Fission and lanthanide production in
r-process nucleosynthe5|s

‘Nicole Vassh

University of Notre Dame

FRIB and the GW170817 Kilonova, MSU
7/18/18



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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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
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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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GW170817 and NSM production of r-process nuclei

Much like supernova light curves are
powered by the decay chain of °®Ni,
kilonovae are also powered by
radioactive decays

The kilonova observed following
GW170817 suggested the production
r-process material (lanthanides)

There was no clear signature of the
presence of the heaviest, fissioning
nuclei (actinides)
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It is suggested that the spontaneous fission of C{?5 with a half-life of 55 days is responsible for the form
of the decay light-curves of supernovae of Type I which have an exponential form with a half-life of
55 nights. The way in which Cf25* may be synthesized in a supernova outburst, and reasons why the energy
released by its decay may dominate all others are discussed. The presence of Tc in red giant stars and of
Cf in Type I supernovae appears to be observational evidence that neutron capture processes on both a
slow and a fast time-scale have been necessary to synthesize the heavy elements in their observed cosmic

abundances.

OBSERVATIONAL DATA

CHARACTERISTIC feature of supernovae of

Type I is that after an initial period of 50-100
days the light curve develops an exponential tail corre-
sponding to about 0.0137 magnitudes daily, or a half-
life of 5541 days. Baade has analyzed the records of the
supernovae B Cassiopeiae and SN Ophiuchi,! and has
shown that their exponential decline is very closely
similar to his own observations of the supernova in IC

sufficient energy to explain the curve. He suggested that
it was built by the endothermic reaction He?(a,7)Be’,
occurring at high temperatures. However, recent
work®7 suggests that this is most unlikely, since He*
would be destroyed by the exothermic Salpeter reaction
in which C? is produced. An alternative method of
production is through spallation reactions of protons
(with E,>100 Mev) on C, N, and O, which are known
to give large yields of Li, Be, and B.

(See also:Baade etal. 1956; Huizengaetal. 1957; Andersetal. 1958...)




2>4Cf feeding in NSM environments
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Zhu, Wollaeger, Vassh, Surman, Sprouse, Mumpower, Moéller, McLaughlin, Korobkin, Kawano, Jaffke, Holmbeck,
Fryer, Even, Couture, Barnes (accepted to ApJL, arXiv:1806.09724)



2>4Cf and effective heating
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Observational impact
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Both near- and middle- IR are impacted by the fission of 2>4Cf

JWST may be able to detect future kilonovae out to 250 days if actinides are produced in the event

Zhu, Wollaeger, Vassh, Surman, Sprouse, Mumpower, Moéller, McLaughlin, Korobkin, Kawano, Jaffke, Holmbeck,
Fryer, Even, Couture, Barnes, submitted 2018 (arXiv:1806.09724)
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Fission and the Rare-Earth Peak
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Dependence of Lanthanide Abundances on Fission Yields
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Fission Yields and Lanthanide/Actinide
Production Ratios
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Dependence on Astrophysical conditions

Three exemplary dynamical ejecta trajectories from a 1.2/1.4 M neutron star merger simulation (Stephan Rosswog):
Traj. 1 — cold with very low Y, and high fission flow

Traj. 5 — hot with very low Y, and high fission flow

Traj. 17 — hot with low Y. and low fission flow
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Fission barriers and the r-process path
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Fission barrier impact on neutron-induced / B-delayed fission
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Abundance

Shaping the r-process second peak: fission products
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Shaping the r-process second peak: fission products
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Shaping the r-process second peak: shell closures
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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, tau=70ms, Y,=0.2)
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Standard r-process calculation

Astrophysical conditions
Fission Yields

Rates (n capture, f-decay, fission....)
Nuclear masses
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Nucleosynthesis code
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Abundance
prediction



Reverse Engineering r-process calculation

Astrophysical conditions Nucleosynthesis code

Fission Yields —> (PRISM)

Rates (n capture, f-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
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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

(Phys. Rev. Lett. 120, 262702 (2018))
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= Astrophysical trajectory:
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Rare-Earth Peak with MCMC solutions

Abundance
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Nucleosynthesis in Neutron Star Mergers: Many Open Questions

Can mergers account for most of the r-process material observed in the galaxy?

Are precious metals such as gold producedin sufficientamounts?

Are actinides produced?

Under what conditionsdoes nucleosynthesis occur within the merger environment?
Does fission of the heaviest nuclei shape the observed second r-process peak?

How does the rare-earth peak form?

O O O O O O
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Nucleosynthesis in Neutron Star Mergers: Many Open Questions

o Can mergers account for most of the r-process material observed in the galaxy?
o Are precious metals such as gold produced in sufficient amounts?

o Are actinides produced?

o Under what conditionsdoes nucleosynthesisoccur within the merger environment?
o Does fission of the heaviest nuclei shape the observed second r-process peak?

o How doesthe rare-earth peak form?
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Atomic Abundance, Si = 10°
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Lanthanide production in GW170817: “red” kilonova
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GW170817 and r-process Refernce masn M) m (M

. . . Abbott et al. (2017a) 0.001 — 0.01 -
uncertainties from nuclear physics Arcavi et al. (2017) - oo
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 Coté 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)




Preliminary Results

= Astrophysical trajectory:
n-rich NSM dynamical ejecta with nuclear
reheating

= Simple fission prescription:
-spontaneous fission for all A>250 nuclei

-57%,43% fission fragment splits

= 50 independent MCMCrunscomplete
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Vassh et al
(in preparation)



