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"That corpse you planted last year in your garden,
Has it begun tot sprout? Will it bloom this yea?
Or has the sudden frost disturbed its bed?

T.S.Eliot, The Waste Land




Summary of pre-supernova
stellar evolution — shell

structure

Carbon ignition in stars above
8M,, and subsequent burning
stages:

G,H: He® C,0
E:C® NeMg
D:Ne® O,Mg
C:O® Si
Si:® FeNi

and Nucleosynthesis




Modelling explosive
nucleosynthesis

No reliable ab-initio-calculations of supernova
explosions available

“Artificd” explosion:

— Piston moadel

— Injedion d thermal energy

— Adjustment of boundary condtions to match typical
explosion energies (»10°%erg)

Nucleosynthesis yields depend on stellar

mass® calculations for grids of stellar models




Rough estimates

Effedivity of nucleosynthesis
depends mainly on the shock
temperature T, and the neutron
excessinagiven shell (whichis
conserved during explosive
nuclea burning)

Determination of T
Erad (r ¢< r) e Eexplosion

gpr “aT/ » 10°%erg

Condition for explosive

nucleosynthesis. burning

li fetime<hydrodynamic

timescale Theevortion’

and explosion of
massive stars




Burning process determined
by peak temperature

outer massshell li mitsin untsof solar masses for a
progenitor of

shock- 15M

temperature
T9
explosive 4-5

Si-burning

20M Za\Y

sun sun Sun

explosive
O-burning

explosive
Ne/C-

burning

based on Thielemann et al., Core coll apse supernovae and their gjecta




Simplified approach to
nucleosynthesis

Instead of solving a nuclear reaction retwork
using the temperature and density evolution from
hydrodynamical ssmulations, we resort toasimple

parametrized model:
+ Appropriate peak temperature for explosive burning

+ Post-shock density evolution: r ~e Ut, wheret is
approximated as t »4465Qr glcm3)

+ Constant radiation entropy: r T#=const.




Explosive C-Burning

a-,p-,n-production:
12C(12C, a)ZONe
’C(12C,p)*Na

12C(12C, n)23|v| g
(T>1.12-10°K)

Destruction of
neutron-rich nucle:

“Ne(a,n)*Mg

® Shift of neutron-
excessto heavier
e ements

T=2.1

r =1.15840°g/cm3 Arnett, Supernovae
and Nucleosynthesis




Explosive C-Burning

Arnett, Supernovae
and Nucleosynthesis

Abundances normalized at 2°Ne:

comparison of network caculations (dotted lines) and solar
abundances (filled squares)




Limitations on the extent of
explosive C-burning

Overproduction of ®4Ni, 79Zn,
6Ge, 82Sg, 8K (neutron-
capture readions)

Progenitors are unstable to b-
deca ( halflives.: min...100a).

The C-shell cannot be
completely reprocessed in the
explosion.

Hydrostatic C-burning produces
S-processelementsin corred
abundances.

Explosive C-burning still
contributes ®me important
Isotopes (23Na, Mg, €tc.).

hydrostatic

Arnett, Supernovae
and Nucleosynthesis




Explosive Ne-Burning

a-,p- and n-
production:

ZON e(g,a)lGO

(a,p)- and (a,n)-
readions

Destruction of
neutron-rich nucle:

22Ng(a,n)5Mg

® Shift of neutron-
excessto heavier
e ements

T=2.3
r=1.521-10°g/cm?3

Arnett, Supernovae
and Nucleosynthesis




Explosive Ne-Burning

O 0

Arnett, Supernovae
and Nucleosynthesis

Arnett, Supernovae Abundances normalized at 160
and Nucleosynthesis




Explosive O-Burning

a-,n- and p-
productionin
160+160 readions

Convenient
description: quasi-
equlibrium cluster
consisting o Si, S,
Ar and Ca

T4=3.6
r =53 0°g/cm?®

Arnett, Supernovae
and Nucleosynthesis




Explosive O-Burning

O

O

Sc-Ti-
bottleneck:
weakbinding
of isotopes
above Ca
inhibits flow to
heavier
e ements

AL SUFETTREE Abundances normalized at 28Si
and Nucleosynthesis




Explosive Si-Burning

a-,p- and n-
production dueto
photodissociation of
28Si

Convenient
description: nuclear
statisticd
equilibrium with
freezout (depends
crucialy on initial
neutron excess

T~4.9
r =1.47408g/cm?3

h=2.6403

Arnett, Supernovae
and Nucleosynthesis




Explosive Si-Burning

and Nucleosynthesis abundances normalized at °6Fe




Explosive Si-Burning:
a-rich freezeout

a-particles cannot
achieve gquilibrium
abundance because
coaling proceeds to
rapidly.
prerequisite: high
initial a-production:
lowr orhighT

T=5.2
r =1.47408g/cm?3
h=1.58403

Arnett, Supernovae
and Nucleosynthesis




Explosive Si-Burning:
a-rich freezeout

00O O@@

and Nucleosynthesis abundances normalized at *6Fe




Results from network
calculation relying on 1D-
hydrodynamic simulations

Thielemann et al., Core coll apse supernovae and their ejecta




Special nucleosynthesis

PIrOCESSES

+ N-process

Some Isotopes whose origin cannot be explained
erproduced in explosive

otherwise ae still und
nucleosynthesis.

Additional processes needed.

+ Neutrino-process.

(Z,A)+n® (Z,A)*+nAs

\

(® (Z- 1A-1)+p+nA

® (Z ,A- 1)"+n+nA
® (Z- 2,A-2)"+a+nA

+ p-process combination d (g,n), (g p) and (ga)
produces neutron-deficient e ements

+ r-process rapid neutro
neutrino diven wind

n capture, probably in the




N-process

Main parameter: n-energy
distribution (fermi-
distribution with

T »>4MeV and T,
»6MeV)

Crosssedions and
branching ratiosrely on
theoreticd models

Small crosssedions® n-

processworks only for

Isotopes with abundant

progenitors
A.Heger et al., Neutrino
Nucleosynthesis




N-process production factors
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based on A.Heger et al., Neutrino
Nucleosynthesis




Significane of the n-process

H He Ne O NSE Ne NSE
Li B A A MK
B C “ca C
11 B B A 45 83

N T

= T

Na Py

Al \Y;

Al Mn

31P 59 CO

35 CI 63 CO

39K 138La A

K = B Ta A
A=produced in full abundance, B=important production, C=minor production,
E=enhanced significant production
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Adopted from A.Heger et al., Neutrino Nucleosynthesis




Synthesis of Nucleosynthesis

produced in massive

stars, but other

sources (S_n la, etc.) p-process
also contribute elements

R.Hoffman,
T.Rauscher, A.Heger,
SWoasley, New
Results on
Nucleosynthesisin
Massve Stars; Nuclea
Data Needs for
Nucleosynthesis




Production of medium-lived
radioactive elements

4Ti isproduced in the zne of a-rich
freezout only

Yideds engtive to the masscut

Dependance on explosion mechansim
(piston/thermal)

0Co is produced mainly in
presupernova Ne- and O-burning as
well asin He-burning (s-process

F.X. Timmes et al., The Production of
44Ti and 9Co in Supernovae




44T and °°Co in Cas A and
SN1987A

4Ti-Decay:
+ HMTi® *Sc (t,,,=(58+10)a, g-lines
at 67.85keV and 78.38keC)

+ “#Sc® *Ca(ty,=(58+10)a=5.7hr,
glineat 1.157/MeV)

60Co-Decay: 99Co ® 0N,
t,,=5.27a, ¢linesat 1.332MeV and
1.173MeV 4

SN 1987A:

+ Predicted flux: 1-2X4.0%ms? (for
53 0°Mg,, of #Ti) and
3-540cm?st (for 240°Mg, of
4Ti); not yet detectablein 1995

+ Cluesto gected masss. lightcurve

CasA:

+ Observed line (1.157MeV) flux
(COMPTEL: (4.2+0:8)40°cm?s?,
OSSE: (1.7+1.4)40°cm?s 1)
suggests amassof 1.0 20 “*Mg of
AT
A large massof 44Ti is somewhat
problematic because it would
imply alarger amount of *6Ni in
the gecta® too high peak
magnitude, possblie remedied by
large visual extenction




Lightcurve of SN1987A

F.X.Timmes et a., The Production of
44Ti and %9Co in Supernovae




Further Issues

Mixing phenomenain
multi-dimensional models
Readionrates both for
hydrostatic (e.g.
12C(a,g)1%0) and
explosive burning (e.g. r-
processrates and anding
energies)

Effedsof initid

metalli city (primary and
seaoncary production)

Mixing at 162G, blue: oxygen, green: silicon, red: nickel

http://www.mpa-
garching.mpg.de/~kok/SN_mixing/JPG/elements 1620s.jpg




Appendix: origin of elements

red: important Woolsey'et al.,
contribution The evolution

from massive and explosion of
stars massive stars
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Thanks to H.-Th. Janka for providing me with ample material for this talk.




