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Stars build elements up to iron group
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Hydrostatic burning stages

Final stage: iron core

No more energy gain from fusion

Negative of binding energy per nucleon (MeV)
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1 Nuclear fusion
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energy source during a star’s life
produces elements up to iron




How were the elements
Connecting from Iron to uranium maage”
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Solar system abundances (28 Si

Solar system abundances

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

Contribution of all nucleosynthesis processes
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Where in the universe are heavy elements, uranium -
like gold and uranium, synthesized?

How are these elements produced?

stable nuclel

S
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nuclides with
known masses S-pProcess:

slow neutron capture
r-process:
rapid neutron capture




S-process and r-process

slow and rapid neutron capture compared to beta decay

‘ _|_>‘ neutron capture (n,Y): (Z,A) + n = (Z,A+1) +7

% beta decay: (Z,A) = (Z+1,A)

number of protons

number of neutrons
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(Galactic chemical evolution
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Fingerprint of the r-process

Oldest observed stars
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Where does the r-process occur?

rapid process — explosions
high neutron densities — neutron stars

Core-collapse supernovae Neutron star mergers

Neutron stars

CasA (Chandra X-Ray’observa:cory) : ¢ e — Neutron-star merger simulation (S. Rosswog)
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Multimessenger
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Kilonova
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orphan X-ray,
radio afterglov

Kilonova

=1,

] ~t ]
® i

. i

o 3

- MNRAS 406, 2650 (2010)

-
I ‘ Il
- —
- —

Astrophys. J. 848, L17 (2017) ]

—t

o
H
N
|

Luminosity (erg s™)
o
Ly

—

o
S
o

r-nuclei

1 | 10
Time (days)

—k

o
w
©

R-process in neutron star mergers @@ dusk//\‘/mds

confirmed by kilonova . @ ‘
(radioactive decay of n-rich nuclei) v~0.1c

after gravitational wave detection from [y \
GW170817

Li & Paczynski (1998)



Neutron star mergers
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S. Rosswog

log temperature [ MeV ]
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—jecta and nucleosynthesis

Top view: Side view:

shock heating

accretion disk

viscous heating
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Neutron star mergers: neutrino-driven wind

3D simulations after merger

disk and neutrino-wind evolution
neutrino emission and absorption
Nucleosynthesis: 17 000 tracers
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vL, [erg/s]

Kilonova
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—quation of state and neutrinos

GR simulations: different EoS (Bovard et al. 2017)
impact of neutrinos (Martin et al. 2018)

Abundance Y
|

Abundance Y
&

capture

?& low luminosity

Mass number A

0 50 100 150

50 100 150 200
Mass number A




Connecting
Quar How were the elements

with the

from iron to uranium made?

R-process In neutron star mergers

Are we done”? No
GCE points to more contributions

Nuclear physics of extreme
neutron-rich nuclel




Core-collapse supernovae

Standard neutrino-driven supernova:
Weak r-process and vp-process
Elements up to ~Ag




Origin of elements from Sr to Ag

Astrophysical site

Observations
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Core-collapse supernovae

Standard neutrino-driven supernova:
Weak r-process and vp-process
Elements up to ~Ag

Magneto-rotational supernovae

Neutron-rich matter ejected by strong magnetic field
(Cameron 2003, Nishimura et al. 2006)

2D and 3D + parametric neutrino treatment :
- Jet-like explosion: heavy r-process
- magnetic field vs. neutrinos: weak r-process

Nishimura et al. 2015, 2017, Winteler et al. 2012, Mosta et al. 2018




Magneto-rotational supernovae: r-process

Neutrinos and late evolution are important
Martin Obergaulinger: 2D, M1, ~1-2s
Progenitor: 35 Msun
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Mass fraction

Impact of rotation and magnetic field
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—xtreme neutron-rich nuclei uranium —
measured

silver

stable nuclei 50

nuclides with
known masses




Proton number, Z

Nuclear physics input

nuclear masses, beta decay, reaction rates (neutron capture), fission
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Erler et al. (2012)



Nuclear masses

Abundances based on density functional theory
- six sets of different parametrisation (Erler et al. 2012)
- two realistic astrophysical scenarios: jet-like sn and neutron star mergers

Abundance
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jet-like SN
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Martin, Arcones, Nazarewicz, Olsen (2016)

First systematic uncertainty band
for r-process abundances

Uncertainty band depends on A,

In contrast to homogeneous band for all A
e.g., Mumpower et al. 2015

Can we link masses to r-process abundances?



Two neutron separation energy: abundances

Abundances

Nuclear
properties
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Fission: barriers and yield distributions
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Neutron star mergers: r-process with two fission descriptions

2nd peak (A~130): fission yield distribution

3rd peak (A~195): mass model, neutron captures



Conclusions

Neutron star mergers:
r-process

weak r-process
Kilonova

Core-collapse supernovae:
wind: up to ~Ag
Magneto-rot.: r-process




