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r-process Sensitivity to Mass Model and Fission Yields

10 mass models: DZ33, FRDM95, FRDM12, WS3, KTUY, HFB17, HFB21, HFB24, SLY4, UNEDFO
N-rich dynamical ejecta conditions: Cold (Just 2015), Reheating (Mendoza-Temis 2015)

Kodama & Takahashi(1975)
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GW170817 and r-process
uncertainties from nuclear physics
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Studying Rare-Earth
Nuclei to Understand
r-process Lanthanide
Production

Experimental Mass Measurements:

AME 2016
Jyvaskyla
CPT at CARIBU
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Studying Rare-Earth
Nuclei to Understand
r-process Lanthanide
Production

Experimental Mass Measurements:
AME 2016

Jyvaskyla

CPT at CARIBU

Theory (ND, NCSU, LANL):

Markov Chain Monte Carlo Mass Corrections to
the Duflo-Zuker Model which reproduce the
observed rare-earth abundance peak

(right: result with s/k=30, t=70 ms, Y,=0.2)
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Standard r-process calculation

Astrophysical conditions
Fission Yields

Rates (n capture, 3-decay, fission....)
Nuclear masses

—>

Nucleosynthesis code

(PRISM)
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Abundance
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Reverse Engineering r-process calculation

Astrophysical conditions Nucleosynthesis code

Fission Yields —> (PRISM)

Rates (n capture, 3-decay, fission....)

i }

Nuclear masses Abundance

prediction
\ Markov Chain Monte /

Carlo (MCMC)
Likelihood function



MCMC procedure
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Parallel Chains Method of MCMC

= Highly correlated parameters = longconvergence time for a singlerun

= Multipleindependentrunsallowfora thorough search of parameter space

= Well-defined statistics when combine results fromindependentruns




Example of a discarded, unphysical MCMC solution
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Dynamic Mechanism Of Rare-Earth Peak Formation

Detailed balanceimplies

(y,n) o e Sn/kT

!

r-process path tends to lie
along contours of constant
separation energy

l 50
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Vassh et al
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NOTE: FISSION is the other possible means of REP formation



Abundance

Peak Formation with an MCMC Mass Solution
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Results

= Astrophysical trajectory:
hot, low entropy wind as from a NSM
accretion disk
(s/k=30, t=70 ms, Y,=0.2)

= 50 parallel,independent MCMC runs;
Average run y2~23

Orford, Vassh, Clark, McLaughlin, Mumpower,
Savard, Surman, Aprahamian, Buchinger,
Burkey, Gorelov, Hirsh, Klimes, Morgan,
Nystrom, and Sharma

(submitted to PRL)
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Results

= Astrophysical trajectory:
hot, low entropy wind as from a NSM
accretion disk
(s/k=30, t=70 ms, Y,=0.2)

= 50 parallel,independent MCMC runs;
Average run y2~23
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Rare-Earth Peak with MCMC solutions

Abundance
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Preliminary Results

= Astrophysical trajectory:
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n-rich NSM dynamical ejecta with 1.0
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Nucleosynthesis in Neutron Star Mergers: Many Open Questions

Can mergers account for all the r-process material observed in the galaxy?
Are precious metals such as gold produced in sufficientamounts?

Are actinides produced?

Where within the merger environmentdoes nucleosynthesis

occur and under what specific conditions?

o How doesthe rare-earth peak form?
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Nucleosynthesis in Neutron Star Mergers: Many Open Questions
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Can mergers account for all the r-process material observed in the galaxy?
Are precious metals such as gold produced in sufficient amounts?

Are actinides produced?

Where within the merger environmentdoes nucleosynthesis

occur and under what specific conditions?

How does the rare-earth peak form?
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Fission In R-process Elements

The FIRE collaborationexplores the role of fission in the rapid
neutron capture or r-process of nucleosynthesis
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Atomic Abundance, Si = 10°

Observed Elemental Abundances
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Lanthanide production in GW170817: “red” kilonova
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r-process sites within a Neutron Star Merger

Accretion disk winds —
exact driving mechanism
T (MeV) and neutron richness varies

-12

Very n-rich
cold, tidal
outflows

——

Foucart et al (2016) Owen and Blondin



r-process sites within a Neutron Star Merger

Squeezed dynamical Squeezed dynamical
v = 0.2¢-0.3¢ v = 0.2¢-0.3¢c

Tidal dynamical Tidal dynamical
v = 0.2¢-0.3¢ v = 0.2¢-0.3¢c

Disk wind Disk wind
v<D1c v<0.1c

Kasen, Metzger, Barnes,
Quataert, and Ramirez-Ruiz
(Nature 2017)



GW170817 and r-process Refernce masn M) m (M

Abbott et al. (2017a) 0.001 — 0.01 -

uncertainties from nuclear physics  aeiaa con - om-oms
Cowperthwaite et al. (2017) 0.04 0.01
Chornock et al. (2017) 0.035 0.02
g Evans et al. (2017) 0.002 — 0.03  0.03—0.1
Kasen et al. (2017) 0.04 0.025
Kasliwal et al. (2017b) > 0.02 > 0.03
Nicholl et al. (2017) 0.03 -
Perego et al. (2017) 0.005 — 0.01 10~° —0.024
Rosswog et al. (2017) 0.01 0.03
Smartt et al. (2017) 0.03 — 0.05 0.018
Tanaka et al. (2017a) 0.01 0.03
Pan-STARRS ' 2009-2014 J| DES/DECam * August 18,.2017 Tanvir et al. (2017) 0.002 — 0.01 0.015
Troja et al. (2017) 0.001 — 0.01  0.015 — 0.03
Mass fraction range for stable Eu isotopes with 10 mass models Cote etal (2017)  (0.002-0.01)  (0.01-0.03)
, , , Estimates of ejected mass
Astrophysical Trajectory ~ Fission Fragment Distribution  ©0 Mass Fraction  1%Eu Mass Fraction Relative for GW170817
[1073] [1079] Abundance Range
Cold outflow (no reheating) ~ Kodama & Takahashi (1975) (5.01 — 11.7) (3.92 — 8.75) 0.776
(Just et al. 2015) Symmetric Split (0.083 — 2.65) (0.12 — 2.84) 3.239
“Slow” ejecta with reheating Kodama & Takahashi (1975) (2.67 — 13.3) (1.89 — 9.62) 1.568

(Mendoza-Temis et al. 2015) Symmetric Split (0.19 — 2.09) (0.24 — 2.23) 2.755 Coté et al (2017)




Dependence on the Fiss
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Dependence on the Fission Fragment Distribution
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Peak Formation with an MCMC Mass Solution




Peak Formation with an MCMC Mass Solution
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Abundance
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Measured Decay Rates and Masses

NUBASE 2016
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