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Nucleosynthesis with multi-dimensional supernova simulations
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Nucleosynthesis and chemical evolution

* Stars and stellar explosions provide the ' Sun-like Star '
conditions necessary for nuclear reactions | -

* Life cycles of stars enrich the interstellar |
gas with nucleosynthesis products

* Massive stars and core-collapse supernova il
are crucial: ' Star-Forming " 1%

Massive Star ° Reg
\n (more than 8 to 10 times the mass of our Sun) S u pe rg I ant
: Protostars ions

Nebula o
* Stellar and explosive nucleosynthesis . . | i
Solar system composition : _ : ‘ ’
- _5 stellar fusion Lodders (2003) . ' :
o ' > & ‘/ii,
4% -4 n capture processes ;- ' .
g —67 Y process Planetary Nebula e .
£ White Dwarf Black Hole
g -8
Image credit: NASA and the Night Sky Network
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Thermonuclear Supernovae
Supernova classification s g
I Sulfer

af —

 Most SN observations are extra-galactic " Tupeiis

 Astronomy classification: based on Sors S -

Spectra (Type I a,b,C, Type ”) 3:_ Care Collapse Supernovae _

* Astrophysics classification: progenitor & | :

system, explosion mechanism : Type 1C }

« Thermonuclear SNe - Type la ek Sk

* Core-collapse of massive stars that i

have retained their H envelope — Type Il Siong e

* Core-collapse of stripped, binary stars N |
(that have lost most or all of their H _

envelope) — Type Ib,c s.onZ‘i.legm;
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Observational signatures [ erg=gem/s? =6.24x10° MeV]
* Fades ontimescales of years 41 | . |
« Associated with massive stars (> 10) ﬁﬁ::’éi))z(?.;fll.ggi/[m'sMO — ‘5“5‘ Ti
* Typical kinetic energies of 10°' erg* =1 FOE a0l M(SGN?)=(7I.1 +03)x 302 M, T Fe ||
=1B . M(*’ Ni) =(4.1 £1.8) x 10° M — Co
« EM emission powered by radioactive decay, - M(*° Co) <1.7 x 107 M, — > Co

mostly >°Ni — >Co — >°Fe

e Neutrino emission observed in SN1987A
[1erg=gcm?/s?=6.24x10°
MeV]

log, o (luminosity [erg s

4 IvMB
i ¢ Kamiokande Il
40 ’ ¢ Baksan : '
% 301t Santos et al. (2022) S~ B Dot | *
10+ } } + + 35 §| I*\ | "'I"""':, e
t ; ¢ 1000 2000 3000 4000 5000
. . | | . time [days]
0 5 10 15 20 25

t(s) Seitenzahl et al. 2014
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https://ui.adsabs.harvard.edu/abs/2014ApJ...792...10S/abstract
https://ui.adsabs.harvard.edu/abs/2022EPJC...82..145D/abstract
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Core-collapse supernova nucleosynthesis

*Rich nucleosynthesis
 (early) Neutrino heated ejecta
* Neutrinos determine conditions
*n+vpeopte
cpt+iv,on+e’
* (late) neutrino driven winds
* Explosive nuclear burning
* Production of and Fe-group elements
« Quter layers
 Weak s-process
* N-process
* Y process
* VvV Process

Lawrence Livermore
National Laboratory LLNL-PRES-2003492

Neutrino-driven wind
Complete Si-burning

Incomplete Si-

burning \



Core-Collapse Supernova mechanism
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Massive star progenitors and core-collapse

* Massive stars provide the conditions for
nuclear burning up to Fe (see lecture by
Marco Limongi)

* Fe core eventually collapses

Lawrence Livermore
National Laboratory LLNL-PRES-2003492 °



.Y

Massive star progenitors and core-collapse

R [km]

RFe
Re ~ 100 km —
R,

Shock Propagation and v, Burst

* Massive stars provide the conditions for oy (t ~0.12s)
/ o .

nuclear burning up to Fe (see lecture by
Marco Limongi)

* Fe core eventually collapses

* Electron captures make the matter neutron position of
rich and produce neutrinos fos;:“%ﬁ:‘on

c 4,2)+e > (4A,Z—-1)+v,

* Nuclei are dissociated into neutrons and
protons

* “Bounce” as nuclear density is reached

* Initial shock stalls

\ M(r) [M]

nuclear matter .
nuclei

Si-burning shell

Lawrence Livermore
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Neutrino driven mechanism

= R[km]A 1 /

Shock Stagnation and v Heating,

Explosion (t ~ 0.2s)
/ /.

eut’ e,n,t

Ve,u_.‘r ’Ve.u.t

-

PNS 1.3
Janka et al. 2007 cooling layer

Lawrence Livermore
National Laboratory LLNL-PRES-2003492

Binding energy of a neutron star =
neutrino energy ~10°3 erg

Typical SN ejecta kinetic energy
~10°7 erg

Heating: « L, T2 /R?

Cooling: x T8 ~

R
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https://ui.adsabs.harvard.edu/abs/2007PhR...442...38J/abstract
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Neutrino driven mechanism

THE ASTROPHYSICAL JOURNAL, 295: 14-23, 1985 August 1 ° B | N d | N g ene rgy Of a neutron star =
© 1985. The American Astronomical Society. All rights reserved. Printed in U.S.A.
neutrino energy ~10°3 erg
* Typical SN ejecta kinetic energy
~10°" erg

REVIVAL OF A STALLED SUPERNOVA SHOCK BY NEUTRINO HEATING
HANS A. BETHE

Laboratory of Nuclear Studies, Cornell University ° H e ati N g. < L T 2 /R 2
AND ’ L4 1
JAMES R. WILSON . g 6 ~
Lawrence Livermore National Laboratory C 00 l'l N g ° X Tm ~ R 6

Received 1984 March 23; accepted 1985 February 5

ABSTRACT T
We analyze the mechanism for revival of a stalled supernova shock found by one of us (J. R. W.) in a

computation. Neutrinos from the hot, i supernova are absorbed in the outer layers, and
although only aboyt 0.1% of their energy is so absorbed, this is enough to eject the outer part of the star and
leave only enough massto form a neufron star. The neutrino absorption is independent of the density of

material. After the shock recedes to some extent, neutrino heating establishes a sufficient pressure gradient to
push the material beyond about 150 km outward, while the material further in falls rapidly toward the core.
This makes the density near 150 km decrease spectacularly, creating a quasi-vacuum in which the pressure is
mainly carried by radiation. This is a perfect condition to make the internal i
escape from the gravitational attraction of the star. The net energy of the|outgoing shock is about 4 x 105°
ergs.
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Neutrino driven mechanism
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ABSTRACT T

We analyze the mechanism for revival of a stalled supernova shock found by one of us (J. R. W.) in a v
computation. Neutrinos from the hot, i supernova are absorbed in the outer layers, and
although only aboyt 0.1% of their energy is so absorbed, t|1is is enough to eject the outer part of the star and
leave only enough massto form a neufron star. The neutrino absorption is independent of the density of
material. After the shock recedes to some extent, neutrino heating establishes a sufficient pressure gradient to
push the material beyond about 150 km outward, while the material further in falls rapidly toward the core.
This makes the density near 150 km decrease spectacularly, creating a quasi-vacuum in which the pressure is
mainly carried by radiation. This is a perfect condition to make the internal i

escape from the gravitational attraction of the star. The net energy of the|outgoing shock is about 4 x 105°
ergs.
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There are other possible mechanisms, e.g. driven by magnetic

fields, that are expected to be rare
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1D models
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Fully parameterized 1D models

4.5
@ =6.5 ( Eexpr = 0.96 B)

* Neutrino transport is very expensive: 6 401 — @ =8.9 (Eexpi=1.26B) /
flavors x 6 spatial dimensions x evolution in 35{ = a=9.61(Eexp=1.34B)
time S ai—t 1not.r5§E:Xp,_ 1.45 B)

* Hot neutron star physics is complicated § PN RIS

* Solution: Remove the core and assume an a 2o
explosion S 20

* Tune to observable quantities (e.g. S 15
explosion energy, *°Ni mass)

« Computationally very cheap 107

e Can be modelled to long times 0.51

* Neglect effects of neutrinos 00

For a detailed comparison of different methods see time (s)
Imasheva et al. 2025 (arXiv:2501.13172)

Lawrence Livermore
National Laboratory LLNL-PRES-2003492 15



https://ui.adsabs.harvard.edu/abs/2025arXiv250113172I/abstract
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https://2sn.org/nucleosynthesis/RHHW02.shtml
https://2sn.org/nucleosynthesis/RHHW02.shtml
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Explosive burning

Starting from the initial “onion shell”
composition

Explosive variants of the hydrostatic
burning stages

Feedback from nuclear energy generation
on dynamic evolution is small

Initial composition and peak temperature

are determined what is produced
1

Tpeak  Ef,R73/*

Relevant energy range for nuclear
reactions is accessible: 100s keV to a
few MeV

Lawrence Livermore
National Laboratory LLNL-PRES-2003492
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mass fraction

10~ 6 =@

peak temperature (GK)
25Al made by 2°Mg(p,y)
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Thev Process * High energy neutrinos (~10 MeV)
V' induce reaction on abundant nuclei
[Woosely et al. 1990 ...]

10_2:| T '—'_I_'_' T 1 T T T T [ T T T T [ T T T T ] :
- PO ”"i— without v ~ = pre SN ?>Mg 1
I If |l‘— including v pre SN 26Mg ]
- _ ' - pre SN
210 35' : C-burning 3
% E | i
E explosive- = e
" 10-4k bbrnlng ................. -
g ] H-burning -
“\ S |
1077 ST |
PNS Si O/Ne C He 1.50 2.00 2.50 3.00 3.50 4.00

enclosed mass (My)

19
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NSE - the product of Si-burning

| | | | P I T . Err—— T * At hightemperature or on long timescale an
T=9.01GK,p=6.809+099/cm3.Y=0.433 e e e e e e e e - . .
B R R HHHHHH equilibrium is reached
T S s WD eZpt(A-Dn
. © Vg & VoYpePe/ksT
£ %7 FRPER T 1« While satisfying mass conservation and the Y,
% * Inequilibrium, abundances are independent of
g 205 - reaction cross sections
N SRS L « Starting (or end) point for reaction network
10 F T Log s Fraction . calculations
e B e  ”Freeze-out”: When dynamic timescale becomes
0 J":” 1 , 1 I I [ I , L shorter than the reaction timescale
10 20 30 40 50 60 70 80 90 * 3-alphais typically the first reaction to break:

N (Neutron Number)

Xn, Xp, Xq + heavy nuclei
* Inexplosive Si burning, °¢Ni is the main product

Lawrence Livermore
National Laboratory LLNL-PRES-2003492 20
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Freeze-out patterns

62Ni: Z=28, A=62, Z/A=0.45 .
| . * As first guess for the
58Ni: Z=28, A=58,Z/A=0.48

—————————————— most abundant
Isotope in NSE:
LIA=Y,
For increasing Y.,
free protons and
“He are favored

Lawrence Livermore
National Laboratory LLNL-PRES-2003492 2l
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Impact of the electron fraction (Y,) on the
nucleosynthesis

* As material expands, non-equilibrium nuclear reactions shape the composition (freeze-out)
* The “seeds” at freeze out have a large impact on the final outcome

* Neutrinos are crucial describe Y, ! *n+v.,eopte

cp+v,on+te’

T T
. N 1 . “Zn |
- N

T
mm “Co
mm “Cu

- N
_2 -
“ -
e mm N ; =
g 4
.6 -
-
o
% A 1 e 1 i _8 M k3
040 045 050 055 060 040 045 050 055 060
Y, Ye Y,

Results from model D9.6 (2D), Figure by D. Zetterberg (ORNL summer intern)

Lawrence Livermore
Lu; National Laboratory LLNL-PRES-2003492 22
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Spherically symmetric simulations (1D)

160

140 -

[}
N
o

=
o
o

Radius [km]

S
o

N
o
P U TSI BT NI T S

...........................

3DnSNe-IDSA |
Agile-Boltztran [
FLASH -
Fornax
GR1D

Vertex

Shock Radius [
PNS Radius

vvvvvvvvvvvvvvvvvvvvvvvvvvv

From O’Connor et al. (2018)

Lawrence Livermore
National Laboratory LLNL-PRES-2003492

Even with the best neutrino
transport and equation of state: In

1D, all codes agree:
e CCSN do no explode....

23



...

1D simulations with modifications

*Include neutrinos (with adjustments) |
*Include the neutron star b o

*Several approaches:

* Increased neutrino heating |
[Perego et al. 2015] “PUSH” i

. . . o | |
Parameterized nfutrlno e,r,nlssmn L0 L (+t) L (Gt
[Ertl etal. 2076] PHOT_B Figure 3. Function C(f) determines the temporal behavior of the heating due to

e Additional “turbulent” energy PUSH. The quantity fo, is robustly set by multi-dimensional models. We
transport and pressure [Perego et al. 2015]
[Couch et al. 2019] “STIR”

Can predict explosion/non-explosion

time(t)

24
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Explodability

From Ertl et al. (2016)

e Competition
between neutrino-

8 heating and ongoing
5 collapse
g e Some supernovae
< may not be
successful
Neutrino luminosity L,,
el N

National Laboratory LLNL-PRES-2003492



.

The Supernova “landscape” |
*1D models are crucial to study

populations of stars
519.8 _II “ Calibration and model dependent
2 Miieller + 2016 criterion Pelr
& + 2 t '},‘?"Tﬂ'-'.___
W15 E 0.4 '-B.ﬁ%
—— Explosion & NS 8 .{3:;.",-'
: CLT )
Explosion & BH — 0.34 St T e
W _: tmplosion & B oS GE L -
-------- - s|S 4 SR e
12 14 16 18 20 22 24 26 28 40 80 120 = o2 R e,
[Sukhbold et al. 2016] S oy jﬁ"f“" Y |
_c . e  explosion
I .' e implosion
Need predictive models — N 6 18 0 2 24 %
Al Mzams [Mo)]

26
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Multi-D models

Lawrence Livermore _
National Laboratory LLNL-PRES-2003492



...

Multi-D effects

* Convective overturns
bring cold matter into the
heating region

* Simultaneous down-
flows and explosion

* Large-scale instabilities
(SASI)

N
)
)

(o
S
o

Mach number

400 _

025 050 10 20

Distance from symmetry axis [km]
o

-600  -400  -200 0 200 400 600
Distance along symmetry axis [km]

Bruenn et al. 2016

Lawrence Livermore
National Laboratory LLNL-PRES-2003492 28
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Variability of conditions from multi-D simulations

rrrryrrrrryrrr1yrrrryrrr1rryrrrryrorr1ryrrrryrorrryrrrryrrrrrryrrrryror1r1ryr1rror1rryrorr1rroyr1rrorr1rryrr1rrryr1rriryrrrirryrirriryrrriTrTyrynrTTd
19°F hi0.9 ¥ -
) .ZNn Ge o€ KFS!
°103+ Sc \er
>\§ C O Nemg¢ & & Ca__JJvcr % 2\ A r
x 101 - \ .’Y’A\_'P\)'\lv}(\/\ g \ ‘\
Li
He*
1n1EIII?lIIIIl*BIII'I\II‘IIII [ N Ll 1 |IIII|II4I L1 1 AR RN AR AN N N [ N |
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110
Mass number
B | | | - 060 - D9.6
10-14 D1 0_9 10774 D9.6 0.58] - D109 .
Forward D o
Backward Backward — 0.56 - ’ : }. :
107 ~ Tl L 0.54] 5
s || s 107 3 o 0052 B
§10- ] ¥ 5 [ B O .
0.48] ¥
Lo 107%1 0.46] i 2D
0.44] *
I : : : H : - - ; ; 00 0.5 1.0 1.5 2.0
@ 0.40 0.45 0.50 0.5&)3/ 0.60 0.65 0.70 0.75 0.35 0.40 0.45 V. 0.50 0.55 post-bounce time (s)
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Explodability in multi-D is still code dependent

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Compactness Parameter &7 75

Progenitor Mass Mzams [Mo)]

[Janka et al. 2025, Glas et al., in prep.]
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2D vs. 3D

Image from Sandoval et al. (2021)

2D axisymmetry

* Fragmentation in 3D leads to more
efficient mixing and energy transfer

* Large scale downflows are broken up
into smaller streams

* Less asymmetry, less episodic behavior

Lawrence Livermore
National Laboratory

LLNL-PRES-2003492

8 9
m
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-2.

-3.01

2D

3D

-1
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3.

]
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Insights from 3D models
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Aside: Synthesis of 44Ti

Peak Density (g cm™)

10'° 1072
1073
10%¢
1074
108
1073
107 1076
1077
108

1078

10°
107°

4 ) 6 7 8 9
Peak Temperature (Ty)

From Magkotsios et al. 2010

Lawrence Livermore

National Laboratory

LLNL-PRES-2003492

44Ti is produced from an a-rich freeze-out

Nuclear flow between >C and ®¢Ni is
interrupted

Non-equilibrium reactions and timing
determines final #Ti abundance

44Ti is a very sensitive tracer of the
conditions

Parameterized, monotonic trajectories
typically don’t produce mass fractions >
1072

Largest sensitivity to *Ti(a,p)*’V
[Hermansen et al. 2020]

34
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Confronting simulations with observational

constraints
Are *Ti-producing supernovae exceptional?* T Obsorvational
~ 101 ,'I constraint
L.-S. The!, D. D. Clayton', R. Diehl?, D. H. Hartmann', A. F. Iyudin®*, M. D. Leising', E@ : /. (SN1987A) e
B. S. Meyer', Y. Motizuki*, and V. Schonfelder 10 ] / Q;(/\,é’
IC) 8' /I * \,’{A
S / BN
o o o 1 a, /
44Tiyields from 1D £ 5 S/ ...
supernova models cannot  « . 5
o o / o © ..&o °
explain observations! 7 v tet s ot
. 4 / . .""‘ ‘d'
= : : . & * oo %o
= Multi-D simulations may be the 9 / o o’
2 answer S 51 S e _
M \Without fine-tuning [T _ /' % e 1D models (Curtis et al. 2019) |
& ./' Y 3D models
s 0 4 . : . i i i . . . . . : .
30,000 km © z 10 15

Ejected mass of °°Ni (107?M)

Lawrence Livermore
National Laboratory LLNL-PRES-2003492 %
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Confronting mmula’rmnq with observational

2 5 X].O_
Wang & Burrows 2024
] .I .
1 /' Observational
2.0 —~ 107 / constraint
© ‘ ! (SN1987A) .
L.-¢ = // S
o 8- /k . 9\,‘?
i 15503 o = / N
F" 1 a, /,,
. g 6—- OSIII .. ) ... ° ° ([ ]
. Yy ] II ) . ®
1.0 @ 8 /I .o oi‘. ® o
. N / ' o .‘
A @® 9V (a) 17M. @ 24M. g 4 * I,'I .':,i-f. .‘:!
9M, (b) ® 18M. 25M. < / °f e s
® @ 925M. 18.5M. 40M. o) / ot s
05 ‘ = / °
® 9.5M. ® 19M. 60M. S 5 K o® I
@ 11X 19.56M, A S23 S B e 1D models (Curtis et al. 2019) |
15.01M. 20M. —$— Cas A {7/ -
, ® 16u —_— —$— SN1987A |/ % 3D models
iy e Bt V.
(900 0.05 0.10 0.15 0.20 0.25 0.30 5 10 15
6N [M ] Ejected mass of °°Ni (107?M)
Lawrence Livermore 36
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Non-monotonic late-time evolution

* Late time re-heating reactivate charged-particle
reactions

—— Temperature —— Density

|
N

log10[X(#4Ti)] 2s + extrap

Lawrence Livermore
National Laboratory
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-5 —4 -3 -2
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Stable isotopes

THE ASTROPHYSICAL JOURNAL, 900:179 (33pp), 2020 September 10 Kobayashi, Karakas, & Lugaro

Big Bang Nucleosynthesis
— Asymptotic Giant Branch Stars ——

Be | Core—collapse Supernovae B TN AOMF 4N
: '{]ype [a Supernovae ar- P
NagdM eutron Star Mergers ALASLEP #S 4CI1A
' CuflZrid God Ged A 1Sl B K
AgdCidTnASiASTdTod1 dXd
Au T Bi:

Abundance relative to the Sun

>Time [Gyr] (© C.Kobayashi 2020

Figure 39. The time evolution (in Gyr) of the origin of elements in the periodic table: Big Bang nucleosynthesis (black), AGB stars (green), core-collapse supernovae
including SNe II, HNe, ECSNe, and MRSNe (blue), SNe Ia (red), and NSMs (magenta). The amounts returned via stellar mass loss are also included for AGB stars
and core-collapse supemovae depending on the progenitor mass. The dotted lines indicate the observed solar values.

Lawrence Livermore
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Stable isotopes $11.8 (3D)
—x— 1D model
10%¢ z
< :
SEEN- |
109k
FIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|I,

20 30 40 50 60 70 80 90 100
mass number

e Sc is a signature of proton-rich nucleosynthesis
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Impact of the neutrino spectra
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Integration of neutrino flavor evolution with simulation is crucial (e.g. [Xiong et al. 2024] [Abbar et al. 2024])

(o)}
o

mass number
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e

Parameter-free multi-D simulations

* Successful explosionsin 2D and 3D
* Models are increasingly compatible with
observations

* Challenges for nucleosynthesis with multi-D:
 Quantitative differences between codes
Progenitor-explosion connection
Long-term evolution ( ~ several seconds)
In-situ vs. postprocessing nucleosynthesis
« Sandoval et al. (2021) 160 species
 Garcia-Senz et al. (2024) 90 species with
effective reactions
Neutrino flavor evolution

From Sandoval et al

2021
Lawrence Livermore
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...

Summary

* Core-Collapse supernovae are neutrino-driven explosions of massive
stars

* Main contributors to the O, Mg, Si, Fe

* Source of radioactive isotopes with observable signatures:

e 56N, 60Fg, 44Tj, 26A|

 "Explodability” is important for chemical evolution and remnant mass
distributions

* Multi-D models show a larger variability of conditions (Ye, entropy)

* 3D models are promising to improve the agreement between
observations and theory for #4Ti
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The v process * High energy neutrinos (~10 MeV)

V' induce reaction on abundant nuclei
[Woosely etal. 1990...]

* Inverse f§ decay, spallation
reactions, supply of light
particles

e Contributions to
7|_i 11B 22Na 26Al 92Nb 98'|'C 138|_a
180T ...

'PNS Si O/Ne C He

Lawrence Livermore
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V process

e Due to their small
charge, light
elements are
easily destroyed
in stellar burning

\)l

Be 5Be

. .  The v process allows for
enhancement of the
abundances of 7Li, 1B and

10Be in low temperature
@7) environments

(@ 7)

+) [

°H e Non-thermal nucleosynthesis

PNS Si O/Ne C He
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10Be + p resonance

*With the new reaction rate, the 11.8 supernova o
does not produce enough '°Be

ESS constraint

108 T T T T

107 EO 100+t
S
|
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10 =
o

10° o ™ u !
>

104 g 10—1 n

—— w/0 Ex=11.42MeV,1/2+ resonance S

s W E,=11.42MeV,1/2%,[,=6keV,l,=6keV(-+)

Reaction rate (cm3/mol/sec)

3
10 - = wE,=11.42MeV,1/2%,,=6keV,l,=6keV(++) m  New recommended 1°Be(p, a) rate
102 mmm W E,=11.42MeV,1/2% ,=1keV,[,=11keV(-+) - Required to match observed
) —= WE,=11.42MeV,1/2" [o=1keV,M,=11keV (++) 10-2 | values In met,for'tes, =
10 | | - JINA-REACLIB (Wagoner, 1969) | 2 . g g 2 W
02 04 06 08 10 12 1.4 T G 2 77 o2y

T (GK)
Sieverding et al. (2022)
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...

The tracer particle method

Frame 669 t= 516.6 ms

/’ o forward Ts =745 /
* Follow the fluid velocity of the simulation aoo ) /) Ve T
. % = v(x,t) 350 A
* |deally: “online” during the simulation with
time steps ~ 10°s 5300_
* |[n practice: Post-processing based on 550

snapshots with time steps ~103s

Forward or backward numerical integration 200 -
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Explodability

From Ertl et al. (2016)

e Competition
between neutrino-

8 heating and ongoing
5 collapse
g e Some supernovae
< may not be
successful
Neutrino luminosity L,,
el .
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