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Solar system elemental abundances

T T T T T T T T T T T T T T T T T T
nky ]
10 [ Abundance of Si ]
ol eHe is normalized to 10° ]
sl o ]
_7F ) Cet Te si Fe 1
8 el Nitees . ]
] * Arca Ni
2 St . ® LY . ]
2 4r Na o 1: . Zn q
5&, 3r : P o Co o® Ge 1
g 2fLiy v Ule o z ]
3 B . * oL Xe
WL . S Ga g vy o hfq. Sn Ts n Pa P(Hg Pb 1
o o As ¥ . . e’ 4
4L Be No *%0e o eesss W e T ]
In Pr ce e AU g .
2L Re .
3 L L 1 L L I L L L L n . L s L L L LY
° 5 10 15 20 25 30 35 40 45 S0 55 60 6 70 75 80 8 90 95

Z, Atomic number

Data sources: Mostly solar spectra, meteorites and terrestrial isotopic composition.
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Solar system elemental abundances
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Data sources: Mostly solar spectra, meteorites and terrestrial isotopic composition.

Features:
e 12 orders of magnitude span.
e H~ 75%; He ~ 23%; C — U ~ 2%.

e Exponential decrease up to Fe, almost flat distribution beyond Fe.
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Primordial Big-Bang nucleosynthesis
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e D, He and (some) Li: Primordial Big-Bang nucleosynthesis.
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Primordial Big-Bang nucleosynthesis

’Be
K
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t\@*\ e D, He, and Li formed when 10° > T > 108 K.
L .
2 e Nuclear network: 11 reactions (4 neutron decay)
L\
///' e High-precision era: very good agreement between
sHe OP'- 4He < observations and theoretical predictions.

e Li problem: “Li overestimated by a factor 2—4, °Li
underestimated by 3 orders of magnitude.
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e Precise estimation of charged particle and neutron
reactions, weak decays.
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Primordial Big-Bang nucleosynthesis

e D, He, and Li formed when 10° > T > 108 K.

e Nuclear network: 11 reactions (+ neutron decay)

50

A

e High-precision era: very good agreement between
observations and theoretical predictions.
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e Li problem: Li overestimated by a factor 2—4, °Li

B M underestimated by 3 orders of magnitude.
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Big-Bang nucleosynthesis of °Li

107 PHYSICAL REVIEW LETTERS 129, 042503 (2022)
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07 N+3Nioe-pheno Ab Initio Prediction of the “He(d.y)°Li Big Bang Radiative Capture
C. Hebborn ,"2‘* G. Hupin '; K. Kravvaris: ,2 S. Quaglioni ,2 P. Navritil ,4 and P. Gysbers: al
108 *’!"
Z 0 BBN range 6Li 4 OLi
3z N rang e °Li mostly produced by “He(d,~)°Li.
= , ,
5 T o Radiative capture rate poorly known at BBN energies
131 —6 = =
S0 e E =30 — 400 keV.
1077 —— E1 . . .
o8 ML e S factor from no-core shell model with continuum with
NN—+3N.
10-19 e E1 transitions negligible, enhancement below 100 keV
10-11 due to M1.
107" : : U i i | i duced b
5T ito e Uncertainty in termonuclear reaction rate reduced by a

E [MeV] factor 7.
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Big-Bang nucleosynthesis of °Li

PHYSICAL REVIEW LETTERS 129, 042503 (2022)
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C. Hebborn ,1‘2’* G. Hupin ,3 K. Kravvaris ,Z S. Quaglioni ,Z P. Navritil ,4 and P. Gysbers:

Ab Initio Prediction of the “He(d,y)°Li Big Bang Radiative Capture

45

®Li mostly produced by *He(d, v)°Li.

Radiative capture rate poorly known at BBN energies
E =30 — 400 keV.

S factor from no-core shell model with continuum with
NN+3N.

E1 transitions negligible, enhancement below 100 keV
due to M1.

Uncertainty in termonuclear reaction rate reduced by a
factor 7.
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Spallation reactions
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Z, Atomic number

e (some) Li, B and Be: Galactic cosmic rays (GCR) on interstellar medium.
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GCR and spallation reactions

10°
, >
10° E]
1 g
g o s e SLi, 'Li, °Be, B, B produced by nuclear interaction
> g of mostly protons and « particles with heavier (C-N-O)
S ? .
= 10" 2 nuclei.
@« <
“g T e Cosmic ray observations with a 1—3% precision.
107 =z
é o e |Interpretation limited by uncertainties in nuclear cross
10° s sections (20—50%).
N
, S e Can heavier nuclei be produced through GCR spallation?
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How do we fill de gap?

Mass fraction
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Credit: A. Hager
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Stellar nucleosynthesis B2FH, Rev. Mod. Phys. 29, 547 (1957) ; A. Cameron, Report CRL-41 (1957)
Credit: M. Liotta
REVIEWS OF PUBLICATIONS OF THE
MODERN PHYSICS ASTRONOMICAL SOCIETY OF THE PACIFIC
= S Vol. 69 June 1957 No. 408

Synthesis of the Elements in Stars*

E. MARGARET BURBIDGE, G. R. BURBIDGE, WiLLiw A. Fowrer, Axp F. Hovie

Kelore R o ot R NUCLEAR REACTIONS IN STARS AND
< iati alory, California Institute , \$
Mouns WShon and Bl Obvstorse, Cornege Tneiution of Woshingon, NUCLEOGRNESISS

California Institute of Technology, Pasadena, California

A. G. W. CAMERON

Atomic Energy of Canada Limited
Chalk River, Ontario

Nobel Prize
1983
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Fusion in stellar interiors

Abundance of Si 4
is normalized to 10° ]

Log, (Abundance)

Z, Atomic number

e Nuclei up to *°Fe: Fusion reactions in stellar interiors.
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Fusion in stellar interiors

S. Goriely, EPJA (2023) 59:16

g _Hburming ]
e Star mass and composition dictate the evolution. el
e Successive thermonuclear burning stages (composition 6
change) and gravitational contractions (temperature
increase). \
e Duration of burning phases decreases due to decreasing
energy and increasing neutrino production. )
e Charged particle reactions — tunneling probability — i i
exponential decrease in abundance. 0 S FESIUe
e After Si burning: gravitational collapse and catastrophic vouion ,\,upe‘mm
explosion. ' ' ' explosion
T(K)  6x107 2x10° 9x10° 1.7x10° 2.3x10° 4x10°
plg/em®) 5 700 2x10%  4x108 107 3x107
Time- 7 x108 5 x105 600 0.5 6 1

scale y y y y d d
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Thermonuclear reactions in stars

In stellar plasmas, nuclei in thermodynamic equilibrium — follow a Maxwell-Boltzmann distribution.

Reaction rate per particle pair:

g\ 1 [~
<Uv>:<7ru> W/o 0(E)exp<

e (ov) key quantity to determine energy production and
change in abundances.

e From experiments and/or theory.

e T changes with star evolution — (ov) over the relevant
T range (analytical expression).

Probability ¢(E)

- %) EdE
Credit: M. Aliotta
O(E) oc exp(-E/KT)
\
$(E) < E
le Energy
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Coulomb barrier tunneling

Credit: M. Aliotta

e Charged-particle reactions hindered by Coulomb v

Coulomb potential
repulsion.

. Lo . Eiin ~ KT (keV)
e Reactions initiated by thermal motion: Eoou~Z:Z, (MeV)

kT ~ 100 Ty (keV)

Sun: T ~15x%x1072GK — kT ~ 1 keV.

nuclear welf
3

During quiescient burnings: kT < Ecou — reactions through tunnel effect (with / = 0):

1/2 2
Pocop(-2mi(E) =oxp (s ) with n=(2)" 22

Exponential drop in abundances curve. ..
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Gamow peak
Cross section given in terms of the astrophysical S(E) factor (non-resonant reactions):

o(E) = £ exp(~2rn) S(E)
—_——

strong E dependence

Reaction rate given by a competition between MB distribution and tunneling probability:

(ov) x /S(E) exp (kET - \/bE) dE

Maximum rate at Gamow Peak: Credit: M. Aliotta
_ 272\ /3 72/3 e
Eo=0.1220 (Z{ Z; ) "~ T4 MeV g e

EokT\'/?
AEO =4 ( 3 ) Gamow peak
E window of astrophysical interest well below Coulomb
barrier.

relative probability

kT Ey energy
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Stellar burning

Credit: M. Aliotta

o(E) | resonance
e

LOG
SCALE

non-resonant

‘4— direct measurements —>

e

4
E Ecout
H_/
extrapolation Coulomb
needed ! barrier

o For stellar burning stages T = 10° — 108 K — E; ~ 100 keV
e Gamow peak: kT <« Ey < Ecou = 1078 b < ¢ < 107° b (tunneling)

o Average interaction time: 7 ~ (ov)~* ~ 10° y — only stable species play a relevant role.
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Charged particle reactions for stellar burning

Article
Ab initio informed evaluation of the radiative capture of protons on 7Be Measurement of °F(p, y)*’Nereaction
K. Kravvaris®*, P. Navratil®, S. Quaglioni?, C. Hebborn %, G. Hupin ¢ Suggests CNO breakout in ﬁrst stars
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Solar system elemental abundances

Abundance of Si 4
is normalizedto 10° ]

Log,,(Abundance)

Z, Atomic number

e Nuclei heavier than *°Fe (except p nuclei): neutron capture processes.
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The s process

s(low neutron capture) process: 7, > 75 ; T ~ 10 — 1000y ; n, ~ 10°cm™*

\ B~ decay D E = D

neutron

capture
unstable
nuclei

stable
nuclei

H{EEnn
IO CIEE
H{EEEnn
[

neutron

N > shell closure

e The path to heavier nuclei stays close to stability.

e Astrophysical site: He-burning in low and intermediate mass stars.
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The s process

Generally, nuclear uncertainties are subdominant compared to than astrophysical uncertainties.

e Neutron source?

12C(pv 7)13N(,3+)13C(a, n)lGO
2Ne(a, n)®Mg

e At branching points

- Neutron capture cross sections?
- Astrophysical § decay rates?
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High T 3 decay and 2®°Pb dating in SS
e 2%°Pb is the heaviest short-lived s-process (only) radionuclide.
e At s-process temperatures, 2Pb EC competes with 2®TI (bound) 5~.

G. Leckenby et al., Nature 635, 321-326 (2024)
b

W stable = s-process path
0§ decay

Highly charged decay

[ Hectoncapture '+ > r-process decay
[ adecay ol
sonly ~——> Boundstate j” decay
a decay
e t,,=291 days
=3 Electron capture o
s .. A2
3 wpge 5%
5 Sppttt
« Neutra decay
2"
0 tp=793days
52
Qg = 529 koV asppr
t,=17.0Myr
Qe =506 keV
o "
V. s

o 2%°Pp and 2Tl astrophysical decay rates constrained by measuring 3~ decay of 2% T8+,

e 2%5Ph as cosmochronometer of Sun formation.
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High T 3 decay and 2®°Pb dating in SS

e 2%°Pb is the heaviest short-lived s-process (only) radionuclide.

o At s-process temperatures,

-1

Decay rate (year™')

25ph EC competes with 2Tl (bound) 5~.

G. Leckenby et al., Nature 635, 321-326 (2024)

10' ; 205,
—— This work —— 20%pp, glectron capture =
10° | —— NETGEN - . - 205T| pound-state §~ decay //";'
1o | — FRUITY /i
Takahashi & Yokoi
10° (1987)
Ny =10"cm™

10

107

107

10°

107
10° .

ofF
5]

1 5 10 50
Temperature (MK)

500

o 2%°Pp and 2Tl astrophysical decay rates constrained by measuring 3~ decay of 2% T8+,

e 2%5Ph as cosmochronometer of Sun formation.
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The r process

r(apid neutron capture) process: () < Tg— ; T ~ 1s; n, ~ 10**>*cm

\ B~ decay D I:' D
crewon [
el O]
N L T
10

T HNENN

LI

Dngtmn

N > shell closure

[l
[l
[l
[l
[l
[l
z []

[l
[l
[l
[l
[l
[]

e The path to heavier nuclei goes through neutron-rich nuclei.

e Astrophysical site with high neutron fluxes — transient object.

-3
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The r process

r(apid neutron capture) process: T(p~) L Tg—; T ~ 1s; ny~ 103 cm3

184 neutron drip line

r-process path

e The path to heavier nuclei goes through neutron-rich nuclei.

e Astrophysical site with high neutron fluxes — transient object.
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Modeling r-process abundances
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3 e . )
10710 1
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K. Hotokezaka et al., Int. J. Mod. Phys. D 27, 1842005 (2018)

Astrophysical site Nuclear physics

Sets thermodynamic conditions Shapes abundances distribution
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Neutron star mergers (NSM)

Rosswog et al., Class. Quantum Grav. 34, 104001 (2017)

ind; t~100 1y binding;
NSNS dyn. ejecta; ¢~ 1 ms win ms orus unl m1 Tflgs

I Il ° I

O O @ ©)

BH formation sGRB

3
40%-»:41-.:»

Large variety of ejection channels in NSM, with different thermodynamic conditions.
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Kilonova

Li and Paczynski (1998), Metzger+(2010), Roberts+(2011). ..

e Decay of r-process nuclei emits energy — electromagnetic transient (kilonova).

e Shape and magnitude depend on the properties forming the ejecta.

e At late times few nuclei dominate the heating: are there detectable fingerprints?

D. Watson et al., Nature 574 (2019).

J. J. Cowan et al., RMP 93, 015002 (2021)

104 3
o ]
i ]
& ]
L o41-Metzger et al, 2010 B
> E
g o~
g ® 1
L C

£ 10% E
= Cowperthwaite et al, 2017 ]

39 L FE——— L L n Y

10 10

Time (days)

M.-R. Wu et al., Phys. Rev. Lett. 122, 062701 (2019)
—~ a0l T T T
R U = 1
80
£
£ 104
<
< 1049
I 10
]
2 10%
Z

A
2 j038) Model A =see: °
5 T"Cf enhanced ==
254Cp)— -6

3 el Y eren=2x 10 ‘ ‘

1

10
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e The presence of fissioning nuclei and translead o emitters at t ~ weeks impacts the lightcurve shape

Y. Zhu+ ApJL (2018); S. Wanajo ApJ (2018); M.-R. Wu+ PRL (2019).
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Nuclear inputs

Fissioning region?
(n,y) vs (n,fis)

Material accumulated?
S, and 3 decays

The r-process requires the knowledge of
@ nuclear properties of neutron-rich nuclei:

r'/ e nuclear masses;
i e [-decay rates;

e neutron capture rates;

known nuclei

e fission rates and yields;

Location r-process path? . . .
P P Changes in nuclear properties result in

126
(N, y)vs (y, n) non-local effects.

neutron
drip-line
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Fission and r process

e Fission plays a crucial role during the r-process nucleosynthesis
Thielemann+(1983), Panov+(2005), Martinez-Pinedo+(2007), Korobkin+(2012), Petermann+(2012), Eichler+(2015), Goriely(2015),
Mumpower+(2018), Vassh+(2019), Giuliani+(2020), Wang+(2020), Vassh+(2020), Lemaitre+(2021), Mumpower+(2022), Roederer+(2023). ..

107 F— :

— Kodama & Takahashi 1975
107 ¢ - - ABLAO7 3

abundance

120 140 160 180 200 220 240
A

M. Eichler et al., Astrophys. J. 808, 30 (2015).

e Few fission data sets are available, mainly parametrizations/phenomenological — validity far from
stability?
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Fission and the r-process J.-F.Lemaitre et al., Phys. Rev. C 103, 025806 (2021)
S VIRVVRRANA -
A % i 2
T s
w310 gL £
wrat 3151 il |z
x'rF!‘A d‘j

11
seRn|
)
«1Po SPY-BSk27
118 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 ISSLEL% GEF

CN

e SPY: Fission yields obtained from scission-point model using BSk27 EDFs.
e Symmetric and asymmetric fission transition depends on deformed shell structure.

e Largest impact for neutron-rich ejecta .
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Fission and the r-process J.-F.Lemaitre et al., Phys. Rev. C 103, 025806 (2021)
scena. I+SPY scena. I+GEF oe©®oesolar
= scena. ll+SPY — scena. [I+GEF
10° o % |
9P
© @e

=
> e
o

Rl

T R TITT RN RTITT BRI R R R B A |

TR T T T T T

i LT | \I\\\Iglwwwllwl\‘l 1L
60 80 100 120 140 160 180 200 220 240
A

e SPY: Fission yields obtained from scission-point model using BSk27 EDFs.
e Symmetric and asymmetric fission transition depends on deformed shell structure.

e Largest impact for neutron-rich ejecta .
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Fission and the r-process SAG et al., Phys. Rev. C 102, 045804 (2020)
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Fission and the r-process SAG et al., Phys. Rev. C 102, 045804 (2020)
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Fission and the r-process SAG et al., Phys. Rev. C 102, 045804 (2020)
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Fission and the r-process

Proton number
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100

120

100

B; (MeV)

. .~ BCPM
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125 150 175 200 225
Neutron number

-2

Ohe [ergls]

SAG et al., Phys. Rev. C 102, 045804 (2020)

Days
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Fission and the r-process SAG et al., Phys. Rev. C 102, 045804 (2020)

Bs (MeV
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£ ¢ 5
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T 120]
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100
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Kilonova sensitive to nuclear properties at N = 184
see also N. Vassh et al., J. Phys. G 46, 065202 (2019)
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[$-delayed fission and the r process

M. R. Mumpower et al., Astrophys. J. 869, 14 (2018)

102
110 10
N 105 100 S os
@ z o
a 100 10729 S
[ T ©0.6
s
2% g £
c 1074 9 § 0.4
2 9% s T
o B :
-6 @ '
& g5 10702 0.2}
(b) :
80 10-8 0.0
160 170 180 190 200 210 100 0T 10 10° 10
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» [-delayed (and spontaneous) fission can dominate at late times.

» Extremely challenging: coupling between 3 strength, neutron emission and fission.
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Impact of 5 decays and fission

e Impact of B-decay half-lives varies with the observable.

o We modified tf/z (FRDM) > 3 s and study the impact on abundances and heating rates.

10—3 10" <J T T T
3 N sf
14| R B decay i
" 10 A M. a decay
10 —~ \ \‘»\ —— baseline
T 0} b x10 slower 4
Tm £ ) X10 faster
-s ' Wy
21 8100 ¢ |
> @ .
T N
-6 = 10° \ ]
10 £ \
° .
& e
x10 slower 1 ™ S
7 \
10 —— x10 faster . \
——— baseline 10 Sl 1
1 1 1 IS
120 160 200 240 10' o 10° 10’ 10°
A

time (s)
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Impact of 5 decays and fission

e Impact of B-decay half-lives varies with the observable.

o We modified t?

(FRDM) > 3 s and study the impact on
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Fission heating rate sensitive to “slow” [3-decay rates

(78 = few seconds)
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Systematic of -decay rates
credit: Caroline Robin (U. Bielefeld)
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e [-decay rates closer to stability show larger uncertainties — more systematic studies are required
(see also E. M. Ney et al., Phys. Rev. C 102, 034326 (2020)).
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5 decay and r process ... Mumpower+(2016),Shafer+(2016), Marketin+(2016),Kajino+(2017), Lund+(2023),Kullmann+(2023). . .

e Models: Interacting shell model (near neutron shell closure), FRDM+QRPA, HFB+QRPA (Diana's talk).
e Rates at N = 50 and 82 dominated by GT transitions, but forbidden transitions relevant for N = 126.

E. M. Ney et al., PRC 102, 034326 (2020). T. Marketin et al., PRC 93, 025805 (2016)
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o Global studies show large variations for medium heavy nuclei.
e Shorter half-lives for Z > 80 shift the third peak and increase the material available to fission.

e [-delayed neutron emission strongly impacts the abundances after freeze-out (Futoshi's talk).
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5 decay and r process ... Mumpower+(2016),Shafer+(2016), Marketin+(2016),Kajino+(2017), Lund+(2023),Kullmann+(2023). . .

e Models: Interacting shell model (near neutron shell closure), FRDM+QRPA, HFB+QRPA (Diana's talk).
e Rates at N = 50 and 82 dominated by GT transitions, but forbidden transitions relevant for N = 126.

E. M. Ney et al., PRC 102, 034326 (2020). T. Marketin et al., PRC 93, 025805 (2016)
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o Global studies show large variations for medium heavy nuclei.

e Shorter half-lives for Z > 80 shift the third peak and increase the material available to fission.

e [-delayed neutron emission strongly impacts the abundances after freeze-out (Futoshi's talk).
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Nuclear masses

J. J. Cowan et al., RMP 93, 015002 (2021)

e Nuclear masses are an essential ingredient: z

i) energy budget of n captures, 3 decays and
fission;
ii) location of the r-process path;
iii) accumulation of material.

e Global models with rms errors below 700 keV.

BE(AMEI2)-BE(HFB21)
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Nuclear masses

M. R. Mumpouwer et al., PPNP 86 (2016)

e Nuclear masses are an essential ingredient: : : .
[ ® AME O Extrap. AME—— DZ33—— HFB2}—— WS3—— KTUYO05

i) energy budget of n captures, 3 decays and
fission;
ii) location of the r-process path;
iii) accumulation of material.

o Global models with rms errors below 700 keV.

e Far from stability: large spread in the predicted

—4 . R . .
nuclear masses. 80 85 90 95 100 105

Neutron Number (N)
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Nuclear masses

J. J. Mendoza-Temis et al., PRC 92 (2015)
solar rabundance e
i) energy budget of n captures, 3 decays and Arel
fission;
ii) location of the r-process path;
iii) accumulation of material.

e Nuclear masses are an essential ingredient:

o Global models with rms errors below 700 keV.

abundances at 1 Gyr

e Far from stability: large spread in the predicted
nuclear masses.

107 L L L L L L L

e The predicted abundances and kilonova light curve
suffer from large uncertainties. B e assmumber, A 2020
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Impact of nuclear mass model uncertainties

Monte Carlo variation on single nuclei

- Loose nuclear correlations = impact of
masses can be overestimated. . .

80 100 120 140 160 180 200 220 240

Propagation of nuclear models uncertainties 01

- Keep nuclear correlations = reduced impact 0.01
of nuclear masses (good correlations?). 0.001

140 150 160 170 180
A
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Impact of nuclear mass model uncertainties

Monte Carlo variation on single nuclei

- Loose nuclear correlations = impact of
masses can be overestimated. . .

80 100 120 140 160 180 200 220 240

Propagation of nuclear models uncertainties 01

- Keep nuclear correlations = reduced impact 0.01
of nuclear masses (good correlations?). 0.001

140 150 160 170 180
A

Which nuclear mass differences are relevant, and which differences are negligible?
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Nuclear masses - Global and local changes SAG+, arXiv:2412.03243

Masses = homogeneous part (global, LDM) + quantum shell-correction (local)
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o
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A (Z =60)

Starting from the DZ31 and FRDM models, we construct two new mass tables by mixing their bulk
and the quantum shell parts:
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Nuclear masses - Global and local changes
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SAG+, arXiv:2412.03243

Masses = homogeneous part (global, LDM) + quantum shell-correction (local)

Starting from the DZ31 and FRDM models, we construct two new mass tables by mixing their bulk
and the quantum shell parts:

E(DZ31%) = Egac +
E(FRDM*) = EDf3' +

DZ31
Eshell

FRDM
Eshell
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Nuclear masses - Global and local changes ~2000 NSM trajectories from Collins et al., MNRAS 101093 (2023)

— Dz31  ——- DZ31" FRDM  --- FRDM"

70 . Il
10 50 100 15[; 200 250 50 100 15(; 200 250

Abundances insensitive to global changes in masses (e.g., symmetry energy).
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Nuclear masses - Global and local changes SAG+, arXiv:2412.03243
T T T ; T 2 T
. of ]
20| eny, i
A
] 1t \ ]
~15F 1 = el L
s S 3 | —— 7 TNl
g; 10+ 1 4 gﬁ o /\./’\\ P— / 1
& — Dbz31 N g / | — DZ31
sk FRDM e | FRDM
—- DZ31* i) -1r —- DZ31*
—— FRDM* \ —- FRDM*
OF « AME20 \‘- + AME20
130 140 150 160 170 180 19(C 2 60 70 80 90
A (Z=60) Z (N=124)

Abundance mostly related to local changes on S, (rather than bulk properties of masses) —
Don(N, Z) = Sn(N, Z) — Son(N + 2, 2).
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Neutron capture rates

e If number of states available to compound nucleus (CN) is small, direct capture (DC) may dominate
the neutron capture rate.

- 5:HFB-21 ---- 15:incl. DC ¢  Solar r-process
X 10-11@ sis . SFHO 1.25M o — 1.45M
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Mass number A

e Including DC affects the distribution around the third peak (A ~ 160) 1. Kullmant, MNRAS 523, 2551-2576 (2023).

e Results sensitive to masses, level densities, GRSF, optical model,
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Summary
e Stellar nucleosynthesis of chemical elements probes nuclear physics across the nuclear chart.

M. Arnould and S. Goriely, PPNP 112 103766 (2020)
100 p-process: ~2000 nuclei

=
o
,1),n-,p-,ci-captures, BYEC | o8

r-process: ~5000 nuclei
(ny),(y,n), p~,Bdn fission, FFD

Hto Si

a-process: ~1000 nuclei
n-, p-, 0, v-captures, (7,x)

O e 50 100 150 200
N

e Nuclear uncertainties can reduce our capability to interpret astrophysical observations.

e Not all uncertainties may have an impact. ..
e Same problem tackled using different theoretical frameworks: complementary answers.
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