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Solar system abundances

Solar photosphere and meteorites:
chemical signature of gas cloud where the Sun formed

Contribution of all nucleosynthesis processes

-2 kBig Bang: H, He Lodders 2003 |

W W‘ iron peak
-
5 o I
5
® r-process S-process |
- \ S-Process:
(@)
o /\ | slow neutron capture
r-process:
- neutron capture _ 1 rapid neutron capture

20 40 60 80 100 120 140 160 180 200 220
mass number (A)

abundance = mass fraction / mass number



Solar system abundance

solar r-process = total - s-process - p-process = residual abundances
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Elemental abundances In:
- ultra metal-poor stars and
- solar system

»Robust r-process for 56<Z<83

»Scatter for lighter heavy
elements, Z~40

How many “r-processes”
contribute to solar system and
UMP stars abundances?



—lemental abundances In ultra metal-poor stars

log € (E)

Following Qian & Wasserburg 2007 three groups:

* Fe-like elements (A ~ 23 to 70): Na, Mg, Al, Si, ..., Fe, ..., Zn
* Sr-like elements (A ~ 88 to 110): Sr, Y, Zr, ..., Ag
* Eu-like elements (A > 130): Ba, ..., Eu, ..., Au, ..., Th, ..., U

b heavy r-process
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Lighter heavy elements (Sr to AQ)
IN neutrino-driven winds



Neutrino-driven winds
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Neutrino-driven wind parameters

r-process = high neutron-to-seed ratio (Yn/Yseed~100)

- Short expansion time scale: inhibit x-process and formation of seed nuclei
- High entropy: photons dissociate seed nuclei into nucleons

- Electron fraction: Ye<0.5
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Neutrino-driven wind parameters

r-process = high neutron-to-seed ratio (Yn/Yseed~100)

- Short expansion time scale: inhibit x-process and formation of seed nuclei

- High entropy: photons dissociate seed nuclei into nucleons
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Conditions are not realized in

recent simulations

(Arcones et al. 2007, Fischer et al. 2010,
Hudepohl et al. 2010, Roberts et al. 2010,
Arcones & Janka 2011)

Swind = 50 - 120 ks/nuc
T = few ms
Ye =04 -0.67

Additional ingredients:

wind termination, extra energy
source, rotation and magnetic fields,
neutrino oscillations



Core-collapse supernova simulations
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Long-time hydrodynamical simulations:

- ejecta evolution from ~dms after bounce to ~3s in 2D (Arcones & Janka 2011)
and ~10sin 1D (Arcones et al. 2007)

- explosion triggered by neutrinos
- detailed study of nucleosynthesis-relevant conditions



Core-collapse supernova simulations
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Long-time hydrodynamical simulations:

- ejecta evolution from ~dms after bounce to ~3s in 2D (Arcones & Janka 2011)
and ~10sin 1D (Arcones et al. 2007)

- explosion triggered by neutrinos
- detailed study of nucleosynthesis-relevant conditions



Arcones & Janka (2011)
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1D simulations for nucleosynthesis studies

Arcones et al 2007
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1D simulations for nucleosynthesis studies

Arcones et al 2007
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Abundance x M,; [M_,,]
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Lighter heavy elements from different sites

New observations and chemical evolution models

Different astrophysical scenarios:
neutrino-driven wind, fast rotating stars (Frischknecht et al., talk of G. Cescutti)

Nuclear reactions not very far from stability: identify key reactions
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Key reactions
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Heavy r-process (Z/=50)
where?



r-process path

neutron capture faster than beta decay
— high neutron density

seed nuclei + neutrons
Yn/Yseed > 100

r-proce
path

gold

stable nuclei 50

nuclides with
known masses




Where does the r-process occur?

Core-collapse supernovae Neutron star mergers

Neutron stars

CasA (Chandra X-Ray'observatory) : ’ ' Neutron-star merger simulation (S. Rosswog)

‘neutrino-driven winds (Woosley et al. 1994,...) -spiral arms

-shocked surface layers (Ning, Qian, Meyer 2007, ‘neutrino-driven wind
Eichler, Arcones, Thielemann (in prep.))

*jets (Winteler et al. 2012)

*neutrino-induced in He shell (Lattimer & Schramm 1974,

(Banerjee, Haxton, Qian 2011) Freiburghaus et al. 1999, ...,
Goriely et al. 2011)



[Mg/Fe]

[Eu/Fe]

Trends with metallicity
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' Mg and Fe production

IS not coupled to
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Neutron star mergers

Korobkin, Rosswog, Arcones, Winteler (2012)
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Right conditions for a successful r-process
(Lattimer & Schramm 1974, Freiburghaus et al. 1999, ...., Goriely et al. 2011)

Do they occur early enough to explain UMP star abundances (Argast et al. 2004)7?

r-process heating affects merger dynamics: late X-ray emission in
short GRBs (Metzger, Arcones, Quataert, Martinez-Pinedo 2010)

Transient with kilo-nova luminosity (Metzger et al. 2010, Roberts et al. 2011,
Goriely et al. 2011): direct observation of r-process, EM counter part to WG



Neutron star mergers

1.2Mg — 1.4Mg
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Korobkin et al. 2012
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Fission: barriers and yield distributions

Korobkin, Rosswog, Arcones, Winteler (2012)
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Neutron star mergers: r-process with two simple fission descriptions

2nd peak (A~130): fission yield distribution
3rd peak (A~195): mass model, neutron captures



proton number, Z

Fission: barriers and yield distributions

Korobkin, Rosswog, Arcones, Winteler (2012)
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Neutron star mergers: r-process with two simple fission descriptions

2nd peak (A~130): fission yield distribution
3rd peak (A~195): mass model, neutron captures



r-process and extreme neutron-rich nuclel

measured
nuclear physics: at GS| ‘
Masses, -1_"

beta decays,
neutron capture,
fission barriers and
yield distribution, ...

stable nuclei 50

nuclides with
known masses




Nuclear masses L Vi hot wind

Given astrophysical conditions,
comparison of abundances
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IwoO neutron separation energy
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IwoO neutron separation energy
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Nuclear correlations and r-process
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Neutron captures

-NON-SMOKER
(Rauscher & Thielemann, 2000)

-Approximation
(Woosley, Fowler et al. 1975)
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We compare final abundances
with and without beta-delayed
neutron emission and with and
without neutron captures after
freeze-out.
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Conclusions
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Lighter heavy elements (S, Y, Zr)
produced in neutrino-driven winds

key reactions: (x,n)

Heavy r-process elements
astrophysical site? sn, merger, ... = GCE
uncertainties on nuclear physics input



