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Solar system abundances

Neutron capture processes:

s process

r process

Solar photosphere and meteorites: 

chemical signature of gas cloud where the Sun formed

Å Signatures of nuclear structure and nuclear stability

Contributions of different nucleosynthesis processes

Å Heavy elements produced by neutron capture processes
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Stellar evolution

and explosions
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Metal-poor stars observations

ÅObservations indicate that r process operates from early Galactic history in 

rare (high yield) events

ÅWhat are the nucleosynthesis yields from single events?
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Kilonova: signature of the r-process
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Metzger & Berger 2012

Kilonova: An electromagnetic 

transient due to long term 

radioactive decay of r-process 

nuclei

Å Electromagnetic counterpart 

to Gravitational Waves

Å Diagnostics physical 

processes at work during 

merger

Å Direct probe of the formation 

r-process nuclei

Line of view GW170817 



R process needs 
Astrophysical environment should 

provide enough neutrons per seed 

for the r process to operate

ὃÆÉÎÁÌὃÉÎÉÔÉÁÌὲÓÅÅÄ

ÎÓÅÅÄdepends mainly on 

neutron richness ejecta

requires properties of exotic 

neutron-rich nuclei:

ÅBeta-decay rates

ÅNeutron capture rates 

ÅFission rates and yields
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Benchmark against observations:

Å Indirect: Solar and stellar abundances (contribution many events, chemical evol.)

ÅDirect: Kilonova electromagnetic emission (single event, sensitive Atomic and 

Nuclear Physics)



Nucleosynthesis dependence on ╨▄
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Nucleosynthesis mainly sensitive to proton-to-nucleon ratio, ὣ ὲȾὲ ὲ

’ ὲᵮὴ Ὡ vs   Ӷ’ ὴᵮὲ Ὡ

ὣṃπȢςυὣ πȢρυπȢςυὣṂπȢρυ

Lanthanides Actinides



R-process operation
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Heavy elements produced by the r-process. Radioactive decay liberates energy  



Phases during the operation of the

r-process
ÁWeak freeze-out: proton-to-nucleon ratio determined by 

(anti)neutrino absorption and their inverses

ÁSeed production: Charged particle reactions operating 
for ὝṃςὋὑproduce the seed nuclei and neutrons

ÁNeutron-capture phase: neutrons are captured on the 
available seed nuclei on a typical times of ͯρί. Different 
equilibria are achieved:
Á ὲȟ‎ᵮ ‎ȟὲ equilibrium defines the r-process path that is 

mainly sensitive to the nuclear masses

ÁBeta-flow equilibrium: abundance given element is proportional 
to the beta-decay half-lives. R-process peaks associated to 
nuclei with longest half-lives.

ÁFreeze-out and decay to stability: fully dynamical 
phase in which competition between neutron-captures, 
beta-decay (and fission) determines the final abundance 
pattern. Most sensitive phase to the nuclear input  
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Neutron star mergers:

Different ejection mechanisms
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Gravitational wave emission
S. Rosswog, et al, Class. Quantum Gravity 34, 104001 (2017).

S. Rosswog and O. Korobkin, Annalen Der Physik 2022, 2200306 (2022).

Two sources of ejecta:

Å Dynamical during the early phases of 

the merger (ὓṂπȢπρὓṩ)

Å Accretion disc on longer timescales

(ὓṂπȢπυὓṩ)

Å Liftetime neutron-star determines 

impact neutrinos



Pipeline for r-process in mergers
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Simulations

Bauswein et al, ApJ 773, 78 (2013)

Nucleosynthesis
Light curve and

spectra modelling
Watson et al, Nature 574, 497 (2019)

ÅProperties ejecta: proton-to-

nucleon ratio (ὣ)

ÅRole of equation of state

ÅRole of neutrinos 

ÅPhysics of neutron-rich 

and heavy nuclei
ÅRadioactive energy 

deposition

ÅThermalization decay 

products (Barnes+ 2016, 

Kasen+ 2019) 

ÅSpectra formation:  

atomic data depends on 

ejecta evolution (LTE vs 

NLTE) 

ÅWhich r-process elements are produced in mergers?

ÅAre mergers the (main) r-process site?



Dynamical ejecta (simulations) 
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Mendoza-Temis, et al, PRC 92, 055805 (2015)

Å Initially dynamical ejecta was assumed 

to be very neutron rich (ὣṂπȢρ.

Å Starting with the work of Wanajo et al 

2014, several studies have shown that 

weak processes modify the neutron-to-

proton ratio

Å Largest impact in the polar regions

Robust abundance pattern mainly 

determined by fission products

Collins et al, MNRAS 521, 1858 (2023)
See also: Kullman+ 2022, Just+ 2022

no neutrinos with neutrinos

SPH Simulation Vimal Vijayan

Neutrino transport: ILEAS 

1.35 ï1.35 ὓṩ, SFHo EoS



Elemental abundances

ÁAt kilonova timescales (days) elemental abundances 

have not yet converged to final abundances
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Evolution selected abundances
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ÅOdd Z elements show larger variation

ÅContributions single isotope

ÅEven Z, several isotopes contribute



3D Kilonova light curves and spectra

3D modelling using radiation transport 
monte-carlo ARTIS code

Gray Ye dependent opacities
Christine Collins et al
MNRAS 521, 1858 (2023)

Angular dependence
disappears once ejecta
becomes transparent

Similar blue to red color
evolution to AT2017gfo
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Tanaka+ 2020

Dynamical ejecta

Extended to use line-by-line opacities

Luke Shingles et al arXiv:2306.17612



Long term merger simulations 
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Long-term simulations with neutron star 

lifetimes 0.1-1 s and describe all 

components of the ejecta: dynamical, 

NS-remnant ejecta, and final viscous

ejecta from BH torus. 

Just et al, ApJL, L12 (2023)

HD-222925



End to end kilonova models
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ÅBased on grey opacities using approximate radiative transfer model

(generalization ALCAR neutrino module)

Åpromising agreement with AT2017gfo after times of several days

Åinconsistencies at early times suggests stronger neutrino-driven wind

Just et al, ApJL, L12 (2023)



Comparison viscous accretion disk 

models
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arXiv:2307.02554

Variations viscous parameter (a3, a6), two codes: FLASH vs ALCAR

Treatment neutrino reactions (reduced, full)

Impact heavy nuclei EoS, F(4He), Fh (54Mn) 



Impact nucleosynthesis
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In addition to modelling uncertainties we also have nuclear physics 

uncertainties



Impact nuclear physics

Gabriel Martínez-Pinedo / Heavy element nucleosynthesis

Wu et al, MNRAS 463, 2323 (2016)



Nuclear physics input:

beta-decay half-lives
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ÅBeta-decay half-lives determine the speed at which heavy elements are build starting 

from light ones

ÅN~126 Half-lives have a strong impact on the position of the A ~ 195 peak 

Need data for beta decay half-lives around N ~ 126
C. Robin, GMP, in preparation

DC3*: Marketin+PRC 93, 025805 (2016)

Skyrme: Ney+ PRC102, 034326 (2020)



The ⱨ►-process

Gabriel Martínez-Pinedo / Heavy element nucleosynthesis

Å A new nucleosynthesis process that may operate in binary neutron star 

mergers under strong neutrino fluxes when nuclei are present: 

charged-current neutrino-nucleus reactions faster than ‍ decays.

ÅNovel mechanism for production of p-nuclei from neutron-rich nuclei. 

Zewei Xiong 

GSI



Nucleosynthesis beyond iron

Several processes contribute to the nucleosynthesis beyond Iron: s-

process, r-process and p-process (ɔ-process)
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Additional process(es) required to produce neutron - deficient p - nuclei
Å p-process or ɹ- process: photodissociation material enriched by s - process
Å p˄- process: (p, )ɹ and (n,p) reactions catalysed by Ӷ’ ὴO ὲ Ὡ

(site: binary neutron star mergers?)

M. Arnould, S. Goriely / Physics Reports 384, 1 (2003)



Possible source of light p-nuclei and 
92Nb
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ɔ-process fails to produce light 

p-nuclei 92,94Mo and 96,98Ru in 

solar proportions

Supernova neutrino winds:

Å Ejecta with ὣḐπȢτψproduce 
92Mo

Å’ὴ-process (ὣṃπȢυυ) 
produces 94Mo, 96,98Ru.

Long-lived 92Nb present in early 

solar system. Cannot be 

produced by the ’ὴ-process 

Can we produce all those nuclei 

in the same environment 

including heavier p-nuclei?



Phases during the operation of the

ɜr-process
ÁSeed production: Strong neutrino fluxes drive material 

to ὣḐπȢυ

ÁNeutron-capture phase: neutrons are used relatively 

fast by two competing mechanisms:

Áὲ ’ȟὩ ὴconverts neutrons into protons that are captures in 

medium mass nuclei

Áὃ ’ȟὩ ὢ ὢ ὲȟὴȟ‌speeds up the decay of nuclei and the 

build up of heavy nuclei

ÁFast ñdecayòto stability and beyond:

ὃ’ȟὩὢ reactions drive material to beta-stability and 

beyond

ÁNeutrons, protons and alphas produced by both charged-current 

and neutral current spallation reactions. 

ÁProtons and alphas captured mainly in light nuclei

ÁEquilibrium between ὃ ’ȟὩ ὢ and ὃὲȟ‎ determines final 

abundance
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Nucleosynthesis (no neutrino-nucleus)
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r-process abundances

p-process 

abundances

(not scale)



Nucleosynthesis (with neutrino-nucleus)
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’ὃcross sections from 

Sieverding, et al, ApJ 865, 143 (2018).

Final abundance quilibrium between ’ȟὩ and ὲȟ‎

p-process 

abundances

(not scale)

r-process abundances



Dependence on neutrino fluence
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Increasing neutrino fluence allows to 

produce heavier p-nuclei

Dependence ὣ and neutrino fluence  

Current neutrino-hydrodynamical models far from the necessary conditions 

A non-thermal ejection mechanism is necessary (magnetic fields?)


