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The physics problem:
heavy element nucleosynthesis via rapid neutron
capture (r-process)
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Sites of heavy element production in a
Neutron Star Merger

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

-12

Very neutron-
rich cold, tidal
outflows

——

Foucart et al (2016) Owen and Blondin



Dying Exploding Human synthesis
. - . low-mass massive No stabk sotopes .
fusnon

stars stars
. .
% Cosmic Merging Exploding “‘B‘"" rye :. =F. 10
—— “""ﬁ ﬁneu ron whie =~
l# fssnon stars +? dwarfs wSiee wldi Ar
s il S g =

KCaSch V CrMnFeCo Ni CuZnGaGaAsSaBrKr

19 20 21 22 24 25 277 Tog™ g™ Tag™ NETM NyZN g™ My

---un"“ﬂ ' “ 45 ”-i,d“

g8 Hnﬁ%ﬁ%ﬁﬁﬁ‘n‘%ﬁ#ﬁ

“"1nn=ﬁuvﬂﬁﬂﬂﬁﬁﬁm%

ﬂﬂﬂunﬂ U N

X-ray
Bursts

r-process =

process g
U

Novae
s-process — slow neutron capture

10 [nhomogeneous
Big Bang

Red Giant Stars
p-process  s-process

r-process

70

Supernovae? Neutron Star
Mergers

m stable nuclide
r drip line

Smith and
Rehm (2001)



Abundances [Si=10°]
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Studying Rare-Earth
Nuclei to Understand
r-process Lanthanide
Production

Experimental Mass Measurements:

AME 2016
Jyvaskyla
CPT at CARIBU

Z (atomic number)

85

90 95 100
N (neutron number)

105



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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(in preparation)



The statistical method:
Markov Chain Monte Carlo + nucleosynthesis
calculations



Standard r-process calculation

Astrophysical conditions
Fission Yields

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

—>

Nucleosynthesis code

(PRISM)

|

Abundance
prediction



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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Example of an unphysical solution: before Dy check
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Vassh et al (in preparation)



Nd
Pr
Ce
La

134 135 136
Ba s s,r s
2.4% 6.6% 7.9%

133

Cs s,r

100%
128 129 130 131 132 134
Xe S S,r s S,r S,r r
1.9% [[26.4% || 4.1% || 21.2% || 26.9% 10.4%

%%, %o,
%% %
Q\S‘ @‘S'
6‘0 uS‘o
s %%

Sneden, Cowan, and Gallino (2008)

Elemental
breakdown

r s

42%  58%

51% 49%

19% 81%

25% 75%

15% 85%

85% 15%

80% 20%

Sensitivity to Solar Data:
uncertainty from the s-process
subtraction

Abundance

> Sneden+ 2008

@ Goriely 1998, Palme + Beer 1993
§ Beer+ 1997, Single Neutron Pulse ]

Mass Number (A)



Y(A)
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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




Parallel Chains
Method: searching
narameter space

Black star — best step
value forthe run shown

Red star — average best
values of 50 runs

Vassh et al (in preparation)
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Parallel Chains Method: error bars
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Mass values for 50 MCMC runs given the same astro conditions



Results:
Neutron-rich nuclear masses found capable of peak
formation



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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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
Duflo-Zuker
. MCMC results

Pile-up of materialat kinks 90 92 94 96 98 100 102 104 106 108
N

Vassh et al
(in preparation)

NOTE: FISSION is the other possible means of REP formation



Abundance

Peak Formation with an MCMC Mass Solution
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Rare-Earth Peak with MCMC solution

+ similar astro conditions

Abundance

| ——- Duflo-Zuker, s/k=30, =70 ms
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Orford, Vassh, et al (Phys. Rev.
Lett. 120, 262702 (2018))



Abundance

Rare-Earth Peak with MCMC solution
+ distinct astro conditions

) ff w\b«!\ ::; ]I

| —+— "Hot" Disk Wind (s/k=30,7=70 ms,Y.=0.2)
| —+— "Cold" Disk Wind (s/k=10,7=3 ms,Y.=0.2)
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Vassh et al (in prep.)



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?

O O O O



Abundance

Nucleosynthesis in Neutron Star Mergers: Many Open Questions

o Can mergers account for all the r-process material observed in the galaxy?
o Are precious metals such as gold produced in sufficient amounts?
o Are actinides produced?
o Where within the merger environmentdoes nucleosynthesis

occur and under what specific conditions? Monte Carlo

o How does the rare-earth peak form? methods
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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 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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Measured Decay Rates and Masses

NUBASE 2016
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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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Preliminary Results

= Astrophysical trajectory:
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n-rich NSM dynamical ejecta with 1.0
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