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Table 1. MR-SN models.

Name Rotationa Magnetic fieldb tfin
c texp

d Eexp
e Mej

f T /|W| g B/T h typei

(s) (ms) (B) (10−1 M")

35OC-RO 1.0 Or 2.5 178 1.78 3.21 0.028 0.092 MR
35OC-Rw 1.0 10 2.5 378 2.80 3.91 0.040 0.0089 ν-"
35OC-Rs 1.0 12 0.9 20 4.16 3.89 0.028 0.30 MR
35OC-RRw 1.5 Or × 10−6 1.6 343 0.209 0.345 0.063 2.9 × 10−5 ν-"

Notes.a Increase of the pre-collapse rotational velocity w.r.t. the original stellar evolution model.
b Initial magnetic field: ‘Or’ and ‘Or × 10−6’ denote the original field of the progenitor model (bpol;tor ≈ 1.7 × 1010; 1.7 × 1011 G) and the
original field reduced by a uniform factor of 10−6, respectively, and a number n indicates that the model was run using a normalization of both
poloidal and toroidal components of 10n G.
c Time (post-bounce) of the last time-step of the simulations used for the nuclear network calculations (note that these models have been evolved
for longer times in other publications, e.g. Obergaulinger & Aloy (2020b) and Aloy & Obergaulinger (2020).
d Time (post-bounce) at which an explosion is launched.
e Diagnostic explosion energy at tfin.
f Ejected mass at tfin.
g Ratio of rotational to gravitational energy of the PNS at the time of explosion.
h Ratio of magnetic to rotational energy of the PNS at the time of explosion.
i ‘Type’ gives a brief indication of the explosion type: ν-" one strongly affected by rotation, MR a magnetorotational explosion.

the maximum shock radius is R ≈ 1.5 × 104 km, and the ejecta
energy and mass are E ≈ 2 × 1050 erg and 0.03 M", respectively,
i.e. considerably less than 35OC-Rw at the same time. The reason
for this weaker explosion is that the high rotational energy (T ≈
1.2 × 1053 erg at t = 1.5 s) reduces the accretion luminosity and,
consequently, the neutrino heating rate. On the other hand, rotation
allows for a high PNS mass of M ≈ 2.65 M" and an exceptionally
high axial ratio. A thorough overview of the post-bounce dynamics
of all these models can be found in Obergaulinger & Aloy (2017,
2020b) and Aloy & Obergaulinger (2020).

2.3 Tracers and nucleosynthesis calculation

The evolution of the ejecta is followed by Lagrangian tracer particles
that are set-up at the beginning of the simulations. Into each grid cell,
we insert four tracer particles at random positions, corresponding
to a total number of 204 800 tracers in each model. Each particle
represents a fraction of one fourth of the total mass of the cell,
mcell =

∫
celldVρ, where ρ is the local mass density. Consequently,

the distribution of particle masses is non-uniform and biased towards
regions of high density. This disparity is reduced by the logarithmic
spacing of the radial grid as zones at higher radii have in general both
larger volumes and lower densities.

The tracers record the evolution of density, temperature, radius,
electron fraction, neutrino luminosities, and energies. This allows
us to study the nucleosynthesis with the nuclear reaction network
WINNET (Winteler 2012; Winteler et al. 2012) that contains 6545
nuclei up to Z = 111. The reaction rates are taken from the
JINA Reaclib Database V2.0 (Cyburt et al. 2010; accessed at
30/11/17) that is based on the finite-range droplet mass model
(Möller et al. 1995). For nuclei with Z ≥ 83, we include neutron
captures and neutron-induced fission from Panov et al. (2010) and
β-delayed fission probabilities from Panov et al. (2005). Neutrino
reactions on nucleons are also included as in Fröhlich et al.
(2006).

The nucleosynthesis calculations are performed for all tracers that
are unbound at the end of the simulation. This set contains 6570,
7272, 17446, and 2218 particles for models 35OC-RO, 35OC-Rw,
35OC-Rs, and 35OC-RRw, respectively. We start the network when
the temperature of the tracers drops below T = 20 GK. We assume
nuclear statistical equilibrium (NSE) for 20 GK > T > 7 GK and

Figure 1. Integrated nucleosynthetic yields for the four models (see Sec-
tion 2.2 and Table 1) corresponding to different rotation velocities and
magnetic fields. The black diamonds show the solar r-process residual
(Sneden et al. 2008), normalized to mass number A = 88.

evolve only the weak reactions and the corresponding Ye variation.1

If the maximum temperature of a tracer is below 7 GK, we do
not start from NSE but use the progenitor composition. For T <

7 GK, the full network gives the detailed evolution of the abundances
of each isotope. We run it until 1 Gyr, when most of the nuclei
have decayed to stability. The tracers are extrapolated assuming an
adiabatic expansion and density evolution as ρ ∝ t−3.

3 EJ E C TA DY NA M I C S A N D
NUCLEOSYNTHESI S

The ejecta composition taking into account all tracers is presented
in Fig. 1 for the models introduced in Section 2.2. The differences
in the abundance patterns indicate that these models cover a wide

1We observe deviations between the Ye from the hydrodynamical simulations
and the one calculated in the network. This can become significant and
depends on the initial temperature. Starting at a high temperature of 20 GK
reduces these discrepancies.
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35OC-Rw 1.0 10 2.5 378 2.80 3.91 0.040 0.0089 ν-"
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Notes.a Increase of the pre-collapse rotational velocity w.r.t. the original stellar evolution model.
b Initial magnetic field: ‘Or’ and ‘Or × 10−6’ denote the original field of the progenitor model (bpol;tor ≈ 1.7 × 1010; 1.7 × 1011 G) and the
original field reduced by a uniform factor of 10−6, respectively, and a number n indicates that the model was run using a normalization of both
poloidal and toroidal components of 10n G.
c Time (post-bounce) of the last time-step of the simulations used for the nuclear network calculations (note that these models have been evolved
for longer times in other publications, e.g. Obergaulinger & Aloy (2020b) and Aloy & Obergaulinger (2020).
d Time (post-bounce) at which an explosion is launched.
e Diagnostic explosion energy at tfin.
f Ejected mass at tfin.
g Ratio of rotational to gravitational energy of the PNS at the time of explosion.
h Ratio of magnetic to rotational energy of the PNS at the time of explosion.
i ‘Type’ gives a brief indication of the explosion type: ν-" one strongly affected by rotation, MR a magnetorotational explosion.

the maximum shock radius is R ≈ 1.5 × 104 km, and the ejecta
energy and mass are E ≈ 2 × 1050 erg and 0.03 M", respectively,
i.e. considerably less than 35OC-Rw at the same time. The reason
for this weaker explosion is that the high rotational energy (T ≈
1.2 × 1053 erg at t = 1.5 s) reduces the accretion luminosity and,
consequently, the neutrino heating rate. On the other hand, rotation
allows for a high PNS mass of M ≈ 2.65 M" and an exceptionally
high axial ratio. A thorough overview of the post-bounce dynamics
of all these models can be found in Obergaulinger & Aloy (2017,
2020b) and Aloy & Obergaulinger (2020).

2.3 Tracers and nucleosynthesis calculation

The evolution of the ejecta is followed by Lagrangian tracer particles
that are set-up at the beginning of the simulations. Into each grid cell,
we insert four tracer particles at random positions, corresponding
to a total number of 204 800 tracers in each model. Each particle
represents a fraction of one fourth of the total mass of the cell,
mcell =

∫
celldVρ, where ρ is the local mass density. Consequently,

the distribution of particle masses is non-uniform and biased towards
regions of high density. This disparity is reduced by the logarithmic
spacing of the radial grid as zones at higher radii have in general both
larger volumes and lower densities.

The tracers record the evolution of density, temperature, radius,
electron fraction, neutrino luminosities, and energies. This allows
us to study the nucleosynthesis with the nuclear reaction network
WINNET (Winteler 2012; Winteler et al. 2012) that contains 6545
nuclei up to Z = 111. The reaction rates are taken from the
JINA Reaclib Database V2.0 (Cyburt et al. 2010; accessed at
30/11/17) that is based on the finite-range droplet mass model
(Möller et al. 1995). For nuclei with Z ≥ 83, we include neutron
captures and neutron-induced fission from Panov et al. (2010) and
β-delayed fission probabilities from Panov et al. (2005). Neutrino
reactions on nucleons are also included as in Fröhlich et al.
(2006).

The nucleosynthesis calculations are performed for all tracers that
are unbound at the end of the simulation. This set contains 6570,
7272, 17446, and 2218 particles for models 35OC-RO, 35OC-Rw,
35OC-Rs, and 35OC-RRw, respectively. We start the network when
the temperature of the tracers drops below T = 20 GK. We assume
nuclear statistical equilibrium (NSE) for 20 GK > T > 7 GK and

Figure 1. Integrated nucleosynthetic yields for the four models (see Sec-
tion 2.2 and Table 1) corresponding to different rotation velocities and
magnetic fields. The black diamonds show the solar r-process residual
(Sneden et al. 2008), normalized to mass number A = 88.

evolve only the weak reactions and the corresponding Ye variation.1

If the maximum temperature of a tracer is below 7 GK, we do
not start from NSE but use the progenitor composition. For T <

7 GK, the full network gives the detailed evolution of the abundances
of each isotope. We run it until 1 Gyr, when most of the nuclei
have decayed to stability. The tracers are extrapolated assuming an
adiabatic expansion and density evolution as ρ ∝ t−3.

3 EJ E C TA DY NA M I C S A N D
NUCLEOSYNTHESI S

The ejecta composition taking into account all tracers is presented
in Fig. 1 for the models introduced in Section 2.2. The differences
in the abundance patterns indicate that these models cover a wide

1We observe deviations between the Ye from the hydrodynamical simulations
and the one calculated in the network. This can become significant and
depends on the initial temperature. Starting at a high temperature of 20 GK
reduces these discrepancies.
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MeV gamma rays as fingerprints of astrophysical isotope production

COMPTEL all-sky image of 26Al 1.8 
MeV emission from Galactic disk Emission from NSM remnants

D=10 kpc

Korobkin+19; see also Wu+19

Emission from a nearby mergers

Hotokazaka+16



Prompt

Delayed

Wang,Vassh+20 (ApJ Letters 903, L3)

Predictions for observable MeV gamma emission from 
fission and the decays of neutron-rich nuclei in mergers 

Spectrum with significant emission >3.5 MeV 
signifies that an astro. event produced 
fissioning species 



Prompt

Delayed

Wang,Vassh+20 (ApJ Letters 903, L3) Vassh, Wang, Larivière+24 (PRL 132, 052701)

Predictions for observable MeV gamma emission from 
fission and the decays of neutron-rich nuclei in mergers 

Spectrum with significant emission >3.5 MeV 
signifies that an astro. event produced 
fissioning species 

Strong line at 2.6 MeV due to Tl-208 decay 
indicates at least Pb-212 reached



Remnant timescales (>10 years)

Larivière, Vassh, Wang+26 (in prep)

• Consider a mass weighted 
sum of merger ejecta from 
NSM sim. of Radice et al.  

• Apply a peak finding 
algorithm to identify when 
lines from the decay of 
specific isotopes may be 
visible in the total 
predicted spectrum



K-42, Fe-59, Co-60, Ga-72, 
Ge-77, Rb-88, Nb-95, Ru-103, 
Rh-106, Ag-112, In-128, Sb-125, 
Sb-126, Sb-128, I-131, I-132, 
La-140, Pr-144, Eu-156, Ir-194, 
Tl-208, Tl-209, Ac-228, Am-246

Main r-process variations Mass weighted total ejecta from 
Radice et al. NSM hydrosim

Weak r-process variations 

* Overall, find Fe-59, Co-60, Ga-72, Ge-77, Rb-88, Zr-95, Nb-95, Ru-103, Rh-106, Ag-112, Sn-125, Sb-125, Sb-126, Sb-128, 
I-131, I-132, La-140, Eu-156, Ir-194, Tl-208, Tl-209, Pb-214, Ac-228 most frequently reported across calculation variations

Rb-88, Nb-95, Ru-103, Rh-106, Ag-112, 
Sn-125, Sn-127, Sb-125, Sb-126, 
Sb-128, Sb-129, I-131, I-132, I-133,
I-135, Xe-133, La-140, La-142, Pr-144, 
Eu-155, Eu-156, Hf-181, Ta-182, Ta-185, 
Re-188, Ir-194, Tl-208, Tl-209, Pb-211, 
Pb-214, Ac-228, Pu-243, Am-246

Na-24, K-42, Fe-59, Co-60, Cu-66, 
Cu-67, Zn-72, Ga-72, Ge-77, Kr-85, 
Kr-88, Rb-88, Y-91, Zr-95, Nb-95, 
Ru-103, Rh-106, Ag-112, Sn-125, 
Sb-125, Sb-126, Sb-127, Sb-128, 
Sb-129, I-131, I-132, La-140

Isotopes with decay lines dominating spectrum some time between 1 day to 1 Gyr

Larivière, Vassh, Wang+26 (in prep)



GRIFFIN obs. this 1.6 MeV line in 20Mg 
decay for the first time in 2024…

CINP Nuclear Phys Brief for the Canadian SAP LRP
C. Andreoiu, et al 2025

… how many more strong lines 
are unknown?

* Recommend remeasurements of the decay 
spectrum of species currently predicted to be 
identifiable in the merger spectrum listed on last 
slide (e.g. Fe-59, Co-60, Ga-72, Ge-77, Rb-88, 
Zr-95, Nb-95, Ru-103, Rh-106, Ag-112, Sn-125, 
Sb-125, Sb-126, Sb-128, I-131, I-132, La-140, 
Eu-156, Ir-194, Tl-208, Tl-209, Pb-214, Ac-228)

* Reconsider the species with b-decay half-lives 
within astro. observation window of ~days+ which 
are  pop. during our calcs. but currently nothing in 
their spectrum strong enough reported with our 
approach of searching total spectrum for peaks 
(e.g. Cs-135,136,137, Pm-147,149,151, 
Eu-154,155,156 …)



Jin+19

* Use observation to discern which masses 
accommodate data for a given astrophysical condition

Markov Chain Monte Carlo (MCMC) and the Solar rare-earth peak

The nuclear structure responsible for 
abundance features (shell closures, 

deformation…) affects masses; masses are a 
key input for reaction and decay rates; thus

changes in masses affect abundances

§ Monte Carlo mass corrections

§ Update nuclear quantities and rates 

§ Perform nucleosynthesis calculation

§ Calculate 

§ Update parameters / revert to lastArnould+07
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Markov Chain Monte Carlo (MCMC) and the Solar rare-earth peak

§ Monte Carlo mass corrections

§ Update nuclear quantities and rates 

§ Perform nucleosynthesis calculation

§ Calculate 

§ Update parameters / revert to last

Considering two distinct 
moderately n-rich ejecta 

components from mergers

Orford,Vassh+18 (PRL); Vassh+21 (ApJ)
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Markov Chain Monte Carlo (MCMC) and the Solar rare-earth peak

§ Monte Carlo mass corrections

§ Update nuclear quantities and rates 

§ Perform nucleosynthesis calculation

§ Calculate 

§ Update parameters / revert to last

Considering two distinct 
moderately n-rich ejecta 

components from mergers

Orford,Vassh+18 (PRL); Vassh+21 (ApJ)



Jin+19

There are more peaks that can be used to 
inform us about other regions of the 

nuclear chart

Markov Chain Monte Carlo (MCMC) and the Solar rare-earth peak

§ Monte Carlo mass corrections

§ Update nuclear quantities and rates 

§ Perform nucleosynthesis calculation

§ Calculate 

§ Update parameters / revert to last
UBC/TRIUMF co-op 
student Aiden Magor

r-process 

Arnould+07



Ab initio nuclear theory predictions at N=124,125,126,127,128: 
predicted dripline and separation energies for r-process nuclei

This work
Previous ab initio reach

Dripline ab initio
Dripline HFB-24

AME 2020 
FRIB reach

r-process path

Hu, Larivière, Vassh, Holt, et al. (in prep)



Ab initio nuclear theory predictions at N=124,125,126,127,128: 
predicted dripline and separation energies for r-process nuclei

This work
Previous ab initio reach

Dripline ab initio
Dripline HFB-24

AME 2020 
FRIB reach

r-process path

Hu, Larivière, Vassh, Holt, et al. (in prep)

Kuske, Miyagi, Arcones, Schwenk recent results



TITAN mass measurements: Cs, Ba

Yeh, Cordova, Wang, et al (including Vassh), et al (in prep)

Solar abundance comparison

no fission

fission

*impact study led by TRIUMF postdoc Tsung-Han Yeh



Example of bridging nuclear physics and astro. using ML: 
stellar classification feature importance as a new kind of “sensitivity study”

…

… … … …

…

Latent
Space

Input Output

Encoder
Layer 1

Encoder
Layer 2

Decoder
Layer 1

Decoder
Layer 2

(1) Calculations for abundance patterns of s-
process and r-process nucleosynthesis

(2) Train an autoencoder on s or r 
groups / train a classifier on s and r)

22 53 57 59 60 
63 64 66 70 71 
75 78 93 94 95 
96 99 105 106 

108 110 112 113
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48

22 53 57 59 60 
63 64 66 70 71 
75 78 93 94 95 
96 99 105 106 

108 110 112 113
10

48

(4) Examine latent space values or class. prob.  for 
stars and other unseen data (e.g. i-process calcs) as 

compared to training data

(3) Expose trained ML 
model to unseen data 

such as the stellar 
abundances 

* This application demonstrated that some stars recently labeled to be of i-process origins are actually compatible with r or s groups BUT 
some stars were not found to belong to either group à first ML predictions of a process beyond r and s 

N. Vassh, Y. Wang, R. Woloshyn, et al. 2025, Astrophysical Journal 992, 36



Example of bridging nuclear physics and astro. using ML: 
stellar classification feature importance as a new kind of “sensitivity study”
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Encoder
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(4) Examine latent space values or class. prob.  for 
stars and other unseen data (e.g. i-process calcs) as 

compared to training data

(3) Expose trained ML 
model to unseen data 

such as the stellar 
abundances 

* Examining SHAP value and other metrics for feature importance find which elemental abundances most impact ML stellar classification to: 
(1) motivate stellar abundance observations, (2) motivate nuclear phys. measurements, (3) explore updated definitions of stellar classification 

schemes which currently use thresholds on elemental ratios such as Ba/Eu

PR
ELI
MI
NA
RY

Y. Wang, N. Vassh, R. Woloshyn, et al. (in prep.)



r-process events are one of nature’s RIB facilities 
so there are many opportunities!
E.g.
Masses and decays rates of:
* lanthanides to solve the mystery of the origin of 

the rare-earth peak 
* nuclei between N=50 and N=82 to pin down
weak r-process production
* N=82 nuclei to constrain sim. reach into 
main r-process region
• near Pb-208 to probe N=126 
structure and Tl-208 production

*** numerous species from mass A=42 to 
A=246  found to have potentially 
observable gamma-ray lines from r-process 
events, implying the importance of 
knowing their decay spectrum well

* extending branching ratio data 
along chains is important for late-
time decays driving kilonova and 
MeV gamma emission from merger 
events (both where beta-decay 
dominates and in actinides with 
complex alpha vs SF branchings)

* neutron capture rates only probed near stability thus 
far and inferred with indirect methods relatively close 
to stability à TRISR for direct neutron capture studies



Back up



Movie by 
Vassh

Lanthanides Actinides 

Modeling r-process nucleosynthesis



Current classification method: thresholds on elemental ratios

Metal-poor stars (e.g. low in Fe) likely enriched by one to 
few events so can probe rare processes such as r process

Ba, La, Ce, Pr, Nd, Sm, Eu, Dy, Er (Z=56, 57, 58, 59, 60, 62, 63, 66, 68) as one 
feature set. A second feature set with Er replaced by Pb was also considered.



Binary classifier 
(supervised training on r and s)

UBC/TRIUMF PhD 
student Yilin Wang

Vassh, Wang, Woloshyn, Kutchera, Larivière, Majic, Côté (ApJ, 2025, arXiv:2505.14563)

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

Binary Cross Entropy Loss Function



Machine learning to classify metal-poor stars as r or s or i

* 2/5 i stars fall into 
the r or s group

* 3/5 i stars are 
almost never
identified as r or s! 

22 53 57 59 60 
63 64 66 70 71 
75 78 93 94 95 
96 99 105 106 

108 110 112 113
10

48

Vassh, Wang, Woloshyn, Kutchera, Larivière, Majic, Côté (ApJ, 2025, arXiv:2505.14563)

22 53 57 59 60 
63 64 66 70 71 
75 78 93 94 95 
96 99 105 106 

108 110 112 113
10

48

* This application demonstrated that some stars recently labeled to be of i-process origins are actually compatible with r 
or s groups BUT some stars were not found to belong to either group à first ML predictions of a process beyond r and s 



Jin+19

Markov Chain Monte Carlo (MCMC) and the Solar rare-earth peak

§ Monte Carlo mass corrections

§ Update nuclear quantities and rates 

§ Perform nucleosynthesis calculation

§ Calculate 

§ Update parameters / revert to last

dotted lines – initial nuclear 
masses and nucleosynthesis 

abundances

red – masses and 
abundances predicted using 
Markov Chain Monte CarloOrford,Vassh+18 (PRL); Vassh+21 (ApJ)



i-process

Arcones+17

+ more...

Observed kilonova light curve
GW170817 

Actinides

IR
Red
bands
Blue
bands

A beacon of in situ lead production – Thallium-208’s 2.6 MeV emission line

Optical (Blue) Optical (Red)

Kilonova emission -> IR with longer duration light 
curve implies high-opacity lanthanide elements



Majorana 
demonstrator
(76Ge neutrinoless

double 𝛽-decay search)

Alvis+19

The 2.6 MeV gamma-ray line from Tl-208 𝛽-decay: 
a beacon for numerous disciplines and astrophysics
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Vassh, Wang, Larivière+24 
(PRL 132, 052701)

r process in NSMs

i process in rapidly 
accreting WD


