How many processes contribute to the
heavy element abundances in the Fe-group
and beyond and what are/could be their
astrophysical sites?

an attempt to put the finger on open
questions....
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Radioactivity Diagnostics of SN1987A:°°Ni/Co, °’"Ni/Co, **Ti
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Decomposition of the heavy elements
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Solar System Abundances
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Pre-SN stage
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rotation produces primary nitrogen and later ?Ne => enhances mass loss and s-process source




s-Processing in rotating low-metallicity stars, Z=10"
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Fig. 1. Overproduction factors (abundances divided by their initial values) for the 25 M, models with Z = 1077
after the end of core He-burning. The model without rotation (triangles) does not produce s-process efficiently
whereas the rotating models (filled circles, B1 and diamonds, B3) produce significant quantities of s-process.
The additional rotating models with reduced '"O(a, y) rates (B4, CF88/10) highlights the uncertainty linked

to the neutron poison '°O.

Dependence on rotation and '°O neutron poison via '°*O(n,y)"”O(a,y) or
70O(a,n) (Frischknecht, Hirschi, Thielemann 2011)



Core Collapse Supernovae

* (The Supernova Mechanism)
* The p-process

* The role of neutrinos (and the explosion
mechanism) for the (early) innermost ejecta (the
Vp-process)

* The late neutrino wind and the r-process?

* Alternative scenarios



Supernovae in 1D

SN Simulations:

"Electron-capture supernovae”
or "ONeMg core supernovae”
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Convection is not necessary for launching explosion
but occurs in NS and in neutrino-heating layer

M _~8.10M_

star

No prompt explosion !

Mass ejection by “neutrino-driven wind”
(like Mayle & Wilson 1988

and similar to AIC of WDs;

see Woosley & Baron 1992, Fryer et al. 1999;
Dessart et al. 2006)

Explosion develops in similar way for
soft nuclear EoS (i.e. compact PNS)
and stiff EoS (less compact PNS)
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Black hole formation after 0.4 or 1.4s for
40MSol star??
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Core Collapse with EOS utilizing MIT Bag Model
(Sagert et al. 2009, Fischer et al. 2011)
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Shown is a simulation of a 10M__ star containing (B'* =162) quark
matter compared to one with hadronic matter only (black lines)



2D and 3D simulations
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Simulations in 3D Liebendorfer et al.

xy-Plane, Time wrt Core-Bounce: 0.07000 s
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Multi-D explosion calculations are optimistic! (but EoS dependence, 2M_ neutron star)

When do we understand transition from regular core collapse SNe with neutron star
Jformation - to faint SNe with fall back and BH formation - BH formation and

hypernovae???



3D Collapse of Fast Rotator with Strong Magnetic Fields:
15 M_ progenitor (Heger Woosley 2002), shellular rotation with period of 2s

at 1000km, magnetic field in z-direction of 5 x10'* Gauss
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3D simulations by R. Kdppeli, M. Liebendorfer et al. 2011 , preliminary results!



(o))

How to invoke induced explosions for
nucleosynthesis purposes?

Entropy (k/baryon)
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without a self-consistent mechanism nucleosynthesis can only be calculated with induced
explosions. Woosley & Heger position a piston with 1.2B at S=4k,/b, Nomoto/Umeda/Thielemann

applied thermal bomb and integrate from outside until expected *°Ni-yield.
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mass fraction

(Radioactive) Products of Explosive Burning (20 M_ )

Fe-group composition depends on Y _and entropy (alpha-rich freeze-out)
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Nucleosynthesis problems in “induced” piston or thermal bomb models
utilized up to present to obtain explosive nucleosynthesis yields with induced
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p-process in explosive Ne/O-Burning
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Comparison with solar p-only nuclei
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Ideas for solutions

Foxperiment
= Experiment with degrader
Theory {MoeFadden-Satchler)
------- Theory {Frihlich-Ranscher)
- - - - Theory {Avrigeanu et al.)

Gamow window

FlCs. 3: DMeasured 5 factors of LI'-{Iltl_rﬂ."_-_‘.l“l'-‘.‘“;lzn reaction
compared to theory unsing the NON-SMOKERWYEE v5.4.2w
code [30] with different o+ nuclens potentials: by MeFadden
and Satchler [34], Frohlich [35, 36]. and Avrigeanu et al. [37].
The astrophysically relevant energy range, Gamow window,

at 3 G as an example is also shown,

Possible solutions:

There have been many investigations in p-
process related reactions (Gylirky, Hasper,
Kiss, Yalcin, Mohr, Sonnabend, Dillmann,
Rauscher..) which led to improved
understanding of alpha and proton optical
potentials, but the problem seems not to be
solved by nuclear rate uncertainties. The
major difficulty is to produce the low-mass
Mo and Ru isotopes, which also have a
higher abundance than the typical 1%
fraction of p-isotopes for heavier

elements.

(a) analyze environments which start with a different seed composition
being then exposed to the photon flux (e.g. extent of prior s-processing as
possibly found in the accreted He-burning layers of SNe Ia, Howard et al.
1991, Kusakabe et al. 2009, Travaglio et al. 2010, but not a solution for

LEPP elements at low metallicities!)

(b) invent different environment with capture reactions for light p-isotopes.
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In exploding models matter in innermost
ejected zones becomes proton-rich (Y >0.5)

if the neutrino flux is sufficiant
(scales with 1/1?)! :

Y, dominantly determined by e* and v, 7. captures on
neutrons and protons

Vetneopte

Jetponte

» high density / low temperature — high Er for electrons
— e-captures dominate — n-rich composition

» if el.-degeneracy lifted for high T — v.-capture
dominates — due to n-p mass difference, p-rich
composition

s in late phases when proto-neutron star neutron-rich,
7. S see smaller opacity — higher luminosity, dominate
in neutrino wind — neutron-rich ejecta
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al. (2006a), Pruet et al. (2005)



Improved Fe-group composition

1'°; 1 Models with Y >0.5 lead to an
- 1 alpha-rich freeze-out with
: § f { { remaining protons which can
00k i 1 be captured similar to an rp-
0o & 4 5 i ] - 64
T o . {  process. This ends at **Ge, due
.05} Y ? . » 1 to(low) densities and a long
¢ | beta-decay half-life (decaying
I v Cayrel et al. ° - 6477
101 A Gratton & Sneden 1 to . n). .
: % Thielemann e al o 1 This effect improves the Fe-
! ® Frohlich er al. - " .
1.5 | .| . . . . ., , 1 srouw composition in general
Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn (e.g. Sc) and extends it to Cu
and Zn!

Frohlich et al. (2004, 2006a), see also Pruet et al. (2005), but see also Izutani &
Umeda (2010) for hypernova conditions; main question: which fraction of
massive stars have to become hypernovae in order to produce solar Zn???



Vp-process

n+ %Ge — *Ga + p; ®Ga +p — ®GCe;...
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Frohlich et al. (2006b); A mnew process, which could solve some

also strong overabundances can be obtained oObservational problems of Sr, Y, Zr in early
up to Sr and beyond (light p-process nuclei) galactic evolution and the problem of light p-
see also Pruet et al. (2006), Wanajo (2006).  process nuclei.

Recent analysis by Wanajo, Janka, Kubono Anti-neutrino capture on protons provides
(2010) with variation of neutron star masses always a small background of neutrons which
and reverse shock position can mimic beta-decay via (n,p)-reactions.
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Almost identical behavior of heavy r-element abundances,
variations in light r-elements, often underabundances in
comparison to solar r-abundances
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Fig. 5.~ Logarithmic differences from the solar system r-process pattern (logeopject —
[0gEpar—r)-  The open triangles mean CS 22892-052, the open circles mean HD 122363,

and the filled circles mean HD 88609.



Possible Variations in Explosions and Ejecta
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* massive stars experience fallback
and delayed black hole formation:
small amount of Fe-group ejecta
(e.g. Moriva et al. 2010, faint
supernovae)?

* regular explosions with neutron
star formation, neutrino exposure,
vp-process, moderately neutron-rich
neutrino wind and weak r-process??
(see e.g. Arcones & Montes 2011,
Roberts et al. 2010)

* under which (special?) conditions
can very high entropies or very
neutron-rich ejecta be obtained
which produce the main r-process
nuclei?

(Wanajo et al. 2010, neutron-rich
lumps in EC-Supernovae?? jets: e.g.
Cameron 2003, Fujimoto et al.
2008?; very high entropy and
neutron-rich neutrino wind?)



What is the site of the r-process?

from S. Rosswog P ——
L rom H.-T. Janka

R [km] A Neutrino Cooling and Neutrino-
Driven Wind (t ~ 10s)

vﬁ‘ JLT 'vﬁ' JLT

10
Rpe™ 10+
RV/
14\ 0
PNS np  an’Be,
NS mergers, BH-NS mergers, problems: . °C, seed

ejection too late in galactic evolution ENﬁleutrm% wind, problems: -
(or alternatively polar jets from supernovae, igh enoug enqop;g:g attained:
Cameron 2003, Fujimoto et al. 2008) NEeutrino properties:?::



Individual Entropy Components

Farouqi et al. (2010), above S=270-280 fission back-cycling sets in
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Fission Cycling in Neutron Star Mergers

Trajectory from Freiburghaus, Rosswog, and Thielemann 1999
(F, =0.1,n/S eed = 238).

2|||| r I | I 10_1|||||||||||||||||
L — FRDM
Ry , . 078 o0y — Duflo Zuker
g A ; — ETFSI-Q
10°
_4 = _— 1
::ﬂ o} 10-4
- L e - .
:"f!:iﬁ'u a 0
6 =
10*
P T P P PO FUTRT NI PO _7
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A 10-8|||||||||||||||||
Panov, Korneev and Thielemann (2007, 2009) 0 90 1% 150 180 210 240
with parametrized fission yield contribution A
(see also Goriely, Bauswein, Janka 2011) Martinez-Pinedo et al. (2006)

in principle contradicted from gal. evol. calc. (however, see Ishimura & Wanajo
2010), but similar conditions in SN polar jets? (Cameron 2003, Fujimoto 2008)



Preliminary Results of Jet Ejection from fast rotating
collapse with large magnetic fields
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total ejected mass: few times 107 Msol; C. Winteler, N. Nishimura, R.
Kdppeli et al. 2011, in prep., final abundances depend on extrapolated
expansion after end of present hydro simulation.



Preliminary Results: Quark-Hadron EoS Explosion (Nishimura, Fischer et
al. 2011, in prep.), ejection of initially neutronized matter, but only weak r-
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Summary

The explanation of solar system abundances up to Fe reasonably well
understood, if one knows SN explosion energies

Fe-group composition depends on Y dialed in the explosion

Neutrino wind seems always to lead to proton-rich conditions and vp-process

Nucleosynthesis beyond Fe more complicated than originally envisioned (r-
and p-process).

The classical p/y-process cannot reproduce the light p-isotopes and another
process has to contribute these nuclei (vp-process) and/or p/y-process in
different locations..

Also the r-process comes in at least two versions (weak-main/strong). Weak
r-process possible in EC SNe and Quark-Hadron EoS SNe. Any chance to
become neutron-rich in the late neutrino wind?

The main/strong r-process comes apparently in each event in solar
proportions, but the events are rare. The site is not found, yet. Speculations
include rotating core collapse events with jet ejection, neutron star mergers
and accretion disks around black holes.



