transferred to an outer 
electron, which is ejected: Auger electrons.

In both cases the transition can be either to an excited state or the ground state:
► If the transition is to an excited state, generally a cascade of gamma rays is emitted.
► Energy difference of nuclear states and quantum numbers can also be transferred to 

an (inner) atomic electron, which is ejected : Internal conversion electrons.
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Relevant nuclear decay chains

► 56Ni is produced most abundantly by far → most important decay chain
► In 1/5 decays 56Co emits a positron → important at late times 
► 57Co decay also produces electrons → important at late times
► 55Co decay chain generally ignored since it's 100% electron capture to the ground-state 
► 55Fe decay produces electrons → important at late times 

(importance of electron channels pointed out by: Seitenzahl, Taubenberger, Sim et al. 2009, MNRAS 400, 531)‏
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57Co
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57Co Gamma and X-rays
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 57Co electrons

► Internal conversion electrons are

        significant due to a fortuitously low

lying 3/2- state in the daughter 57Fe
► Combined with Auger electrons about

        18 keV per decay, which can

        compete with the positron of 56Co

        decay due to the longer half life of 57Co

Level scheme and intensities for 57Fe

No positrons! 

Decay energy too low!
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55Fe
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 55Fe decay radiation

 Very low decay energy. Almost 100% GS to GS transition!  

Essentially no gamma rays! But:
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Bolometric light curves

Basics: 
► Usually, bolometric light curves are reconstructed from UVOIR data. 
► IR bands are progressively more important at late times as the wavelength of the peak 

emission shifts into further and further into the red → infrared catastrophe
► Unfortunately, only very few IR observations exist, especially at late times
► Column density and hence opacity to gamma-rays decreases as t-2

Models:

► Detailed models treat radiative transfer of photons
► Abundances and density/velocity profile needed for source terms, opacities, and 

time evolution
► Processes include Compton scattering, pair-production, photoelectric-absorption 

(bound-free), collisional processes, Bremsstrahlung 
► Local and complete deposition of positron kinetic energy is usually assumed

► Escape fraction of positrons at late times remains an open question
► At late times, when most gamma-rays escape and leptons dominate the energy input, 

the bolometric light curve falls with the half life of the dominant leptonic channel
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Mch delayed detonation vs. violent merger

Pakmor et al. (2012) ApJ 747, 10(Seitenzahl, Ciaraldi-Schoolmann, Röpke et al. 2013, MNRAS 429, 1156)‏

delayed detonation M
Ch

 WD violent merger (1.1+0.9 M
⊙
 WD)

56Ni mass [M
⊙
] 0.604 0.616

 mass of 57Ni and 57Co [M
⊙
] 1.88 × 10–2 1.49 × 10–2

mass of 55Fe and 55Co [M
⊙
] 1.33 × 10–2 3.73 × 10–3
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 New 3D delayed detonation SNe Ia yield tables

Seitenzahl et al. 2013, MNRAS 429, 1156
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Metallicity dependent yields for 3D SNe Ia

(Seitenzahl, Ciaraldi-Schoolmann, Röpke et al. 2013, MNRAS 429, 1156)‏

Compared to W7 (squares, Maeda 2010), 3D delayed-detonation models produce (normalized 
to 56Fe) different yield pattern in the Fe-peak, i.e. more Mn, less Co and Ni. Coupling different 
SN Ia yields to chemical evolution are one possible way to distinguish models.   
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Possible late light curves for SN 2011fe

► Merger and delayed-detonation models produce at equal 56Ni yields somewhat different 
57Ni and very different amounts of 55Co (due to different central densities). This 
provides an additional, independent way to distinguish the models.

(Röpke, Kromer, Seitenzahl et al. 2011, ApJL, 750, 19)‏
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Conclusions

► Nuclear structure has important consequences for SNe Ia, luckily (or unfortunately, 
depending on your point of view) the  important nuclei are near the valley of 
stability and the relevant properties are experimentally well known. 

► Electrons (internal conversion and Auger) produced in radioactive decay can be

        important or even dominant heat source for late phases of SNe Ia.

► Late time bolometric light curves are sensitive to isotopic production ratios of some 
radionuclides, which can be an independent diagnostic tool (in addition to e.g. 
spectral analysis).

► Future observations of late time SN light curves (e.g. SN 2011fe) hold promise of 
constraining central density of underlying supernova explosion, thus independently 
constraining explosion scenario.
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