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Origin of the Elements:

Supernovae from
Massive Stars and their
Nucleosynthesis

Alexander Heger



Overview

*Nucleosynthesis in
Supernova

e Varieties of Stellar Deaths



A First Look

Core Collapse

Supernovae
(Massive Stars, Pop |)
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lIron Core
Collapse

r

R [km]

Initial Phase of Collapse

(t-0)

Reo~ 3000

Si—-burning shell

* [ron core supported by

degeneracy pressure of
relativistic electrons:
P=K(pY,)"

Y ,:electrons per nucleon

* Polytrope! — Lecture 5
* Maximum mass:

M,~584M,Y:

* Core must contract,
density and temperature
go up, then:

e+ A > A'+v,
—
nucleus

Yt+tA-oxx—=>yn+zp

Pressure drain — collapse!



From Collapse to Explosion

* Nuclear forces become

A repulsive above

R [km] Bounce and Shock Formation - 14 3
o | (- 0115, gcs 200 1.7%x10"g/cm>°.
radius of ! f / >~ A * Collapse of inner core is
formation ) i stopped — neutron star
born.

N\

~10 e .
=+ Rebounding neutron star

%  crashes into outer shells,
launches shock wave.

05 | 1.0 v mnmy * Does the shock wave expel
nuclear matter | the envelope?

(©z9,) nuclei _ _
~ 30 Si—burning shell

* No. Shock dies. Other
mechanism have to do!
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Core Collapse Supernovae
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(Woosley & Janka 2006)

€Entropy and electron
per baryon (Y,) at
different time snapshots
In a core collapse

supernova
(simulation: equatorial band)



Core Collapse Supernovae — 3D

Cold inflow and hot outflow

in 3D simulations =» similar to dipolar
flow pattern observed in 2D rotationally
symmetric simulations

15000 km

(Scheck, Janka, et al. 2006) (Janka et al. 2005)



A First Look

Supernovae &
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roduction factor (ejecta)
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production factors
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Explosive Nucleosynthesis

in supernovae from massive stars

Fuel Main  secondary T Time Main
ue Product Product (1 0° K) (S) Reaction
Innermost r-process i >107? 1 (ny), B

ejecta Vp-process

Si, O >Ni  iron group =4 0.1 (a,y)

- CI, AI', 16 16
O SI, S K, Ca 3 - 4 1 O + 0
O, Ne O,Mg,Ne Na,ALP 2-3 5 (y,a)
p-process
1B, 19F, 2 - 3 5 (Y!n)
138]_g 180Tq
(v, V'), (v, €)

Vv-process 5



Explosive Nucleosynthesis contribution

=>production of p-process and iro/n group

1) 25 M, star

Ratio production factor in ejecta

some
destruction

mass number



production factor (ejecta)

25 M, star

Production factors
relative to solar
composition

“band of acceptable
co-production”
defined by

0O production

(x a factor 2)




production factor (ejecta)

15 M, star

Production factors
relative to solar
composition

“band of acceptable
co-production”
defined by "°O
production

(x a factor 2)



L2 += & N ~J L=

Average binding energy per nucleon (MeV)
)

Binding Energy Curve

Fission
releases

energy
Fusion

releases - i
energy Think it in terms of  _

a potential well.
L I N R R N S R R R B

0 20 40 60 80 100 120 140 160 180 200 220 240
Number of nucleons in nucleus, A



Beyond Fe

Need to add energy to do fusion

Nuclear reactions do not contribute
anymore to the energy of a star

High coulomb barrier prevents proton or
pha captures, because they are charged

a
Have to add neutrons to make heavier
elements!




Slow and Rapid neutron captures
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Unstable magic nuclei act as “waiting points”
during the r-process

B Known mass
[] Known half-life
O r—process waiting point (ETFSI-Q)
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The Solar System abundances

Log (Abundance relative to silicon = 10%)

[}
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r-process peaks
s-process peaks-

5 <
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The r-process
peaks
correspond
to unstable

nuclei with
N=50,82,126

The s-process
peaks
correspond to

| stable nuclei with

Neutron Magic
Numbers
N=50,82,126



Abundance relative to 10° silicon
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