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Nucleosynthesis-heavy elements

Heavy elements (heavier than 
iron): 
the nucleosynthesis was a mystery 
for decades

Main processes: 
Proton-rich process (p process)- 
~0.1%-1% ;
neutron capture process:
s process (slow neutron capture) 
~50%, up to 210Bi;
r process (rapid neutron capture)
~50%

Heavy element nucleosynthesis---
mulD-messenger astronomy

Credit: Daveturnr
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group

europium

gold,pla0num

uranium, thorium

p process

supernovae

Credit: NASA/ESA/JHU/R.Sankrit & W.Blair

s process

Asymptotic giant 
branch stars

Credit: ESA/Hubble, NASA and H. Olofsson

r process

neutron star mergers

Credit: NSF/LIGO/Sonoma State 
University/A. Simonnet
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r-process nucleosynthesis
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• Rapid neutron-capture process 
(r process):
üCreate ~half of the nuclei 

heavier than iron
üOccurs in neutron-rich 

environments
üAbundance peaks: A~82, 

A~130, A~196 (closed shell 
structures at N = 50, N = 82, 
and N = 126 )
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1st peak 2nd peak

lanthanide 
(138<A<179)

3rd peak ac:nide 
(A>220)



Magnetar giant flare
(Patel+2025)
exotic supernovae 
(e.g., Fischer+2020)

primordial black hole + 
neutron star (e.g., 
Fuller+2017)
etc.
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r-process sites: a mystery

Magneto-rotaDonal supernovae
(e.g., Reichart+2020, Nishimura+2017, Mosta+2018)

Mosta, P., et al., 2018 

Neutron star + neutron star/black hole mergers
(e,g, Nedora+2020, Foucart+2020, George+2020, etc.)

University of Warwick/Mark Garlick

Collapsars
(e.g., Siegel+2019, Miller+2019)

Credit: NASA/Dana Berry/Skyworks Digital

Core collapse 
Supernovae?
(e.g., 
Meyer+1992, 
Roberts+2012)

Credit: NASA, ESA, J. Hester and A. Loll



Modeling the r-process: nucleosynthesis networks and post-processing

Rosswog+13

NSM dynamical ejecta

Hydrodynamic simula/ons 
provide us with a “trajectory”: 
density / temperature / posi6on 
as a func6on of 6me

Both experimental + theoretical 
nuclear inputs:

The need for nuclear inputs is not isolated to reactions and 
decays in the network: 
• input initial composition dependent on EOS
• outputs are post-processed to evaluate nuclear heating, light 

curves, gamma spectra…

Masses
Beta decay
Alpha decay
Branching ra3os

Neutron capture
Fission rates / yields

Neutron emission
Other reac3on rates (e.g.(𝛼,n))

Credit: Nicole Vassh

Lanthanides Actinides 
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masses from the AME

Nuclear masses for the r-process

Mumpower, Surman, 
McLaughlin, Aprahamian 2016

Credit: Rebecca Surman



Nuclear mass model systema3cs

Kratz+2014

Martin+2016

Goriely, MarPnez 
Pinedo 2015

HFB-24

Skyrme EDFs: SkM*, SkP, SLy4, 
SV-min, UNEDF0, UNEDF1

Credit: Rebecca Surman



Nuclear mass sensi3vity studies

Mumpower, Surman, 
McLaughlin, Aprahamian 2016

Surman, Mumpower 2018

Credit: Rebecca Surman



Nuclear mass sensi3vity studies

Mumpower, Surman, 
McLaughlin, Aprahamian 2016

Surman, Mumpower 2018
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and has been a matter of fierce scientific debate for many decades. Indeed, both the emerging 
shock front of a supernova and the clash of merging neutron stars could provide conditions for an 
r-process to occur. Interestingly, while the actual path and the subsequent decay feeding of the 
final abundances are different in the two cases, theoretical simulations of both scenarios provide 
abundance distributions that match the main features of the observed one. Nuclear physics data 
are thus crucial for removing the nuclear uncertainties when making detailed predictions for the 
path; hence, the actual site of the r-process. The r-process is a critical issue in which observation-
al, modeling, and experimental data are essential to reach a solution to an important and long-
standing astronomical problem.  
 
There have been heroic efforts over the last decades to expand theoretical and experimental fron-
tiers in an effort to explain r-process nucleosynthesis. The increasingly complex models of (i) 
supernova explosions, taking into account detailed radiation/hydrodynamics, neutrino and nucle-
ar physics, and magnetic and rotational effects, and (ii) merging neutron stars both motivate the 
pursuit of measurements beyond the present limits of experimental facilities. FRIB will provide 
the experimental reach and mass and lifetime data necessary to test the most important parame-
ters of r-process simulations. It will test the suitability of the various nuclear models presently 
used for r-process simulations and will provide new benchmarks for the astrophysical models 
proposed for the actual r-process sites. Detailed impact studies have been performed recently to 
identify the most critical isotopes for benchmarking and testing the Standard Model for the r-
process. To illustrate the sensitivity to binding energy, simulations were performed for a success-
ful mass model (HFB-21). Figure II-10 shows the color-coded isotopes along the r-process path 
that are found to have the biggest impact on the final elemental abundances. Also indicated are 
the limits of reach for the present and future U.S.-based facilities for the study of neutron-rich 
nuclei: CARIBU at ANL and FRIB. With FRIB nearly all of the key isotopes can be reached. 
 

Figure II-10. Sensitivity of nu-
cleosynthesis simulations in the 
r-process to binding energy 
predictions from a mass model. 
The darkly colored nuclei show 
the largest impact on the over-
all r-process abundance distri-
bution as determined from var-
iations of the neutron separa-
tion energy within 25% devia-
tion from the respective mass 
model predictions. 

The two lines indicate the limits of reach of CARIBU (green line) and projected for FRIB (blue line). (S. Brett 
et al., will appear in Eur. Phys. J. A.) 
 
FRIB will also be important for understanding various astrophysical objects. Neutron stars serve 
as a good example. The cooling behavior of transient neutron stars is determined by the energy 
budget of the nuclear processes on the ashes of the rp-process. Electron-capture reactions, driven 
by the ever-increasing density of the neutron-star crust, drive the abundance distribution to the 
neutron-rich side. Such electron-capture reactions change the internal energy budget in the crust 
and affect the cooling behavior of the neutron-star crust matter. These electron-capture processes 
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Credit: Rebecca Surman



• Prompt electromagneBc emissions
• Kilonova: a transient powered by the radioac:ve decay of the r-process 

elements synthesized from the r-process sites like neutron star merger

11

Astrophysical observables of heavy-element nucleosynthesis

UV, op6cal, and NIR light curves of the counterpart 
of GW170817. (Cowperthwaite, P. S., et al., 2017)

Gamma rays from a nearby kilonova. 
(Korobkin. O., et al., 2020)9/10/25



• Long-lived abundance yields
Solar system abundances of heavy elements:
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Stellar observations of metal-poor stars:

Holmbeck, E., et al 2020
Cowan, J.& Thielemann, F. 2004

Astrophysical observables of heavy-element nucleosynthesis
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• isotope measurements in the solar system samples (Earth, moon, 
meteorites)

Fields, B., et al. 2019, BAAS, 51,410 Wallner, A., et al. 2021, Science, 372, 6543

𝑡!"#$,!""#&" = 3.78	𝑀𝑦𝑟

𝑡!"#', $%!%%() = 115	𝑀𝑦𝑟

Near-earth event:
within~100pc; 
occur ~ 3Myr ago

13

Astrophysical observables of heavy-element nucleosynthesis



Neutron star mergers (NSM)
• GW170817: mulD-wavelength observaDons àconfirmed r-

process nucleosynthesis sites
Ø Kilonova light curve: Lanthanides produc6on
Ø Stron6um and Tellurium elements indicated from spectroscopy

• GRB211211A and GRB230307A: kilonova lightcurve; tellerium
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Abbott, B. P. et al., 2017

UV, op:cal, and NIR light curves of the counterpart of 
GW170817. (Cowperthwaite, P. S., et al., 2017)

Sr lines are identified 
in a re-analysis of 
GW170817 spectra 
(Watson, D., et al., 
2019)

Spectral series of the kilonova AT 2017gfo from X-shooter 
on VLT. (Hotokezaka, K., et al., 2023)



Did the GW170817 merger produce acBnides?

9/10/25 15

1st peak 2nd peak

lanthanide 
(138<A<179)

3rd peak actinide 
(A>220)

TeSr



Incident neutron strikes

Deforma6on

Scission

Prompt Neutron Emission

Energy release 
Q~200 MeV, TKE~170 MeV

b-delayed emission from
n-rich fission products

Predicted abundance dependence on yield model 

Fission yields and rates depend on incident energy and 
barrier height ((n,f), 𝛽df, sf distinct)

Vassh+19 (JPhysG)
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sion, it is the sum of the incident neutron energy, En,
and the neutron separation energy, Sn, with En + Sn on
the order of a few MeV, except for the most neutron-rich
nuclei near the neutron dripline. For �-delayed fission,
the excitation energy (denoted here as hEi�) can be as
large as 9 MeV.

Prior evaluations of cumulative neutron-induced fission
yields (after both prompt neutron emission and delayed
emission from the �-decay of fission products) indicated
that the yields become more symmetric with increasing
incident neutron energy [57]. However, a more recent ex-
periment saw the cumulative fission yields for 239Pu(n,f)
in particular to have a non-monotonic energy dependence
on the energy of the incident neutron [58]. Thus the en-
ergy dependence of the fission yields may be more com-
plicated than previously assumed.

Neutron-induced fission in the r process occurs late
in time at low temperatures, corresponding to incident
neutron energies between ⇠ 0.01 � 0.2 MeV, with most
fission taking place at ⇠ 0.1 MeV. Although the r-process
indeed occurs over a range of temperatures, and the neu-
trons are characterized by a thermal distribution rather
than a single energy, the variation in fission yields over
the energy range important for the r process is small.
Figure 1 shows that for the incident neutron energy range
of relevance to the r process, even a very neutron-rich
nucleus such as 279Pu with a low separation energy will
not exhibit significant di↵erences in its fission fragment
yields. Percent-level di↵erences begin to appear when
comparing yields at ⇠ 0.1 MeV and ⇠ 1.0 MeV, however
1.0 MeV (⇡ 10 GK) is not a temperature at which fission
participates in the r-process since here the environment
is governed by nuclear statistical equilibrium (NSE) and
has yet to synthesize fissioning nuclei. The di↵erences in
the yields of a less neutron-rich nucleus with a separation
energy on the order of MeV, such as 258Pu, are even less
relevant. In this case, even a neutron incident energy of
⇠ 1.0 MeV produces di↵erences on the sub-percent level
relative to En = 0.1 MeV. Therefore, unless the r-process
proceeds through conditions in which nuclear reheating
produces a rise in late time temperatures which reaches
NSE values, the variance in the fission yields over the
temperature evolution of the r process can be safely ig-
nored. Thus we apply a constant incident neutron energy
of ⇠ 0.1 MeV.

Even though the incident neutron energy of relevance
to the r process is low, the excitation energy of neutron-
induced fission is typically a few MeV, considerably
higher than the zero excitation energy of spontaneous
fission. One could thus expect a di↵erence in the sponta-
neous and neutron-induced fission yields. The resultant
fission product yields are shown in Fig. 2. Some increased
asymmetry is seen in the tails of the neutron-induced
yields. For the neutron-rich nuclei of interest here, the
GEF 2016 systematics suggest a global trend of tran-
sition from asymmetric toward symmetric yields along
most isotopic chains, with a region of primarily sym-
metric yields near the shell closure at N = 184. Along

FIG. 1. (Color online) The fission yield for 278Pu(n,f) with
an incoming neutron energy of 0.1 MeV (black) as compared
to 0.2 MeV (red), 0.5 MeV (blue), and 1.0 MeV (orange).

an isotonic chain in this neutron-rich region, on average
the yields become increasingly symmetric with increasing
Z. This behavior can be further demonstrated by exam-
ining the trend in the width of the yields, represented
in Fig. 3 by the most probable mass number di↵erence
between the light and heavy fragment. To obtain this
value, we find the maximum, A0, of the yield distribu-
tions shown in Fig. 2, which gives a most probable width
of |A0 � (Af � A0 � ⌫̄)| where Af and ⌫̄ are the mass
number and average neutron multiplicity of the fission-
ing nucleus, respectively. Since, as can be seen in Fig. 2,
many of the GEF 2016 yields in the neutron-rich regions
contain both a symmetric and asymmetric component, a
metric based on the maximum of the yields will not fully
capture their complex behavior. However Fig. 3 is still
representative of the dominant yield trends predicted for
r-process isotopes. In Section III, we will examine the
impact that such asymmetric-to-symmetric yield trends
have on the r-process abundance pattern and will show
that the enhanced asymmetric yield contributions for fi-
nite excitation energies appear in key regions for a fission
cycling r process. We note that for some nuclei the fission
yields predicted by other versions of the GEF code can
be significantly di↵erent from those of GEF 2016. Nev-
ertheless, the general arguments we lay out in this work
remain the same.

We now turn to neutron emission from the fragments
and the resulting fission product yields. First we discuss
how we modify FREYA to make use of the GEF 2016 fis-
sion fragment yields. We then discuss how neutron emis-
sion di↵ers in the two codes and how, even though we may
start with identical yields in both GEF and FREYA, we
may end up with di↵erent fission product yields and av-
erage neutron multiplicities, ⌫. The di↵erence in neutron
emission is important for the r process because prompt
fission neutrons can be a substantial fraction of the late-

Fission in astrophysical environments

Credit: Nicole Vassh
9/10/25 16



Incident neutron strikes

Deforma6on

Scission

Prompt Neutron Emission

Energy release 
Q~200 MeV, TKE~170 MeV

b-delayed emission from
n-rich fission products

Fission in astrophysical environments
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late time Cf heating

Cf-254 has measured 
half-life ~60 days

with SF branching 100%

James Webb Space Telescope Zhu+18 (including Vassh)(ApJ Letters)Credit: Nicole Vassh
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Vassh, Vogt, 
Surman, Randrup, 

Sprouse, 
Mumpower, 
Jaffke, Shaw, 

Holmbeck, Zhu, 
McLaughlin, 2018

254Cf: dependence on nuclear inputs
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Mumpower, Surman 2021

254Cf

Credit: Rebecca Surman



Can we directly probe the heaviest elements 
made in NSMs?

9/10/25 19
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Gamma rays from Neutron Star Mergers

56Ni tmean=8.8days⎯ →⎯⎯⎯⎯ 56Co+ γ
56Co tmean=111.3days⎯ →⎯⎯⎯⎯ 56Fe+ γ

SNIa
ejecta

56Ni

GRB

gamma-rays from jet

gamma-rays from 
decays of r-process 
species

gamma-rays from 
decay chains of 56Ni

GRB

Disk 
wind

Dynamical
ejecta

r process 
isotopes

Wang, X., et al. 2020, 
ApJL, 903, L3, 
arXiv:2008.03335 

alpha decay, beta decay and nuclear fission

NSMsType Ia Supernovae 
(SNIa)



r process nucleosynthesis simulation with

9/10/25

Cold, neutron-rich dynamical 
ejecta from an NSM event 

PRISM (Portable Rou6nes for 
Integrated nucleoSynthesis
Modeling):  Trevor Sprouse (ND) & 
Maehew Mumpower (LANL)

Credit: Daveturnr
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Incident neutron strikes

Deforma6on

Scission

Prompt Neutron Emission

Energy release 
Q~200 MeV, TKE~170 MeV

b-delayed emission from
n-rich fission products

Prompt ys
(fission)

Delayed ys
(Beta-decay)

Fission in astrophysical environments
Gammas > 3.5 MeV: signature of prompt and delayed 

fission gammas in an astrophysical event! 

fission

Wang, X., et al. 2020, ApJL, 903, L3, 

Credit: Nicole Vassh
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Prompt gamma-ray spectra from r process

• Prompt gamma-ray photons 
emitted from r-process: 
ØBeta decays, experimental data 

from ENDF/B-VIII.03 (Brown et 
al. 2018), theoretical 
calculations from LANL work 
(Korobkin et al., 2020)

ØFission, theoretical calculation 
from GEF (Schmidt et al. 2016) 
and FREYA (Vogt & Randrup
2017) as in Vassh et al., 2019.
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Wang, X., et al. 2020, ApJL, 903, L3, 

Beta 
decay

fission



NSM Ejecta

Expanding v

observer
shell 

core 

a

Distance D

! "#

"$

%$

%#

• Semi-analyDcal gamma-ray radiaDon transfer calculaDon 
adapted from Wang, X., et al 2019, MNRAS, 486, 2910

• Opacity calculaDon based on the ejecta composiDon; 
NIST XCOM Photon Cross SecDons Database: opacity for 
individual element 

• radiaDon transfer interacDons include: Rayleigh 
scaiering, Compton scaiering, photoelectric 
absorpDon, and pair producDon 

Fe 
(A<110)

Xe
(110<A<138)

Eu 
(138<A<179)

Pt 
(179<A<220)

U 
(A>220)

Radiation transfer calculation
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MeV light curve and contribuBons from 
individual fissioning nuclei

Flux at 𝐸! > 3.5𝑀𝑒𝑉

Very neutron rich dynamical ejecta from Rosswog et al., 2013, Piran et al., 2013.  
Nuclear data based on FRDM and FRLDM nuclear models
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Wang, X., et al. 2020 ,
ApJL, 903, L3, 
arXiv:2008.03335 

Total signal: black
Beta-decay: green
Fission: purple

NSM Ejecta

Expanding v
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shell 
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a

Distance D
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Robust fission

Limited fission

No fission

Variations on neutron-richness (Ye) and the actinide 
production

Low entropy parameterized ouilow found in Radice et al., 2018, Just et al., 2015.  
Nuclear data based on FRDM and FRLDM nuclear models

Wang, X., et al. 2020 ,
ApJL, 903, L3, 
arXiv:2008.03335 

NSM Ejecta

Expanding v

observer
shell 

core 

a

Distance D

! "#

"$

%$

%# 𝑌" =
𝑛"
𝑛*

= 1 −
𝑛'

𝑛' + 𝑛+
~0.015

Smaller 𝑌": more neutron rich

Total signal: black
Beta-decay: green
Fission: purple
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Variations on neutron-richness (Ye) and the actinide 
production

Low entropy parameterized outflow found in Radice et al., 2018, Just et al., 2015.  
Nuclear data based on FRDM and FRLDM nuclear models

Wang, X., et al. 2020 ,
ApJL, 903, L3, 
arXiv:2008.03335 

NSM Ejecta

Expanding v

observer
shell 

core 

a

Distance D

! "#

"$

%$

%# 𝑌" =
𝑛"
𝑛*

= 1 −
𝑛'

𝑛' + 𝑛+
~0.015

Smaller 𝑌": more neutron rich
Robust fission

Limited fission

No fission

Total signal: black
Beta-decay: green
Fission: purple

Visible for up to 1000 days post-event
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Wang, X., Vassh, N., et al., 2025,  
in prep

FRLDM
t=10 day

FRLDM
t=1000 day

HFB
t=10 day

HFB
t=1000 day

HFB

FRLDM

254Cf

252Cf

254Cf+Fm+Rf

252Cf+Fm

Variations on nuclear models: fission barriers

Very neutron rich dynamical ejecta from Rosswog et al., 2013, Piran et al., 2013.  
Nuclear data based on FRDM and FRLDM nuclear models, and HFB nuclear models9/10/25 28

Flux at 
𝐸! > 3.5𝑀𝑒𝑉



Vassh, N., Wang, X., et al., 2024,
PRL, 132, 052701
arXiv:2311.10895

Thallium-208: A Beacon of In Situ Neutron Capture 
Nucleosynthesis
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126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142123 124 125N

Th232
14 bill. y

𝛼
Pb208

Stable

Po212
3e-7 s

Bi212
61 min 𝛼

𝛼

𝛼

𝛼 𝛼

Po216
0.14 s

Rn220
55 s

Ra224
3.6 d

Th228
1.9 y

𝛽-

𝛽-
Ac228

6.1 h 𝛽-
Ra228

5.7 y

𝛽-
Pb212

10.6 h𝛽-
Tl208

3.1 min

𝛼

r-process abundances 
for a NSM at 6.7s

i-process abundances 
383 minutes aler 
building from iron seeds

neutron capture processes can populate species along the well-known Th-232 
decay chain à yielding Tl-208;
Detec6on of Tl-208 represents the only iden6fied prospect for a direct signal of 
lead produc6on (implying 3rd r-process peak synthesis like gold) in a real-6me 
event.

r process in mergers
i process in rapidly accreting 

white dwarfs (RAWDs)



Comparison with other nuclei with decays emitting in the 
2.5-2.8 MeV energy range

Øthe 2.6 MeV Tl-208 line explicitly show itself in the spectrum at the 6mescales: ~12hours -
~10days (aler Tl is populated by Pb-212 and Ra-224 decays); 1-20 years (Ra-228 decays);
ØNext genera6on MeV gamma-ray detectors will be able to detect the Tl-208 lines from 
NSM in Milky Way or nearby galaxies at these 6mescales.

Vassh, N., Wang, X., et al., 2024,
PRL, 132, 052701

Very neutron rich dynamical ejecta from Rosswog et al., 2013, Piran et al., 2013.  
Nuclear data based on FRDM and FRLDM nuclear models

hours

days

years

hours-days

years
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MeV gamma-ray from rare supernovae with r-process

(Liu, Z., et al., 2025, submitted to ApJ)

Snapshot of the MR-SN model 35OC-RS from 
Reichert et al. (2021) at the end of the 
simulation time (1.306 s).

9/10/25
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MeV gamma-ray from rare supernovae with r-process

(Liu, Z., et al., 2025, submitted to ApJ)

Observability of 126Sb 666 keV line with COSI and 
next-generation MeV telescopes if a supernova 
remnant originated from a rare magneto-rotational-SN 
with r-process occurs.

9/10/25



An important astrophysical condi:ons that affect 
the heavy-element abundance yields: neutrinos

9/10/25 33



• Neutron-rich side: r process
• Proton-rich side: 𝜈 process and 𝜈p process
• Supernova neutrino driven wind (NDW): 

• fast, hot matter outflow from the PNS surface ~ 
few 10-5 -10-2 solar mass  

• NDW is determined by long-term neutrino 
cooling of the PNS

• Neutrinos determine Ye of the ejecta
𝜈! + 𝑛 ⇌ 𝑝 + 𝑒"
𝜈̅! + 𝑝 ⇌ 𝑛 + 𝑒#

electron fraction 𝑌! =
$

$#%,/%-
 : 

Smaller Ye, more neutron richness

9/10/25 34

Heavy-element nucleosynthesis affected by neutrinos

Woosley, Janka 2005



CollecBve Neutrino OscillaBon

• Many body: 
• a system of N neutrinos with discrete energies quan:zed in a box of volume V
• two-flavor approxima:on 

• Mean field

9/10/25 35
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Collective oscillations in supernovae

“neutrino bulb” geometry
--single angle approximation

Balantekin, B.,.., Wang, X., 2024, ApJ 967, 146
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CollecBve oscillaBons in supernovae

SN neutrino-driven wind trajectories: 
1) parameterized slow NDW trajectory adapted 
from Wanajo2011 with various entropy values;
2) parameterized high entropy and fast NDW 
trajectory adapted from Arcones+2007 as in 
Duan+2011.

Nucleosynthesis simulation with
1) four neutrino treatments (nn, nosc, mf, mb) are implemented into PRISM in the form of external 𝜈! + 𝑛
and $𝜈! + 𝑝 capture rates; neutrino-nuclei interactions are not included
2) Nuclear data: REACLIB reaction rates (Cyburt et al. 2010) + NUBASE β-decay properties (Kondev et 
al. 2021)

PRISM (Portable Routines for Integrated nucleoSynthesisModeling):  
Trevor Sprouse (ND) & Matthew Mumpower (LANL)

Balantekin, B.,.., Wang, X., 2024, ApJ 967, 146

àonly 1 set nuclear database available for proton-rich region: 
variations in ncap rates? (n,p) (n, gamma) (n, alpha) 



SN neutrino-driven wind: 

Neutrinos for 𝜈p process :
Ø Determines the initial proton-rich status of NDW at T~10GK
Ø 𝜈̅" captures on free protons give rise to a tiny amount of free 

neutrons, which are captured on the seed nuclei 56Ni from the 
nuclear quasi-equilibrium (QSE), initiating the 𝜈p process 
(Frohlich+2006, Wanajo+2006, Pruet+2006, Arcones+2012…)

Ø Collective neutrino oscillations act to increase the 𝜈̅" flux and 
create a more robust 𝜈p process (Martinez-Pinedo+2011, Martinez-
Pinedo+2017, Sasaki+2017, Balantekin 2018…)

Ø Fast flavor conversion could potentially increase mass loss rate or 
Ye and enhance the 𝜈p process (Xiong+2020, Xiong+2025)

Ø Active-sterile neutrino flavor conversion could also help 𝜈p 
process reach heavier elements between Zr and Cd (Wu+2014)
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𝜈p-process in supernovae

Tamborra+2020

Existence of neutrinos: enhance heavier elements 
productions in 𝜈p process 
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Collective oscillations and 𝜈p process 

purple: no neutrino 
(nn)
cyan: no neutrino 
oscilla6on (nosc)
blue: many-body 
calcula6on of 
oscilla6on (mb)
orange: mean-field 
calcula6on of 
oscilla6on (mf)
green: inverted 
mass hierarchy with 
mb
pink: inverted mass 
hierarchy with mf

𝜈p process: neutrinos boost the 
synthesis of heavier nuclei;
The difference in SN NDW 
neutrino treatments brings a 
difference in yields: many-body 
treatment has the biggest effect 
for normal mass hierarchy;
Inverted mass hierarchy 
introduces bigger neutrino effect 

𝜈p process
Wanajo2011

Balantekin, B.,.., Wang, X., 2024, ApJ 967, 146
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Collective oscillations and 
𝜈p process with various entropy

v Initial proton-rich condition(𝜈p process): with the increased initial entropy, s/kB =50, 100, 150,   the 
collective neutrino oscillation push the synthesis of heavier nuclei, moving towards the neutron-rich region

Special abundance 
yields for s/kB >~150: 
light proton-rich nuclei 
+ heavy neutron-rich 
nuclei

Balantekin, B.,.., Wang, X., 2024, ApJ 967, 146



• First pointed out: Wanajo et al. (2011), Arcones et al. (2012), Nishimura et al. (2019)
• Observed in a hypernova neutrino-driven wind with higher (~10x) Lνe∼ 1.65x1053erg 

s−1 (Fujibayashi et al. 2015):

• We find neutrino oscillations amplify the shift from proton-rich to neutron-rich 
nucleosynthesis
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A robust 𝜈p process à neutron rich at late Bme

Hypernova wind condition: 
Mpns=3Msol ,E𝜈e=11.0 MeV, Ye=0.587, 
s/kB=141(Fujibayashi et al. 2015)
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CollecBve oscillaBons and 𝜈i process

𝜈𝑖 process: new nucleosynthesis process and path
v Occur in a high entropy proton-rich 

environment with abundant neutrinos: 
supernovae, hypernovae

v Abundance yields: a mixture of lighter 𝜈p-
process-type pattern and heavier i-process-like 
pattern, or a fully i-process-like pattern at the 
highest entropies.

Balantekin, B.,.., Wang, X., 2024, ApJ 967, 146

Duan2011
s/k~200
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𝜈i process nucleosynthesis

green: duan2011 with 
neutrinos of many-body 
(mb) oscilla:on 
calcula:ons
cyan: duan2011 with 
neutrinos of <Ev>=9MeV, 
Lv=5xLv,0=5x9x1051erg/s
blue: duan2011 with 
neutrinos of 
<Ev>=13MeV, Lv=3xLv,0 
purple: wanajo-s150 
with neutrinos of 
<Ev>=9MeV, Lv,0=5xLv,0 
pink: wanajo-s150 with 
neutrinos of 
<Ev>=13MeV, Lv,0=3xLv,0 
red: wanajo-s150 with 
neutrinos of mb 
oscilla:on calcula:ons

Wang, X., et al., 2025, in prepara)on

𝜈𝑖 process:
Occur in a high entropy 
proton-rich environment 
with abundant neutrinos: 
supernovae, hypernovae
v Neutrino oscillations 

facilitate the 𝜈𝑖
process, or a larger 
amount of neutrinos 
(3-5x higher 
luminosity) is needed 
to result in the 𝜈𝑖
process from initial 
robust the 𝜈p process

v New astrophysical 
sources for lanthanides

lanthanides
(138<A<179)

lanthanides
(56<Z<72)
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𝜈i process elemental patterns and stellar observations

Ø the 𝜈𝑖 process abundances are distinct from those of both the solar r process and the AGB s process, 
showing a flatter pattern with no lead production and a lower abundance of Sr, Y and Zr.

Ø the 𝜈𝑖 process can provide a equally good fit to the elemental pattern CEMP-r star J2036-0714 in the 
lanthanide region, compared with the solar r process or AGB s process.

Wang, X., et al., 2025, in prepara)on



What happens if a stream of energetic heavy 
particles is traveling through the interstellar 
medium? Will the propagation affect r-process 
abundance patterns?
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• GW170817: multi-wavelength observation 
• r-process nucleosynthesis sites
• Matter ejected at high velocity: <v>~0.1c-0.3c

Kasen, D. et al., 2017
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Neutron star mergers

Nucleosynthesis for disk wind 

46



• Cosmic-ray spallation “fill in the valley” at Li-
Be-B, at the expense of a small reduction in 
the neighboring C-N-O peak on the 
abundance pattern.

Credit: Brian D. Fields
CNO

H/He

LiBeB

Light 
nucleus
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Cosmic-ray spallation



• What happens if a stream of energe:c heavy par:cles is 
travelling through the interstellar medium?

• r-process ejecta transport calcula:on adapted from Wang, X. 
& Fields, B., 2018, MNRAS, 474, 4073

Credit: Pierre Auger Cosmic Ray Observatory
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à Spalla%on! (nuclear fragmenta:on)

NSM
R process ejecta

spallation & 
ionic loss

ISM nucleus 
j (H/He) light nucleus

(p,n,a,etc.)

r-process 
nucleus i

r-process 
nucleus l

spalla6on

Wang, X., et al. 2020, 
ApJ, 893, 92, 
arXiv: 1909.12889 

Spallation of r-process nuclei ejected 
from a NSNS event



196Pt
Non-elastic/spallation cross-section: Talys
Ionic loss: Schlickerser 2013

195

185

p+196Pt
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[MeV] [MeV]

TALYS---generate nuclear data for spallation
Wang, X., et al. 2020, 
ApJ, 893, 92, 
arXiv: 1909.12889 



p+196Pt
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SpallaBon cross-secBons 
from TALYS and NONSMOKER

Wang, X., et al. 2020,  JPhCS, 1668, 012049, 
arXiv: 2003.06370 



Mass Number A

ABUNDANCE

Frac:onal 
change v=0.5cv=0.3c

Cold NSM 
dynamical ejecta

50%

8%

80%
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Solar r-process only 
abundance data of from 
Arnould,  M. et al., 2007

Wang, X., et al. 2020, 
ApJ, 893, 92, 
arXiv: 1909.12889 

SpallaBon in the third peak 
with various speeds and 10x spallaBon cross-secBon

ISM 
nucleus j 
(H/He)

light 
nucleus
(p,n,a,etc.)

r-process 
nucleus i

r-process 
nucleus l

SpallaGon



ABUNDANCE

Fractional 
change

SpallaBon in the third peak 
with various nuclear physics inputs

v=0.3c

150%

30% 50%
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Solar r-process only 
abundance data of from 
Arnould,  M. et al., 2007

8%

Wang, X., et al. 2020, 
JPhCS, 1668, 012049, 
arXiv: 2003.06370 

ISM 
nucleus j 
(H/He)

light 
nucleus
(p,n,a,etc.)

r-process 
nucleus i

r-process 
nucleus l

Spallation

NSM disk wind



SpallaBon in the second peak 
with various ini2al speeds and fission yields

v=0.3c

Cold NSM dynamical ejecta

50/50 GEF

R-process abundance data with GEF fission 
yields from Vassh, N. et al., 2018

100%

25%
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v=0.5c

Wang, X., et al. 2020,  ApJ, 893, 92, 
arXiv: 1909.12889 
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NSM dynamical 
ejecta with v=0.4c

195

185

p+196Pt

[MeV]

Stable beam 
facilities, FRIB, 
FAIR and RIKEN 

Wang, X., et al. 2020, ApJ, 
893, 92

Spallation Cross-sections Sensitivity Study 

Wang, X., et al. 2020, 
NPA-IX proceedings, 
arXiv: 2003.06370 

ISM 
nucleus j 
(H/He)

light 
nucleus
(p,n,a,etc.)

r-process 
nucleus i

r-process 
nucleus l

Spallation



Another interes:ng astrophysical observables to be 
explored……
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Live radioisotope measurements on the Earth and 
moon --- 60Fe

Fields, B., et al. 2019, BAAS, 51,410

Credit: Brian Fields

Near-earth event:
within~100pc; 
occur ~ 3Myr ago

𝑡!"#$,!""#&" = 3.78	𝑀𝑦𝑟

56



9/10/25

Live radioisotope measurements on the Earth and 
moon --- 60Fe

The Local Bubble:
• Hot cavity in the interstellar medium
• ~50pc in radius
• ExcepMonally sparse gas à due to the 

supernovae(SN) exploded within the past 
10-20 Myr à we live inside SN remains

Nearby Supernovae for 60Fe deposi:on:
ü SN eject plows through interstellar maRer
ü Earth shielded by solar wind
ü SN blast is close enough to push plasma to 

inner Solar System
ü Dust decouples and rains on Earth à

accumulates in deep ocean
Credit: NASA

57
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𝑡!"#$,!""#&" = 3.78	𝑀𝑦𝑟

Credit: Brian Fields

AMS: 
Accelerator Mass Spectrometry

Ferromamanganese (FeMn) Crust

58
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Live radioisotope measurements on the Earth and 
moon --- 244Pu

244Pu: only made 
in r-process

𝑡!"#', $%!%%() = 115	𝑀𝑦𝑟

à other long-lived r-
process radioisotopes 
should also be present

Wang, X., et al., 2021, ApJ 923, 219
59
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Long lived r-process radioisotopes
1st peak 2nd peak

lanthanide 
(138<A<179)

3rd peak actinide 
(A>220)

60

Wang, X., et al., 2021, ApJ 923, 219
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r-process calculations

Core collapse 
Supernovae

Credit: NASA, ESA, J. Hester and A. Loll

Magneto-rotational supernovae
(MHD)

Mosta, P., et al., 2018 

Neutron star mergers (kilonovae)
University of Warwick/Mark Garlick

61

Wang, X., et al., 2021, ApJ 923, 219

Nucleosynthesis simulation with PRISM
1) Baseline: AME2016 + FRDM2012 masses; Nubase2016 spontaneous fission and β decay rates; theoretical calculations from LANL (HF for n 
capture and n-induced fission; QRPA+HF for β-delayed fission and β-delayed neutron emission); symmetric split fission yields.
2) Variations: HFB masses (Goriely et al. 2009); β-decay rates from Marketin et al. (2016) (MKT); fission yields from Kodama & Takahashi (1975).
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r-process calculations

62

• SN: 60Fe mostly comes from explosive 
nucleosynthesis and stellar burning à
60Fe in r process producMon serve as a 
lower limit for SN models SA and SB

• For direct deposiMon, 60Fe/244Pu:
Ø KN models fail
Ø ”modified ” SN neutrino driven wind 

and MHD SN can work à must be 
rare SN

60Fe only from 
r process
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244Pu: Two-Step Kilonova Scenario

proto Local
Bubble

KN244Pu

244Pu

244Pu
Kilonovae/Neutron Star mergers:

Ø Robust r-process sites à ample 244Pu producMons
Ø Rare events
Ø Unlikely within Local Bubble

“Two-step” scenario for Kilonovae:
v More than∼10-20 Mya, a KN exploded, ejecMng 

244Pu-bearing r-process material
v Some of the KN ejecta collided with and was mixed 

into the molecular cloud giving rise to the Local 
Bubble

v Some of the 244Pu was incorporated into dust 
grains, and a more recent SN swept the 244Pu-
bearing dust to bombard the Earth. Local Bubble

244Pu

SN
60Fe

60Fe

60Fe244Pu
Earth

63
Wang, X., et al., 2021, ApJ 923, 219
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244Pu from Near-Earth Supernovae or Kilonovae

• 60Fe/244Pu measurement :
Ø Direct deposition: ”modified ” SN 

neutrino driven wind and MHD SN can 
work à must be rare SN

Ø Two step KN scenario: 10Mya-50Mya 
KN + a normal non-r-process SN

• Tests: other long-lived r-process species
93Zr, 129I, 182Hf….

64Wang, X., et al., 2023, ApJ 948, 113

3Mya SN r process
+explosive

10Mya KN r process
+ 3Mya normal SN
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244Pu from Near-Earth Supernovae or Kilonovae

• 60Fe/244Pu measurement :
Ø Direct deposiMon: ”modified ” SN 

neutrino driven wind and MHD SN can 
work à must be rare SN

Ø Two step KN scenario: 10Mya-50Mya 
KN + a normal non-r-process SN

• Tests: other long-lived r-process species 
93Zr, 129I, 182Hf….

65Wang, X., et al., 2023, ApJ 948, 113

3Mya SN r 
process
+explosive

10Mya KN r 
process
+ 3Mya 
normal SN
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Deep-ocean crusts 
àWith current AMS 
sensitivities, 129I is the most 
promising.

66

Wang, X., et al., 2021, ApJ 923, 219

Predictions for future measurement of the r-Process 
Radioisotopes



Predictions for future measurement of the r-Process 
Radioisotopes

67Wang, X., et al., 2023, ApJ 948, 113

Lunar regolith samples 
à Avoid anthropogenic 

contaminaDon
à Future measurements of the 

samples from Chang’e and 
Artemis missions 
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Outlooks

• What are the origins of the heaviest elements in our universe?
ØSolu:on: Combina:on of theory, simula:ons, and observa:ons & experiments

vmore mul:-messenger observa:ons of NSMs and supernovae: LIGO, VIRGO, 
KAGRA, Fermi, JUNO, COSI…

vmore stellar observa:ons of metal-poor stars: Las Campanas Observatory, RAVE, 
Hubble, JWST, LAMOST…

vmore nuclear data for r-process isotopes: HIAF, FRIB, FAIR, RIKEN…
vmore AMS measurements of heavy radioisotopes on Earth and moon: VERA, NSL, 

HZDR, CIAE …
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•Thanks for your a?en:on. Ques:ons?


