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Introduction Nuclear physics for the r process Conclusions

The r process B2FH, Rev. Mod. Phys. 29, 547 (1957) ; A. Cameron, Report CRL-41 (1957)

r(apid neutron capture) process: τ(n,γ) ≪ τβ− ; τ ∼ 1 s ; nn ∼ 1024−34 cm−3
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• The neutron-to-seed ratio determine how far the r-process can proceed.
• Astrophysical site with high neutron fluxes → transient object.
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Modeling r-process abundances
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Neutron star mergers (NSM)

Rosswog et al., Class. Quantum Grav. 34, 104001 (2017)

Large variety of ejection channels in NSM, with different thermodynamic conditions.
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Nuclear inputs
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The r -process requires the knowledge of
nuclear properties of neutron-rich nuclei:

• nuclear masses;
• β-decay rates;
• neutron capture rates;
• fission rates and yields;
• . . .

Changes in nuclear properties result in
non-local effects.
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Nuclear inputs
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The r -process requires the knowledge of
nuclear properties of neutron-rich nuclei:

• nuclear masses Kankanien talk

• β-decay rates Li and Kowacs talks

• neutron capture rates Muecher, Spyrous,

and Domingo talks

• fission rates and yields Lenske talk

• β-delayed neutron emission Pallas talk

• α neutron capture rates Kiss talk.
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1) Compute relevant properties of r -process nuclei.
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Nuclear masses
J. J. Mendoza-Temis, PhD Thesis (2014)

M. R. Mumpower et al., PPNP 86 (2016)
J. J. Mendoza-Temis et al., PRC 92 (2015)

M. R. Mumpower et al., PPNP 86 (2016)

• Nuclear masses are an essential ingredient:
i) energy budget of n captures, β decays and

fission;
ii) location of the r -process path;
iii) accumulation of material.

• Global models with rms errors below 700 keV.

• Far from stability: large spread in the predicted
nuclear masses.

• The predicted abundances and kilonova light curve
suffer from large uncertainties.

Which nuclear mass differences are relevant, and which differences are negligible?
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Nuclear masses - Global and local changes SAG+ arXiv:2412.03243

Masses = homogeneous part (global, LDM) + quantum shell-correction (local)
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and the quantum shell parts:

E(FRDM*) = E FRDM
bulk + E DZ31
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bulk + E FRDM
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Nuclear masses - Global and local changes ∼2000 NSM trajectories from Collins et al., MNRAS 101093 (2023)
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Nuclear masses - Global and local changes SAG+ arXiv:2412.03243
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Abundance mostly related to local changes on S2n (rather than bulk properties of masses) →
∆2n(N, Z) = S2n(N, Z) − S2n(N + 2, Z).
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Nuclear masses - Global and local changes SAG+ arXiv:2412.03243
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Sensitivity studies

M. Mumpower et al., Prog. Part. Nucl. Phys. 86 (2016)

T. Sprouse et al., Phys. Rev. C 101, 055803 (2020)
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Kilonova Li and Paczýnski (1998), Metzger+(2010), Roberts+(2011). . .

• Decay of r -process nuclei emits energy → electromagnetic transient (kilonova).
• Shape and magnitude depend on the properties forming the ejecta: detectable fingerprints?

D. Watson et al., Nature 574 (2019).

J. J. Cowan et al., RMP 93, 015002 (2021)
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Cowperthwaite et al, 2017

M.-R. Wu et al., Phys. Rev. Lett. 122, 062701 (2019)

• The presence of fissioning nuclei and translead α emitters at t ∼ weeks impacts the lightcurve shape
Y. Zhu+ ApJL (2018); S. Wanajo ApJ (2018); M.-R. Wu+ PRL (2019).
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Fission and r process
• Fission plays a crucial role during the r -process nucleosynthesis

Thielemann+(1983), Panov+(2005), Martinez-Pinedo+(2007), Korobkin+(2012), Petermann+(2012), Eichler+(2015), Goriely(2015),

Mumpower+(2018), Vassh+(2019), Giuliani+(2020), Wang+(2020), Vassh+(2020), Lemâıtre+(2021), Mumpower+(2022), Roederer+(2023). . .

Figure 1. Final abundances of the integrated ejecta around the second and third peak for an NSM Korobkin et al. 2012; Rosswog et al. 2013 at a simulation time

10 s, employing the FRDM mass model combined with four different ssion fragment distribution models see the text . For reasons of clarity the results are
presented in two graphs. The abundances for Th and U are indicated by crosses. In the left-hand panel the lower crosses belong to the Panov et al. 2008 model
dashed line , while the lower crosses in the right-hand panel belong to the ABLA07 distribution model dashed line . The dots represent the solar -process
abundance pattern Sneden et al. 2008

Figure 2. Fission rates at 1 s in s for -delayed and neutron-induced ssion at freeze-out from equilibrium for one representative trajectory
when utilizing the FRDM mass model and Panov et al. 2010 ssion rates. : Corresponding ssion fragment production. The distribution model here is ABLA07.

The Astrophysical Journal, 808:30 13pp , 2015 July 20 Eichler et al.

M. Eichler et al., Astrophys. J. 808, 30 (2015).

• Few fission data sets are available, mainly parametrizations/phenomenological → validity far from
stability?



Introduction Nuclear physics for the r process Conclusions

The fission process
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Impact of fission on the r-process SAG et al., Phys. Rev. C 102, 045804 (2020)
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Systematic of fission barriers Bf

Three different parametrizations (D1S, D1N, and D1M) of the same nuclear interaction (Gogny EDF).
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• Bf deviations tend to decrease with Z :
- Z ≤ 94: deviations up to 10 MeV (but very high Bf ).
- Z > 94: systematic deviations ∼ 1–2 MeV.

• After N = 184 r -process path pushed into a region of low Bf − Sn.
• Path towards stability interrupted by region of low Bf − Qβ .
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Impact of fission on the r-process: abundances Y
Dynamical ejecta from neutron star merger (C. E. Collins et al., MNRAS 101093 (2023)):

• Trajectory 1: Ye = 0.151; n/s = 105;
• Trajectory 2: Ye = 0.027; n/s = 1100.
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Impact of fission on the r-process: heating rates

• Trajectory 1: Ye = 0.151; n/s = 105
• Trajectory 2: Ye ≲ 0.027; n/s ≈ 1100
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Impact of β-decay rates on fission
• Impact of β-decay half-lives varies with the observable.
• We modified tβ

1/2 (FRDM) ≥ 3 s and study the impact on abundances and heating rates.
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(τβ ≳ few seconds)
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Systematic of β-decay rates
credit: Caroline Robin (U. Bielefeld)

• β-decay rates closer to stability show larger uncertainties → more systematic studies are required
(see also E. M. Ney et al., Phys. Rev. C 102, 034326 (2020)).
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Conclusions & Outlook

• GW170817 pushed r -process studies into an exciting era.
• Reliable estimations of nuclear properties are crucial for proper nucleosynthesis calculations and

kilonova modeling.
• r -process abundances mostly determined by shell effects producing local changes in Sn.
• r process sensitive to fission rates properties at N = 184 → more (better. . . ) input data is required.
• “slow” β decays can shape kilonova light curve if competing with fission.
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