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Outline

1. Core-collapse supernova mechanism

2. 1D models

3. Multi-D models

4. Insights from 3D models and the role of neutrinos
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Nucleosynthesis and chemical evolution
• Stars and stellar explosions provide the 

conditions necessary for nuclear reactions
• Life cycles of stars enrich the interstellar 

gas with nucleosynthesis products
• Massive stars and core-collapse supernova 

are crucial:
• Stellar and explosive nucleosynthesis

Image credit: NASA and the Night Sky Network
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Supernova classification 

• Most SN observations are extra-galactic 
• Astronomy classification: based on 

spectra (Type I a,b,c, Type II)
• Astrophysics classification: progenitor 

system, explosion mechanism
• Thermonuclear SNe → Type Ia
• Core-collapse of massive stars that 

have retained their H envelope → Type II
• Core-collapse of stripped, binary stars 

(that have lost most or all of their H 
envelope) → Type Ib,c
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Observational signatures
• Fades on timescales of years
• Associated with massive stars (> 10 ) 
• Typical kinetic energies of 1051 erg* = 1 FOE 

= 1B
• EM emission powered by radioactive decay, 

mostly 56Ni → 56Co → 56Fe
• Neutrino emission observed in SN1987A

Seitenzahl et al. 2014

Santos et al. (2022)

[1 erg = g cm / s2  = 6.24 x 105 MeV]

[1 erg = g cm2 / s2  = 6.24 x 105 
MeV]

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 + 𝜈! ↔ 𝑝 + 𝑒"
• 𝑝 + �̅�! ↔ 𝑛 + 𝑒#

• (late) neutrino driven winds
• Explosive nuclear burning

• Production of  and Fe-group elements
• Outer layers

• Weak s-process
• n-process
• 𝛾 process
• 𝜈  process 
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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
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Massive star progenitors and core-collapse

Fe

n,p

ν

ν
ν

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

• Fe core eventually collapses
• Electron captures make the matter neutron 

rich and produce neutrinos
• 𝐴, 𝑍 + 𝑒! → 𝐴, 𝑍 − 1 + 𝜈"
• Nuclei are dissociated into neutrons and 

protons
• “Bounce” as nuclear density is reached
• Initial shock stalls 
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Neutrino driven mechanism
• Binding energy of a neutron star = 

neutrino energy ~1053 erg
• Typical SN ejecta kinetic energy 

~1051 erg 
• Heating: ∝ 𝐿$	𝑇$%/𝑅%

• Cooling: ∝ 𝑇&'≈
(
)!
	

[1 erg = g cm / s2  = 6.24 x 105 MeV]

Janka et al. 2007

https://ui.adsabs.harvard.edu/abs/2007PhR...442...38J/abstract
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Neutrino driven mechanism
• Binding energy of a neutron star = 

neutrino energy ~1053 erg
• Typical SN ejecta kinetic energy 

~1051 erg 
• Heating: ∝ 𝐿$	𝑇$%/𝑅%

• Cooling: ∝ 𝑇&'≈
(
)!
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Neutrino driven mechanism
• Binding energy of a neutron star = 

neutrino energy ~1053 erg
• Typical SN ejecta kinetic energy 

~1051 erg 
• Heating: ∝ 𝐿$	𝑇$%/𝑅%

• Cooling: ∝ 𝑇&'≈
(
)!
	

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

• Neutrino transport is very expensive: 6 
flavors x 6 spatial dimensions x evolution in 
time

• Hot neutron star physics is complicated
• Solution: Remove the core and  assume an 

explosion
• Tune to observable quantities (e.g. 

explosion energy, 56Ni mass)
• Computationally very cheap
• Can be modelled to long times
• Neglect effects of neutrinos

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

https://ui.adsabs.harvard.edu/abs/2025arXiv250113172I/abstract
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25 𝑀⊙star
Heger et al. 2002
https://2sn.org/nucle
osynthesis/RHHW02.
shtml

https://2sn.org/nucleosynthesis/RHHW02.shtml
https://2sn.org/nucleosynthesis/RHHW02.shtml
https://2sn.org/nucleosynthesis/RHHW02.shtml
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Pre-SN

Final
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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

• 𝑇$"%& ∝ 𝐸"'(
!
" 𝑅!)/+

• Relevant energy range for nuclear 
reactions is accessible: 100s keV to a 
few MeV 26Al made by 25Mg(p,𝛾)
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The 𝜈	process • High energy neutrinos (~10 MeV) 
induce reaction on abundant nuclei 
[Woosely et al. 1990 …]

8 R. Diehl et al.

phases, many of the elements in the Universe are made. A sub-
stantial fraction of those newly-made nuclei are removed from
the star and injected into the interstellar medium by the core-
collapse supernova explosion, leaving behind a neutron star or a
black hole. The collapse of the core is accompanied by the emis-
sion of a large number of neutrinos. The energy spectrum of these
neutrinos reflects the high temperature environment from which
they originate, with mean energies of 10–20MeV. The fact that
these neutrinos could be observed in Supernova 1987A is a splen-
did confirmation of our understanding of the the lives and deaths
of massive stars (Burrows & Lattimer 1987; Arnett 1987).

The mechanism that ultimately turns the collapse of a stel-
lar core into a supernova explosion is an active field of research.
In our current understanding, a combination of neutrino heating
and turbulent fluid motion are crucial components for success-
ful explosions (see Janka 2012; Burrows & Vartanyan 2021, for
reviews of the status of core-collapse modeling). Due to the multi-
dimensional nature and multi-physics complexity of this problem,
simulations of such explosions from first principles are still in their
infancy (Müller 2016). Parametric models, however, have proven
to be able to explainmany properties of supernovae, although they
need to be fine-tuned accordingly (Burrows & Vartanyan 2021).

The supernova explosion expelsmost of the stellarmaterial that
had been enriched in metals by the hydrostatic burning and the
explosion shock itself. Before the explosion, strong winds already
take away some of the outer envelopes of these massive stars, espe-
cially in the luminous blue variable and Wolf-Rayet phases of
evolution (as will be discussed in detail see below). This ejected
material also contains a range of radioactive isotopes, including
some with lifetimes long enough to be observable long after the
explosion has faded, such as 26Al and 60Fe. In this section we
describe the various ways in which 26Al is made in massive stars
and the ensuing supernova explosion.

The production of 26Al always operates through the
25Mg(p,γ )26Al reaction, which is active during different epochs
of the stellar evolution. We can distinguish four main phases that
contribute to the production of 26Al during massive star evolution
and the supernova explosion (Limongi & Chieffi 2006b).

1. In H core and shell burning 26Al is produced from the
25Mg that is present due to the initial metallicity.

2. During convective C/Ne shell burning 26Al is produced
from the 25Mg that results from the Mg-Al cycle with
protons provided by the C fusion reactions.

3. The supernova explosion shock initiates explosive C/Ne
burning and 26Al is efficiently produced in the region of
suitable peak temperature around 2.3 GK. As we will show,
this is the dominant contribution for stars in the mass
range 10–30M⊙.

4. Neutrino interactions during the explosion can also affect
the abundance of 26Al.

Figure 9 shows the profile of the 26Al mass fraction for a
15 M⊙ stellar model, calculated with the KEPLER hydrodynam-
ics code in spherical symmetry. The pre-supernova as well as the
post-explosion abundance profiles are shown, and the production
mechanisms indicated. We now discuss in detail each of the four
main mechanisms listed above.

H core and shell burning: The production in the convective
core H burning during the main sequence mostly depends on the

Figure 9. Mass fraction profiles of 26Al indicating regions of different production
mechanisms.

size of the convective core and the initial amount of 25Mg. 26Al
in the region that undergoes core He burning is destroyed due to
neutron-capture reactions, but some of it may survive in the lay-
ers outside of the burning region. The 26Al produced during H
core burning is also threatened by the lifetime of the star. Since
the post-main-sequence, i.e., post-H-burning, evolution of a star
can take more than 0.1 Myr, due to the exponential radioactive
decay most of this early made 26Al decays before it can be ejected
by a supernova explosion. In H-shell burning, 26Al is also pro-
duced and it is more likely to survive until it is ejected. In cases in
which the H-burning contribution is important for the final 26Al
yield, this component is sensitive to H burning conditions and in
particular to the treatment of convection.

Another way for 26Al fromHburning to contribute to the ejecta
is mass loss. For single stars, mass is lost via stellar winds driven by
radiation pressure (Cassinelli 1979; Vink 2011). Thus, it is stronger
for more luminous, more massive stars. Stellar mass loss has been
a subject of study for a long time (Lamers et al. 1999; Vink 2011),
but the details of the implementation in models still gives rise
to significant uncertainties (Farrell et al. 2020). The H-burning
contribution to 26Al is most-important for massive stars with ini-
tial mass >30M⊙ for which stellar winds are strong enough to
removematerial from the H burning regions below the H envelope
(Limongi & Chieffi 2006b).

Stellar rotation may significantly increase mass loss and the
mixing efficiency (Groh et al. 2019; Ekström et al. 2012), which
has significant impact on the 26Al yields. Stellar-evolution mod-
els that include a description of rotation have been developed for
decades (see Maeder & Meynet 2000; Heger, Langer, & Woosley
2000, for extensive reviews). However, the effects are still not
well-understood. A major challenge is to model the transport of
angular momentum within stars (Aerts, Mathis, & Rogers 2019).
This determines how fast the internal regions of the star rotate
at different radii and different latitudes. Friction from laminar
and turbulent flows between layers of different velocity trans-
ports angular momentum, and Coriolis forces add complexity. It
is, therefore, far from straightforward to determine how much
rotation-induced mixing happens in different regions of a star.
This affects transport of heat and of material, and thus where and
how nuclear burning may occur.

A wealth of information has become available on internal
rotation rates of low-mass stars (Aerts et al. 2019), thanks to aster-
oseismology studies, e.g., with data from the Kepler and TESS
spacecrafts (Borucki et al. 2010; Ricker et al. 2015). These inter-
nal rotation rates can help us to investigate the stellar interiors

0���8
  ��1��7/ ������� ��8��������	��:�2180.���4214.��������71�/.�41�.781����7.88
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NSE - the product of Si-burning
• At high temperature or on long timescale an 

equilibrium is reached
• 𝐴, 𝑍 ↔ 𝑍	𝑝 + 𝐴 − 𝑍 	𝑛
• 𝑌(%,') ∝ 𝑌)𝑌*𝑒+!/-!.
• While satisfying mass conservation and the 𝑌/
• In equilibrium, abundances are independent of 

reaction cross sections
• Starting (or end) point for reaction network 

calculations
• ”Freeze-out”: When dynamic timescale becomes 

shorter than the reaction timescale
• 3-alpha is typically the first reaction to break:

• 𝑋*, 𝑋), 𝑋0 +	heavy nuclei
• In explosive Si burning, 56Ni is the main product
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Freeze-out patterns
62Ni: Z=28, A=62, Z/A = 0.45

58Ni: Z=28, A=58, Z/A = 0.48
• As first guess for the 

most abundant 
isotope in NSE: 

 Z/A = Ye 
• For increasing Ye, 

free protons and 
4He are favored
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Impact of the electron fraction (Ye) 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 Ye!

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

• 𝑛 + 𝜈! ↔ 𝑝 + 𝑒"
• 𝑝 + �̅�! ↔ 𝑛 + 𝑒#
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Spherically symmetric simulations (1D)

From O’Connor et al. (2018)

• Even with the best neutrino 
transport and equation of state: In 
1D, all codes agree:
• CCSN do no explode ….
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1D simulations with modifications

[Perego et al. 2015]

•Include neutrinos (with adjustments)
•Include the neutron star
•Several approaches:
• Increased neutrino heating 

[Perego et al. 2015] “PUSH”
• Parameterized neutrino emission 

[Ertl et al. 2016] “PHOT-B”
• Additional “turbulent” energy 

transport and pressure
[Couch et al. 2019] “STIR”

• …..
Can predict explosion/non-explosion 
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Explodability

• Competition 
between neutrino-
heating and ongoing 
collapse

• Some supernovae 
may not be 
successful 

From Ertl et al. (2016)
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The Supernova “landscape”For the stars that exploded in P-HOTB, the desired kinetic
energy at infinity in KEPLER is obtained by iterating on α.
This required an earlier, more rapid motion outwardfor the
adopted piston. By design, the two explosion models thus
agreed almost exactly in explosion energy and piston mass.
They also agreed to typically better than 10% in the mass of
iron-group nuclei that were synthesized (Tables 7 and 8). Here
the total iron in P-HOTB calculation is taken as the amount
outside the final fallback mass.

To make the agreement in 56Ni mass even better, first, for
afew models the starting location in mass of the special
trajectory, mz, was slightly varied, usually by ∼0.01 M , so that
the KEPLER total iron mass lies roughly in between the special
and fallback trajectories (Figure 12). Then using the innermost
zone abundances, most models were scaled up slightly until the
fallback trajectory value, so that the final disagreement of iron-
group synthesis was a few percent at most. The full tabulated
list of all piston parameters for all explosion calculations is
available at the MPA-Garching archive (see footnote 4).

In the remainder of the paper, the baryonic remnant masses,
the kinetic energies at infinity of the ejecta, and the total iron-
group synthesis are based on the 1D neutrino-powered
explosions using P-HOTB. Only the isotopic nucleosynthesis
(of all elements including pre-SN mass loss) and the light
curves are taken from KEPLER.

4. EXPLOSION PROPERTIES

Inserting the standard “central engines” described in
Section 3 in the various pre-SN stars resulted in a wide variety
of outcomes depending on the properties of each progenitor,
especially its mass and compactness, and the choice of 87A
model used for the engine’s calibration (Figure 13). Generally
speaking, weaker central engines like W20 gave fewer SNe
than stronger engines like N20.

This is an interesting point that warrants elaboration. Not
every model for 87A will give equivalent, or even necessarily
valid, results when its central engine is inserted in other stars.
SN 1987A was a blue supergiant in a galaxy with lower
metallicity than the Sun. All pre-SN models considered here,

except those that lost their envelopes before exploding, are red
supergiants with an initially solar composition. The SN 1987A
models, at least those that made blue supergiant progenitors
(Table 1), also used a different value for semiconvective
mixing that affected the size of the carbon–oxygen core for that
mass (made the core smaller). One of the models, W18,
included rotation, while the present survey does not. Our
calculations are 1D, not 3D. Finally, one expects significant
variations in pre-SN core structure even for two stars of very
similar initial mass and pre-SN luminosity (Sukhbold &
Woosley 2014).
The very similar results for “explodability” for models N20,

W18, W15, and S19.8 are thus welcome and suggest a
robustness to the answer thatmight not necessarily have
existed. They also justify the neglect of model set W20 in the

Figure 11. Trajectory from the neutrino-driven explosion with P-HOTB
(gray)compared withthe corresponding trajectory from KEPLER (blue) for
the explosion of the W18 engine itself. In all cases, the trajectories from the two
codes have a common starting radius and time and the same minimum radius
and time.

Figure 12. Comparison of iron production in the KEPLER and P-HOTB
calculations for all models that exploded using the Z9.6 and W18 engines. The
shaded gray region is bounded on the bottom by the total iron produced by
P-HOTB outside the “special” trajectory (orange), and on the top by the total
iron ejected (green). The thick blue curve represents total iron production in the
converged KEPLER explosions.

Figure 13. Explosion outcomes from the five different central engines for SN
1987A (Tables 1 and 3)shown in comparison. Successful explosions that make
neutron stars are green, the explosions that make BHs through fallback are light
blue, and the failures, which make BHs, are black lines. The calibrators are
listed by the engine strength, weakest at the bottom. Models heavier than 12.25
M were covered by these five engines;all lighter models produced successful

explosions by the Z9.6 engine calibrated to Crab SN.

17

The Astrophysical Journal, 821:38 (45pp), 2016 April 10 Sukhbold et al.

•1D models are crucial to study 
populations of stars
•Calibration and model dependent

[Sukhbold et al.  2016]

Need predictive models
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Multi-D models
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Multi-D effects

• Convective overturns 
bring cold matter into the 
heating region

• Simultaneous down-
flows and explosion

• Large-scale instabilities 
(SASI)

Bruenn et al. 2016

http://www.apple.com
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Variability of conditions from multi-D simulations
D9.6

D10.9

2D

D10.9

D9.6
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Explodability in multi-D is still code dependent
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Figure 2

“Explodability” as function of the ZAMS mass of progenitor stars in large sets of CC simulations using di↵erent “neutrino
engines” in 1D calculations and di↵erent neutrino-hydrodynamics codes in 2D models to obtain neutrino-driven explosions
(Glas et al., in preparation). Circles mark BH forming cases and crosses indicate successful explosions. Upper four panels:
Onset time of the explosion (defined by the post-bounce time when the average shock radius exceeds 300 km) versus
ZAMS mass with averages indicated by horizontal lines. The results of the Push 1D engine models (top left) were taken
from (165), where progenitors from (171, 172) were considered; the P-Hotb 1D engine models (middle left) are from (166)
using progenitors from (173, 174); and the Fornax 2D simulations (from 175, top right) as well as the Vertex 2D
simulations (R. Bollig, private communication; middle right) employed the SFHo EoS (154, 155) and progenitors for
�12M� from (176) and for <12M� from (174) and, in the case of Vertex, also from (171). Both Push and P-Hotb

triggered explosions artificially in 1D with neutrino engines whose parameters were calibrated by reproducing explosion
properties of SN 1987A. Push yields 79 (81%) explosions and 18 (19%) BH cases out of 97 models, P-Hotb 90 (57%)
explosions and 67 (43%) BHs in 157 models, Fornax 63 (63%) explosions and 37 BH cases (37%) of 100 models, and
Prometheus-Vertex 73 (41%) explosions and 104 BH cases (59%) of 177 models. Bottom two panels: Core
compactness (164) ⇠M = (M/M�)/(R(M)/1000 km) for M = 1.75M� versus ZAMS mass for the Fornax and Vertex

2D simulations. Gray horizontal lines mark ⇠1.75 = 0 to guide the eye. Figure courtesy of Robert Glas.

10 Hans-Thomas Janka

[Janka et al. 2025, Glas et al., in prep.] 
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2D vs. 3D
Image from Sandoval et al. (2021)

• 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

From
 M

üller et al. 2015

2D 3D
2D axisymmetry

https://ui.adsabs.harvard.edu/abs/2021ApJ...921..113S/abstract


33LLNL-PRES-2003492

Insights from 3D models
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Aside: Synthesis of 44Ti

From Magkotsios et al. 2010

• 44Ti is produced from an 𝛼-rich freeze-out 
• Nuclear flow between 12C and 56Ni is 

interrupted
• Non-equilibrium reactions and timing 

determines final 44Ti abundance
• 44Ti is a very sensitive tracer of the 

conditions 
• Parameterized, monotonic trajectories 

typically don’t produce mass fractions > 
10-2

• Largest sensitivity to 44Ti(𝛼,p)47V 
[Hermansen et al. 2020]

https://ui.adsabs.harvard.edu/abs/2010ApJS..191...66M/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...901...77H/abstract
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Confronting simulations with observational 
constraints

44Ti yields from 1D 
supernova models cannot 
explain observations!

Multi-D simulations may be the 
answer
Without fine-tuning
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Confronting simulations with observational 
constraints

44Ti yields from 1D 
supernova models cannot 
explain observations!

Multi-D simulations may be the 
answer
Without fine-tuning

easily produce high amounts of 44Ti and reach the high 44Ti/56Ni
ratio observed in Cas A. The possible presence of unshocked Fe-
rich material in Cas A may move the data point rightward, which
would be even more consistent with our predictions. In addition,
the lower 44Ti/56Ni ratios of the black hole formers clearly show
the important role of neutrino-driven winds in the production of

44Ti, since the winds in these models are turned off after the black
hole formation. Therefore, the “44Ti problem” (The et al. 2006) is
no longer an issue in self-consistent long-term 3D initially
nonrotating CCSN models. SN 1987A is still about 2σ above the
44Ti/56Ni ratios predicted by our models. We now turn to a
discussion of this issue and its corresponding 57Ni/56Ni ratio.

Figure 3. 44Ti yield (left) and 44Ti/56Ni ratio (right) and as a function of time. The circular dot on each curve marks the beginning point of extrapolation. The black
hole formers (19.56 and 40Me) are plotted as dashed curves. The black horizontal line shows the solar 44Ca/56Fe ratio as a reference. The asymptotic 44Ti yield is not
achieved in most models until 10 s post-bounce, except the lowest-mass ones (e.g., 9a, 9b, 9.25, and 9.5 Me). The growth of the 44Ti yield in the extrapolated phase
comes mostly from the α-rich freeze-out process in the proton-rich neutrino-driven winds, which initially produces proton-rich isotopes such as 45V and 46Cr and then
converts them into 44Ti as the temperature decreases. See the text for a discussion.

Figure 4. Final 44Ti and 56Ni yields of our theoretical 3D models compared to observed values in Cas A and SN 1987A. The black hole formers (19.56 and 40 Me) are
plotted as square dots. In addition to our 3D models, we include the 18.88 Me model from Sieverding et al. (2023a; the black triangle, labeled as S23). The observed 44Ti
and 56Ni masses of Cas A are taken from Grefenstette et al. (2017) and Hwang & Laming (2012), while the SN 1987A values are taken from Boggs et al. (2015) and
McCray & Fransson (2016). Our 3D models can easily produce a high amount of 44Ti and reach the high 44Ti/56Ni ratio observed in Cas A. Therefore, the “44Ti
problem” (The et al. 2006) is no longer an issue in self-consistent long-term, 3D, initially nonrotating CCSN models. In addition, the lower 44Ti/56Ni ratios of the black
hole formers clearly show the important role of neutrino-driven winds in the production of 44Ti, since the winds in these models are turned off after black hole formation.

6

The Astrophysical Journal, 974:39 (11pp), 2024 October 10 Wang & Burrows

Wang & Burrows 2024



37LLNL-PRES-2003492

Non-monotonic late-time evolution

• Late time re-heating reactivate charged-particle 
reactions 
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Stable isotopes
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Stable isotopes

• 45Sc is a signature of proton-rich nucleosynthesis

s11.8 (3D)
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Impact of the neutrino spectra
s11.8 (3D)

More 
neutron
rich

Δ𝜀 = 𝜀12"	 − 𝜀2"

Δ𝜀 = 4MeV
𝛼	process

Integration of neutrino flavor evolution with simulation is crucial (e.g. [Xiong et al. 2024] [Abbar et al. 2024] )

https://arxiv.org/pdf/2403.17269.pdf
https://ui.adsabs.harvard.edu/abs/2024PhRvD.109d3024A/abstract
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Parameter-free multi-D simulations
• Successful explosions in 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
• García-Senz et al. (2024) 90 species with 

effective reactions
• Neutrino flavor evolution From Sandoval et al 

2021

https://ui.adsabs.harvard.edu/abs/2021ApJ...921..113S/abstract
https://ui.adsabs.harvard.edu/abs/2021ApJ...921..113S/abstract
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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: 
• 56Ni, 60Fe, 44Ti, 26Al  

• ”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 44Ti
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Neutrinos in Supernova 
Nucleosynthesis
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15.78 𝑀⊙	star 
Bruenn et al. 2022
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The 𝜈	process • High energy neutrinos (~10 MeV) 
induce reaction on abundant nuclei 
[Woosely et al. 1990 …]

•  Inverse 𝛽 decay, spallation 
reactions, supply of light 
particles

• Contributions to
7Li, 11B, 22Na, 26Al, 92Nb, 98Tc, 138La, 
180Ta …
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𝝂 process
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10Be + p resonance

•With the new  reaction rate, the 11.8  supernova 
does not produce enough 10Be

ESS constraint

Sieverding et al. (2022)

https://ui.adsabs.harvard.edu/abs/2022PhRvC.106a5803S/abstract
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The tracer particle method

• Follow the fluid velocity of the simulation

• C'
⃗

CD = 𝑣
⃗
(𝑥
⃗
, 𝑡)

• Ideally: “online” during the simulation with 
time steps ~ 10-6 s
• In practice: Post-processing based on 

snapshots with time steps ~ 10-3 s
• Forward or backward numerical integration
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Explodability

• Competition 
between neutrino-
heating and ongoing 
collapse

• Some supernovae 
may not be 
successful 

From Ertl et al. (2016)
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