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Modeling the r-process in neutron star mergers

Hydrodynamic simulations The need for nuclear inputs is not isolated to reactions and
provide us with a “trajectory”: decays in the network:

density / temperature / position * input initial composition dependent on EOS

as a function of time * outputs are post-processed to evaluate nuclear heating, light

curves, gamma spectra...

Both experimental + theoretical
nuclear inputs:

Masses

Beta decay
Alpha decay
Branching ratios

i Neutron capture
: Fission rates / yields

Neutron emission
Other reaction rates (e.g.(a,n))
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r-process branching points Nuclear Physics Experiment

to several fields

Nuclear Theory

#2 Neutrino physics
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r-process branching points Nuclear Physics Experiment

to several fields
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r-process branching points

to several fields

Nuclear Theory



Physics of Hadrons

Physics of Nuclei

Ab initio nuclear theory: new reach into r-process nuclei
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Multi-messenger events: == = .
Neutron star mergers .+ \\
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A beacon of in situ lead production — Thallium-208’s 2.6 MeV emission line
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A beacon of in situ lead production — Thallium-208’s 2.6 MeV emission line
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The 2.6 MeV gamma-ray line of TI-208 and the Th-232 decay chain
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The 2.6 MeV gamma-ray line of TI-208 and the Th-232 decay chain
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r process in neutron star mergers:
MeV gamma rays emitted from the f-decay of neutron-rich isotopes

Movie by
M. Lariviere
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Thallium-208: a beacon of in situ neutron capture nucleosynthesis
Nicole Vassh,!* Xilu Wang,? T Maude Lariviére,’»3 Trevor Sprouse,*° Matthew R. Mumpower,* °
Rebecca Surman,® Zhenghai Liu,” Gail C. McLaughlin,” Pavel Denissenkov,? % 10 and Falk Herwig® 910

YTRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada
2Key Laboratory of Particle Astrophysics, Institute of High Energy Physics,

Chinese Academy of Sciences, Beijing, 100049, People’s Republic of China
3 Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia, V6T 1Z1, Canada

-4
10 10—4

-5
10 10-5
-6
10 10-6
(0]
é 1077 §
g 3
c
3 5
Q 10-8 a
< <
107°

i process in rapidly accreting
white dwarfs (RAWDs)

.{ y

124 1256 126 127 128 129 130 131 132 133 134 135

©ESA and Justyn Ma

Vassh, Wang, Lariviere+24 (PRL 132, 052701)



Comparison with other nuclei with decays emitting in the 2.5-2.8 MeV energy range
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Machine learning to classify metal-poor stars as r or s:

Ba, lanthanide, and Pb abundances

Binary classifier
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Machine learning to classify metal-poor stars as r or s:

Ba, lanthanide, and Pb abundances

One-class classifier

(unsupervised training on r or s)

A

o
U

i
A

¢
N

Vassh, Wang, Woloshyn, Kutchera, Lariviere, Majic, Coté (submitted, 2025)

ll‘\é"
A

i
i
/b

Dimen

simulated r

simulated s

Dimen
|

#
22 53 57 59
60 63 64 66
0 71 75 78
94 95 96 99
106
111111111 s
% o a3
o} 26 0
o 62
. v W .
(a-i) (a-ii %Sﬁ%%gg%iao
#4R8g 25
0 10 5 10
simulated s 2
simulated r
»
og (B (b-ii




3 T T
63 Training:
2.5¢ #% simulated r H H H
: e Machine learning to classify
N 2.0F Al 78 sitmulatedi
§ 15 Bumen il o x sars metal-poor starsasrors
] % 7956 7989 913059410965 10 or star
g 1.0- 108 1101’112 113 51 O O L E O 6
a o & -1 1
0.5 25*(;”” 30 10 1 27 L4 < [ a/ u] < .
Y & 20 '
ool (@D 1 e 260
05 1.0 15 20 25 3.0 35 40 -3 3 z 5 6 7 8
0.3t —1.2f
o # * Some metal-poor stars have been
Tn ™ E L - previously found to not be compatible with
c . .
12 o N e Fm |\ P r or s elemental abundance ratios, points
5] 30 <6 ad
= -2.0 # to
18 ool 41 438 25
-2.2 33 ]
25 A
4+ -0.1 (b-i) -2.4 (b-ii) 4
50 55 60 65 70 75 80 1.0 12 14 16 18 20 22 24 200 125 1.50 1.75 200 225 250 2.75
Z (Proton Number) Dimension 1 Dimension 1
Stellar classifications with different ML methods * There are 2/5 stars the one-class classifier
Star | Name, Ref. OCC-L | OCC-S | OCC-L | OCC-S | ML JINA- suggests to belong in either therors
] (Er,Pb) | (Er,Pb) | (Er,Pb) | (Er,Pb) | Overall | Base group
Trained on r Trained on s
20 HE1405-0822, CUI13 k,r r,r 5,8 5,8 r i . . -
27 | SDSSJ091243.72+021623.7, BEH10 | r.X kX 5, X, s i The one-class classifier trained on r or s
28 HE2148-1247, COH13 X X -5 -5 ? i almost never wants to identify 3/5 | stars
30 HE0338-3945, JON06 rX rX 5.5 5.5 ? i a5 1 or s!
41 HE0243-3044, HAN15 rX r.X 5,5 5.5 ? i

Vassh, Wang, Woloshyn, Kutchera, Lariviere, IVIajic, Coté (submitted, 2025)
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“It has been generally stated that the atomic abundance curve has an exponential decline to
A~100 and is approximately constant thereafter. Although this is very roughly true it ignores

many details which are important clues to our understanding of element synthesis
-- Burbidge, Burbidge, Fowler and Hoyle (1957)



An international, multi-disciplinary community is working to understand heavy element origins

There are numerous groups worldwide doing calculations, measurements, and observations relevant for
heavy element synthesis!
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