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r-process nucleosynthesis
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r-process nucleosynthesis

* Rapid neutron-capture process

(r process): '
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v'Create ~half of the nuclei !
heavier than iron
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Weak r process: 2" peak + some lanthanides
Main/Robust r process: 3™ peak, actinides & beyond
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Neutron star + neutron star/black hole mergers

- p rocess s |tes '3 myste ry (e,g, Nedora+2020, Foucart+2020, George+2020, tc.)

Core collapse
Supernovae?

(e.g.,
Meyer+1992,
Roberts+2012)

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

800

Collapsars

(e.g., Siegel+2019, Miller+2019) )
Magnetar giant flare

(e.g., Patel+2025)
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(e.g., Fischer+2020)

primordial black hole

+ neutron star (e.g.,
Fuller+2017)

etc.

x [km]



Astrophysical observables of r-process radioisotopes

* Prompt electromagnetic emissions

* Kilonova: a transient powered by the radioactive decay of the r-process
isotopes synthesized from the r-process sites like neutron star merger
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Astrophysical observables of r-process radioisotopes

* [sotope measurements in the solar system samples (Earth, moon,
meteorites)
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Neutron star mergers (NSM)

« GW170817: multi-wavelength observations = confirmed r-

process nucleosynthesis sites
» Kilonova light curve: Lanthanides production

» Strontium and Tellurium elements indicated from spectroscopy

* GRB211211A and GRB230307A: kilonova lightcurve; tellerium
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GW170817. (Cowperthwaite, P. S.. et al., 2017)
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Did the GW170817 merger produce actinides?
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Incident neutron strikes

Deformation

Scission

Prompt Neutron Emission

Energy release
Q~200 MeV, TKE~170 MeV

B-delayed emission from .

n-rich fission products
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Credit: Nicole Vassh

Fission in astrophysical environments

Gammas > 3.5 MeV: signature of prompt and delayed

fission gammas in an astrophysical event!
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MeV light curve and contributions from
individual fissioning nuclei

Flux at Ey > 3.5MeV
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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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Abundance

Variations on neutron-richness (Y,) and the actinide

production
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Abundance
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Thallium-208: A Beacon of In Situ Neutron Capture
Nucleosynthesis

r-process abundances
for a NSM at 6.7s

i-process abundances
> 383 minutes after
1o building from iron seeds

Abundance

Abundance

SSSSSS

. I"process in rapidly accreting
white dwarfs (RAWDs)

ESA and Justyn Maund (Queens University Belfast,
N 123 124 125 126 127 128 129 130 131 132 133 134 135 7136 137 138 130 140 147 142

N 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142

neutron capture processes can populate species along the well-known Th-232

decay chain - yielding TI-208;

Detection of TI-208 represents the only identified prospect for a direct signal of  Vassh, N., Wang, X,, et al., 2024,
lead production (implying 3™ r-process pggclézs&nthesis like gold) in a real-time PRL, 132,052701 .

11/5/2026 6-Xilu Wang
event.



2.6 MeV TI-208 lines emitted from neutron star mergers
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vehrs »the 2.6 MeV TI-208 line explicitly show itself in the spectrum at the timescales: ~12hours -
~10days (after Tl is populated by Pb-212 and Ra-224 decays); 1-20 years (Ra-228 decays);

,. » Next generation MeV gamma-ray detectors will be able to detect the TI-208 lines from
&\" N NSM in Milky Way or nearby galaxies at these timescales.
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MeV lines from weak .

NSM simulation: the 1.2 - 1.4 M NSM
results from D. Radice et al. (2018)
(assuming MO neutrino treatment);
d-10kpc; M;=0.01 M,

Nuclear variations:

» Nuclear mass models: FRDM2012,
HFB27, TF

» [B-decay treatments: Moller et al. (top)
and Marketin et al. (bottom)

Isotopes/lines search criteria:

dominate the total flux (250%) in the line
emission bin £0.1 MeV with flux above a
detectability threshold of 107 counts s™!
cm~2 for explosion epoch (t < 10yrs); 10710
counts st cm™ for remnant epoch (t >
10yrs);

11/5/2026

Isotope Time (days) E (keV) Moller 3 decay | Marketin 8 decay .
Fe-59 | 8.22e-+01 — 1.89e-+02 1099 T T
6.26e-+01 — 2.48¢+02 1292 T T 't O p e S I n N S I\/I S
Ga-72 2.63 — 5.26 1862 H
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7.97e-01 — 1.41e+01 2508 HT * 10°
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3.87e-01 — 1.42 4036 T T < 10tf N
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Nb-95 | 9.85e-+01 — 2.77e-+02 766 T D 10 b Aok * *
Ru-103 | 7.67e+01 — 1.54e+02 197 T T Z 1071} o
Rh-106 | 2.85e-+02 — 1.06e+03 2366 T T - ' mnant
Ag-112 8.28¢-01 — 2.98 2829 F1 T Isotope Time (years) E (keV) § Nuclear model varia.tions
In-128 2 64e-01 — 1.42 4208 T Moller 3 decay | Marketin 8 decay
Sn-125 | 1.89e+01 — 4.31e+01 | 1067, 1088, 1089 FT Co-60 | 4.44e-+05 — 4.82¢-+06 173 i i
1.56e+05 — 4.21e+06 1332 * *
Sb-125 | 5.03e+02 — 9.62¢-+02 176 T Rh-106 | 9.17e-01 — 1.14e+01 2366 1
2.48e+02 - 3.89e+03 428, 463 Fr * In-128 | 3.43e401 — 1.55e+02 3520 F
3.85e+02 — 8.44e+03 601, 636 FT - Sb-125 | 6.80e-01 - 1.06e+01 | 428, 463 FT
Sb-128 2.67e-01 — 1.53 743, 754 FH * 1.05 — 2.31e+01 601, 636 FT *
Sb-134 1.00e-03 — 9.53 7 o H H Sb-126 | 8.74e+01 — 2.10e-+06 415 * .
5.00e-03 — 5.99 Ex ﬁ!pSIO n , H 5.42e+01 — 2.26e+06 | 666, 695, 697 * *
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1.96 — 1.86e-+01 773 HT T 1.00e-03 — 3.31e+01 6820 H
o | w | R R
2.02 - 2.15e+01 1372, 1399 * FT 55 4080101 030 .
1.46 — 1.39%+01 2002 Fr T 1.58 — 7.55e+01 1151, 1183 FT *
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La-140 2.3 — 1.42e+02 1596 * * 1.96 — 7.65e+01 1622 T
1.23e+01 — 1.03e+02 2521 * * 1.96 — 7.99e+01 1806 FT FT
1.99e+01 — 3.84e+01 2899.6 T T 5.02 - 5.93e+01 2044 FT
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Pr-144 | 2.08e402 — 1.65e+03 2186 T H 209 | 1.01e+02 — 6.47e+04 1567 * *
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1.41e+01 — 1.27e4+02 | 1938, 1966 T HT Ac228 | 122 -4dlet01 911, 969 e H
1.02e4+01 - 1.35e+02 | 2027, 2098 . - 1.38 - 518401 1588 s
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84e-01 — 1.80e-+01 2615 * 3
139602900504 | \//-2615 . : 10 R - T e
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5.04e+02 — 1.39e+04 1588 FT et 1wt ey tvre) == mmay oty e e
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i "ﬁ' 10-6 T | FT | FT | FT | FT | FT | FT | FT | FT | T FT
w T | FT | FT | FT | FT | FT | FT FT T
w
1077
Rh-106: a unique opportunity to distinguish between main
1078 T T T
1 2 3 4 H | FH H FH
OECE2026-Xilu Wang Energy (MeV) T T
| | 1.22e+UZ — 5.086+UZ | 834, 55Y | T T|T|T|T|T T T




From how far could we see signals given projected detector sensitivity?

Detectability of fission gammas (>3.5 MeV) and TI-208 2.6 MeV gamma line & Rh-
106 1.56 MeV gamma line with the next general MeV telescope:
predicted detectability distance depends on nuclear model assumptions and

Local Galactic Group astrophysical conditions of the outflow
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= :;327 E 104< ) . 25=<E, =28 MeV
S N HFB21 X \hm
8 107 S 10% o
E E \
c V\ 3 102{smc — —
B w LMC NS —
S o \ A S
= @]
5 \\ < 100 FRDM2012 \ ‘
g \> o HFB27 N\
21005 QS(/ - TF |
romeda Galaxy (M31) o Q 10™ / ; . . Y : |
0-! 10° 10! 102 103 10¢ 10°
. Time [d
Wang,Vassh+ (in prep) me days]
1071 T T T T T 105
107! 10° 100 102 10° 10% 1 astro. var. Rh-106
Time [day] —_ . 14=<E, =17 MeV
§ 104
SN1987A S 107
- 5
. a 3g7 {smc
. i — o LMC
© B
* . ‘g Total Ye0.32510
] 10° Total Ye0.29s75
" D E|
Total w/o Rh-106
10-1 4 Total w/o Rh-106
101 10° 10! 102 103 10* 10°
Time [days]

lariviere M et al arXiv:2605 1721



Neutron star + neutron star/black hole mergers

- p rocess s |tes '3 myste ry (e,g, Nedora+2020, Foucart+2020, George+2020, tc.)

Core collapse
Supernovae?

(e.g.,
Meyer+1992,
Roberts+2012)

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

800

Collapsars

(e.g., Siegel+2019, Miller+2019) )
Magnetar giant flare

(Patel+2025)

600

400 )
exotic su pernovae

(e.g., Fischer+2020)

primordial black hole

+ neutron star (e.g.,
Fuller+2017)

etc.
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MeV gamma-ray from rare supernovae with r-process

o 6 lelQ
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Snapshot of the MR-SN model 350C-RS
from Reichert et al. (2021) at the end of
the simulation time (1.306 s).
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Abundance patterns from the MR-SN
model 350C-RS tracers from Reichert
et al. (2021)
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MeV gamma ray from rare supernovae with r- process

103
—— uniform mix
------- prompt emission
~—~ 10! 56\j A
0
=1 56
g LE) — Co
8 n10-1 el )
e 44T}
€ — 60Co
<
[ 1072 .- e* e~ annihilation -
Z o
kel
Il 10-5 COSI
X S -“\t _________________
=
w 1077+ T TToyTTooTTmmmmmmmee ~ -
10776t 10° 10° 107 109
Time (Days)
o- T T
10 —— uniform mix
-1l e prompt emission
?10 Y 56Ni
£[E10-2¢ "+, 550 keV < E, < 750 keV — s6cq
3lv % 1255
olV10-3¢F * 126
~— /-\‘ — Sb
£ -4 et e~ annihilation
107 % .
2:5 \\\\\‘-;
Z[C10-5r cos!
1'< 1076F~~< _ 77T T \exEGen Mevbetectors T T T T T T T T
= 1077~ |\
L
10—8_ \
-9 1 1 1 1
10776t 10° 10° 107 109
Time (Days)
11/5/2026

10t
1072
1073

1078
101

1072

)

MeV
s cm?

10734

(

108
101

dN
Y dEdtdA

E2

annhilation —— overall spectrum

lhln Mﬂh MA_H
| ‘L iy ol o dal .:usilllllllnu_llﬂ Imml
gl B 1 R o e

E, (MeV)

» MeV gamma-ray spectra: prominent r-process isotopes features

like 1°°Rh and 1%°Sb in addition to Fe group isotopes
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MeV gamma-ray from rare supernovae with r-process
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Another interesting astrophysical observables to be
explored......



Live radioisotope measurements on the Earth and

moon --- °YFe

Supernova Radioactivity: ®°Fe on Earth and Moon

Knie: FeMn crust
Fitoussi: crust
_____________________ H+ Wallner: crust

Crusts, Nodules, Lunar

Wallner: nodules
- =+ Fimiani: lunar data
‘ i
f+
28 e e
...... 1 ”‘f—*_—;hm—*—‘
0 2 4 6 8 10 12 14

JT . T

14 Ludwig: sediment
Wallner: sediment

Sediment

0 2 4 6 8 10 12 14
Time [Myr ago]

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

t = 3.78 Myr

mean,ggFe

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

OECE2026-Xilu Wang

60Fe Sample S

ites

e

Credit: Brian Fields
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244py Flux oiyerstellar [atoms cm=2 Myr—1]

104

103.

102.

Live radioisotope measureme

moon --- 24Py

244py Flux Measurements

0Fe (10° at cm™ Myr™)

Wallner 2021 crust
Wallner 2015 crust
Wallner 2015 sediment
Wallner 2004 crust
60Fe pulses

244py (at cm 2 Myr™)

0 5 10 15

time before present t[Myr ago]

Wang, X, et al.,, 2021, ApJ 923, 219
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244py/%0Fe (107 at at™)

20 25

OECE2026-Xilu Wang

nts on the Earth and

Fallout dominated

Fallout dominated

! (

1
\ |:|T|‘| \J‘\T|
1 2 3

Age (Myr ago)

Koll, D., et al. 2026, Nature
Astronomy, 10, 1001-1010

244Pu: only made
1N r-process

t = 115 Myr

mean,zgiPu

—> other long-lived r-
process radioisotopes
should also be

present
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Long lived

Half-Life [Myr]

11/5/2026

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

r L] L]
-Process rd dioisoto PesS
TARTE nd — W d .
1o ‘J‘*f?e?k - P 3% peak actinide
lanthanide (A>220)
T 100 , (138<A<17
>~
é 107> 1 T
< i
1076 /.(. '
1077 ; I : : : ' : ? : .
75 100 125 150 175 200 225 250
Mass Number A
Isotopes with half-lives t;, ~ 1 Myrto 1 Gyr
1000f @235V
[T End-Devonian Extinction at 360 Mya T 7
36U
o
10r @107Pd @182Hf
o937 @135Cs @23MNp

OECE2026-Xilu Wang

26



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

r-process calculations

Supernova (SN) Models

Kilonova (KN) Models
Label SA (v*) SB (MHD) KA KB
Simulations SN forced neutrino-driven wind: 4 trajectories MHD SN: KN dynamical ejecta: 2 trajectories from Bovard et al. (2017)
from Arcones et al. (2007); Arcones & Janka (2011b) 2 trajectories from diskwind: 2 trajectories from Just et al. (2015)
with modified Y, = 0.31,0.35.,0.42,0.48 Moésta et al. (2018b)
Scaling HD160617: Yb, Te, Cd and Zr HD160617: Yb and Zr || HD160617: Yb and Zr J0954+5246: Yb and Zr
Mixing fractions f f0.35=0.757, fo.42=1.778, fo.48=0.770 3.137 3.980 0.819
800
600
400
200
£o
N
-200
400
600 :
800 Mosta, P., etal., 2018 - University of Warwick/Mark
-800-600-400-200 O 200 400 600 800 :
Core collapse y ) : t'x lkm]| D Neutron star mergers (kilonovae)
Supernovae agneto-rotational supernovae ( )

Nucleosynthesis simulation with PRISM

1) Baseline: AME2016 + FRDM2012 masses; Nubase2016 spontaneous fission and B decay rates; theoretical calculations from LANL (HF for n
capture and n-induced fission; QRPA+HF for B-delayed fission and B-delayed neutron emission); symmetric split fission yields.

2) Variations;’HFB masses (Goriely et al. 2009); B-decay rates frontr Marketin/etal. (2016) (MKT); fission yields from Kodama & Takahashi (1975



r-process calculations

Supernova (SN) Models Kilonova (KN) Models
Label SA (vx) SB (MHD) KA KB
Simulations SN forced neutrino-driven wind: 4 trajectories MHD SN: KN dynamical ejecta: 2 trajectories from Bovard et al. (2017)
from Arcones et al. (2007); Arcones & Janka (2011b) 2 trajectories from diskwind: 2 trajectories from Just et al. (2015)
with modified Y. = 0.31,0.35,0.42,0.48 Mosta et al. (2018b)
Scaling HD160617: Yb, Te, Cd and Zr HD160617: Yb and Zr || HD160617: Yb and Zr J0954+45246: Yb and Zr
Mixing fractions f f0.35=0.757, f0.42=1.778, f0.45=0.770 3.137 3.980 0.819

10°

* SN: ®Fe mostly comes from explosive
nucleosynthesis and stellar burning = %°Fe
in r process production serve as a lower
limit for SN models SA and SB

* For direct deposition, *°Fe/*4Pu:

» KN models fail
» ’modified ” SN neutrino driven wind
and MHD SN can work = must be

+ wfllner vy 2ouye rare SN

Y(8OFe)/Y(%?44Pu)

10°° -
%OFe only from
I process 10”1

6 7
11/5/2026 ° . 10 OECE2026-Xilu Wang 28
Time [year]



244py: Two-Step Kilonova Scenario

Kilonovae/Neutron Star mergers:
» Robust r-process sites = ample >**Pu productions
» Rare events
» Unlikely within Local Bubble
“Two-step” scenario for Kilonovae:
¢ More than~10-20 Mya, a KN exploded, ejecting
244Pu-bearing r-process material
¢ Some of the KN e¢jecta collided with and was
mixed into the molecular cloud giving rise to the
Local Bubble
¢ Some of the **Pu was incorporated into dust grains,
and a more recent SN swept the 2*4Pu-bearing dust
to bombard the Earth.

11/5/2026 OECE2026-Xilu Wang

244Pu

29
Wang, X, et al,, 2021, Ap] 923, 219
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24Py from Near-Earth Supernovae or Kilonovae

Supernova Models Kilonova Models
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Wang, X, et al, 2023, ApJ 948, 113
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60Fe/24Pu measurement :

» Direct deposition:
”modified ” SN
neutrino driven wind
and MHD SN can
work = must be rare
SN

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

Tests: other long-lived r-

process species PZr, 121,
I82Hf. . ..

OECE2026-Xilu Wang
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Fig. 2| Radioactive decay curves of °°Fe, >**Pu and *’Cm/***Pu. A*’Cm/**Pu
ratio of 0.5 is fixed after the r-process event and decreases purely through
radioactive decay with an effective half-life 0f19.3 Myr. The experimental
#7Cm/**Pulimit of <0.04 in VA13/2-237KD represents a time limit for the last
r-process event near Earth of >70 Myr ago. Considering a relative enrichment
factor of 2.5 for Cm/Pu in VA13/2-237KD (Methods), the time limit becomes

>95 Myr ago. Recent supernovae (dark grey area) and arecentrare event as
r-processsites of the detected ***Pu are excluded by the non-detection of *’Cm,
suggesting an old and rare event as the r-process site.

|
|
|

Koll, D., et al. 2026, Nature

Astronomy, 10, 1001-1010

Non-detection of *’Cm
—>an old r-process event

30



Predictions for future measurement of the r-Process

Radioisotopes

Lunar regolith samples

—> Avoid anthropogenic
contamination

—> Future measurements of the
samples from Chang’e and
Artemis missions

I

m

) e

AJTEMIS

Table 2. Lunar Regolith r-Process Radioisotopes From Near-Earth Explosions

Cosmic-Ray AMS Sensitivity Sample Mass [g]
Isotope Targets [atoms] Background [atoms/g] SN KN
1291 Te, Ba, La 10° 107 10°* —10° 1-10
182 | 183y, 184y 186wy 107 3 x 10* 2-5x%x10° 3x10*—10°
4Py — 10 — 10

11/5/2026

OECE2026-Xilu Wang

244PU

regolith abundance [atoms/d]
129|

182 Hf

10°

104 |

-
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W

[ury

o
N
T

101 b

1010

10%F I

t
— regolith
—— lunar rock

lunar cosmic rays

108} ©
107 =
106 L
[
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®
104 L
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107 lunar cosmic rays 4

©
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103 L

[ ]
102} @® baseline ¥

© HFB
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SA: Vroreeq Wind SB: MHD
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Wang, X, et al, 2023, ApJ 948, 113 31



New Lunar Gardening Model: Guide the Search for
Supernova Debris in the Lunar Regolith

Lunar impacts redistribute regolith by excavating, compacting, and
burying material. We present a mass-conservative analytic model of
this transport efficiency with the net vertical transport depth as:

) Every.imp EXCAVATION %0.067D|| [n, = 0.32D

upward by EXCAVATION A

::::S:I:LFY*COMPACTION COMPACTION h:: - H=0.2D Dz (t) _ DB (t) + DC (t) . DE (t)
h, h. rabt O\ 52
— b _
L » ce—%] (4(b— 2))\)

Geometric Efficiency Probabilistic Frequency

The evolution of concentration or number density C(z,t) is obtained
from the Advection-Diffusion Equation (ADE):

ocC 0 oC oC
8t = az glz(t)g) —02%5 _Adecayc_i_s(z, t)

Diffusion Advection v, =

Dy

at

S(z,t): the spatiotemporal source term
->continuous for maturity, episodic for supernova-derived Fe, and

11/5/2006 continuous/depth-dependent for cosmogenic Fe) 37
Costello, E., ..., Wang, X., 2026, PRL 137, 071005



New Lunar Gardening Model: Guide the Search for
Supernova Debris in the Lunar

107"
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Validation: Regolith Maturity
> Surface maturity Is/FeO profiles
for Apollo 15, 16, and 17 samples that

validate the unified gardening model.
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New Lunar Gardening Model: Guide the Search for
Supernova Debris in the Lunar Regolith
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60Fe/244Pu

pulses centered at 2.3 Myr and 7.3 Myr
Dashed line H2: short-term continuous influx over the last 10 Myr
with an injection time of 50 Myr
Dotted line H3: long-term continuous influx over the last 80 Myr
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Outlooks

* What are the origins of the heaviest elements in our universe?
>So|ut|on Combmatlon of theory, simulations, and experiments & observations
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» A multi-disciplinary community working to illuminate heavy element origins

115 PofzProcess radioisotopes are especially interesting to identify direct signals from individual astrophysical
transients



*Thanks for your attention. Questions?
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