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A B S T R A C T 

Magnetorotational supernovae are a rare type of core-collapse supernovae where the magnetic field and rotation play a central 
role in the dynamics of the explosion. We present the post-processed nucleosynthesis of state-of-the-art neutrino-MHD supernova 
models that follow the post explosion evolution for few seconds. We find three different dynamical mechanisms to produce 
hea vy r -process elements: (i) a prompt ejection of matter right after core bounce, (ii) neutron-rich matter that is ejected at late 
times due to a reconfiguration of the protoneutronstar shape, (iii) small amount of mass ejected with high entropies in the centre 
of the jet. We investigate total ejecta yields, including the ones of unstable nuclei such as 26 Al, 44 Ti, 56 Ni, and 

60 Fe. The obtained 

56 Ni masses vary between 0 . 01 –1 M �. The latter maximum is compatible with hypernova observations. Furthermore, all of our 
models synthesize Zn masses in agreement with observations of old metal-poor stars. We calculate simplified light curves to 

investigate whether our models can be candidates for superluminous supernovae. The peak luminosities obtained from taking 

into account only nuclear heating reach up to a few ∼ 10 

43 erg s −1 . Under certain conditions, we find a significant impact of the 
66 Ni decay chain that can raise the peak luminosity up to ∼ 38 per cent compared to models including only the 56 Ni decay chain. 
This work reinforces the theoretical evidence on the critical role of magnetorotational supernovae to understand the occurrence 
of hypernovae, superluminous supernovae, and the synthesis of heavy elements. 

Key words: MHD – nuclear reactions, nucleosynthesis, abundances – supernovae: general – stars: Wolf–Rayet. 
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 I N T RO D U C T I O N  

he advent of time-domain astronomy has unveiled a multitude 
f luminous transients of stellar origin. Among them, supernovae 
SNe) are an e xceptional e xample marking the death of massive
tars. Besides ordinary SNe releasing energies ∼ 10 51 erg with peak 
uminosity ∼ 10 41 erg s −1 (Nomoto, Kobayashi & Tominaga 2013 ), 
uperluminous supernovae (SLSNe; Gal-Yam 2012 , 2019 ; Nicholl 
t al. 2014 ; Moriya, Sorokina & Che v alier 2018 ) and hypernovae
HNe; Iwamoto et al. 1998 ) e xcel by their e xtreme luminosity and
nergy . Theoretically , these extreme SNe are promising nurseries 
or the nucleosynthesis of the heaviest chemical elements in the 
niverse (Nishimura et al. 2006 ; Nishimura, Takiwaki & Thielemann 
015 ; Nishimura et al. 2017 ; Winteler et al. 2012 ; Reichert et al.
021a ). Furthermore, there is o v erwhelming observ ational e vidence
onnecting extreme SNe with other rarer, extremely powerful events, 
amely, long gamma-ray bursts (lGRB; Woosley & Bloom 2006 ). 
heir extreme properties indicate the presence of distinctive and 
omewhat extraordinary conditions in the stellar progenitors and/or 
n their circumstellar environment, from which SLSNe and HNe 
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esult. Rotation and magnetic fields may be the differential factors 
ringing exceptionally powerful or energetic magnetorotationally 
riv en superno vae (MR-SNe). With respect to the expression MR-
Ne we include in this category all events where at the end of
tellar evolution core collapse with rotation and magnetic fields plays 
n essential role. This includes events that end with a magnetized 
eutron star (magnetar) and a specific supernova explosion, as well 
s events that lead to central black holes (BHs), where the later
volution beyond that point can cause black-hole accretion disc 
utflows and long-duration gamma-ray bursts. The simulations in the 
resent paper do not yet include the second phase of the evolution
f the latter models. In absence of unambiguous detections of MR-
Ne only theoretical/numerical models may provide clues on indirect 
bservational signatures beyond their direct detection. 
The first theoretical models of MR-SNe date back to 1970s 

LeBlanc & Wilson 1970 ; Bisno vatyi-Kogan, Popo v & Samokhin
976 ; Meier et al. 1976 ; Mueller & Hillebrandt 1979 ; Symbalisty
984 ). These pioneering works have been extended and improved 
uring the years reaching some consensus on the fact that MR-SNe
end to produce collimated ejecta (jets) along the stellar rotational 
xis. In the first 2D axisymmetric hydrodynamical models that 
ecame available (e.g. Maeda & Nomoto 2003 ; Nishimura et al.
006 ; Burrows et al. 2007 ; Tominaga, Umeda & Nomoto 2007 ) the
eveloping jets were often injected artificially. Until today, there 
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till exist uncertainties in the models, such as the magnitude of
he magnetic field. This magnetic field can be inherited from the
tellar evolution models (e.g. Maeder & Meynet 2003 , 2004 , 2005 ;
oosley & Heger 2006 ; Braithwaite 2008 ), and further amplified

y the magneto-rotational instability (MRI; Obergaulinger et al.
009 ; Masada et al. 2012 ; M ̈osta et al. 2015 ; Rembiasz et al. 2016 ;
ishimura et al. 2017 ). Currently, the computational frontier include

all or most of) the following elements: three dimensions, general
elativity, sophisticated neutrino transport, and detailed microphysics
recent MHD CC-SN simulations are presented in, e.g. M ̈osta et al.
015 ; M ̈uller & Varma 2020 ; Kuroda et al. 2020 ; Bugli, Guilet &
bergaulinger 2021 ; Matsumoto et al. 2022 ; Varma, Mueller &
chneider 2022 , Obergaulinger & Aloy 2021 , OA21 hereafter). In
arallel to the (magneto-)hydrodynamical modelling, frameworks to
nvestigate nuclear processes were developed. Only more recently,
agnetohydrodynamic (MHD) simulations and large nuclear reac-

ion networks were combined to calculate the nucleosynthesis of
R-SNe (Nishimura et al. 2006 ; Winteler et al. 2012 ; Nishimura

t al. 2015 , 2017 ; Halevi & M ̈osta 2018 ; M ̈osta et al. 2018 ; Reichert
t al. 2021a ). 

Existing neutrino-driv en superno va models can hardly explain the
xtreme energies and ejected Nickel masses in HNe. Ho we ver, state-
f-the-art 3D MHD simulations usually last a couple of hundreds
f milliseconds, resulting into ejected Nickel masses of the order
f 10 −2 M � (e.g. Winteler et al. 2012 ; Nishimura et al. 2015 , 2017 ;
 ̈osta et al. 2018 ; Reichert et al. 2021a ), a value much lower than

he (model dependent) Nickel ejecta mass in observed HNe (around
 10 −1 M � Nomoto et al. 2013 ). We shall show here that longer

imulation times may yield larger Nickel masses (cf. Witt et al.
021 ), broadly compatible with observational models. 
The high luminosities of SLSNe are hard to explain with the

adioactive decay of Nickel only. Thus, two other ingredients could
e rele v ant to e xplain the observ ed luminosities. First, a central
ngine (e.g. a just born magnetar or protomagnetar) may transfer
nergy to the ejecta (Kasen & Bildsten 2010 ; Woosley 2010 ; Dessart
t al. 2012 ; Chatzopoulos et al. 2013 ; Inserra et al. 2013b ; Nicholl
t al. 2014 , 2015 ; Metzger et al. 2015 ; Soker & Gilkis 2017 ,
bergaulinger & Aloy 2022 , OA22 hereafter). Secondly, a potential

ontribution to the light curve due to interactions with circumstellar
atter (e.g. Jerkstrand, Maeda & Kawabata 2020 , and references

herein). MR-SNe may not yield enough Nickel mass to explain the
igh luminosity of SLSNe from radioactive sources, b ut ha ve the
erit that they may produce protomagnetars, whose contribution to

he peak luminosity can be dominant (e.g. OA22 ). 
Whether MR-SNe are able to provide the necessary conditions for

he r-process depends on many processes during the evolution, which
an only be addressed with realistic MHD simulations of a variety
f progenitors. In 3D simulations a kink instability may develop that
ill lead to less neutron-rich conditions suppressing the synthesis of
eavy nuclei (M ̈osta et al. 2014 , 2018 ; Kuroda et al. 2020 ). Whether
his happens is still an open question and may depend on physical
onditions such as the strength and geometry of the magnetic field as
ell as numerical ones like the grid resolution. Furthermore, neutrino

eactions may lead to more proton-rich conditions (Nishimura et al.
017 ; Reichert et al. 2021a ). 
Here we present the first nucleosynthesis calculations based on

D simulations with sophisticated neutrino transport. Our results
dvance our understanding of the following key questions: 

(i) Can MR-SNe synthesize the heaviest nuclei known in our
niverse? Are the necessary magnetic field configurations and

trengths realistic? 
NRAS 518, 1557–1583 (2023) 
(ii) Which radioactive nuclei are synthesized in MR-SNe? How
oes the explosion energy correlate with the Nickel mass synthesized
n this special type of SNe? Can MR-SNe reproduce the typical
mprints of elements in old metal-poor stars? 

(iii) What are the dominant radioactive nuclei, and what are the
esulting peak luminosities? 

To answer these questions, we structure the paper as follows:
n Section 2 we describe the neutrino-MHD, Eulerian models, and
he method to extract Lagrangian tracer particles out of them. Also
e report on our procedure to extrapolate in time the SN ejecta

onditions to estimate the nucleosynthetic yields on time-scales much
onger than the computed ones in our neutrino-MHD simulations.
esults are discussed in Section 3 , which contains the final ejecta
ields (Section 3.1 ), a brief comparison of the yields of 2D and
espective 3D models (Section 3.2 ), and an analysis of the conditions
hat are necessary for the r-process (Section 3.3 ). Additionally, we
nalyse the yields, conditions, and spatial distribution of radioactive
uclei such as 26 Al, 44 Ti, 56 Ni, 60 Fe in Section 3.4 . Afterwards
n Section 3.5 , we investigate the amount of produced Zinc. A
implified light curve model is presented in Section 3.6 . Discussions
nd conclusions are given in Section 4 . 

 SI MULATI ONS  

.1 Neutrino-MHD models 

e investigate four models in full 3D ( OA21 ) and two long-time
xisymmetric 2D simulations (Obergaulinger & Aloy 2017 , Aloy &
bergaulinger ( 2021 ); AO21 hereafter) of the same Wolf–Rayet
rogenitor star with 35 M � zero age main sequence mass (ZAMS),
 pre-collapse mass of 28 . 1 M �, and a metallicity of 1/10th of solar
etallicity (model 35OC of Woosley & Heger 2006 ). Hence, the

rogenitor for all of our models is the same and they only differ in
he parametrization and strength of the magnetic field (see magnetic
nergies in Table 1 ). All six models were initialized using the
otational profile given by the stellar evolution calculations. In one
f the 3D models, model O, we also use the magnetic field given
y Woosley & Heger 2006 . Also model P in 3D and the equi v alent
odel in 2D (35OC-Rp3) take the estimated magnetic field at the pre-

upernova link, but slightly increase the poloidal component strength.
n the other three models, the magnetic field is set up as a combination
f a large-scale dipole field and a toroidal component, following the
rescription of (Suwa et al. 2007 ). We changed its normalization
uch as to increase or decrease the field strength w.r.t. the original
eld obtained by Woosley & Heger 2006 . We note that, magnetic
elds are only estimated from the saturation of the Tayler–Spruit
ynamo process in stellar evolution. Thus, neither the strength, nor
he topology of the fields are exactly known. Hence, there is room for
ome variation of these quantities without modifying any essential
roperty of the pre-supernova model (see Table 1 and Maeder &
eynet 2012 ; Wheeler, Kagan & Chatzopoulos 2015 ; Keszthelyi

t al. 2019 ; M ̈uller & Varma 2020 ; AO21 ; Varma & M ̈uller 2021 ;
riffiths et al. 2022 ). Before core bounce, all models are calculated

n 2D axisymmetry and then mapped into full 3D. 
Our models O, W, and S are 3D versions of axisymmetric models

or which we already computed the nucleosynthetic yields (Reichert
t al. 2021a ). Model P is another 3D model with an initial field
trength between the original and the very strong field of models O
nd S, respectively (Table 1 ). We include its axisymmetric version,
odel 35OC-Rp3, in the present analysis. The 2D equi v alent of
odel S (35OC-Rs) was already presented in Reichert et al. ( 2021a ).
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Table 1. Main properties of the simulations. The first two columns list the model name and their spatial dimensionality. The next columns show the 
pre-collapse energies of the poloidal and toroidal magnetic field components, E 

pol , tor 
mag , 0 , (for comparison, the initial rotational energy of all models is 

E rot , 0 ≈ 1 . 7 × 10 50 erg ). We note that the magnetic energies are integrated over the whole numerical grid. As the outer radii of the 2D and 3D models 
are slightly different, this also results in a slightly different magnetic energy. The final simulation time after bounce, t f, pb , and the ejected mass, as well 
as the diagnostic explosion energy 1 at t = t f , the total amount of tracers set and total amount of tracers in which a detailed nucleosynthetic calculation is 
performed. The last four columns give the number of cells in the radial, θ , and φ directions, and the number of neutrino energy bins. 

Model D E 

pol 
mag , 0 E 

tor 
mag , 0 t f, pb Ejected mass Energy #Tracers N r N θ N φ N E ν

[erg] [erg] [s] [M �] [10 51 erg ] Tot./Calc. 

35OC-Rp3 2 5.0 × 10 48 1.3 × 10 49 8.96 1.58 6.60 41 980/41980 480 128 1 10 
35OC-Rs N 2 7.5 × 10 47 2.6 × 10 49 2.53 2.56 8.96 74 521/3451 480 128 1 8 
W 3 1.1 × 10 44 1.3 × 10 45 1.13 0.20 0.52 952 412/2618 300 64 128 10 
O 3 2.6 × 10 47 6.6 × 10 48 0.80 0.15 0.49 838 984/2032 300 64 128 10 
P 3 2.4 × 10 48 6.6 × 10 48 1.80 0.66 2.06 1286 322/9641 320 64 128 10 
S 3 1.1 × 10 48 1.3 × 10 49 1.17 1.61 12.8 1486 316/3459 300 64 128 10 
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here it was run until a final time of t f = 0 . 9 s. Model 35OC-Rs N has
he same physical initial conditions and a slightly different numerical 
etup, which allows us to evolve for a much longer time, t f, pb = 2 . 53 s
 AO21 ). 

The models were calculated using the neutrino-MHD code AENUS- 
LCAR (Just, Obergaulinger & Janka 2015 ; Obergaulinger & Aloy 
017 ). We refer to Obergaulinger & Aloy ( 2017 ) and AO21 for
 detailed o v erview of the simulation setup, equation of states
EOS), neutrino transport, and general relativistic corrections on 
he Newtonian gravitational potential. The resolution differs among 
ur models, having 300–480 zones unevenly spaced (linear and 
ogarithmically) in radial direction, 64–128 zones in θ , and for the 
ase of 3D, 128 zones in φ (Table 1 ). For the neutrino transport
1 scheme (Just et al. 2015 ), neutrinos are binned into 8–10

ogarithmically spaced energy bins. The applied spatial resolution 
s comparable with the one used in Nishimura et al. ( 2015 ) and
lightly less compared to the long-time simulations presented in 
akamura, Takiwaki & Kotake ( 2019 ). We note that, the numerical
rids are not completely analogous among the 2D and 3D models. 
hile the impact of, e.g. grid resolution remains to be explored, the
ain differences between 2D and 3D models may come from the 

ssumption or relaxation of the artificial condition of axisymmetry. 
The models span a wide variety of SN explosion conditions by only

arying the magnetic field setup. They include a neutrino-rotational 
riv en case, which behav es in man y w ays lik e a classical CC-SN
ithout magnetic fields (model W), a prompt explosion without any 

tall of the shock (model S and 35OC-Rs N ), models that contain a
igh entropy outflow (P and 35OC-Rp3), and an intermediate case 
s inherited by the progenitor magnetic field properties (model O). 
e shortly summarize the dynamics of the models. Details can be 

ound in Obergaulinger & Aloy ( 2017 ), AO21 , and OA21 . 
Model O bears a moderate magnetization, with b pol;tor ≈ 1 . 7 ×

0 10 ; 1 . 7 × 10 11 G for the poloidal and toroidal component at the
entre of the star, respectively. Due to these field strengths, the 
agnetic field has already a dominant influence on the shock re vi v al

nd the explosion is magnetorotational driven (though neutrinos still 
ave some role). After shock re vi v al, the model de velops two jets that
each a radius of r shock ∼ 8 . 3 × 10 3 km at the end of the simulation
0 . 8 s post-bounce, Table 1 ). The morphology of the ejecta (left-hand
anels of Fig. 1 ) corresponds to that of typical bipolar jets, namely
 The smaller values of the diagnostic explosion energy computed here 
ompared to OA21 arise from a more restrictive criterion for estimating 
hat a computational cell contributes to the ejecta. Here we also request that 
he radial velocity of an unbound cell must be positive. 

r  

2

3
2

 central high-entropy beam or spine, where Y e � 0.5, surrounded
y a double-lobed cavity. Flanking the jet, we find denser and lower
ntropy ejecta, where the electron fraction is smaller (with minimum 

alues Y e ∼ 0.32). The cavity is limited by the unbound shocked
atter, where, owed to its larger density, the entropy per baryon is

ower. The neutron-rich ejecta is more pronounced in the southern 
downward) direction (Fig. 1 ). On the other hand, also slightly
eutron-deficient matter ( Y e > 0.5) is ejected in the centre of the
et. The entropy is typically higher in the centre of the jet and at the
hock front than elsewhere (bottom left-hand panel of Fig. 1 ). At the
nd of the simulation the diagnostic energy reached 4 . 9 × 10 50 erg
see footnote 1). 

Model W differs from model O in two aspects. First, the original
opology of the magnetic field is changed to that of a large scale
ipole. Secondly, it has a factor 10 weaker magnetic field, compared
o model O ( b pol;tor ≈ 10 10 G). This leads to a neutrino-rotational
xplosion, as the magnetic field becomes dynamically irrele v ant 
or the shock re vi v al. The model develops rather spherical after
hock re vi v al 2 and the shock expands slo wer compared to model
. It reaches ∼ 3 . 7 × 10 3 km at 0 . 8 s post-bounce. In contrast to
odel O, the model dominantly ejects symmetric and proton-rich 
aterial ( Y e � 0.5). Due to different simulation times, the diagnostic

nergy at the end of the simulation is slightly higher (5 . 2 × 10 50 erg )
ompared to model O, even though the explosion occurs less 
iolently. 
Model S is the model with the strongest (large-scale, dipolar) 
agnetic field ( b pol;tor = 10 12 G). The magnetorotationally driven 

xplosion happens promptly after core bounce, without shock 
tagnation. This leads to a neutron-rich cocoon at the shock front,
ore pronounced around the southern jet (top right-hand panel of 
ig. 1 ). The expansion of the shock happens extremely quickly, and

t reaches already r shock ∼ 3 . 0 × 10 4 km after 0 . 8 s post-bounce. The
iagnostic energy reaches 1 . 28 × 10 52 erg at the end of the simulation
 t f, pb = 1 . 17 s). Such a lar ge ener gy is already sufficient to account for
he large explosion energies that are observed in HNe. Noteworthy, 
his model most likely yields an strongly magnetized proto-neutron 
tar as compact remnant. 

Model 35OC-Rs N , the 2D counterpart of the 3D model S,
xplodes promptly. At first, the shock expands faster than in model
, but later on it falls behind the shock in the latter and reaches
 s ∼ 2 . 6 × 10 4 km at 0 . 8 s after bounce. Nevertheless, the cocoon
MNRAS 518, 1557–1583 (2023) 

 We note that this is a major difference compared to the 2D version, model 
5OC-Rw, which develops an aspherical explosion (Obergaulinger & Aloy 
017 ). 
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M

Figure 1. Electron fractions (upper panels) and entropies per baryon (lower panels) of the unbound matter in 3D models. O and W are shown at the final 
simulation time ( t pb = 0 . 80 s and 1 . 13 s, respectively) while P and S are shown at earlier times at similar maximum shock radii ( t pb = 0 . 63 s and 0 . 40 s, 
respectively). 
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round the jet is dominated by even more neutron-rich material,
hich is also more neutron-rich than the 3D version. The explosion
appens less violently, and the diagnostic energy at the end of the
imulation ( t f, pb = 2 . 53 s) is 8 . 96 × 10 51 erg . 

Model P has the same toroidal field as model O, but a three times
tronger poloidal component. Its magnetization is between models
 and S. The shock expands slower compared to models S and
5OC-Rs N and reaches ∼ 1 . 5 × 10 4 km 0 . 8 s after bounce. Neutron-
ich material is ejected within a cone of half-opening angle of ∼45 ◦

round the rotational axis. Small regions in the jet beam reach high
ntropies of S > 100 k B / nuc (k B is the Boltzmann constant). The
xplosion energy is with 2 × 10 51 erg at the end of the simulation
 t f, pb = 1 . 8 s) thus fairly large. 

Model 35OC-Rp3 develops very similarly to its 3D version,
odel P. The shock expands marginally faster in 2D, reaching

 s ∼ 1 . 9 × 10 4 km at 0 . 8 s after bounce. This model was calculated
or a long time ( � 9 s post bounce), reaching a maximum shock
adius of 4 . 1 × 10 5 km . The outflow can be moderately neutron-rich
 Y e ∼ 0.25), though less than in model S. Compared to model P, the
aximum ejecta entropy is slightly lo wer; ho we ver, also reaching

alues S > 100 k B / nuc and still larger than the maximum values of
ll other models. The explosion energy is with 6 . 6 × 10 51 erg at the
nd of the simulation also fairly high, as expected from the strong
agnetization in combination with the long simulation times. 

.2 Tracer particles 

he nucleosynthesis calculations are based on Lagrangian tracer
articles representing fluid elements of the unbound ejecta. We
ntegrate their equation of motion ∂ t � X = � v ( � X ), where � X is the
NRAS 518, 1557–1583 (2023) 
osition of a tracer particle and � v the velocity field on the simulation
rid. Our strategy differs from similar analyses in that we carry
t out after the MHD models rather than at run-time and perform
he integration backward in time instead of forward. This approach
as the advantage that it allows us to insert the tracers at the final
ime of the MHD simulation directly in the gravitationally unbound
e gions. That way, we achiev e a fine co v erage of the ejecta without
asting resources on fluid elements that in the end are not ejected.
he drawback of the method is that we have to store the velocity
eld with a sufficiently high cadence (in our case, every 1 ms), thus
onsuming a large amount of disc space (see Wanajo et al. 2018 ;
ieverding, M ̈uller & Qian 2020 ; Witt et al. 2021 , for a similar
pproach). The reliability of this method is tested in Appendix A . 

Due to the large computational domain (cf. r max , domain ∼ 7 . 7 ×
0 5 km with a stellar radius r ∗ ∼ 5 . 3 × 10 5 km ), no unbound matter
as left the domain at the end of the simulation. Therefore, we do
ot omit any ejected mass when placing the tracer particles at the
ast available time in each unbound cell. We say that matter in a
omputational cell is unbound when two conditions hold: that both
he total energy (i.e. internal, kinetic, magnetic, plus gravitational)
nd the radial velocity are positive. While the second condition
positive radial velocity) is not a necessary condition for unbound
jecta, it filters out fluid elements that fall back onto the central
bject (see footnote 1). We distribute the total mass of each cell, i.e.
he product of its density and volume, M cell = ρcell V cell , flagged as
nbound among a number n ptc0 of tracer particles placed at random
ositions in the cell (see e.g. Bovard & Rezzolla 2017 , for a discus-
ion of uncertainties arising from different initial placements of tracer
articles). By construction, each tracer represents a mass of M ptc0 =
 cell / n ptc0 . The number n ptc0 can vary between cells. It is determined

art/stac3185_f1.eps
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Figure 2. Histogram of the fraction of tracer particles as a function of their 
masses. 
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Figure 3. Upper panel: Maximum shock radii of different models versus time 
post-bounce. In addition to the models discussed within this work, also the 2D 

versions of model O and W are shown (Obergaulinger & Aloy 2017 ; Reichert 
et al. 2021a ). It is visible that 2D models tend to develop a larger maximum 

shock radius at similar times after bounce. Lower panel: Ejected mass of the 
different models (except models 35OC-RO and 35OC-Rw) as a function of 
the time post-bounce, distinguishing for each model matter whose maximum 

temperature is T max ≥ 7 GK (solid lines) or T max < 7 GK (dashed lines). The 
ejected mass of both components is growing until the end of the simulation. 
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y two conditions: each unbound cell has to contain at least two
racers and the mass of each tracer is limited to M ptc0 ≤ 10 −4 M �. In
ll models, most of the tracer particles have a mass less than 10 −6 M �
Fig. 2 ). Nishimura et al. ( 2015 ) have shown that this resolution is
ufficient to obtain a converged result of the nucleosynthesis. For 
5OC-Rp3 we set additional tracers into a fiv e de gree solid angle
round the symmetry axis (i.e. in the jet) to co v er better this low
ensity region. The amount of tracer particles is shown in Table 1 . 
We can vastly reduce the computational cost of the nucleosynthesis 

alculation by applying a binning procedure and only calculate repre- 
entativ e tracers. F or this we differentiate between hot ( T peak ≥ 7 GK )
nd cold ( T peak < 7 GK ) tracers. The bins of hot tracers are based on
ither the electron fraction and entropy at 7 GK . For cold tracers they
re based on their peak temperature and density. Our approach works
ecause similar hydrodynamic conditions will end up in similar final 
bundances (see Appendix B for further details and tests) and we 
atch all nucleosynthesis rele v ant conditions. We note that we still
se the spatial information of all tracer particles to enable a detailed
nalysis of the spatial distribution of the elements. 

.3 Nucleosynthesis 

o calculate the nucleosynthetic yields, we employ an upgraded 
ersion of the nuclear reaction network WINNET (Winteler et al. 2012 )
s in Reichert et al. ( 2021a ). We included 6545 nuclei up to Z = 111.
e used reaction rates from the JINA Reaclib database (Cyburt et al.

010 ). Furthermore, we include fission reactions as well as fragment 
istributions from P ano v et al. ( 2005 , 2010 ) and theoretical β-decay
ates and electron/positron captures at stellar conditions (Langanke & 

art ́ınez-Pinedo 2001 ). The latter reaction rates are exchanged for
xperimentally known ones that are included in the JINA Reaclib 
elow the temperature tabulation of Langanke & Mart ́ınez-Pinedo 
 2001 ) at T = 0 . 01 GK . Neutrino reactions on nucleons are included
s in Fr ̈ohlich et al. ( 2006 ), using the rate tabulation of Langanke &
olbe ( 2001 ). 
.4 Finding estimates of the final yields 

t is challenging and, to date, not possible to calculate sophisticated
D neutrino-MHD models for long enough (of the order of few tens
f seconds) that nucleosynthesis has ef fecti vely finished in a SN
 xplosion. F or the time computed in this work, the calculated ejected
ass (Table 1 ) is only a fraction of the total foreseeable ejected
ass of the event (see e.g. Harris et al. 2017 , for an o v erview of

ncertainties in state-of-the-art nucleosynthesis calculations). To get 
 more complete picture of the expected total yields of the explosions,
t is useful to split the ejected mass into a hot and a cold component,
epending on the maximum temperature reached during its evolution, 
 max (Fig. 3 ). 
Extrapolating the behaviour found in Fig. 3 , most of the subsequent

dditions to the ejecta mass will not reach 7 GK and therefore
ts composition will be dominated by light elements (i.e. lighter 
han iron, see also Fig. 4 ). Ho we ver, there is also a fraction of hot

atter still getting ejected until the end of the simulation even for
odel 35OC-Rp3, which was simulated up to t f, pb = 8 . 96 s. Since

his hot matter will still contribute significantly to create lighter 
eavy elements such as Fe, Ni, Zn, or even Sr, we shall estimate the
ontribution of this fraction of the ejecta too. 

In order for unbound matter to attain T max ≥ 7 GK, we anticipate
wo possibilities. When the shock mo v es outward, the post-shock
emperature decreases from abo v e this threshold to lower values.
hus, progenitor matter can only be shock heated to T max ≥ 7 GK
hile the shock is still deep inside the core. At later times, such
igh temperatures can be achieved if matter gets closer to the hot
NS, from where it may be re-ejected. To estimate the final yields,
MNRAS 518, 1557–1583 (2023) 
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Figure 4. Lower panel: Composition of the progenitor (35OC) from 

Woosle y & He ger ( 2006 ). Upper panel: Position of the ejecta outermost and 
innermost shock wave in the individual models. The two vertical lines indicate 
the minimum and maximum shock positions at the end of the simulations. 
Coloured regions ahead of the shock positions correspond to progenitor stellar 
matter, part off which will be ejected. 
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Figure 5. Mass fraction versus mass number for matter ejected during the 
last 100 ms before the neutrino-MHD simulation ends. 
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t is useful to recall that the progenitor is a rapidly rotating star.
ence, at a finite distance from the centre, the rotating stellar layers
osses sufficiently high specific angular momentum to circularize as
hey hit a centrifugal barrier in their nearly free falling (collapse)
rajectory. AO21 estimated this orbit to be located at M D ≈ 7 . 5 M �
nd j ∼ 10 17 cm 

2 s −1 at the equator (for model 35OC, the progenitor
f all models used here). This can be used to find a crude estimate
f the outermost mass shell in the star that may contribute to the hot
jecta. Inside M D , matter has insufficient angular momentum to form
n accretion disc. Thus, (a fraction of) these stellar mass shells may be
jected after having fallen close to the central object. The part of the
tar beyond M D might fall onto the central object, after assembling
n accretion disc. Ho we ver, our models develop successful (and
owerful) SN explosions, which make uncertain what fraction of the
ass abo v e M D may finally end up accreted onto the central object

and hence, not contributing to the ejecta). A more restrictive bound
an be obtained by the shock itself. We estimate if the shock is able to
rive matter outwards by the mass flux ahead and behind the shock, 

˙
 pre = 4 πr 2 ρpre v r, pre and Ṁ post = 4 πr 2 ρpost v r, post , (1) 

ith the density ρ and radial velocity v r ahead (pre) and behind the
hock (post). If Ṁ pre + Ṁ post > 0, matter will be pushed out by the
hock, even when it may not get unbound immediately. For each θ
nd φ direction we define three radii, r j ( θ , φ), r s ( θ , φ), and r u ( θ ,
). The radius r j is defined as the radius at which j = 10 17 cm 

2 / s
olds and r s is the shock radius. We define the radius r u as the radius
t which matter will most likely not be able to fall onto the central
bject, r u = min( r j , r s ). Thus, r u = r j if r j < r s or if the shock is
ot able to mo v e matter outwards in the sense as defined abo v e.
therwise, r u is set to the shock radius. Summarized, our ejecta is

plit into several groups: 

(i) Group 1: Ejecta that are unbound already during the computed
eutrino-MHD ev olution, i.e. ha v e positiv e energy and radial veloc-
NRAS 518, 1557–1583 (2023) 
ty. Matter in this group was followed by the tracer particles and
onstitutes the minimum amount of material that will be ejected. 

(ii) Group 2: Bound matter (i.e. ne gativ e total energy or radial
elocity) at the end of the simulation outside of the central object but
nside r < r u . We assume that this matter heats up to at least 7 GK ,
hus contributing to the hot ejecta. 

(iii) Group 3: Bound matter that is located at radii r > r u at the
nal time of the computed neutrino-MHD evolution. We assume that

his matter will be shocked and ejected. 
(iv) Group 4: Stellar wind that was ejected prior to the explosion.

he mass is given as the difference between the stellar mass at ZAMS
35 M �) and at collapse (28.1 M �). 

We stress that it is not guaranteed that the entirety of group 2
nd group 3 are ejected. A growing mass of the central object could
wallow large parts of the mass of the groups, especially if a BH
orms. Furthermore, we did not account for the gravitational binding
nergy of the outer shells from the total energy of each tracer for
he definition of group 1 and parts of this group may therefore be
ot ejected (see Bruenn et al. 2016 ). This effect may, however, be
omparably small. Our extrapolation, assuming that all gas in groups
 and 3 is ejected, should therefore be seen as a very optimistic case
f the entirety of groups get ejected. 

For group 1, we already obtained the nuclear composition via the
racer particles in the neutrino-MHD simulation. 

To obtain the composition of group 2, we assume that this matter
ill eventually be ejected similarly to hot matter that got ejected
uring the last 100 ms before the simulations end (Fig. 5 ). This
ssumption obviously has many weaknesses. For example, it cannot
e reliably applied to model 35OC-RsN, because the neutron-rich
jecta at the end of the simulation is not expected to continue for a
ong time (see the r-process pattern in Fig. 5 ). Additionally, model
5OC-Rp3 develops an almost stable downflow configuration which
xists until the end of the simulation. As a result, the estimated
mount of significantly heated material is huge ( ≈ 7.3 M �) and,
ost likely, an artifact of the symmetry assumption of this 2D-

xisymmetric model (see also Witt et al. 2021 ). 
For material that is located at radii that exceed r u (group 3), we cal-

ulate the shock temperatures and densities following Nadyozhin &
eputovich ( 2002 ). We assume the shock temperature to follow (e.g.
adyozhin & Deputovich 2002 ; Woosley, Heger & Weaver 2002 ) 

 s = 2 . 37 × 10 9 E 

0 . 25 
51 × R 

−0 . 75 
09 K, (2) 

ith the final explosion energy E 51 in units of 10 51 erg and pre
hock radius R 09 in 10 9 cm . Furthermore, the shock properties evolve
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Table 2. Post-shock calibration parameters of the different mod- 
els. The error is defined as the standard deviation from the 
parameter from all fitted tracer particles. 

Model εp εT εR 

W 1.04 ± 0.09 0.40 ± 0.17 0.95 ± 0.30 
O 1.14 ± 0.09 1.08 ± 0.33 1.12 ± 0.40 
P 0.81 ± 0.14 0.44 ± 0.44 0.42 ± 0.34 
S 0.55 ± 0.11 0.19 ± 0.11 0.31 ± 0.20 
35OC-Rp3 0.59 ± 0.11 0.15 ± 0.14 0.27 ± 0.19 
35OC-Rs N 0.54 ± 0.09 0.19 ± 0.40 0.16 ± 0.15 
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ignificantly on time-scales (Nadyozhin & Deputovich 2002 ), 

 u = 3 . 83 × 10 −3 ρ0 . 5 
0 × E 

−0 . 5 
51 × R 

2 . 5 
09 s , (3) 

here ρ0 is the density before shock arri v al. For a Lagrangian layer
rossed by the expanding shock, Nadyozhin & Deputovich ( 2002 ) 
btained a temperature, density, and radius evolution that follows 

 ( t) = 

T p 

1 + εT × t/t u 
, T p = εp T s (4) 

( t) = ρp 

(
T 

T p 

)3 

, ρp = 7 ρ0 (5) 

( t) = R 0 × (1 + εr t/t u ) , (6) 

ith εp , εT , and εr being parameters that we calibrate for each 
odel individually . Precisely , we fit the evolution of the temperature,

ensity and radial location of each ejected tracer particle that has 
een shocked by the expanding SN shock during the neutrino-MHD 

omputed time to the functional forms of equations ( 4 )–( 6 ) (the
ean value and standard deviation of all fits is given in Table 2 ). We

onfirmed that matter is indeed radiation dominated for most of the 
ensity range and γ = 4/3 and consequently ρp = 7 ρ0 is a reasonable
pproximation. Furthermore, we tested an extrapolation using γ = 

/3 and only find minor differences in the final abundances. With 
hese Lagrangian evolutions we account for the mass located outside 
he shock by calculating a typical evolution for each radius, using the
nitial composition in mass coordinates of the progenitor. For E 51 we 
ake the diagnostic explosion energy at the end of the neutrino-MHD 

imulation as given in Table 1 . 
To test our extrapolation, we calculated total ejected yields as 

escribed abo v e for model 35OC-Rp3 after different times from 1 s
o 9 s in 0 . 5 s steps using the same fitting parameters as in Table 2 .
or elements dominantly ejected within group 3, namely the α- 
lements such as 16 O, 20 Ne, or 24 Mg the extrapolated values agree 
ithin ∼30 per cent for all tested times. For extrapolations after 3 s
ost-bounce, the y ev en agree within ∼3 per cent. The extrapolated
ields of 44 Ca and 56 Fe that are mainly produced within group 2
gree within a factor of ∼2. Heavier elements with 90 � A � 130 are
onverged within a factor of 10. Again, the estimate gets significantly 
etter for t > 3 s after which the extrapolated values agree within a
actor of 2. For these heavier elements, we tend to estimate higher
jected masses for extrapolations at earlier times. This is expected as
he electron fraction of the ejected matter mo v es to more symmetric
onditions at later simulation times while our estimate is based on the
istribution of the last 100 ms . This tends to favor more neutron-rich
onditions in the extrapolation. Elements heavier than A � 130 show 

 bad agreement within 2 mag only. 
We are aware that our estimates are very crude. They are aimed to

tress that the amounts of nucleosynthetic yields computed until t = 

 f are lower bounds of the final products in our models. Our treatment
ompletely neglects the presence of reverse shocks. Furthermore, the 
otal yields strongly depend on the final fate of the central object.
n the case of models O and W, the PNS may collapse to a BH as
his happens in the 2D version of O and even when not happened
o far, it is also expected in the 2D version of W (see AO21 for a
iscussion of BH formation). In this case, a major fraction of the
nflowing matter will be accreted by the central BH. Contrary, more
aterial from a later forming accretion disc may get unbound (e.g.

y viscous effects) and might also synthesize heavier elements (the 
jecta of a so-called collapsar, for which a still ongoing discussion
 xists; MacF adyen & Woosley 1999 ; Surman & McLaughlin 2004 ;
cLaughlin & Surman 2005 ; Surman, McLaughlin & Hix 2006 ;

ujimoto, Nishimura & Hashimoto 2008 ; Siegel, Barnes & Metzger 
019 ; Miller et al. 2020 ; Siegel et al. 2021 ; Just et al. 2022a ). Within
he scope of our work, we can not estimate the conditions of material
rom a collapsar as detailed simulations would be required. 

Nevertheless, our treatment gives a rough estimate of the potential 
f the models to still synthesize material as, e.g. 56 Ni and other unsta-
le isotopes further discussed in Section 3.4 . Such an extrapolation
s important to shed light into the question whether MR-SNe can be
andidates for HNe or SL-SNe. 

 RESULTS  

.1 Ejecta composition 

he yields, as shown in the final composition of the ejecta in Fig. 6 ,
ary considerably among our models, with stronger initial magnetic 
elds leading to heavier elements. The most magnetized models 
, 35OC-Rs N , 35OC-Rp3, and to some extends also S, synthesize
lements up to the third r-process peak ( A ∼ 200), while models with
eaker magnetization only reach the second r-process peak (O) or 

he first peak (W). 
Fig. 7 shows the o v erproduction factor of isotopes, X ∗/ X �, i.e.

he ratio between the mass fraction in one of our models, X ∗, and
he solar value, X �. The o v erproduction factor is shown for the
ower bound of the ejecta (i.e. group 1, see Section 2.4 ). Individual
sotopes of one element are connected by lines. Positiv e/ne gativ e
lopes of the lines indicate that a model fa v ors the production of more
eutron-/proton-rich isotopes compared to the Sun. Most models 
opulate more neutron-rich isotopes (e.g. Ti); ho we ver, model W is
n exception. There, the isotopic ratios are more similar to the sun
i.e. flatter, e.g. Kr). Furthermore, for elements heavier than Sr such
s, e.g. Zr, Mo, and Ru more proton-rich isotopes are synthesized for
his model. This o v erproduction factor is caused by more proton-rich
onditions compared to the other models (cf. Fig. 1 ). Complete tables
f the ejecta composition can be found in Appendix D . 

.2 Comparison of 2D and 3D models 

ased on Fig. 8 , we discuss the differences in the nucleosynthesis
etween 2D and 3D models. Most of our 3D models show a signature
f saturation of the explosion energies already by the final simulation
imes (and note that 3D models are computed for shorter post-bounce
imes than 2D ones). Contrarily, the explosion energy within the 2D

odels grows continuously with simulation time. Eventually, we 
xpect that 2D models will reach a higher explosion energy. Model S
s an exception to this behaviour as it does not show any saturation in
D and the explosion energy grows faster than in its 2D counterpart.
or a deeper discussion of the impact of the dimensionality on the
ynamical evolution, see Obergaulinger & Aloy ( 2020 , 2021 ), Bugli
t al. ( 2021 ), and AO21 . We want to stress that the differences
etween 2D and 3D models discussed here are not only influenced
MNRAS 518, 1557–1583 (2023) 
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Figure 6. Final ejected masses as a function of mass number for the 
indi vidual models. Lo wer lines represent the ejecta mass contained in the 
Lagrangian tracer particles (group 1, see Section 2.4 ). Shaded red regions 
indicate the potential contribution of significantly heated material after the 
simulation has ended (group 2, except for model 35OC-Rs N , see text). Shaded 
c yan re gions show the contribution from later shocked material (group 3). The 
contribution of the stellar wind is indicated as grey region. 
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y the assumption of axisymmetry, but also by different resolutions
n the simulation setups (see Section 2.1 ). We expect the effects of
ifferent resolutions to be relatively minor, but a more detailed study
ill be necessary in the future. 
Within our models, we observe general features in between 2D

nd 3D models. For instance, 2D models hosts a much more
ollimated jet cavity compared to 3D models (Fig. 9 and 10 ). The
ifference is larger for a weaker magnetization and becomes less
or stronger magnetizations. Connected to this, the maximum shock
adius develops, as a tendency, faster in 2D (Fig. 3 ). The ejected
ass, ho we ver, is lo wer at times with similar maximum shock radii.
dditionally, 2D models seem to produce conditions for a more
roton-rich jet. When analysing this phenomena in more detail, we
isco v ered a potential correlation between the shape of the PNS
nd the proton-rich jet. A more oblate PNS leads to an increased
eutrino flux on the rotational axis and, as a consequence, to larger
lectron fractions. Even though not impossible in full 3D models,
his effect is more common and amplified within 2D axisymmetric
odels (Fig. 10 ). 
The weakly magnetized model W explodes more spherical in 3D

ompared to its 2D counterpart (Fig. 9 ). Most strikingly, compared
o the 3D model, a lower electron fraction component ( Y e < 0.5)
NRAS 518, 1557–1583 (2023) 
s present. We note that this component is not located in the jet
hat is in both cases (2D and 3D) proton-rich (see Fig. 10 for a
napshot at similar maximum explosion radii). From a nucleosyn-
hesis perspective, the differences between 2D and 3D are small for
lements around iron. Ho we ver, there are significant differences in
he amount of lighter elements ( A � 40). The lower yields in 3D
re related to two reasons. The first is the shorter evolution time of
he 3D model, ending at a final time t f, pb = 1 . 13 s compared to the
D version ( t f, pb = 2 . 5 s), i.e. while the ejection of these elements is
till ongoing. A second possible reason are different conditions for
 xplosiv e nucleosynthesis owing to the different shapes of the shock
left-hand panel of Fig. 9 , see also OA21 ). 
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Figure 8. Comparison between the nucleosynthetic yields of 2D axisymmet- 
ric and full 3D versions of different models as indicated in each panel. Blue 
and green lines are models calculated within this work, whereas orange lines 
refer to 2D models presented in Reichert et al. ( 2021a ). The yields are shown 
for our lower limit, i.e. the yields obtained by the tracer particles (group 1, 
Section 2.4 ). 

Figure 9. Surface containing the unbound ejecta of models 35OC-Rw, 
35OC-Rs (2D axisymmetric), W, and S (full 3D). The models are shown at 
0 . 46 s, 1 . 45 s, 1 . 13 s, and 1 . 17 s post bounce, respectively. These times were 
chosen to obtain similar outermost shock positions of 2D and 3D models. 
The 2D and 3D version of model W de velop a dif ferent geometry, while the 
strongly magnetized model S is similar to its 2D counterpart. 
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Heavier elements ( A > 100) are e xclusiv ely synthesized in the 2D
odel 35OC-Rw (Fig. 8 , see also Reichert et al. 2021a ), but not the

D model W. As discussed in Reichert et al. 2021a and AO21 , the
ynthesis of these nuclei is related to a change in the shape of the PNS
ue to angular momentum transport of the magnetic field at very late
imes ( ∼ 2 s). The simulation of the 3D model (W) only reached a
uch earlier time. Although a similar effect cannot be excluded after 

he end of the simulations, the evolutionary path to it are too specific
o deem it very likely. 

Similarly to the case of models W and 35OC-Rw, the shorter
imulation time of model O causes an underproduction of lighter 
uclei compared to the axisymmetric version 35OC-RO. In 3D, lower 
eutrino luminosities and shorter ejection time-scales lead to more 
eutron-rich ejecta containing a component ejected early on that 
as an electron fraction Y e ≈ 0.4 when dropping out of NSE at
 = 7 GK . 
The strongly magnetized models 35OC-Rp3 and P evolve fairly 
imilarly to each other. There are slight differences and the 2D model
osts more extreme (low and high) electron fractions. Also this model 
hows a slightly larger collimation in 2D compared to 3D (Fig. 10 ).
n the southern hemisphere, the 3D model develops a significantly 
ider beam of proton-rich matter, nearly absent in the 2D model. The

ombined effects of resolution and enforced axial symmetry drive 
 more intermittent jet beam in 2D than in 3D. This intermittency
esults from the strong pinching that the toroidal field drives in axial
ymmetry. Ho we ver, the nucleosynthetic fingerprint is qualitatively 
lmost identical. In both models, heavier elements up to the second
-process peak are synthesized by slightly neutron-rich material with 
 e ∼ 0.4. Both models reach maximum entropies of the order of
 100 k B for a small portion of matter ( ∼ 10 −4 M �). 
Among the three versions of the strongest magnetized model, the 

D model S and the 2D model 35OC-Rs from Obergaulinger & Aloy
 2017 ); AO21 and OA21 agree well for elements up to the second
-process peak, while abundances of heavier elements are lower in 
he 3D model. In both models, these elements are located in the
ets, whose dynamics does not differ much between 2D and 3D. In
articular, we do not observe the development of non-axisymmetric 
ink instabilities which have the potential to reduce the neutron 
ichness of the jet (M ̈osta et al. 2014 ; Kuroda et al. 2020 ). Ho we ver,
e also observe a slower shock expansion in 3D compared to 2D

Fig. 11 , see also Obergaulinger & Aloy 2020 ). The faster expansion
 elocity will driv e matter faster a way from the (anti-)neutrino
mitting central PNS. Typical neutrino properties in our simulation 
re luminosities of L νe 

� 5 · 10 52 erg s −1 , L ν̄e 
� 6 · 10 52 erg s −1 and

ean energies of E νe 
� 10 MeV and E ν̄e 

� 13 MeV . When radiating
atter with these neutrino properties until an equilibrium is reached, 

n electron fraction of Y e ∼ 0.52 is obtained (e.g. Qian & Woosley
996 ; Arcones & Thielemann 2013 ; Martin et al. 2018 ; Miller et al.
020 ; Just et al. 2022b ). Even though matter will not come into this
quilibrium state, it gives an idea that it can be beneficial for neutron-
ich conditions to a v oid neutrinos. The neutrino flux decrease with
he radius squared. Matter that expands fast will therefore be less
rradiated by neutrinos than slower expanding matter. This ultimately 
eads to a slightly lower electron fractions and an r-process in 2D,
hile the 3D model S is slightly more proton-rich and is therefore
ot able to host a strong r-process. With a minimum electron fraction
f Y e ∼ 0.23 (at 7 GK ) the 3D model is ho we ver at the edge of
ynthesizing also a larger amount of third r-process peak elements. 
or this, a minimum of Y e ∼ 0.20 would be necessary. There are
ifferences in abundances for A � 70 between the 2D models 35OC-
s N and our previous model in Reichert et al. ( 2021a ) because of the

onger evolution/simulation time. In model 35OC-Rs N , there is an 
jection of very neutron-rich matter at the end of the simulation due
o a change of the PNS morphology (see also Fig. 5 ). This late-time
ffect did not develop at the final time of our previous model and
ill be discussed in more detail in the next section (Section 3.3 ).
o we ver, also without this effect, the 2D model shows a much

ower electron fraction compared to the respective 3D counterpart 
Fig. 10 ). 

Summarizing, we find no universal tendency how the dimension- 
lity impacts the nucleosynthesis. While the 3D version of model 
 is more neutron-rich and synthesizes heavier elements, model S 

s less neutron-rich and lacks nuclei of the third r-process peak.
e note that 2D models will stay an important tool to trace long-

ime effects on the nuclear yields (see the case of model 35OC-
w, Reichert et al. 2021a ) as 3D models are at the moment still
omputational too e xpensiv e to calculate for the necessary long
imes. 
MNRAS 518, 1557–1583 (2023) 
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Figure 10. Comparison of the electron fraction between 2D and 3D models. The left-hand panels show a snapshot of the 2D models, the right-hand panels an 
average of the electron fraction over all φ angles in the 3D models. The time of each of the snapshots is selected so that the 2D and 3D versions of the same 
model reach similar maximum shock radii. We note that an average in the case of the 3D model will blur the minimum and maximum electron fractions. 

Figure 11. Electron fraction of model 35OC-Rs (left-hand panels) and of a 
vertical slice of model S (right-hand panels) at different times after bounce. 
Model 35OC-Rs expands faster and therefore maintains more neutron-rich 
conditions compared to model S. 
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Figure 12. Mass fractions and several hydrodynamic quantities of three 
representative tracer particles from simulations 35OC-Rs N (prompt and PNS- 
shape) as well as 35OC-Rp3 (high entropy). The time is relative to the start of 
the nucleosynthesis calculation at 7 GK , which corresponds to 0 s (prompt), 
2 . 48 s (PNS-shape), and 1 . 58 s (high entropy) after bounce. All tracer particles 
host the conditions for a successful r-process. The corresponding neutron-to- 
seed ratios at 3 GK are 48 (Prompt), 90 (PNS-shape), and 73 (high entropy). 
Dashed lines indicate extrapolations of the respective quantity, assuming 
adiabatic (i.e. constant entropy) expansion. The actinides ( A > 220) are only 
synthesized within the late ejection that is caused by a reconfiguration of the 
PNS (cyan diamonds). 
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.3 The synthesis of heavy elements 

our of our models (35OC-Rp3, P, 35OC-Rs N , and S) synthesize
uclei with nuclear masses beyond the second r-process peak ( A �
30). All these models have the same stellar evolution pre-supernova
tar in common, but with a larger poloidal magnetic field strength than
n the original 35OC-RO/O models. Hence they all yield powerful
agneto-rotational explosions. The r-process occurs in three envi-

onments: (i) prompt ejection of matter directly after core-bounce, (ii)
ate ejection due to changes of the shape of the PNS, and (iii) ejection
f high entropy material in the jet (for a brief discussion about proton-
ich ejecta see Appendix C ). As we describe in the following, the
onditions and final abundances (Fig. 12 ) for the three cases can
e very different. Indeed, not all these processes may develop in
ll models. Specially, process (ii) may be quite stochastic and very
uch dependent on the evolutionary details of the PNS. Interestingly,

he key for mechanism (i) to yield heavy elements is that matter
ouncing from the inner stellar core is not halted due to a prompt
hock stagnation. This is easier to achieve if a very early magneto-
otational explosion drives a quick supernova shock expansion. If the
hock stagnates relatively close to the PNS (where the temperatures
NRAS 518, 1557–1583 (2023) 
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Figure 13. Colour coded is the electron fraction in the centre of model 
35OC-Rs N at four different times (post-bounce). The white, dashed lines are 
density contours at 10 9 , 10 10 , and 10 11 g cm 

−3 . The reconfiguration of the 
PNS shape leads to the ejecta of neutron-rich material on short time-scales. 
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Figure 14. Left: Contours of the entropy per baryon for model P at the 
end of the simulation ( t pb = 1 . 8 s). Right: Mass fractions of nuclei with A > 

150. In the right plot, the contours were smoothed with a Gaussian filter for 
improving the visualization. A clear correlation between heavier synthesized 
elements and high entropy regions is visible. 

w  

r  

e  

m
a  

a  

u  

(  

i  

t  

a

l
h
I  

a
d
w  

W  

M  

R  

t  

r  

d  

c  

p  

c  

r  

w
a  

(  

a
r  

t
U
l  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/1/1557/6807475 by U
niversity of Basel user on 09 February 2023
till allow for NSE conditions), the intense (anti-)neutrino flux raises 
 e and hampers the production of r-process elements from matter 
ouncing from the inner stellar core (see below). 
A critical factor for a successful r-process is the number of free

eutrons available per seed nucleus ( A > 4), which can capture the
eutrons. The corresponding ratio is known as neutron-to-seed ratio 
efined as 

 = 

Y n ∑ 

A> 4 Y A 

, (7) 

here Y n is the abundance of neutrons and Y A the abundance of nuclei
ith mass number A . If matter is ejected promptly after bounce, there

s short time for neutrinos to modify Y e and, thus, it stays very low,
.g. in model 35OC-Rs, we find Y e ∼ 0.2–0.3 (Reichert et al. 2021a ).
nce NSE conditions do not hold anymore, the low Y e leads to a
oderate neutron-to-seed ratio of about ∼50 (at 3 GK ). The resulting

-process synthesizes matter up to the third r-process peak. Ho we ver,
e do not find significant production of the heaviest nuclei ( A >

30), the actinides (Fig. 12 , cf. Reichert et al. 2021a ). 
At later times ( t pb � 2 . 45 s), even more neutron-rich matter gets

jected in model 35OC-Rs N . Its origin is a drastic change in the PNS
hape, and it corresponds to the mechanism (ii) mentioned at the 
eginning of the section. Around t pb = 2 . 5 s the magnetic pressure
nd angular -momentum redistrib ution transform the PNS into a torus
ike object with an off-centre density maximum (see AO21 , and 
ig. 13 ). The new configuration has a lower mass than the PNS.
he mass difference of a fraction of a solar mass of neutron-rich
as is ejected within a few milliseconds. We note that this process
equires special conditions. Whether it can occur also in 3D remains 
o be investigated. So far, the 3D counterpart of model 35OC-Rs N 
model S) has not been evolved long enough to corroborate the 
forementioned mechanism. 

Since the ejection of this matter occurs at the very end of the
imulations, our results for the nucleosynthesis may depend to a 
ignificant degree on the assumptions made in the extrapolation of 
he hydrodynamic quantities (dashed lines in Fig. 12 , see also Harris
t al. 2017 ), in particular the e xpansion v elocity. We e xplored the
mpact on the final yields caused by the choice of velocities and
l w ays find a production of elements up to the third r-process peak,
ith only slight variations of the second to third r-process peak
atio with slightly lower masses of third peak elements for slower
 xpansion v elocities. We note that also the neutrino transport (M1)
ay cause uncertainties in the dynamics of this neutron-rich outflow 

s it is not able to treat the crossing beams at the rotational axis in
n optically thin region (similar to the problems that occur when
sing M1 in an accretion disc hydrodynamic model; see Chan et al.
 2021 ) for a recent discussion of the limitations of the M1 method
n such a situation.) Due to the high neutron-to-seed ratios of ∼100,
his part of matter even reaches the heaviest synthesized nuclei, the
ctinides (cyan diamonds in the upper panel of Fig. 12 ). 

Alternatively, high neutron-to-seed ratios can be obtained in 
ess neutron-rich environments when the entropy is sufficiently 
igh (mechanism iii) mentioned at the beginning of the section). 
n NSE, high entropy material has an excess of nucleons (protons
nd neutrons) compared to heavier elements. Once the temperature 
rops during the expansion, NSE conditions eventually break down 
ith a high neutron-to-seed ratio (Meyer 1994 ; Woosley et al. 1994 ;
heeler, Cowan & Hillebrandt 1998 ; Freiburghaus et al. 1999 ;
eyer 2002 ; Thielemann et al. 2017 ). In the jets of models 35OC-
p3 and P we find S � 100 k B / nuc (Fig. 14 ). This high entropy leads

o large neutron-to-seed ratios of ∼70 and elements up to the third
-process peak can be synthesized (Fig. 12 ). The yield is thereby
ominated by heavy nuclei ( A � 120) and, in contrast to the other
hannels of r-process nucleosynthesis, by a high mass fraction of free
rotons (visible at A = 1, upper panel of Fig. 12 ). We stress that this
hannel is only able to synthesis heavy elements for slightly neutron-
ich conditions. If the electron fraction is Y e ≥ 0.5, no heavy elements
ill be synthesized. The necessary high entropies are not common 

mong our models. They can develop in the inner regions of the jet
the jet beam) when the magnetic structure of the jet is supported by
 core of uniform electric current with radius ˜ ω m 

(the magnetization 
adius; Lind et al. 1989 ; Komissarov 1999 ; Leismann et al. 2005 ), and
he jet beam is in approximate transverse hydromagnetic equilibrium. 
nder these conditions, the toroidal magnetic field grows roughly 

inearly with distance to the rotational axis until ˜ ω = ˜ ω m 

, and then
MNRAS 518, 1557–1583 (2023) 
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Table 3. Yields of radioactive nuclei for different models. The subscript l denotes a lower limit as calculated within our models and the subscript e denotes 
our estimate of the final yields as outlined in Section 2.4 . The yields are taken at one tenth of the half life of the radioactive nucleus. 

Model M( 26 Al) l M( 26 Al) e M( 44 Ti) l M( 44 Ti) e M( 56 Ni) l M( 56 Ni) e M( 60 Fe) l M( 60 Fe) e M( 56 Ni) l /M( 44 Ti) l 
[10 −7 M �] [10 −7 M �] [10 −5 M �] [10 −5 M �] [10 −2 M �] [10 −2 M �] [10 −3 M �] [10 −3 M �] [ × 10 3 ] 

35OC-Rp3 21.0 31.4 20.0 521.7 11.3 97.3 3.1 208.5 0.57 
35OC-Rs N 8.1 – 4.3 – 7.5 – 1.7 – 1.74 
P 6.2 15.6 4.2 37.4 3.3 20.8 5.5 11.8 0.79 
O 0.4 5.3 0.9 4.9 1.7 10.2 1.2 5.6 1.89 
W 0.1 2.5 1.1 4.6 2.2 14.4 0.1 0.1 2.00 
S 16.5 16.5 5.9 17.1 10.5 24.8 2.8 8.4 1.78 
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alls as 1 / ̃  ω , producing strong pinching (see e.g. Leismann et al.
005 ). The magnetic pinching yields a high pressure in a region
hich has lower density than the layer surrounding it, and hence

ises significantly the entropy per baryon. The effect is larger when
he average beam magnetization grows and the toroidal magnetic
eld is stronger than the poloidal one. This explains that this channel
oes not develop in models S, 35OC-Rs, or 35OC-Rs N , since in these
odels the poloidal field is close to equipartition with the toroidal
eld, and the pinching is not as ef fecti ve. The amount of r-process
aterial ejected via this mechanism is only a small fraction of the

otal ejecta and adds up to a total of 10 −8 –10 −7 M � for models
5OC-Rp3 and P (Fig. 6 ). While the masses of individual packages
f r-process matter ejected by this mechanism may be small, unsteady
utflows can create the necessary conditions repeatedly, each episode
resumably adding to the total r-process yields. In the case of model
, the total extrapolated value (see Section 2.4 ) reaches by the end of
he simulation up to about a few 10 −6 M �. 

.4 Radioacti v e isotopes 

adioacti ve isotopes po wering to a large degree the electromagnetic
mission of SNe play a crucial role in observations related to SN. For
xample, to classify a SN as HNe one usually uses the explosion en-
rgy and the amount of synthesized 56 Ni (Nomoto et al. 2006 , 2013 ).
n addition to this radioactive isotope, we also investigate the syn-
hesis of 44 Ti whose decay is directly observable in young supernova
emnants (Grebenev et al. 2012 ; Seitenzahl, Timmes & Magkotsios
014 ). Furthermore, the radioactive elements 26 Al and 60 Fe can be
etected in the interstellar medium (see e.g. Diehl et al. 2021 ; Diehl
021 , for recent re vie ws) or in sediments of the ocean crust on Earth
e.g. Wallner et al. 2016 ; Ludwig et al. 2016 ). In Table 3 , we give
he yields of these radioactive elements at the end of the simulation
nd our estimated extrapolated values according to Section 2.4 . 

The main contribution of a CC-SN to 26 Al originates from
ydrostatic burning in the hydrogen layer of the progenitor star before
he e xplosion. F or this production channel, the amount of 26 Al may
each masses of the order of 10 −4 M � (Karakas 2010 ; Doherty et al.
014 ; Brinkman et al. 2019 ; Diehl et al. 2021 ). The data available for
ur progenitor model (35OC; Woosley & Heger 2006 ) contain only
 reduced set of abundances and does not include information about
6 Al (Fig. 4 ). Therefore, our calculated 26 Al yields only reflect the
ontribution from e xplosiv e burning. Until the end of the simulation,
one of our models reaches significant 26 Al masses compared to
hat usually is produced during hydrostatic burning. The production
f 26 Al in e xplosiv e environments requires symmetric or proton-
ich conditions with moderate entropy (e.g. Magkotsios, Timmes &

iescher 2011 ) that we mainly find in the proton-rich jet (Fig. 15 ).
o we ver, 26 Al can also be synthesized during explosive burning with

ow peak temperatures (2 GK � T peak � 3 GK ). The sudden ejection
NRAS 518, 1557–1583 (2023) 
f 26 Al at t pb ∼ 0 . 9 s in model S (Fig. 16 ) is caused by e xplosiv e burn-
ng in the Oxygen–Neon layer. There, 26 Al can be produced via the re-
ction 23 Mg( α, p) 26 Al and to smaller extends also via 25 Mg(p, γ ) 26 Al.

60 Fe is thought to originate from neutron captures in the conv ectiv e
nvelope during the hydrostatic burning in the progenitor, which is
ater ejected during the explosion, or in e xplosiv e burning inside the
e- or C- shell (e.g. Limongi & Chieffi 2006 , 2012 ; Woosley & Heger
006 ; Maeder & Meynet 2012 ; Thielemann et al. 2018 ; Jones et al.
019 ; La wson et al. 2022 ). Pre-e xplosion winds of the AGB stars only
lay a minor role for the total ejecta mass (Brinkman et al. 2021 ; Diehl
t al. 2021 ). The total ejected yields of a canonical SN may reach up
o 10 −4 M � (Diehl et al. 2021 ). Similar to 26 Al, we only trace 60 Fe
hat is synthesized in e xplosiv e conditions via neutron captures. Due
o the neutron-rich conditions in our models, they eject a considerable
mount of this radioactive element of the order of a few 10 −3 M � (c.f.
o ∼ 10 −5 M � or lower in the innermost ejecta of classical CC-SNe

anajo et al. 2018 ). Because the synthesized abundances of 60 Fe
ithin our simulation are an order of magnitude higher than the ones

xpected by hydrostatic burning, we conclude that nucleosynthesis
uring e xplosiv e burning dominates the total yields for all of our
odels except possibly model W. Such high yields offer the potential

f detecting 60 Fe not only as a diffuse isotope in the ISM, but future
elescopes could also detect MR-SNe as point-like sources for a
alactic event (Woosley 1997 ; Diehl et al. 2021 ). Remarkably, even
ot extremely magnetized models such as model O synthesize a
onsiderable amount of 60 Fe ( � 10 −3 M �). Under NSE conditions,
he synthesis of 60 Fe requires a very specific neutron richness, which
s approximately the proton to baryon ratio of the nucleus itself
 Y e ≈ 26/60 ≈ 0.43). Any positive or negati ve de viation from this
atio leads to a reduction of the 60 Fe yields (see also Wanajo et al.
018 ; Jones et al. 2019 ). This is especially visible when comparing
he electron fraction of model P (third panel, top row in Fig. 1 )
ith the corresponding 60 Fe density (third panel, bottom row in
ig. 15 ). There are neutron-rich conditions in both hemispheres, north
nd south. Ho we v er, in the northern hemisphere there are too man y
eutrons to synthesize 60 Fe and most of the 60 Fe is synthesized in the
ess neutron-rich southern hemisphere. The 60 Fe/ 56 Fe ratio exceeds
0 −2 for all models except for the more proton-rich model W. This is
6 orders of magnitude higher than the ratio in the early solar system

Trappitsch et al. 2018 ) or ∼3 orders of magnitude higher than in the
if fusi ve ISM background, which agrees with the predicted ratio of
lassical CC-SNe (Diehl 2013 ; Sukhbold et al. 2016 ; Austin, West &
eger 2017 ; Wang et al. 2020 ; Brinkman et al. 2021 ). 
In our models, we find total 44 Ti ejecta between ∼10 −5 and

0 −4 M � (for our lower limits) and even up to 5 × 10 −3 M � for the
xtrapolated value of model 35OC-Rp3. The yields are in the range
f reported values of SN1987A (5 . 5 × 10 −5 M �, Seitenzahl et al.
014 ) and Cas A (1 . 3 × 10 −4 M �, Wang & Li 2016 ). 44 Ti is mostly
roduced in high entropy and symmetric or proton-rich conditions,
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Figure 15. Spatial distribution of the unstable isotopes 26 Al (first row), 44 Ti (second row), 56 Ni (third row), and 60 Fe (last row) within unbound matter. The 
blue surface encloses all unbound matter in each model up to the represented time (i.e. matter unbound up to, approximately the SN shock). The northern and 
southern octants are cut and a surface perpendicular to the equatorial plane is displayed to visualize the nuclear yields spatial distribution. The mass fraction of 
these isotopes was taken at one-tenth of their half life, but the position of the tracers was taken at the simulation time t pb = 0 . 80 s, 1 . 13 s, 0 . 63 s, and 0 . 40 s for 
models O, W, P, and S, respectively. 
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Figure 16. Mass of ejected unstable isotopes 26 Al, 44 Ti, 56 Ni, and 60 Fe 
versus time after bounce. The ejecta mass of all unstable nuclei is still growing. 
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Figure 17. Estimated 56 Ni masses of different superno vae v ersus their 
ZAMS mass. Hypernovae are indicated as red diamonds, faint supernovae 
as green diamonds, and re gular superno vae as black diamonds. Data is taken 
from Nomoto et al. ( 2013 ). Light grey diamonds shows data by Hamuy 
( 2003 ). We assumed the ejected mass of the SNe given in Hamuy ( 2003 ) as 
lower limit for the ZAMS mass of the star. The uncertainty of our models 
is represented by the range between the extrapolated (circles) and the lower 
limits (triangles). The ejected 56 Ni of our models is roughly compatible with 
observations of HNe. The plot is inspired by Nomoto et al. ( 2006 , 2013 ). 
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nd it is therefore located in the high entropy jet and at the shock
ront of the more magnetized models, while it is more uniformly
pread within the ejecta of the least magnetized model W (Fig. 15 ). 

Because of its half-life of ∼ 6 d and that of its daughter isotope
6 Co of ∼ 77 d, the decay of 56 Ni contributes significantly to the
ightcurve of SNe. Huge amounts of 56 Ni ( ∼ 0 . 1 − 1 M � for a
5 M � ZAMS mass progenitor like ours) may even produce HNe
see Fig. 17 and Nomoto et al. 2006 , 2013 ). Estimated 56 Ni masses
f SNe associated to long gamma-ray bursts are of comparable
agnitude (0 . 18 ± 0 . 01 M �; Izzo et al. 2019 ). At the end of the

espective simulation, only models 35OC-Rp3, 35OC-Rs N , and S
each comparable and large yields of 56 Ni, namely ∼ 0 . 08 − 0 . 11 
 � (see Table 3 ). Ho we ver, nucleosynthesis is still ongoing in all

ur models. In Table 3 we provide both the yield masses computed
ntil the end of the neutrino-MHD evolution and their extrapolated
alues according to the methodology of Section 2.4 . Noteworthy,
or some of the models mentioned abo v e (35OC-Rp3 and S), the
xtrapolated 56 Ni is ∼ 0 . 25 − 1 M �. Even the weakly magnetized
odels W and O may produce sufficient 56 Ni to be possible HN

andidates (Fig. 17 ) according to our extrapolation method. The
ate-time synthesis of 56 Ni may cease, whenever a BH forms, which
ccurs (or it is expected to happen) in the simulations of AO21 of
he 2D counterparts of models O (35OC-RO) and W (35OC-Rw).

hether or not it also happens in 3D requires longer simulation
imes than we could afford in the present models. In the case of
lack-hole formation, the final yields would be much closer to the
alues computed without extrapolating the neutrino-MHD results
NRAS 518, 1557–1583 (2023) 
see Table 3 ). The low mass yields are compatible with regular (i.e.
o HNe) CC-SNe (e.g. 7 × 10 −2 M � for SN1987A, Seitenzahl et al.
014 or between 5 . 8 − 16 × 10 −2 M � for Cas A, Eriksen et al. 2009 ).
o we ver, the 56 Ni yields are already too high to be classified as faint
N (Fig 17 ). The spatial distribution of 56 Ni is similar to the one
f 44 Ti (Fig. 15 ), i.e. it is located within the jet and at the shock
ront. The amount of 56 Ni that got liberated through the funnel of
he jet hereby contributes at maximum to only � 15 per cent of all
he created Nickel. Consequently, most of 56 Ni is synthesized at the
hock front. Therefore, the amount of 56 Ni broadly correlates with
he explosion energy also in MR-SNe, extending the relation found
or ordinary supernovae (e.g. Maeda & Nomoto 2003 ; Nomoto et al.
013 ; Chen et al. 2017 ; Nomoto 2017 ; Suwa, Tominaga & Maeda
019 ; Grimmett et al. 2021 ). 
The ratio of 44 Ti to 56 Ni has been proposed as a diagnostic of

he entropy in SNe (Nagataki et al. 1997 , 1998 ; Vance et al. 2020 ;
ato et al. 2021 ). High entropy environments are characterized by a

arger fraction of matter undergoing an α-rich freezeout and, hence,
 larger amount of 44 Ti is indicative of high entropy conditions.
ur models span a wide range of entropy, with the higest values

or models 35OC-Rp3 and P. This is directly reflected in their low
( 56 Ni)/M( 44 Ti) < 10 3 ratios (see Table 3 ), while all other models

ave larger ratios ( � 1.7 × 10 3 ). 

.5 The nucleosynthesis of zinc 

n addition to their large explosion energy of ∼ 10 52 erg and their high
jected Ni mass of M( 56 Ni ) > 0 . 1 M � many studies suggest that HNe
ay also eject a substantial amount of zinc (e.g. Umeda & Nomoto

002 ; Kobayashi et al. 2006 ; Tominaga et al. 2007 ; Barbuy et al.
015 ; Nishimura et al. 2017 ; da Silveira et al. 2018 ; Hirai et al. 2018 ;
sujimoto & Nishimura 2018 ; Ezzeddine et al. 2019 ; Grimmett et al.
020 , 2021 ; Yong et al. 2021 ). Our models have 1/10th of the solar
etallicity and thus differ from the interesting case of very metal-

oor environments. Nevertheless, the fact that Zn is predominantly
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roduced in hot environments that reach NSE conditions and thus 
ose memory of the progenitor composition makes our results 
pplicable for the low metallicity case, too. As a consequence, we 
nvestigate if our models can explain a high [Zn/Fe] ratio similar to
hat can be observed in the atmosphere of old stars. The ejected

mount of Zn lies between 1 × 10 −2 M � � M(Zn ) � 9 × 10 −1 M �.
t is mainly synthesized in slightly neutron-rich conditions, and the 
patial distribution of Zn is similar to the one of 60 Fe (Fig. 15 ). The
ucleosynthetic pathway to Zn differs among our models. While 
ost of them dominantly synthesize the slightly neutron-rich 66 Zn, 
odel W synthesizes more 64 Zn via the decay of 64 Ge due to the

ess neutron-rich conditions therein. The amount of Fe lies between 
 × 10 −1 M � � M(Fe ) � 1 . 1 M � (including the extrapolation as
utlined in Section 2.4 ). Besides Zn and Fe, we also look at the
raction between Zn and first r-process peak elements such as 
r which synthesized about 2 × 10 −4 M � � M(Sr ) � 7 × 10 −2 M �.
his leads to values of 1.5 � [Zn/Fe] � 3 and −1 � [Zn/Sr] � 0.5

upper rectangles in the left-hand panel of Fig. 18 ). This exceeds
ypical values of [Zn/Fe] ∼ 0.7 of observed stars that are proposed 
o carry signatures of HNe. 

Ho we ver, when comparing the yields of a specific MR-SN to the
omposition of an individual star, we have to take into account that
he ejecta of the explosion did not exclusively form the successor
tar. Instead they were mixed with the surrounding ISM (see also 
.g. Reichert, Hansen & Arcones 2021b ), in the process diluting 
he high yields of elements like Zn or Fe. We therefore estimate
he amount of mass the ejecta will mix into. This mixing mass is
pproximately given by the Sedov–Taylor blast wave solution (e.g. 
yan, Norris & Beers 1996 ; Magg et al. 2020 ), 

 gas = 1 . 9 × 10 4 M �E 

0 . 96 
51 n −0 . 11 

0 , (8) 

here n 0 is the ambient number density, which we assume to be
 cm 

−3 . For the explosion energy in units of 10 51 erg using the
iagnostic explosion energy is not adequate, because the latter is 
till growing by the end of the computed neutrino-MHD evolution. 
nstead, we assume typical explosion energies in a energy range of
bserved HNe ( E 51 = 5–100; Nomoto et al. 2006 , 2013 ). These
xplosion energies lead to mixing masses of 10 5 � M gas � 10 6 M �
gre y re gion in the right-hand panel of Fig. 18 ). Assuming a
etallicity of [Fe/H] = −1 and mixing this amount of gas with

he ejecta of our models indeed leads to the necessary amounts of
Zn/Fe] to explain the high ratios of some stars (lower coloured 
egions in the left-hand panel of Fig. 18 , the dashed lines correspond
o ratios for lower mixing masses). We note that a high [Zn/Fe] is
btained in all of our models and not only in the most energetic model
 xplosions. Ev en in the least magnetized models that are closer in
erms of explosion energy to regular CC-SNe we obtain an excess in
n (also compare to similar possible high fractions in other regular 
ultidimensional CC-SNe models Eichler et al. 2018 ; Wanajo et al. 

018 ; Sieverding et al. 2020 ; Sandoval et al. 2021 ). The fact that
he [Zn/Fe] ratio is low for HNe in 1D models may be the result
f missing physics such as do wnflo ws (cf. also to Grimmett et al.
018 , who were unable to reproduce large [Zn/Fe] within 1D HNe
odels). Nevertheless, when including mixing, our models can also 

xplain [Zn/Fe] ratios up to ∼ 1 . 5 dex in agreement with the typical
alues suggested for HNe. 

.6 Candidates for superluminous superno v ae? 

R-SNe have also been suggested as explanations for SLSNe (e.g. 
uimby et al. 2011 ; Gal-Yam 2012 ; Inserra et al. 2013b ; Soker &
ilkis 2017 ; Gal-Yam 2019 ; Nicholl 2021 ; Soker 2022 ). This is
ecause MR-SNe bring the promise of producing larger amounts of 
6 Ni than ordinary CCSNe, and they may also host protomagnetars, 
hich may act as central engines releasing energy in the ejecta that
ecisively contribute to the overall luminosity of the explosion. 
We apply an e xtended v ersion of the simplified model for su-

ernova light curves of Dado & Dar ( 2015 ) to the results of our
imulations. It is based on the assumption of a spherical cloud of
ot gas dominated by photon pressure and expanding with a given
elocity into the surrounding medium. The thermal energy of the 
as changes due to adiabatic expansion, the emission of photons 
iffusing out of the cloud, and radioactiv e heating. F or the latter
ffect, while the original prescription only accounted for the decay 
hain 56 Ni → 

56 Co → 

56 Fe, we include a larger set of isotopes with
bundances obtained by our detailed nucleosynthesis calculations. 

We assume that photons diffuse out of the cloud on a time-scale
 diff ≈ t 2 r /t with t r being dominated by Compton scattering, 

 r ≈
√ 

3 M ej f e σT 

8 πm p cV ej 
. (9) 

ere, M ej is the total ejected mass, f e the fraction of free electrons
 ∼0.3; see Dado & Dar 2015 ), σT ≈ 6 . 5 × 10 −25 cm 

2 the Thomson
ross section, c the speed of light, and V ej the ejecta velocity. We
stimate the velocity of the models by assuming that the total
xplosion energy and ejecta mass, obtained from the final state of
he neutrino-MHD simulations, will be converted into kinetic energy, 
.e. 

 ej = 

√ 

2 
E ej 

M ej 
, (10) 

hich leads to velocities of the order of a few 10 4 km s −1 . The
olometric luminosity is given by (equation 4 in Dado & Dar 2015 ) 

 = 

e −t 2 / 2 t 2 r 

t 2 r 

∫ t 

0 
t e −t 2 / 2 t 2 r Ė d t . (11) 

he heating rate Ė is computed as sum o v er all nuclear decay
hannels (here for an individual nucleus N ) according to 

˙
 ( N ) = 

( ∑ 

i 

λi Y N Q i 

) 

× M (12) 

ith the decay constant λi , the corresponding Q-value of the reaction
 i and the abundance of the parent nucleus Y N . The energy released

n the decays is split into (i) photons, Ė γ , (ii) positrons or electrons,
˙
 e ± , (iii) α-particles, Ė α , and (iv) neutrinos, Ė νe , ̄νe 

. Additionally, we 
ssume that the energy released in electron captures escapes entirely 
ia neutrinos. We have Ė tot ( N ) = Ė γ + Ė e ± + Ė α + Ė νe , ̄νe 

for each
ucleus N . We take into account that a part of the photons leaves with-
ut depositing energy in the gas and estimate the fraction of photons
hat thermalize in the ejecta (equation 7 in Dado & Dar 2015 ), 

 γ ≈ 1 − e −τγ . (13) 

ere, τ γ is the optical depth given by 

γ = 

3 M ej σt 

8 πm p V ej t 2 
. (14) 

he so called Klein-Nishina energy transfer cross-section σ t is 
ependent on the average photon energy Ē γ of the decay 3 and 
MNRAS 518, 1557–1583 (2023) 
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M

Figure 18. The left-hand panel shows [Zn/Fe] versus [Zn/Sr]. Every grey dot is a star taken from Westin et al. ( 2000 ), Hill et al. ( 2002 ), Aoki et al. ( 2002 ), Cowan 
et al. ( 2002 ), Ivans et al. ( 2003 ), Christlieb et al. ( 2004 ), Barbuy et al. ( 2005 ), Aoki et al. ( 2005 ), Barklem et al. ( 2005 ), Si v arani et al. ( 2006 ), Cohen et al. ( 2006 ), 
Masseron et al. ( 2006 ), Honda et al. ( 2007 ), Aoki et al. ( 2007 ), Aoki et al. ( 2008 ), Lai et al. ( 2008 ), Cohen & Huang ( 2009 ), Bonifacio et al. ( 2009 ), Mashonkina 
et al. ( 2010 ), Frebel et al. ( 2010 ), Roederer et al. ( 2010 ), Cohen & Huang ( 2010 ), Honda et al. ( 2011 ), Hollek et al. ( 2011 ), Allen et al. ( 2012 ), Kirby & Cohen 
( 2012 ), Cui, Si v arani & Christlieb ( 2013 ), Cohen et al. ( 2013 ), Gilmore et al. ( 2013 ), Ishigaki, Aoki & Chiba ( 2013 ), Frebel, Simon & Kirby ( 2014 ), Roederer 
et al. ( 2014 ), Placco et al. ( 2015 ), Hansen et al. ( 2015 ), Jacobson et al. ( 2015 ), Li et al. ( 2015 ), Siqueira-Mello et al. ( 2015 ), Sk ́ulad ́ottir et al. ( 2015 ), Placco 
et al. ( 2016 ), Kirby et al. ( 2017 ), Mishenina et al. ( 2017 ), Roriz et al. ( 2017 ), Hansen et al. ( 2017 ), Holmbeck et al. ( 2018 ), Sakari et al. ( 2018 ), Bandyopadhyay 
et al. ( 2018 ), Ji & Frebel ( 2018 ), Gull et al. ( 2018 ), Cain et al. ( 2018 ), Mardini et al. ( 2019 ), Purandardas et al. ( 2019 ), and Ji et al. ( 2019 ), accessed via the 
SAGA database (Suda et al. 2017 ). Additionally, we added stars from Reichert et al. ( 2020 ). Blue diamonds are chosen r-process enhanced stars namely He 
1327-2326 (Ezzeddine et al. 2019 ), BS 15621-047 (Allen et al. 2012 ), SMSS 2003-1142 (Yong et al. 2021 ), DES J033523-540407 (Ji & Frebel 2018 ), HD 

13979 (Roederer et al. 2014 ), and CS22892-052 (Sneden, Cowan & Lawler 2003 ). Coloured boxes show the range of ratios for the individual MR-SNe models 
using the lower and estimated ejected yields into account (see Section 2.4 ). Dashed lines indicate the ratio when solar scaled material gets mixed into the ejecta. 
Here, solar scaled material is material of originally solar abundances in which we reduce all ab undances b ut hydrogen by the same factor and add the excluded 
mass to hydrogen to conserve the total mass until we reach [Fe/H] = −1. The coloured shapes indicate the range of ratios when mixing ∼ 10 5 − 10 6 M � of 
solar scaled gas into the ejecta. The right-hand panel illustrates [Zn/Fe] ratios in dependence of different mixing masses. The grey region shows the expected 
mixing masses that we obtain for assumed explosion energies between 10 52 and 10 53 erg . Our models are able to explain stars with an excess of [Zn/Fe]. 
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Table 4. β-decay properties of selected nuclei. The table contains the name 
of the parent nucleus, half-lives (note that λ = ln 2/ T 1/2 ), released energies, 
fraction of released energy in form of photons, average photon energy per 
decay, fraction of energy in form of electrons or positrons, and the fraction of 
energy in form of neutrinos. Half-lives and Q-values are taken from the JINA 

Reaclib database (Cyburt et al. 2010 ), while all other properties are taken 
from the ENSDF database (Brown et al. 2018 ). 

Parent T 1/2 Q f γ Ē γ f e ± f νe , ̄νe 

[d] [MeV] [MeV] 

56 Co 77.2 4.57 0.787 1.13 0.028 0.185 
57 Co 272.0 0.84 0.154 0.07 0.017 0.829 
56 Ni 6.1 2.13 0.798 0.48 0.004 0.198 
57 Ni 1.5 3.26 0.595 0.86 0.049 0.356 
66 Ni 2.3 0.25 0.000 – 0.291 0.709 
66 Cu 0.004 2.64 0.037 1.03 0.404 0.559 
72 Ga 0.6 4.00 0.692 1.21 0.118 0.190 
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alculated via (e.g. Attix 2004 ) 

t ( ̄E γ ) = 2 πr 2 e 

[
2 × (1 + x) 2 

x 2 × (1 + 2 x) 
− 1 + 3 x 

(1 + 2 x) 2 

− (1 + x) × (2 x 2 − 2 x − 1) 

x 2 × (1 + 2 x) 2 
− 4 x 2 

3 ̇( 1 + 2 x) 3 

−
(

1 + x 

x 3 
− 1 

2 x 
+ 

1 

2 x 3 

)
× ln ( 1 + 2 x ) 

]
(15) 

ith the electron radius r e and the photon energy in units of the
lectron rest energy x = Ē γ /m e c 

2 , where m e is the electron mass.
ecause σ t and the fractions of energy released as photons ( f γ ),
ositrons/electrons ( f e ± ) and α-particles ( f α) differ between decay
eactions, we obtain the contributing energy as sum o v er all decaying
uclei, 

˙
 = 

∑ 

N 

(
A γ ( N ) f γ ( N ) + f e ± ( N ) + f α( N ) 

) × Ė tot ( N ) . (16) 

e neglect the impact of neutrinos on the supernova light curve and
ssume that they are radiated away without any further interaction.
rivially, f γ + f e ± + f α + f νe , ̄νe 

= 1 holds. In equation ( 16 ) we
lso neglect energy from pair annihilation. 

For early times ( ∼1 d), most of the energy released by decays
hermalizes, heats the gas, and thus contributes to the light curve.
he light curve is dominated by the radioactive decay of 56 Ni initially
nd of 56 Co later on. Ho we ver, the decay of other nuclei also slightly
ontributes to the light curve, increasing the peak luminosities by
8 per cent, 13 per cent, 37 per cent, 13 per cent, 13 per cent, and
NRAS 518, 1557–1583 (2023) 
4 per cent for models O, W, P, S, 35OC-Rp3, and 35OC-Rs N ,
espectively. 

The luminosity of all models is increased by at least 13 per cent
n comparison to a model that considers the decay chain of 56 Ni
nly. An additional boost up to a 38 per cent higher peak luminosity
an come from the decay chain 66 Ni → 

66 Cu → 

66 Zn. This decay
hain contributes predominantly to heating of the gas via the decay
f the short-lived 66 Cu (due to the nuclear properties, see Table 4 ,
.f. to the nuclear properties given in Nadyozhin 1994 ; Wu et al.
019 ; Shingles et al. 2020 ), powered by the longer lived 66 Ni. For
he synthesis of 66 Ni the neutron-richness plays a dominant role. We
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MR-SNe: a nucleosynthetic analysis 1573 

Figure 19. Light curve as estimated with ejected masses and yields at the 
end of the simulation (coloured solid lines). Coloured dashed lines show the 
individual light curves due to the radioactivity of the most contributing nuclei. 
The light-grey dotted line indicates the light curve using the extrapolated 
values of ejected matter described in Section 2.4 . 
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Figure 20. Histograms of the electron fraction at T = 7 GK normalized to 
the ejected mass in the equator and polar re gion, respectiv ely. The outflow is 
divided into a polar one (orange) defined as 0 ≤ θ ≤ 60 and 120 ≤ θ ≤ 180 
as well as an equatorial one (blue) defined as 60 < θ < 120. The histogram is 
extracted at the end of the simulations (Table 1 ). The coloured text indicates 
the total ejected mass in each of the components. We note that only ejecta 
with T ≥ 7 GK is considered here. 
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nd a major contribution to the light curve if more matter drops out
f NSE ( T = 7 GK ) with 0.42 < Y e < 0.47 than with Y e > 0.47,
hich is the case for models O, P, and 35OC-Rs N . 
At times 100 � t � 1000 d the light curve is dominated by the decay

f 56 Co emitting positrons that subsequently thermalize (Seitenzahl, 
aubenberger & Sim 2009 ; Dado & Dar 2015 ). For even later times,

he assumptions of our simple model may break down as the ejecta
ecome optically thin. 
The peak luminosities lie within 10 42 − 4 × 10 42 erg s −1 (Fig. 19 ) 

n a range which is expected for moderate luminous supernovae 
Inserra et al. 2013a ). Superluminous supernovae usually exceed 
0 43 erg s (see e.g. Gal-Yam 2019 , for a recent re vie w). Indeed, when
sing the extrapolated value of the ejected mass and nickel masses
utlined in Section 2.4 , we obtain peak luminosities exceeding 
0 43 erg s −1 (grey dashed lines in Fig. 19 ). 
Ho we ver, so far we only investigated a simplified light curve model 

hat assumes spherical symmetry. The impact of a viewing angle 
ependence of non-spherical models on the luminosity depends on 
he shape and 56 Ni distribution. The variation may lie between ∼
0 − 40 per cent , having a higher luminosity at the equator compared 
o the poles (Wollaeger et al. 2017 ; Barnes et al. 2018 ). Furthermore,
e observe a certain structure in the distribution of 56 Ni (Fig. 15 ),
hile our light-curve model assumes that all radioactive sources are 

ocated in the centre. In model S, most of the 56 Ni is even behind a
airly opaque lanthanide enriched shell (see the shell of low electron 
raction in Fig. 1 ). The structure possesses some analogy to the
lanthanide curtain’ found in models of neutron star mergers (NSM) 
y, e.g. Perego et al. ( 2014 ). This in-homogeneity will introduce
urther variations in the light-curve. A better mixing can shift the 
eak of the light-curve to an earlier time (Taddia et al. 2016 , 2019 ). 
Additionally, we note that the light-curve model does not include 
ny luminosity enhancing effects that could arise from an interaction 
ith the circumstellar matter and that could be significant. It 
as been pointed out previously that these interactions could be 
esponsible for the occurrence of SL-SNe (e.g. Jerkstrand et al. 
020 , and references therein). 
We note that there could also be an interesting dependence of

he colours of the light-curved due to the quite different conditions
nvolved when looking at ejecta at the equator and at the polar region
see Fig. 20 ). The distribution of the electron fraction differs in
he ejecta along the polar and along the equatorial regions due to
he slower expansion of the latter ejecta, which allows for a more
fficient neutrino heating in the equatorial plane. Even though the 
jected mass in the equatorial region is rather small in all jet-driven
odels, we observe differences in the different directions. Model W 

s an exception. This model is close to what one would expect in a
egular CC-SNe and explodes rather spherical and the explosion is 
ot driven by jets (see Appendix C ). The distribution of the electron
raction is therefore more similar in the equatorial and jet direction.
he distinct distributions of the electron fraction may yield the key

o distinguish usual CC-SNe and jet-driven MR-SNe in the future. 
Summarized, the models here may reach the necessary peak 

uminosities to be classified as SLSNe even only accounting for the
adioactive contribution to the light curve (i.e. not even including the
otential contribution of the central engine as in OA22 ). Ho we ver, the
eneral shape of the light curve is dominated by the decay chain of
6 Ni. As pointed out by several authors (e.g. Inserra et al. 2013b ; Gal-
am 2019 ) the slope of the decaying light curve of observed SLSNe

s often incompatible with a slope that is inferred by the decay of 56 Ni
nd 56 Co. For these cases, the accretion on a central BH or the spin-
own of a magnetar in the centre of the SLSN has been proposed as
nergy source of the extremely high luminosities (Kasen & Bildsten 
MNRAS 518, 1557–1583 (2023) 
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010 ; Woosley 2010 ; Dessart et al. 2012 ; Inserra et al. 2013b ;
hatzopoulos et al. 2013 ; Mazzali et al. 2014 ; Nicholl et al. 2014 ,
015 ; Metzger et al. 2015 ; Obergaulinger & Aloy 2022 ). Nicholl,
uillochon & Berger ( 2017 ) and De Cia et al. ( 2018 ) find typical

equired magnetic field strengths of B ∼ 10 14 G and spin periods of
 ∼ 2 ms of the magnetar to match light curves of SLSNe. For those
f our models that a v oid BH formation, i.e. most likely models O, P,
, 35OC-Rp3, and 35OC-Rs N , the PNS does indeed fulfil these con-
itions. The investigation of the impact of a central engine is beyond
he scope of this work, but we refer the reader to the simplified light
urve models obtained in OA22 . In these models, the central engine
ontribution is dominant, and allows for the possibility of extremely
right events. The obtained radioactive peak luminosities here are
igher than the ones for the models presented in OA22 , because of
he various additional radioactive energy sources (there only Ni and
o where considered) and, specially, because of the extrapolation of

he radioactive yields following the methodology of Section 2.4 . 

 DISCUSSION  A N D  C O N C L U S I O N S  

e presented the detailed nucleosynthesis of long-time 2D models
s well as 3D models of MR-SNe evolved to final times of the order
f at least 1 s for the 3D models and up to 9 s for one 2D model. For
ome of the new 3D models, axisymmetric versions were presented
n our previous article Reichert et al. ( 2021a ). The simulations
ere performed with a sophisticated energy-dependent M1 neutrino

ransport (Just et al. 2015 ), which allows for a reliable determination
f nucleosynthesis-rele v ant properties such as the electron fraction of
he ejecta. The set of models includes one case of an explosion driven

ostly by neutrino heating and several magnetorotational explosions
ith polar jets. 
All the models in this study, regardless of their dimensionality (2D

r 3D), are variations of a single magnetized, fast-rotating, massive
tellar progenitor. These variations are broadly compatible with the
ncertainties carried by 1D stellar evolution models. Here, we have
xtended our previous results (Reichert et al. 2021a ) to 3D models
nd to longer 2D evolutionary times. That has allowed us to show
hat not only the dynamics (Obergaulinger & Aloy 2017 , OA21 ),
he explosion mechanism (Bugli et al. 2020 ; Obergaulinger & Aloy
020 ), and the compact remnant type ( AO21 ) are critically dependent
n (order of magnitude) variations of the rotational rate and magnetic
eld strength, but also the nucleosynthetic yields depend significantly
n these initial conditions. 
We computed the detailed nucleosynthesis by applying the large

uclear network WINNET with 6545 isotopes to Lagrangian tracer
articles following the dynamics of the ejecta. For this purpose, we
ampled the unbound material at the final time of the simulations
ith tracers, and evolved them backward in time according to the
elocity field of the neutrino-MHD models. To accurately sample the
jecta, of the order of a solar mass, the tracers have different masses
ith an upper limit of 10 −4 M �, leading to a total number of tracers
f O(10 4 ) − O(10 6 ). We reduce the computational effort by binning
he tracers into groups with similar physical properties. 

Despite the long simulation times, the ejection of mass has not
een finished when the models were terminated. We developed a
ethod to estimate the final ejected mass fractions. For this, we use an

xtrapolation procedure to approximately determine the conditions
ele v ant for nucleosynthesis. While the uncertainties of this method
re considerable, it allows us to obtain estimates of the yields of
everal elements that would otherwise be underestimated. 

We compared the nucleosynthetic results of the 3D models with
heir respectiv e 2D v ersions. The dynamics (see OA21 ), but also the
alculated yields can differ significantly . Consistently , there is no
NRAS 518, 1557–1583 (2023) 
niversal trend in neutron-richness between 2D and 3D. On the one
and, the nucleosynthetic imprints of long time effects that are visible
n the long simulated 2D models cannot be investigated in their 3D
ersion due to the shorter simulation times. On the other hand, the
ifferent dynamics of the 3D models can leave a fingerprint in the
ucleosynthetic yields. Therefore both, 2D and 3D models, will stay
mportant tools for the investigation of MR-SNe in the future. 

We find three major mechanisms to synthesize r-process elements.
he first one is connected with an early and fast ejection of neutron-

ich matter. This matter will later be located in a cocoon around the jet
s reported already in earlier studies (Winteler et al. 2012 ; Nishimura
t al. 2015 , 2017 ; M ̈osta et al. 2018 ; Reichert et al. 2021a ). This
roduction mechanism may be less fa v orable in 3D given the less
eutron-rich conditions of model S ( OA22 ). Ho we ver, model S is nev-
rtheless very neutron-rich with minimum electron fractions of Y e, min 

0.23 (at T = 7 GK ) which is only slightly larger than the boundary
f 0.20 that have been found to be sufficient for the production of
hird r-process peak elements. Given this marginal difference, a slight
hange in the setup (either numerical or physical) may enable a full
-process by this mechanism also in 3D. The long simulation times
nabled us to investigate a second mechanism. If the magnetic field is
trong enough, it can have a strong impact on the shape of the PNS. In
odel 35OC-Rs N this even lead to a transition of the PNS to a toroidal

onfiguration in the centre. This process ejects very neutron rich ma-
erial from the PNS itself on short time-scales (see also AO21 ), which
ltimately lead to an r-process synthesizing heavy elements that
nclude the actinides. This ejection mechanism is not unique among
ur models as we found a similar behaviour already in model 35OC-
w presented in Reichert et al. ( 2021a ). Ho we ver, it has to be shown

hat this effect can also occur in full 3D simulations and o v er a broader
et of initial models (including different masses, and mechanisms
or angular momentum transport). Determining the conditions in the
assive collapsing star that yield to the actinide production is highly

ncertain with only a few models. But the model in which this distinc-
ive feature has happened harbours a strong ( ∼ 10 12 G), large-scale,
oloidal magnetic field in equipartition with the toroidal magnetic
eld. Although this field is not directly obtained from a consistent
tellar evolution, the uncertainties still remaining in the secular (1D)
odelling of massive stars, would likely allow for the realization of a

uantitatively similar case (see AO21 , for a more detailed discussion,
nd Griffiths et al. ( 2022 ) for the potential action of MRI in the topol-
gy of the magnetic field). The last mechanism is driven by high en-
ropies rather than very neutron-rich conditions. Two of our models,
5OC-Rp3 and P, showed high entropies (exceeding S > 200 k B ) in
he beam of the magnetically driven jets. Under these conditions the
eutron-to-seed ratio can exceed > 70 and is therefore high enough
o perform a full r-process (e.g. Woosley et al. 1994 ; Wheeler et al.
998 ; Freiburghaus et al. 1999 ; Meyer 2002 ; Thielemann et al. 2017 ).
Thus, summarizing the r-process results, we find two aspects

ithin our 3D models: (i) The strongest pre-collapse magnetic fields
ead to the strongest r-process ejecta in a cocoon around the jet, re-
ulting in an early and fast ejection (consistent with earlier investiga-
ions). Whether such strong pre-collapse magnetic fields result from
ealistic stellar evolution calculations has to be verified in the future.
ii) While the hope that an r-process can occur for very moderate Y e -
alues, resulting from earlier neutrino interactions with matter during
he explosion phase, has been raised (e.g. by Takahashi, Witti & Janka
994 ; Woosley et al. 1994 ), if high entropies are obtained, later CCSN
imulations never supported such conditions. In the present paper we
ave found such conditions in some models during the later phase of
he explosion. Should these conditions be recreated in nature, they
ould be a fingerprint of the existence of a collimated/jetted ejecta

nside the star, since they require magnetized jet beams where the
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oroidal magnetic field is larger than the poloidal one, thus allowing 
or a strong beam pinching. Ho we ver, the resulting nucleosynthetic 
attern is probably not one of a full solar-type r-process. 
Even though we have shown that MR-SNe are able to host a small

ortion of matter undergoing an r-process also in 3D, there are some
aveats when considering MR-SNe as dominant astrophysical pro- 
uction sides of the r-process. If we consider a typical mixing mass
f 10 5 M � and assume that the ejecta is homogeneously mixed into 
ure hydrogen we also obtain a minimum metallicity of the remnant 
omposition. Taking the considerable amount of iron given for our 
xtrapolated final yields, this would lead to remnant metallicities 
ith [Fe/H] � −2.5 for the possible r-process candidate models S

nd P. Ho we ver, ne wly born stars will not form from the remnant
omposition, but might rather have only a 10 or 1 per cent admixture
rom a nearby ev ent. Therefore, e xtending the mixing mass to quite
xtreme 10 6 M � would also extend the limit to [Fe/H] � −3.5, 
hich becomes consistent with low-metallicity observations. A (very 
 xtreme) e xplosion ener gy of 10 53 er g would already lead to such a
ow metallicity in the remnant. Similar arguments can be applied for
ollapsars. For these events, model O and W are possible candidates. 

f a collapsar (or BH) forms, our iron amount will be closer to our
ower limit, i.e. as obtained by our tracer particles. A further iron
ontribution that we here do not account for will come from ejecta
f the later forming accretion disc. For model O and W, a likely
aximum mixing mass of 10 5 M � result in [Fe / H] � −3 . 5 as lower
etallicity limit, indicating similar conditions for describing very 
etal-poor r-process enhanced stars with collapsars. Therefore, MR- 
Ne and collapsars may occur early in galactic history, earlier than 
erging neutron stars, permitting with their iron ejecta to describe 

ery metal-poor r-process enhanced stars down to [Fe / H] � −3 . 5. 
dditionally, we notice that our extrapolations of iron also limit the 

atio [Eu/Fe]. While the strongest magnetized 3D model S reaches 
alues of [Eu / Fe] � 1 . 5 that fit with very r-process enhanced stars
r-II stars, [Eu/Fe] > 1, Beers & Christlieb 2005 ), model P only
eaches [Eu / Fe] � 0 . 7 and a successor star would therefore be at
ost categorized as less enriched r-I star (0.3 < [Eu/Fe] < 1; Beers &
hristlieb 2005 ). We stress that these are upper limits that are unlikely
btained as frequently occurring CC-SNe could further contribute 
o iron, but not to europium thus lowering [Eu/Fe]. Whether these 
 alues are suf ficient to describe the evolution of europium in the early
niverse has to be addressed by more complex galactic chemical 

volution models (e.g. Sch ̈onrich & Weinberg 2019 ; Kobayashi, 
arakas & Lugaro 2020 ; van de Voort et al. 2020 ; Cavallo, Cescutti &
atteucci 2021 ; van de Voort et al. 2022 ), combined with progenitors
ith lower metallicity, and/or longer simulations in the future. 
Additionally, it seems to be challenging to synthesize a consid- 

rable amount of actinides within our 3D models except via high 
ntropy conditions. Model P could reach [Th / Eu] � 0 . 37 (after
 Gyr ); ho we ver, this v alue is based on our e xtrapolation and involv es
herefore large uncertainties. On the other hand, model S reaches 
Th / Eu] � −3 . 9 only. This value might be less uncertain as we
xpect that the ratio is not modified significantly with ongoing 
imulation time. This is a difference compared to a confirmed r-
rocess site, NSM, which are expected to robustly eject larger 
mounts of actinides (see e.g. Horowitz et al. 2019 ; Cowan et al.
021 ; Wu & Banerjee 2022 , for recent re vie ws). Judging from our
odels, stars with a high amount of actinides (as, e.g. reported 

n Yong et al. 2021 ) are extremely challenging to describe with a
ominant contribution of MR-SNe. On the other hand, a certain 
ariability in the actinides has be observed in form of so called
actinide boost’ stars (Roederer et al. 2009 ; Mashonkina, Christlieb & 

riksson 2014 ; Holmbeck et al. 2018 , 2019 ; Eichler et al. 2019 ;
arouqi et al. 2022 ). While the existence of actinide boost stars
ay be explained with different contributions of the NSM disc 
nd dynamical ejecta only (Eichler et al. 2019 ; Holmbeck et al.
019 ) an additional contributing source can not be excluded. This is
urthermore underlined by the observation of an ‘actinide deficient’ 
tar (Ji & Frebel 2018 ) which could possibly be explained by our
odel S. For this group of stars, there is only one representative

bserved so far and it is therefore a very rare class of stars. As a
onsequence, MR-SNe may only give a small contribution to the total
-process content in our Universe. On the other hand, the sparsity of
hese stars can also be an observational bias as deficiencies are harder
o detect than elemental enhancements, especially for the actinides 
hat are challenging to detect. We can, ho we ver, not fully neglect
 later (after the simulation ended) contribution to the actinides by
he outflow of a possibly forming collapsar. Whether these outflows 
re able to contribute to the synthesis of actinides is still a matter
f ongoing investigations (Siegel et al. 2019 ; Miller et al. 2020 ; Just
t al. 2022a ) and goes beyond the scope of this work. 

We studied the viability of MR-SNe as candidates for HNe or
LSNe. Two of our models, model 35OC-Rs N and S, reach explosion
nergies that are compatible with those of observed HNe (Nomoto 
t al. 2013 ). We therefore investigated the amount of unstable nuclei
uch as 26 Al, 44 Ti, 56 Ni, and 60 Fe that are also observed in HNe.
he ejected amount of 44 Ti lies with 10 −5 − 10 −4 M � in the range
f regular CC-SNe. While only two models reach 56 Ni masses of
 0 . 1 M � necessary for HNe (Nomoto et al. 2013 ), the extrapolated

alues of all other models indicate that such masses are also possible
f the simulations were carried out for a longer time. Within our
odels there is no visible trend between the neutron-richness of the
odels and the amount of ejected 56 Ni (as found, e.g. in Nishimura

t al. 2017 ). Rather than the neutron-richness, a more important
actor is the explosion energy at the end of the simulations which
orrelates for our models to the ejected mass of 56 Ni. We obtain
he relation M( 56 Ni ) � ( 0 . 72 × E 51 + 2 . 31 ) × 10 −2 M �, which is 
ell in agreement with the observed correlation found within CC- 
Ne (see e.g. Nomoto et al. 2006 , 2013 ). Except for the weakest
agnetized model W, all our models show an exceptional high 

mount of 60 Fe exceeding 10 −3 M � and possibly even growing to 
0 −1 M � originating in the moderately neutron-rich conditions with 
he highest values found in model 35OC-Rp3. Such large values 
ould even be visible as a point source for future telescopes if the
vent was galactic (Woosley 1997 ; Diehl 2021 ). 

We stress that the possibility that MR-SNe are directly connected 
o HNe is not in conflict with the coincident observations of lGRBs
nd HNe (Nomoto et al. 2006 , 2013 ), since lGRBs may not only be
roduced by collapsars (i.e. by central engines hosting a BH). An
lternative scenario in the case of MR-SNe, is that the spin down
f the protomagnetar acts as central engine of lGRBs (e.g. Metzger,
eniamini & Giannios 2018 ; AO21 ). A direct connection to HNe
ould infer an event rate of ∼ 10 −5 yr −1 in an average galaxy or one
R-SNe every ∼700 regular CC-SNe (Podsiadlowski et al. 2004 ). 
iven this rate and M A ≥90 ∼ 1 × 10 −2 − 4 × 10 −2 M � (for model S,

, and 35OC-Rp3), this fits with the observational determined prop- 
rties of the dominant r-process site (Hotokezaka, Beniamini & Piran 
018 ). Ho we ver, we note that our models synthesize a much larger
econd to third r-process peak ratio than the solar r-process pattern. 

Besides a large amount of 56 Ni and a large explosion energy, a
igh [Zn/Fe] ratio has been reported as signature of HNe, which our
odels reproduce. We applied a simple model for the mixing of the
N ejecta into the ISM to compare these ratios to the observation of
etal-poor stars. The obtained ratios are in agreement with observa- 

ions when assuming a mixing mass around ∼ 10 5 − 10 6 M � inferred 
y typical HNe explosion energies of 10 52 − 10 53 erg (Nomoto et al.
006 , 2013 ). On the other hand, a high [Zn/Fe] ratio is not e xclusiv ely
MNRAS 518, 1557–1583 (2023) 
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btained by our most magnetized models, but also by the less
agnetized ones that are more similar to regular CC-SNe. Indeed

lso other multidimensional CC-SNe simulations without magnetic
elds can obtain high [Zn/Fe] ratios (e.g. Eichler et al. 2018 ; Wanajo
t al. 2018 ; Sieverding et al. 2020 ; Sandoval et al. 2021 ). Low [Zn/Fe]
atios may therefore be an indication of missing physics in 1D CC-
Ne models (see also Sieverding et al. 2020 for a similar conclusion).
Finally, we applied a simplified light curve model based on the

pherical expansion of the ejecta and the energy input by radioactive
ecays to show whether our MR-SN models can reproduce peak
uminosities compatible with SLSNe. The model uses the masses of
everal radioisotopes produced in the explosion. Thus, the resulting
ight curves depend on whether we use the yields obtained at the
nal time of the neutrino-MHD simulations, or the (higher) masses
btained by the extrapolation of our results. In the former case, the
eak luminosities are in the range of 10 42 erg s −1 for all models.
n the latter case, the luminosity peaks are much broader and
ith ∼ 10 43 erg s −1 also brighter. Hence, our results suggest that
eak luminosities of the dimmest SLSNe may be produced by the
adioactive decay of a blend of isotopes generated e xplosiv ely during
he SN. Larger peak luminosities ( ∼ 10 44 erg s −1 or higher) may
equire an extra energy release of the central engine (see e.g. OA22 ),
r the interaction of the SN ejecta with the circumstellar medium.
e note that the presence of radioactive nuclei different from 

56 Ni
nd 56 Co can increase the peak luminosity by 10–40 per cent. This
ncrease is mostly powered by the synthesis of neutron-rich 66 Cu and
6 Ni. Ho we ver, all our models are dominantly powered by the nuclear
ecay chain of 56 Ni and therefore also the tail of the light curve
ollows the slope of this decay. This has been shown to be not the case
or all SLSNe. The discrepancy can be explained by a central engine
s, e.g. the spin-down of a magnetar or the accretion on a central BH.
stimating the effects of such an engine was, ho we v er, be yond the
cope of our work and leaves room for future investigations. 

An investigation of the effect of higher numerical resolution of
he neutrino-MHD models would be desirable. A low resolution
eads to enhanced numerical diffusion and can, in our environment,
mear out the neutron-rich features. Furthermore, the dynamics
ithin the simulation may change significantly (e.g. Nagakura et al.
019 ). It is therefore an interesting question to investigate if model
 is able to host a more neutron-rich environment when applying a
igher resolution. Additionally, longer simulated 3D models would
nable the investigation of long time effects and therefore get more
ealistic models. 

As a final note, we stress that we investigated the nucleosynthesis
f some of the most advanced neutrino-MHD models of MR-SNe to
ate. Our results reinforce the existing possibility stating that MR-
Ne are viable candidates for HNe and possibly for SLSNe as well.
e furthermore have shown that MR-SNe remain as important can-

idates for the synthesis of r-process elements in the early Universe.
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Figure A2. Final nucleosynthetic yields for model O with varied checkpoint 
resolution of the neutrino-MHD simulation. 
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PPEN D IX  A :  TRAC ER  I N T E G R AT I O N  

The tracer particles are calculated backwards in time using snapshots 
f the neutrino-MHD simulations. These snapshots are available 
very millisecond. To integrate the trajectories backwards in time, 
e employ the so called Runge–Kutta–Fehlberg method (RKF45; 
ehlberg 1969 ). This method employs a fourth order Runge–Kutta 
lgorithm with a fifth order error estimate, allowing for an autom- 
tized step size control. Our implementation includes an individual 
tep size for every tracer and, if necessary, interpolate linearly in time
etween the snapshots of the simulations. In the following, we briefly 
iscuss the impact of the time resolution of the checkpoint files. 
To test if the time resolution of the checkpoint files is sufficiently

igh, we computed tracers based on the simulation data with a time
igure A1. Impact on different properties (see vertical labels) of the time 
esolution for the checkpoint files, as well as different integration schemes. 
he dashed line shows the point in time when the tracer falls below 7 GK . 
he lower right-hand panel shows the projection of the trajectories on the 
Y -plane. The largest differences in the trajectory happen relatively close to 

he compact remnant. Abo v e a few 10 7 cm the trajectories run in parallel. 

Figure A3. Impact of the applied low-pass filter on the temperature (upper 
left), density (lower left), neutrino luminosities (upper right), and neutrino 
energies (lower right) of an example trajectory. The thick solid lines 
correspond to the filtered data, and the (background) softer and more variable 
lines to the unfiltered ones. 
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ampled every millisecond and every two milliseconds. In between 
wo checkpoint files, the velocity field is linearly interpolated. In 
egions close to the centre of the exploding star or in turbulent
ows with rapidly varying velocity fields, this can lead to diverging

rajectories. The impact can e x emplary be seen in Fig. A1 , where we
ave picked a representative tracer of model 35OC-Rp3. 
We emphasize that the integration is performed backward in time 

ith the initial conditions set at t ≈ 8 . 96 s. The two versions of the
racer (black and red lines) agree very well for t ≥ 8 . 78 s, which
orresponds to the time after they are ejected from the vicinity of
he PNS (distances from the centre of ≥ 200 km ). Before that point,
he tracers are in a region where the velocity field varies strongly
ith time and position causing the positions and physical properties 
f the two calculations to disagree considerably. In practice, this 
isagreement has little impact on the nucleosynthesis because during 
he entire period both versions of the tracer possess sufficiently 
igh temperatures, T > 7 GK , for NSE to apply. Both drop out of
SE after this phase and at almost the same positions and with

lmost identical density, temperature, and Y e . Since the subsequent 
ucleosynthesis is insensitive to the history of a tracer prior to
MNRAS 518, 1557–1583 (2023) 
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eaving NSE, the final yields of both tracer calculations are the same.
o exploit this insensitivity, it is important to integrate the tracers
ackward in time. The forward integration of a tracer starting in
or passing through) the turbulent velocity field would introduce a
ensitivity of the post-NSE conditions to the precise initial positions
nd prevent the same good agreement. 

To test the impact on the integrated yields, we calculate model O
wice, one time with a snapshot time resolution of 1 ms and once
ith a resolution of 2 ms (Fig. A2 ). There are small differences
isible, most dominant around A ∼ 90. Ho we ver, these dif ferences
re negligible and smaller than other typical errors associated to
ncertainties of nuclear reaction rates or of astrophysical origin. 
In order to speed up the nucleosynthesis calculation, we reduce

he noise of the temperature, density, and neutrino quantities. This
oise stems from interpolation artifacts and small uncertainties of
he advection scheme, especially in the central region close to the
NS. We apply a low-pass filter on all tracked quantities. We choose

he threshold frequency of the low-pass filter fairly high and, as
 consequence, we mainly smooth the neutrino luminosities and
nergies (see Fig. A3 ). 

PPENDIX  B:  TR AC ER  SELECTION  

Our neutrino-MHD models are the first ones that combine accurate
eutrino transport, full 3D, and long evolution of the order of seconds.
s a consequence of the long evolution times, also the amount of

jected mass is fairly large ( ∼ 10 −1 − 1 M �; Table 1 ). This is one
o two orders of magnitude larger than previous 3D simulations (cf.

7 × 10 −3 M � in Winteler et al. 2012 or ∼ 3 × 10 −2 M � in M ̈osta
NRAS 518, 1557–1583 (2023) 

igure B1. Entropy versus electron fraction at 7 GK . Each panel corresponds 
o a different model (see legends). The colour indicates the number of tracer 
articles in the individual bin. Notice that the mass distribution will differ 
ecause the tracers have different masses. 
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t al. 2018 ) and poses a computational challenge, since for an accurate
stimate of the nuclear yields around one million tracer particles per
odel are necessary (Table 1 ). The average computation time of

he nucleosynthesis of a single tracer particle lies around ∼ 20 min
n one standard computing core (22 min for model 35OC-Rp3). An
dequate resolution of tracer particles in our 3D models requires
10 6 tracer particles (Table 1 ). The calculation of one model would

herefore result in ∼3 × 10 5 core hours. This is less than the neutrino-
HD calculation of the 3D models itself ( ∼10 7 core hours). Anyway,

he reported numbers show that a nucleosynthesis calculation of all
racer particles would be extremely computational demanding, and
e therefore select representative conditions and only calculate a

ubset of tracer particles. 
Tracer particles that reach maximum temperatures of at least

 GK attain nuclear statistical equilibrium (NSE). In a first step, we
herefore divide all tracer particles in hot and cold ones, depending
espectively on whether their maximum temperatures reach T max ≥
 GK or not. Since the entropy and electron fraction dominantly
nfluence the composition in the equilibrium for Lagrangian tracers
ith T max ≥ 7 GK , it is useful to group them in bins of S and Y e for a
xed reference temperature (7 GK in our case; see e.g. Freiburghaus
t al. 1999 ; Thielemann et al. 2017 ; M ̈osta et al. 2018 ; Reichert et al.
021a ). The bin size and the number of calculated tracer particles
er bin was chosen from the experience gained with model 35OC-
p3 (0.01 in electron fraction and 15 k B / nuc in specific entropy). In a
artesian tessellation of the ( S , Y e ) phase space, most of the elements
f the partition do not contain any tracer (white areas in Fig. B1 ). For
he chosen partition size, only N b = 198 bins contain hot tracers in the
ase of model 35OC-Rp3, as can be seen in the coloured rectangles of
ig. B1 . Other models display different thermodynamic conditions,
oticeable in the diversity of morphologies in the corresponding
ntropy-electron fraction plane. 

In order to reduce the total number of tracers to be processed, we
andomly select a number N rep of r epr esentative Lagrangian markers
er ( S , Y e ) bin at T = 7 GK. In Fig. B2 we show the obtained
ucleosynthetic yields for various choices of N rep for model 35OC-
p3. For N rep = 25 we find a good trade-off between employing the
inimum possible total number of tracers and reducing the scattering

f the nucleosynthetic yields prediction induced by the random
election of Lagrangian particles inside each bin. In most ( S , Y e ) bins,
he number of tracers is significantly larger than N rep . Ho we ver, if the
in contains less than N rep tracers, we calculate the nucleosynthetic
ields for all tracers in the bin. This leads to a sufficient agreement
etween the o v erall yields and our representatives in model 35OC-
p3 (lower panel of Fig. B2 ). Employing this procedure, there

s a reduction by a factor � 100 of the processing time and
emory/storage requests of hot tracers. 
For tracers with T max < 7 GK the assumption of NSE does not

ecessarily hold. Instead, the maximum temperature and density is
 good indicator of the location in the progenitor and the final nucle-
synthetic pattern (see e.g. Vance et al. 2020 ; Reichert et al. 2021a ).
imilarly to the case of the hot tracers, we tessellate the ( T max , ρmax )
hase space into bins. Out of this tessellation, only N b = 78 bins con-
ain tracers (coloured rectangles in Fig. B3 ). Analogously to hot trac-
rs, for cold ones, we hav e e xperienced picking only N rep per bin in
odel 35OC-Rp3, again finding that N rep = 25 suffices for a conver-

ent estimate of the nucleosynthetic yields (Fig. B2 ; upper panels). 
Also for the cold tracers, the selection of only a few represen-

ati ves for indi vidual conditions decreases the necessary amount of
alculated tracer particles and therefore the computational cost by a
actor of around 500 (Table 1 ) without loosing accuracy (upper panel
f Fig. B2 ). 

art/stac3185_fB1.eps
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Figure B2. Obtained nucleosynthetic yield for different number of tracers per bin in model 35OC-Rp3. In the upper row, we consider the cold subset of tracers 
(with a maximum temperature below 7 GK) and, in the lower row, the hot subset (with a maximum temperature abo v e 7 GK). The total number of bins 
containing tracers in the ( S , Y e ) tessellation of the phase space are N b = 78 and N b = 198 for the cold and hot subsets, respectively. From the left to the right 
column we randomly pick an increasing number of r epr esentative tracers in each bin, N rep . We recall that some bins may contain a number of Lagrangian tracers 
smaller than N rep . To quantify the variability in the random choice of tracers inside a bin, we repeat the random choice of tracers within each bin 100 times. 
For each of the repetitions, we compute the mass fraction of the nucleosynthethic yields as a function of the mass number. The minimum and maximum mass 
fractions obtained by the former procedure at each mass number are registered, and shown by bands for cold tracers in blue (upper panel) and hot tracers in red 
(lower panel). The mass-fraction including all available tracer particles of the model is displayed with a solid black line. A good agreement can be obtained 
when selecting 25 tracer particles per bin. 

Figure B3. Maximum density versus maximum temperature distribution of 
tracer particles colder than 7 GK. Notice that the mass distribution will differ 
because the tracers have different masses. 

m  

d  

n

Figure B4. Different nucleosynthetic result for five times randomly chosen 
trajectories of the individual bins. The upper panel shows the result for cold 
trajectories, while the lower one shows the result for hot trajectories. Insets 
show magnifications of some regions, displaying the small scattering of the 
nucleosynthetic predictions among different random realizations of the choice 
of representative tracers in model O. 
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We tested the selection criterion explained above also in the 3D 

odel O. We have calculated it five times, al w ays choosing randomly
if ferent representati v e tracers. The result agrees v ery well with
egligible deviations (Fig. B4 ). 
MNRAS 518, 1557–1583 (2023) 
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Figure C1. Spatial distribution of the Y( 94 Mo)/Y( 92 Mo) ratio at the end of 
the simulation in model W. Regions with Y ( 92 Mo) = 0 or Y ( 94 Mo) = 0 are 
shown as blue colours. 
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PPENDIX  C :  PROTON-RICH  OUTFLOW  

hile studies of MR-SNe usually focus on the outflow of neutron-
ich material and the synthesized heavy elements, we take the
pportunity to shortly discuss also the proton-rich (i.e. Y e > 0.5)
utflow of our models. This proton-rich outflow is a no v elty of our
tudies (see also Reichert et al. 2021a ) and has not yet been observed
n other nucleosynthesis studies (cf. Nishimura et al. 2006 , 2015 ,
017 ; Winteler et al. 2012 ; M ̈osta et al. 2018 ). One of the main
ifferences between the underlying hydrodynamic simulations here
nd in other studies is the more reliable M1 neutrino transport scheme
nd the longer simulation times (Obergaulinger & Aloy 2017 , 2020 ,
021 ; Aloy & Obergaulinger 2021 ). With the exception of model
, the proton-rich ejecta is located in the centre of the jet (Figs 1

nd 10 ). In total, the ejected mass of proton-rich material is smaller
han < 8 × 10 −2 M �. Ho we ver, this can make up around to 7, 11,
.8, 5, 0.03, and 0 . 8 per cent of the total ejected mass of models O,
, P, 35OC-Rp3, S, and 35OC-Rs N , respectively. The stronger the
agnetic field of the model, the lower is the fraction of proton-rich
atter in the ejecta. Furthermore, we note that a more oblate PNS

eads to more extreme values of the electron fractions in the jet. This
henomena is more common within the 2D axisymmetric models.
he synthesized elements in proton-rich ejecta are distributed around
 peak of 56 Ni, but can also contribute to the synthesis of so called
-nuclei such as 74 Se, 78 Kr, 84 Sr, or 92 Mo. Ho we ver, p-nuclei are
nly synthesized in a non-negligible amount in model W, the model
hat is most close to a regular CC-SNe. Additionally, given the
xpected rareness of MR-SNe in contrast to regular SNe, the galactic
ontribution to p-nuclei in the lower mass range ( A < 100) from
he proton-rich outflow of MR-SNe may therefore be negligible.
herefore, we focus only shortly on model W in the following. For

his model, we find proton-rich nuclei up to A ∼ 100 (cf. Bliss,
rcones & Qian 2018 ; Eichler et al. 2018 ), heavier ones may get

ormed by the p/ γ -process (see e.g. Rayet et al. 1995 ; Arnould &
oriely 2003 ; Pignatari et al. 2016 ; Travaglio et al. 2018 ; Choplin

t al. 2022 , and references therein). Ho we ver, the composition
ithin our progenitor is not detailed enough to investigate this
rocess. 
Despite the total ejected mass of p-nuclei, isotopic ratios can give

nteresting clues about the formation of elements. An interesting
sotopic ratio of a proton-rich isotope is given by Y( 94 Mo)/Y( 92 Mo).
his ratio can be determined within meteorites, so called SiC grains
f type X which are thought to be formed from the ejecta of CC-
Ne. The measured ratios of the grains and also of the sun lie within
0.46–0.74 (Bliss et al. 2018 ; Eichler et al. 2018 ; Pellin et al. 2006 ).
NRAS 518, 1557–1583 (2023) 

Table D1. Yield table for model O after 1 Gyr . The first f
name, atomic number, neutron number, and mass number.
from the tracer particles, M h the yield from significantl
progenitor material after the simulation has ended, M w th
abundances according to Lodders et al. ( 2009 ), and M e as s
than 10 −10 M � for M e are excluded from the table. The tab

Nucleus Z N A M l [M �] M h [M �
1 H 1 0 1 3.05e-04 2.95e-0
2 H 1 1 2 1.29e-10 2.10e-0
3 He 2 1 3 5.72e-10 6.76e-0
4 He 2 2 4 6.47e-03 5.84e-0
6 Li 3 3 6 0.00e + 00 0.00e +
... 
onsidering all ejecta from model W, the isotopic ratio is ∼0.014 if
nly tracers ejected at the end of the simulation are used or ∼0.176
f also the extrapolated contribution of the outer layers is taken into
ccount. This range of values falls far below that of the grains but is in
greement with Eichler et al. ( 2018 ) who found an integrated value of
 ( 94 Mo)/ Y ( 92 Mo) ≈ 0.06 for both of their modelled CC-SNe models.
o we ver, small clumps can locally reach Y( 94 Mo)/Y( 92 Mo) > 0.5

Fig. C1 ) and could thus be the origin of the SiC X grains with
he aforementioned ratios. Whether or not a contribution of the
/ γ -process could possibly fill the gap between observations and
heoretical modelling is beyond the scope of our work. 

PPENDI X  D :  YI ELD  TA BLES  

he yield tables are given for model O, W, S, P, 35OC-Rp3, and
5OC-Rs N in Table D1 , D2 , D4 , D3 , D6 , and D5 , respectiv ely. The y
re separated into different contributions as outlined in Section 2.4 .
he contributions are given by the tracer particles, the significantly
eated matter, the slightly shocked progenitor material, and the stellar
ind. Furthermore, we tabulate the total extrapolated mass which is
our columns give information of the nucleus as the 
 The column M l indicates the yield in M � obtained 
y heated matter, M s the yield of slightly shocked 
e approximated yield of the stellar wind with solar 
um of all previous yields. Nuclei with masses lower 
le is fully available in electronic form. 

] M s [M �] M w [M �] M e [M �] 

3 0.00e + 00 4.99e + 00 5.00e + 00 
9 0.00e + 00 1.94e-04 1.94e-04 
9 0.00e + 00 2.40e-04 2.40e-04 
2 3.50e-01 1.93e + 00 2.34e + 00 
 00 0.00e + 00 5.12e-10 5.12e-10 

ebruary 2023

art/stac3185_fC1.eps
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Table D2. Same as Table D1 , but for model W. The table is fully available in electronic form. 

Nucleus Z N A M l [M �] M h [M �] M s [M �] M w [M �] M e [M �] 

1 H 1 0 1 1.66e-03 4.58e-02 0.00e + 00 4.99e + 00 5.04e + 00 
2 H 1 1 2 4.12e-09 1.50e-07 0.00e + 00 1.94e-04 1.94e-04 
3 He 2 1 3 1.53e-08 5.37e-07 0.00e + 00 2.40e-04 2.40e-04 
4 He 2 2 4 1.55e-02 1.53e-01 3.51e-01 1.93e + 00 2.45e + 00 
6 Li 3 3 6 0.00e + 00 0.00e + 00 0.00e + 00 5.12e-10 5.12e-10 
... 

Table D3. Same as Table D1 , but for model P. The table is fully available in electronic form. 

Nucleus Z N A M l [M �] M h [M �] M s [M �] M w [M �] M e [M �] 

1 H 1 0 1 4.10e-05 1.81e-03 0.00e + 00 4.99e + 00 5.00e + 00 
2 H 1 1 2 9.84e-10 2.47e-07 0.00e + 00 1.94e-04 1.94e-04 
3 He 2 1 3 1.43e-10 1.93e-08 0.00e + 00 2.40e-04 2.40e-04 
4 He 2 2 4 2.40e-02 5.45e-01 3.53e-01 1.93e + 00 2.85e + 00 
6 Li 3 3 6 0.00e + 00 0.00e + 00 0.00e + 00 5.12e-10 5.12e-10 
... 

Table D4. Same as Table D1 , but for model S. The table is fully available in electronic form. 

Nucleus Z N A M l [M �] M h [M �] M s [M �] M w [M �] M e [M �] 

1 H 1 0 1 1.32e-07 1.50e-07 0.00e + 00 4.99e + 00 4.99e + 00 
2 H 1 1 2 0.00e + 00 0.00e + 00 0.00e + 00 1.94e-04 1.94e-04 
3 He 2 1 3 0.00e + 00 0.00e + 00 0.00e + 00 2.40e-04 2.40e-04 
4 He 2 2 4 7.29e-02 1.93e-01 3.54e-01 1.93e + 00 2.55e + 00 
6 Li 3 3 6 0.00e + 00 0.00e + 00 0.00e + 00 5.12e-10 5.12e-10 
... 

Table D5. Same as Table D1 , but for model 35OC-Rs N . Since we did not attempt to extrapolate this model, 
the table contains missing values marked with a minus (see Section 2.4 for details). The table is fully available 
in electronic form. 

Nucleus Z N A M l [M �] M h [M �] M s [M �] M w [M �] M e [M �] 

1 H 1 0 1 1.12e-03 – 0.00e + 00 4.99e + 00 –
2 H 1 1 2 3.37e-09 – 0.00e + 00 1.94e-04 –
3 He 2 1 3 6.91e-09 – 0.00e + 00 2.40e-04 –
4 He 2 2 4 3.78e-02 – 3.66e-01 1.93e + 00 –
6 Li 3 3 6 0.00e + 00 – 0.00e + 00 5.12e-10 –
... 

Table D6. Same as Table D1 , but for model 35OC-Rp3. The table is fully available in electronic form. 

Nucleus Z N A M l [M �] M h [M �] M s [M �] M w [M �] M e [M �] 

1 H 1 0 1 1.62e-03 8.16e-04 0.00e + 00 4.99e + 00 5.00e + 00 
2 H 1 1 2 3.43e-10 8.98e-11 0.00e + 00 1.94e-04 1.94e-04 
3 He 2 1 3 1.30e-09 2.57e-10 0.00e + 00 2.40e-04 2.40e-04 
4 He 2 2 4 1.52e-01 1.80e + 00 2.99e-01 1.93e + 00 4.17e + 00 
6 Li 3 3 6 0.00e + 00 0.00e + 00 0.00e + 00 5.12e-10 5.12e-10 
... 
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