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Supernovae (SNe)
A supernova is the explosive destruction of a star. There are two types:

1 Core-collapse of a massive star
(M > 8 M⊙) as it runs out of fuel at
the end of its life

2 Thermonuclear explosion of a
white dwarf exceeding the
Chandrasekhar mass
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The energetics of core-collapse SNe

Massive stars end their lives by having their cores collapse to neutron
stars or black holes. This releases a gravitational binding energy
3
5GM

2/R :
Neutron star (most common) :

→ ENS
g ≈ 1053 erg

Black hole : R = 2GM/c2

→ EBH
g = 1055 ·

(

M

20 M⊙

)

erg

Allmost all this energy is radiated as neutrinos. They transfer about
1% of their energy to the envelope as they stream through it →
Envelope explodes as a SN with energy

ESN = 1051 − 1053 erg
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Velocities

Massive stars have a final mass of ∼ 10 M⊙ at the end of their lives.

Equipartion → Einternal ≈ Ekinetic ∼ 1051 erg.

Thus, the expansion speed of the SN is

VSN ∼

√

10
3 · 1051 erg

10M⊙

∼ 4000 km/s

Cas A, which in 300 years has expanded to a radius of 5 light years, implying
an average velocity of 5000 km/s.
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The internal energy is adiabatically degraded before it can

be radiated away

The diffusion time is given by

tdiff = 100 days ·

(

E

1051 erg

)−1/4 ( M

10 M⊙

)3/4 ( κ

0.33 cm2g−1

)1/2

Over this period, the internal energy is adiabatically degraded by a factor

Fdegradation ∼
1

2

R(td)

R(0)
∼

1

2

Vtd
R0

∼ 100 ·

(

E

1051 erg

)1/4 ( M

10 M⊙

)1/4 ( κ

0.33 cm2g−1

)1/2 ( R0

500R⊙

)−1

Thus, giant stars (R0 ∼ 500 R⊙) will emit ∼ 1049 erg , whereas compact

stars (R0 ∼ 5 R⊙) will emit ∼ 1047 erg .

5/25



Expected vs observed radiated energies

Expected
Supernova Stellar radius radiated energy Observed

(R⊙) (erg) radiated energy1

SN 2004et (CC) 500 1049 2 · 1049

SN 1987A (CC) 50 1048 0.8 · 1049

SN 2005cf (TN) 0.01 2 · 1044 1 · 1049

There is clearly another energy source involved, providing ∼ 1049 erg
of extra energy!

1From observations at all wavelengths
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1940s : Slow exponential tails discovered Baade 1945

Decay time scale of ∼ 100 days Borst 1950 : Radioactivity!
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1969 : 56Co (correctly) identified as the radioactive

element Colgate & McKee 1969
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Why 56Ni? Explosive burning in the SN shock wake.

Typical density in massive star cores (from stellar evolution models) is
ρ ∼ 107 g cm−3. A strong shock (Vshock ≫ Vsound ) that is
radiation-dominated heats material to

Tshockwake ∼ 8 · 109 K

(

ρ

107 g cm−3

)1/4 ( Vshock

104 km s−1

)1/2

This is above the Si burning limit (TSi ∼ 3 · 109 K), so burning to
iron-group nuclei occurs. At low neutron excess, 56Ni is the most
abundant isotope formed.
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Nuclear Statistical Equilibrium (NSE) at small neutron

excess → 56Ni is the main ash
Small η excess gives solar abundances of iron-group isotopes

Isotopes produced by burning at T = 3.5 · 109 K and ρ = 107 g cm−3. From
Hartman 1985.
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How much radioactive material?

The shock has Es ∼ 1051 erg. The largest region that can be converted to
56Ni is given by equating

Es ≈ Volume · aT 4
Si

which has solution

R = 3400 km ·

(

Es

1051 erg

)1/3

Typical pre-SN models have a mass ∼ 1.7 M⊙ inside this radius. About 1.6
M⊙ forms the neutron star, and the estimate of the amount of 56Ni ejected
is therefore ∼ 0.1 M⊙ . This is precisely the amount needed to provide the
extra energy observed!
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Observed 56Ni yields
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A current research topic is to understand the production of 56Ni in various
SN explosions.
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1988 : Direct detection of gamma-rays from 56Co decay in
SN 1987A Matz+ 1988, Leising & Share 1990

Direct confirmation of nuclear burning theory. M(56Ni) = 0.075 M⊙

SMM (Solar Maximum
Mission)
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The source of iron in the universe

Core-collapse:

1 per 100 years and galaxy

∼0.1 M⊙ of 56Ni per event (1
direct detection, SN1987A)

→ 0.1 M⊙/year and galaxy

Thermonuclear:

1 per 300 years and galaxy

∼ 1 M⊙ of 56Ni per event (1
direct detection, SN1991T)

→ 0.3 M⊙/year and galaxy

In total ∼ 1010M⊙ of Fe over galaxy’s lifetime ≈ 10−3Mgalaxy ≈ solar
abundance.

All iron we see around us comes from radioactive 56Ni created in SN
explosions.

14/25



Other radionuclides and their production sites

Mass τ
Isotope (M⊙) (years) Product Source
56Co ∼ 10−1 0.30 56Fe explosive (as 56Ni)
57Co ∼ 10−3 1.1 57Fe explosive (as 57Ni)
44Ti ∼ 10−4 85 44Ca explosive, if α-rich freeze-out occurs
60Co ∼ 10−5 7.6 60Ni n capture during static C burning
22Na ∼ 10−6 3.8 22Ne p capture during static C burning
26Al* ∼ 10−5 106 26Mg p capture during H, C, Ne and explosive Ne burning

60Fe* ∼ 10−5 4 · 106 60Ni n capture in explosive O, Ne burning

* Long-lived radioactivities that do not influence SN itself
Green = directly detected in gamma rays / X-rays
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Radioactive powering of the ejecta

Gamma rays

Carry 80-100% of the decay energy.

Compton scatter on free and bound electrons

σγ ≈
1
3σThomson. An effective (purely absorptive) cross section of

1
6σThomson gives roughly the right deposition.

Trapping time

ttrap = 1 year ·

(

M

10 M⊙

)1/2 ( V

4000 km/s

)−1

(1)

→ Gamma-rays dominate the powering during the first year, but start
escaping the SN ejecta after that.
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Radioactive powering of the ejecta

Electrons and positrons

Carry 0-20% of the decay energy.

Deposit energy by exciting and ionizing the gas.

σe−,e+ ∼ 100σγ →

ttrap ∼ 17 years

(

M

10M⊙

)1/2 ( V

4000 km/s

)−1

→ Important for t > 1 year as gamma rays escape but leptons do not.

A magnetic field (even a weak one) will cause complete trapping even
longer:

Rcyclotron

RSN

= 10−6

(

B

10−6 G

)−1( V

4000 km s−1

)−1
( t

100 d

)−1
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Radioactive powering of the ejecta

Energy deposition channels

Methods:

Monte-Carlo

Solve the Boltzmann equation for the distribution of fast electrons
(Spencer & Fano 1954)

Properties:

Since Eγ,e−,e+ ≫ χexc,ion, distribution is independent of shape of input
spectrum → no sensitivity to properties of decay products

Weak dependence on density

Main dependency (for a given composition) is electron fraction xe

Issues:

We need accurate collision cross sections

Ionization to excited states not currently treated (ionization from
excited states less important)
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Radioactive powering of the ejecta

Energy deposition channels, pure ogygen plasma

From Kozma & Fransson 1992.
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Radioactive powering of the ejecta

Method to compute model light curves and spectra Jerkstrand+2011
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Modeling example : 44Ti powered spectrum of SN 1987A 8

years post-explosion Jerkstrand+2011

Magnetically trapped positrons in Fe/Ti clumps → strong Fe I lines.

Determination of 44Ti mass to 1.5± 0.5 · 10−4M⊙.
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44Ti yields tell us that (some) SN explosions are

asymmetric

Diehl 2013
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Modeling example : 56Co powered spectrum of SN 2004et

Jerkstrand+2012
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Nucleosynthesis matches a ∼ 15M⊙ progenitor

Contrains on density of 56Ni bubble
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Modeling example : 56Co powered oxygen emission in of

nine Type II SNe Jerkstrand+, in prep.
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Nucleosynthesis points to progenitors in 8-17 M⊙ range.

Massive stars (M & 17M⊙) do not make Typ II SNe?
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Summary and outstanding problems

Radioactive elements are produced maily in the hot shock wake of SNe,
but also in late stages of hydrostatic burning. They influence the light
curves and spectra of all types of SN, and in particular light up the
interior of SNe at late times which allows nucleosynthesis analysis.

By iteratively solving the equations describing gamma-ray and lepton
degradation, statistical and thermal equilibrium for the SN gas, and
radiative transfer we can compute model spectra for SN gas exposed to
radioactivity.

Open questions include

What is the distribution of 56Ni produced in SNe, and what can that tell
us about how they explode?
What is the origin of 44Ca (daugter nucleus of 44Ti) in the universe?
To what extent do 22Na and 60Co power SNe?
What is the structure of magnetic fields in SNe? Analysis of trapping of
decay leptons is the key.
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