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Supernovae as the r-process source? 
Simulations and neutrino-driven winds (NDWs)

𝜈! + n → p + 𝑒"
�̅�! + p → n + 𝑒#

Neutrinos set the 
neutron to proton ratio

via weak interactions

𝑌! =
𝑛$

𝑛$ + 𝑛%

and the influence of 
these reactions 
depends on the 
neutrino luminosities 
and average energies

Woosley&Janka 06; see 
also Panov&Janka 08
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Supernovae as the r-process source? 
Simulations and neutrino-driven winds (NDWs)

𝜈! + n → p + 𝑒"
�̅�! + p → n + 𝑒#

Neutrinos set the 
neutron to proton ratio

via weak interactions

𝑌! =
𝑛$

𝑛$ + 𝑛%

Conditions which synthesize A>130 are not found 
by most modern core-collapse SNe simulations
(e.g. Arcones+07, Wanajo+09, Fischer+10, 
Hüdepohl+10)

In such events other processes such as (𝛼,n) and 
𝜈p process could reach up to A~100
(e.g. Pruet+06, Fröhlich+06, Bliss+18)

Recent simulations find some cases develop NDWs 
but not standard feature for successful explosions and the influence of 

these reactions 
depends on the 
neutrino luminosities 
and average energies

All exploding 
15 𝑴⨀ models

Witt+21Woosley&Janka 06; see 
also Panov&Janka 08
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Siegel+18; see also 
McLaughlin&Surman 05, 
Miller+19

Some candidate sites for r-process element production

Collapsar disk 
winds

Winteler+12; see also Mosta+17, Reichert+21

Magneto-rotationally 
driven (MHD) supernovae
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GW170817 & AT2017gfo:
Binary neutron star merger

Villar+17

IR

Red
bands

Blue
bands

Gravitational wave signal

Kilonova light curve

Abbott+17

Over ~70 observing teams (~1/3 of the 
worldwide astronomical community) 
followed up on the merger event! 

Lanthanide and/or actinide mass fraction ↑, 
opacity ↑, longer duration kilonova light 
curve shifted toward infrared
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GW170817 & AT2017gfo:
Binary neutron star merger

Villar+17

IR

Red
bands

Blue
bands

Gravitational wave signal

Kilonova light curve

Abbott+17

Over ~70 observing teams (~1/3 of the 
worldwide astronomical community) 
followed up on the merger event! 

Lanthanide and/or actinide mass fraction ↑, 
opacity ↑, longer duration kilonova light 
curve shifted toward infrared

The first ever confirmation that neutron star 
mergers make at least some heavy elements!
But…
• How representative is this one NSM event?
• Do mergers explain the r-process 

enrichment of the Solar System and the 
Milky Way?

• Do merger make elements heavier than 
lanthanides such as gold and uranium? 
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r-process outcomes depend on nuclear physics

Movie by 
Vassh

Lanthanides Actinides 
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Connecting RIB facilities with the cosmos 51

techniques. Generally, decay properties can be studied with the lowest beam intensities

and therefore for the most neutron-rich nuclei accessible, while masses require somewhat

higher beam intensities, and reaction studies are only possible closer to stability where

beam intensities are still higher. In the following we discuss various experimental

approaches in more detail.

6.1. Masses

There are many methods to determine binding energies of nuclei. In the past decade

a large number of mass measurements of neutron-rich nuclei have been performed,

approaching, and in some places reaching, the path of the r-process (Fig. 7). Until

recently, mass measurements of nuclides in the r-process path have been rare, and

measurements lag behind decay studies that have reached much more neutron-rich

nuclei. This is about to change as new facilities are coming online and developments

of experimental devices for mass measurements of exotic nuclei are completed. New

facilities that are already operating and will provide a large number of r-process masses

in the very near future include CARIBU at ANL and RIBF at RIKEN.

N=50	

N=82	
N=126	

ANL	Trap:	Mass	

Jyvaskyla	
Trap:	Mass	

TRIUMF	Trap:	Mass	

CERN/ISOLDE	
Trap:	Mass	

GSI	ESR	
	Ring:	Mass	

RIKEN	T1/2			

NSCL	T1/2	Pn		

CERN/ISOLDE	
	T1/2	Pn		

GSI	
	T1/2	Pn		

FRIB	Reach	

Figure 7. Recent r-process motivated experiments measuring masses or �-decay half-
lives T1/2 at various radioactive beam facilities. The colors of the legend boxes match
the colors of the chart and denote a specific facility or experimental collaboration. The
pink area denotes the reach of the future FRIB facility.

Experimental mass values are not only needed as input for r-process models, but

are also essential for validating theoretical mass models since some of the r-process

nuclei are not experimentally reachable today and thus the simulations have to rely on

theoretical mass predictions. As discussed below in Secs. 7.1.1 and 7.2.1, current energy

density functionals used in DFT calculations of nuclear masses ere deficient near the

Horowitz+18

r-process 
path

NUBASE 2016 data

Worldwide experimental campaigns to measure 
the properties of neutron-rich nuclei: 
masses, half-lives, reaction rates, neutron 
emission probabilities…
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Mumpower+16

Neutron capture models 

b-decay calculations

LARGE-SCALE EVALUATION OF β-DECAY RATES . . . PHYSICAL REVIEW C 93, 025805 (2016)

of 2.15 and 1.33, respectively. That the predicted half-lives
of even-even nuclei are on average twice the experimental
value is surprising because, similarly to our calculation, the
model should be more suitable for these nuclei. This fact may
have important consequences for r-process nucleosynthesis
and might be responsible for the differences in r-process
nucleosynthesis discussed on Sec. III D. However, waiting-
point nuclei also include odd-Z and even-N nuclei, and in
both models there is a cancellation between even-even and
odd-Z nuclei.

On the other hand, the half-lives of odd-Z and odd-odd
nuclei are underestimated by approximately 30% and 50%,
respectively. The standard deviations are comparable between
the two models for odd-A nuclei, but are smaller for even-even
and especially for odd-odd nuclei. Still, for both models the
odd-N and odd-odd nuclei are the most difficult to describe and
result in the largest spreads. So, even though the average r̄ of
the FRDM is close to zero, it is actually a result of the cancella-
tion of overestimated and underestimated half-lives in different
types of nuclei. This behavior has also appeared in previous
evaluations of the β-decay rates (see Ref. [62], Table B), where
the half-lives of short-lived even-even nuclei were, on average,
overestimated by almost a factor of 4, while the half-lives of
odd-A and odd-odd nuclei were underestimated by a factor
of 2. In comparison, the results of the present work are more
consistently close to reproducing the data, even though the
larger standard deviations highlight some unresolved issues.

Finally, in Fig. 9 we plot the ratio of half-lives obtained in
the present study with the FRDM half-lives [19]. For light and
medium-heavy nuclei, the results are quite similar. Close to
the valley of stability, the D3C∗ model tends to provide longer
half-lives than the FRDM for particular nuclei, especially so
in the regions “northwest” of the doubly closed nuclei 78Ni
and 132Sn. Farther from the valley of stability the two models
provide comparable results, with the difference that the present
calculation predicts smoother increase in the decay rates. For

very heavy nuclei with N > 126, however, the present study
predicts half-lives to be shorter, by more than an order of
magnitude, than the FRDM predictions. This is especially
clear in nuclei with high atomic numbers, i.e., Z ! 95 where
the difference is as large as three orders of magnitude. This
may have significant consequences on the dynamics of the r-
process nucleosynthesis in neutron star merger conditions [70].

B. Impact of first-forbidden transitions

The results presented in this manuscript are the first global
calculations of β-decay half-lives for neutron-rich nuclei that
treat Gamow-Teller and first-forbidden transitions on an equal
footing. In this section, we provide a detailed analysis on
the impact of first-forbidden transitions, with particular focus
on nuclei with magic neutron numbers N = 50, 82, and 126
that have been the subject of many theoretical calculations.
Additionally, for N = 50 and 82, experimental data is available
that has contributed to constrain the calculations.

Figure 10 compares the β-decay half-lives for r-process
nuclei with neutron magic numbers N = 50, 82, and 126 with
the FRDM+QRPA model [19], the shell-model calculations
of Ref. [18], and data [37]. For the N = 50 isotones (upper
panel) with Z " 28 the present calculations fail to reproduce
the measured half-lives. In these nuclei the f7/2 proton shell
is fully occupied, suppressing low energy Gamow-Teller
transitions. The decay consequently proceeds mainly by first-
forbidden transitions, resulting in long decay half-lives. As
a consequence, the model predicts a large contribution of
forbidden transitions to the decay rate (see Fig. 11). This is
probably a limitation of the QRPA type calculations that are
not able to produce enough correlations around the proton
magic number Z = 28. This problem does not seem to be
present in the FRDM+QRPA approach. However, one should
keep in mind that in this approach the Gamow-Teller and
first-forbidden contributions are not derived based on the same
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FIG. 9. Ratio of half-lives computed in the present manuscript to those based on the FRDM+QRPA approach [19]. Black lines indicate
the position of (predicted) closed proton and neutron shells.

025805-9

Marketin+16

Theory developments:
Structure theory (masses, deformation, level densities…), 
reaction theory (capture cross sections…), fission yields 
and rates, and b-decay rates….

Eu (Z=63)

Mumpower+15

Modeling masses all the way to the dripline
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Spotlight on the impact of nuclear masses and statistical methods

Dong+19

Nuclear masses r-process abundancesMCMC
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Dong+19

Sm (Z=62)

Nuclear masses r-process abundancesMCMC

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

Neutron star merger accretion disk winds (no fission): 
Hot = extended (n,g)⇆(g,n) equilibrium  
Cold = photodissociation falls out early
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Sm (Z=62)

Nuclear masses r-process abundancesMCMC

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

Neutron star merger accretion disk winds (no fission): 
Hot = extended (n,g)⇆(g,n) equilibrium  
Cold = photodissociation falls out early
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Dong+19

Spotlight on the impact of nuclear masses and statistical methods

*We have now applied our method to 
astrophysical conditions which 

synthesize fissioning nuclei! 
Vassh+22 (to be submitted soon)



Actinides in mergers? Spotlight on nuclear fission in astrophysics
13

Fission yields
(how the nucleus splits)

tim
e Vassh+19 (JPhysG)
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Fission yields
(how the nucleus splits)

Excited fragment kinetic 
energy and emission

tim
e

Q~200 MeV
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Predicted kilonova light curve with 
and without late time Cf heating

Cf-254 has measured 
half-life ~60 days

Zhu+18 (including Vassh)(ApJ Letters)

Vassh+19 (JPhysG)



The last r-process event in our solar system

Only 4 radioactive isotopes in meteorites linked to 
r process with T1/2 < 1 Gyr:

129I           T1/2 = 15.7 Myr 244Pu       T1/2 = 80 Myr
247Cm      T1/2 = 15.6 Myr 235U         T1/2 = 700 Myr

Côté+21 (including Vassh) (Science)
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The last r-process event in our solar system

Moderately 
n-rich ejecta

Very n-rich 
ejecta

Only 4 radioactive isotopes in meteorites linked to 
r process with T1/2 < 1 Gyr:

129I           T1/2 = 15.7 Myr 244Pu       T1/2 = 80 Myr
247Cm      T1/2 = 15.6 Myr 235U         T1/2 = 700 Myr

Côté+21 (including Vassh) (Science)
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Radice+19; also Perego+19

Impact of neutrino physics treatment in r-process sites

Owen&Blondin 05

Accretion Disk Winds

Just+16

8 G. Halevi et al.

Figure 8. Abundance patterns for the aligned case, as obtained through
post-processing the tracer particles. The various curves correspond to the
di�erent values used for the neutrino luminosities.

four simulations. This allows for a direct comparison to determine
the e�ect of misalignment on r-process nucleosynthesis yields. Both
the second and third r-process peaks are quite insensitive to mis-
alignments of 15° or 30° between the magnetic and rotation axes,
but show decreases in abundances for the case of 45° misalignment.
In this most misaligned model, the third peak is not produced at all
when we use the neutrino luminosities from the tracer particles. To
understand why the r-process abundances depend on the misalign-
ment angle in this way, we examine the Ye distributions at the time
when r-process begins, at a temperature of T ' 5 ⇥ 109 K. The
Ye distributions at the onset of r-process nucleosynthesis ultimately
determine the r-process element production. These distributions, as
evolved by S��N�� with L⌫ taken from the tracers, shown in the
bottom panel of Fig. 7, di�er significantly from the corresponding
distributions at the start of the network calculation (top panel). After
the network has run to the point when the material has cooled enough
for r-process to begin, the distributions in Ye are far more similar
for all cases except the 45° misalignment than they were at the start
of the calculation. All three distributions peak at Ye ⇠ 0.21 � 0.23
and have similar amounts of material in each bin of Ye, except for
a secondary peak at Ye ⇠ 0.26 for the aligned case. The 45° case,
however, clearly di�ers from the other three in its corresponding
distribution of Ye. It peaks at higher Ye ⇠ 0.24� 0.25 and generally
has much less material at low Ye than the more aligned models at
the time when r-process nucleosynthesis begins.

4 DISCUSSION

The four simulations we have carried out di�er only in the axis along
which the poloidal magnetic field lies in the initialized core. Our
fiducial model is the one in which the magnetic and rotation axes
are aligned, while the other three models represent various levels of
misalignment: 15°, 30°, and 45°.

Our results suggest several clear trends with the degree of
misalignment, particularly in the explosion dynamics, and more
complex dependence in the properties of the ejecta and resulting
nucleosynthesis yields. In general, higher misalignment results in
slower expansion along the polar (rotation) axis and more material
along the perpendicular, equatorial axes (Figs.1 and 2). In other
words, more aligned initial fields produce more jetted, bipolar ex-
plosions. The ejected material robustly reaches larger distances from
the PNS for smaller misalignments (see Fig. 4), which is unsurpris-

Figure 9. Abundances for the four di�erent models, all obtained using the
neutrino luminosities extracted from the simulations. It is clear that the 45°
misalignment model di�ers significantly from the other three, particularly
in its ability to produce heavy r-process elements.

ing given these di�erences in the dynamics. The distance from the
PNS reached by ejected material at a given time after core bounce
varies approximately linearly with the misalignment angle.

The e�ect of misalignment on the r-process abundance pat-
terns at a set value of L⌫ is less intuitive. Interestingly, the abundance
patterns produced by the 15° and 30° misaligned models are very
nearly identical to that of the aligned model. However, the abun-
dances of second peak and beyond r-process elements are highly
reduced for the 45° model. We explicitly show a comparison of
abundance patterns from the four simulations for the case of the
neutrino luminosities extracted by the tracer particles (Fig. 9). In
order to isolate the factors driving this e�ect, we have also investi-
gated whether it holds for all constant, fixed values of L⌫ . We find
that as we increase L⌫ , the di�erences between the abundance pat-
terns are magnified. When the neutrinos are e�ectively turned o�
(L⌫ = 0), all four simulations, including the 45° misaligned model,
produce nearly identical abundance patterns. As we increase L⌫ ,
we see the abundance pattern of the 45° case increasingly deviate
from the rest of the models. This indicates that there is a purely
dynamical di�erence between the most misaligned model and the
other three models. The e�ect of this di�erence in the dynamics
on the resultant nucleosynthetic signatures becomes more clear as
neutrinos become more important. This can be understood when
we consider that slightly di�erent trajectories experience di�erent
durations of time near the PNS under neutrino bombardment. The
ejecta properties for cases in which tracers dwell near the PNS for
longer di�er from cases with tracers spending less time near the PNS
more significantly when the luminosity of the neutrinos the material
interacts with is greater. The e�ects of slight variations in dynamics,
which set particle trajectories, on resultant ejecta properties are thus
enhanced for higher neutrino luminosities.

We post-process the results of each simulation with S��N��
using neutrino luminosities from the tracer particles. In addition,
we set L⌫ to constant values of 0, 1052, 5 ⇥ 1052, and 1053 erg s�1.
We explore this parameter space because the values of L⌫ from
our simulations are subject to uncertainties due to imperfections in
our neutrino transport treatment – we use a leakage scheme which,
although it has been shown to be a quite good one (e.g. O’Connor
& Ott 2010), is still an approximation. For all four models, the
abundance pattern produced for the case in which L⌫ is set by the
simulation itself lies somewhere between the abundance patterns

MNRAS 000, 1–10 (2018)

Halevi&Mosta 18

Winteler+12

Increasingly n-rich

Rosswog+13

NSM Dynamical Ejecta MHD Supernovae
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Figure 8. Abundance patterns for the aligned case, as obtained through
post-processing the tracer particles. The various curves correspond to the
di�erent values used for the neutrino luminosities.

four simulations. This allows for a direct comparison to determine
the e�ect of misalignment on r-process nucleosynthesis yields. Both
the second and third r-process peaks are quite insensitive to mis-
alignments of 15° or 30° between the magnetic and rotation axes,
but show decreases in abundances for the case of 45° misalignment.
In this most misaligned model, the third peak is not produced at all
when we use the neutrino luminosities from the tracer particles. To
understand why the r-process abundances depend on the misalign-
ment angle in this way, we examine the Ye distributions at the time
when r-process begins, at a temperature of T ' 5 ⇥ 109 K. The
Ye distributions at the onset of r-process nucleosynthesis ultimately
determine the r-process element production. These distributions, as
evolved by S��N�� with L⌫ taken from the tracers, shown in the
bottom panel of Fig. 7, di�er significantly from the corresponding
distributions at the start of the network calculation (top panel). After
the network has run to the point when the material has cooled enough
for r-process to begin, the distributions in Ye are far more similar
for all cases except the 45° misalignment than they were at the start
of the calculation. All three distributions peak at Ye ⇠ 0.21 � 0.23
and have similar amounts of material in each bin of Ye, except for
a secondary peak at Ye ⇠ 0.26 for the aligned case. The 45° case,
however, clearly di�ers from the other three in its corresponding
distribution of Ye. It peaks at higher Ye ⇠ 0.24� 0.25 and generally
has much less material at low Ye than the more aligned models at
the time when r-process nucleosynthesis begins.

4 DISCUSSION

The four simulations we have carried out di�er only in the axis along
which the poloidal magnetic field lies in the initialized core. Our
fiducial model is the one in which the magnetic and rotation axes
are aligned, while the other three models represent various levels of
misalignment: 15°, 30°, and 45°.

Our results suggest several clear trends with the degree of
misalignment, particularly in the explosion dynamics, and more
complex dependence in the properties of the ejecta and resulting
nucleosynthesis yields. In general, higher misalignment results in
slower expansion along the polar (rotation) axis and more material
along the perpendicular, equatorial axes (Figs.1 and 2). In other
words, more aligned initial fields produce more jetted, bipolar ex-
plosions. The ejected material robustly reaches larger distances from
the PNS for smaller misalignments (see Fig. 4), which is unsurpris-

Figure 9. Abundances for the four di�erent models, all obtained using the
neutrino luminosities extracted from the simulations. It is clear that the 45°
misalignment model di�ers significantly from the other three, particularly
in its ability to produce heavy r-process elements.

ing given these di�erences in the dynamics. The distance from the
PNS reached by ejected material at a given time after core bounce
varies approximately linearly with the misalignment angle.

The e�ect of misalignment on the r-process abundance pat-
terns at a set value of L⌫ is less intuitive. Interestingly, the abundance
patterns produced by the 15° and 30° misaligned models are very
nearly identical to that of the aligned model. However, the abun-
dances of second peak and beyond r-process elements are highly
reduced for the 45° model. We explicitly show a comparison of
abundance patterns from the four simulations for the case of the
neutrino luminosities extracted by the tracer particles (Fig. 9). In
order to isolate the factors driving this e�ect, we have also investi-
gated whether it holds for all constant, fixed values of L⌫ . We find
that as we increase L⌫ , the di�erences between the abundance pat-
terns are magnified. When the neutrinos are e�ectively turned o�
(L⌫ = 0), all four simulations, including the 45° misaligned model,
produce nearly identical abundance patterns. As we increase L⌫ ,
we see the abundance pattern of the 45° case increasingly deviate
from the rest of the models. This indicates that there is a purely
dynamical di�erence between the most misaligned model and the
other three models. The e�ect of this di�erence in the dynamics
on the resultant nucleosynthetic signatures becomes more clear as
neutrinos become more important. This can be understood when
we consider that slightly di�erent trajectories experience di�erent
durations of time near the PNS under neutrino bombardment. The
ejecta properties for cases in which tracers dwell near the PNS for
longer di�er from cases with tracers spending less time near the PNS
more significantly when the luminosity of the neutrinos the material
interacts with is greater. The e�ects of slight variations in dynamics,
which set particle trajectories, on resultant ejecta properties are thus
enhanced for higher neutrino luminosities.

We post-process the results of each simulation with S��N��
using neutrino luminosities from the tracer particles. In addition,
we set L⌫ to constant values of 0, 1052, 5 ⇥ 1052, and 1053 erg s�1.
We explore this parameter space because the values of L⌫ from
our simulations are subject to uncertainties due to imperfections in
our neutrino transport treatment – we use a leakage scheme which,
although it has been shown to be a quite good one (e.g. O’Connor
& Ott 2010), is still an approximation. For all four models, the
abundance pattern produced for the case in which L⌫ is set by the
simulation itself lies somewhere between the abundance patterns
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Era of diverse observables and 
multi-messenger observations
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Abbott+17

• Our Sun and meteorites are key informants on Solar 
System element origins

• Stellar abundances of stars in our Milky Way and beyond 
address the robustness of nucleosynthesis processes

• GW170817 the first observed multi-messenger binary 
neutron star merger: LIGO begins to provide NSM rates 

• Electromagnetic follow-up: AT2017gfo kilonova light curve 
implied at least lanthanide elements produced

• Neutrinos and light curve seen for multi-messenger event 
SN1987A and we have bigger and better detectors now! 

Neutrinos

Our Sun
Meteorites

Stars in the Milky 
Way disk and halo

Stars in galaxies near 
the Milky Way
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Côté+18 (including 
Vassh) (ApJ)

Neutron star mergers

Palm
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Galactic 
Chemical 
Evolution

Do binary NS mergers make enough 
heavy elements?
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Take estimates for 
GW170817 mass 

ejection range from 
literature
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nuclear physics uncertainties
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Côté+18 (including 
Vassh) (ApJ)



nuclear physics uncertainties

GCE w
ith 

Solar Abund.

Updated LIGO/Virgo, Abbott+21 

*Now another confirmed NSNS 
merger GW190425 as well as a June 
2021 confirmation of two NSBH 
mergers GW200105 and GW200115!
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Take estimates for 
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Nucleosynthesis Predictions

Do binary NS mergers make enough 
heavy elements?
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Science goals
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• Investigate the origins of the heaviest elements

• Probe the properties of exotic, unstable nuclei 

• Motivate and support local and international nuclear 
physics campaigns at ARIEL and FRIB

• Capitalize on statistical methods and machine learning 
techniques for nuclear astrophysics problems 

• Study the nature of the neutrino and its role in shaping 
element production at explosive sites

Interested? nvassh@triumf.ca

TRIUMF’S RESEARCH ACTIVITIES
Macro to micro: Accelerating discovery and 
innovation by connecting the study of the vast 
with the study of the very, very small


