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A B S T R A C T 

The production of heavy elements is one of the main by-products of the e xplosiv e end of massive stars. A long sought 
goal is finding differentiated patterns in the nucleosynthesis yields, which could permit identifying a number of properties of 
the e xplosiv e core. Among them, the traces of the magnetic field topology are particularly important for extreme supernova 
(SN) explosions, most likely hosted by magnetorotational effects. We investigate the nucleosynthesis of five state-of-the-art 
magnetohydrodynamic models with fast rotation that have been previously calculated in full 3D and that involve an accurate 
neutrino transport (M1). One of the models does not contain any magnetic field and synthesizes elements around the iron group, 
in agreement with other CC-SNe models in literature. All other models host a strong magnetic field of the same intensity, but 
with different topology. For the first time, we investigate the nucleosynthesis of MR-SNe models with a quadrupolar magnetic 
field and a 90 

◦ tilted dipole. We obtain a large variety of ejecta compositions reaching from iron nuclei to nuclei up to the 
third r -process peak. We assess the robustness of our results by considering the impact of different nuclear physics uncertainties 
such as different nuclear masses, β−-decays and β−-delayed neutron emission probabilities, neutrino reactions, fission, and a 
feedback of nuclear energy on the temperature. We find that the qualitative results do not change with different nuclear physics 
input. The properties of the explosion dynamics and the magnetic field configuration are the dominant factors determining the 
ejecta composition. 

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

ith the detection of the gravitational wav e ev ent GW170817 
Abbott et al. 2017 ) and the following electromagnetic counterpart 
n the 2017 August 17, our understanding of the synthesis of heavy
lements within our universe has made a major step. It became clear
hat neutron star mergers exist and produce heavy elements such 
s Strontium (Watson et al. 2019 ) or lanthanides (e.g. Tanvir et al.
017 ). Ho we ver, e ven though observed, some riddles remain and do
ot fully add up. The only detected event was located in a galaxy
ithout active star formation. How is it then possible that we observe
eavy elements in the atmosphere of stars such as our Sun? Are
eutron star mergers already acting early enough to contribute to 
he composition of very old stars? Can neutron star mergers also 
e responsible for stars with a limited amount of heavy elements? 
 E-mail: moritz.reichert@uv.es (MR); matteo.bugli@unito.it (MB); 
iguel.A.Aloy@uv.es (MAA) 
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2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( http:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
uestions like this are common and repeating topics of current 
esearch (e.g. C ̂ ot ́e et al. 2019 ; Simonetti et al. 2019 ; Kobayashi
t al. 2023 ; see Cowan et al. 2021 ; Arcones & Thielemann 2023 for
ecent re vie ws on the production of elements). 

An additional, rare, cosmological event that acts at early times 
n the galactic history would help to clear most of the remaining
uestions (e.g. Argast et al. 2004 ; Matteucci et al. 2014 ; Wehmeyer,
ignatari & Thielemann 2015 ; C ̂ ot ́e et al. 2019 ; Sch ̈onrich &
einberg 2019 ; Siegel, Barnes & Metzger 2019 ; Simonetti et al.

019 ; Kobayashi, Karakas & Lugaro 2020 ; Reichert et al. 2020 ;
k ́ulad ́ottir & Salvadori 2020 ; Molero et al. 2021 ; Reichert,
ansen & Arcones 2021b ; Molero et al. 2023 ). For this event

ev eral candidates hav e been proposed. Among them are collapsars
MacFadyen & W oosley 1999 ; Pruet, W oosley & Hoffman 2003 ;
urman & McLaughlin 2004 ; McLaughlin & Surman 2005 ; Fuji-
oto, Nishimura & Hashimoto 2008 ; Siegel et al. 2019 ; Miller et al.

020 ; Zenati et al. 2020 ; Barnes & Metzger 2022 ; Just et al. 2022 ),
ommon envelope jet supernovae (Soker et al. 2013 ; Papish & Soker
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h permits unrestricted reuse, distribution, and reproduction in any medium, 
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014 ), and magnetorotationally driven core-collapse supernovae
MR-SNe, Burrows et al. 2007 ; Takiwaki, Kotake & Sato 2009 ;

inteler et al. 2012 ; M ̈osta et al. 2015 ; Obergaulinger & Aloy 2017 ;
ugli et al. 2020 ; Kuroda et al. 2020 ; M ̈uller 2020 ; Bugli, Guilet &
ber gaulinger 2021 ; Ober gaulinger & Aloy 2021 ; Matsumoto et al.
022 ; Obergaulinger & Aloy 2022 ; Bugli et al. 2023 ; Powell et al.
023 ; Varma, M ̈uller & Schneider 2023 ). 
F or ev ery of the aforementioned events, it is still not theoretically

nderstood whether very heavy elements (so-called r -process ele-
ents) can be produced. Current state-of-the-art simulations provide

ontradictory results, and more investigations with less approximate
hysics inputs are necessary (see Obergaulinger & Reichert 2020 ,
or an o v erview). MR-SNe hav e a v ery liv ely past of claims in fa v our
nd against the production of r -process elements. Initially, Nishimura
t al. ( 2006 ), Winteler et al. ( 2012 ), and Nishimura, Takiwaki &
hielemann ( 2015 ) claimed that they are viable candidates with

he restriction that the magnetic field has to be sufficiently strong.
o we ver, the neutrino luminosities were taken into account only

pproximately and later Nishimura et al. ( 2017 ) showed that the
ombination of the neutrino properties as well as the magnetic field
trength are critical for the e v aluation of this question. Ho we ver, also
n Nishimura et al. ( 2017 ), neutrinos were only parametrized because
 detailed neutrino transport was computationally too e xpensiv e.
his gap was closed by Reichert et al. ( 2021a ) who calculated

he nucleosynthesis of models of Obergaulinger & Aloy ( 2017 )
hat included a sophisticated neutrino transport. The result was
hat for strong magnetic field strengths, indeed heavy elements
an be synthesized, but some caveats remain as the models do
ot reproduce the observation of the heaviest known elements, the
ctinides. Furthermore, all simulations were based on 2D axisym-
etric assumptions, an approximation that was shown by M ̈osta et al.

 2018 ) to significantly impact the neutron-richness of the models and
herefore the ability to synthesize heavy elements. Recently, Reichert
t al. ( 2023b ) showed that heavy elements can also be synthesized
n 3D models, but in a reduced amount. They showed that not only
he neutron-richness, but also the entropy may play a role in these
vents. The latter was observed in models with a radial profile of the
agnetic field that was different from the usual assumed large-scale

ipole. In general, most of previous nucleosynthesis studies have
onsidered large-scale dipoles only. The magnetic field configuration
tays unexplored. Exploring the field configuration is also moti v ated
y the recent observations of the neutron star PSR J0030 + 0451 by
he Neutron Star Interior Composition Explorer (NICER, Gendreau
t al. 2016 ) that showed that the magnetic field topology can be
uch more complex than a large scale dipole (Bilous et al. 2019 ).
urthermore, the orientation of the magnetic field plays a role in

he explosion dynamics. This has been shown by Halevi & M ̈osta
 2018 ) who studied models with a 15 ◦, 30 ◦, and 45 ◦ tilted dipole.
he most inclined dipolar configurations disfa v oured the production
f heavy elements. Ho we ver, Hale vi & M ̈osta ( 2018 ) only used an
pproximate neutrino leakage scheme, along with a parametrized
eutrino luminosity, which limits the reach of their conclusions. 
Another riddle connected to MR-SNe is their role in the detection

f hypernovae. Are MR-SNe energetic enough to be classified as
uch? While literature often connects hypernovae with collapsars that
roduce black holes (e.g. Nomoto et al. 2006 ; Nomoto, Kobayashi &
ominaga 2013 ), previous studies have shown that the necessary
xplosion energies of 10 52 erg can also be observed in MR-SNe
imulations (model S in Obergaulinger & Aloy 2021 ). Connected
ucleosynthetic fingerprints of hypernovae are Zn and 56 Ni that
owers the light curve of the event. Nishimura et al. ( 2017 ) pointed
ut that there is a balance between having neutron-rich ejecta
NRAS 529, 3197–3209 (2024) 
therefore being able to produce r -process elements) and ejecting
arge amounts of Zn or 56 Ni that is produced in symmetric conditions.
ow much Zn or 56 Ni MR-SNe are able to synthesize is also still
nder debate. Nishimura et al. ( 2017 ) find a low amount of 56 Ni in the
ost neutron-rich explosions and Grimmett et al. ( 2018 ) obtain a low

mount of Zn for their 1D hypernovae models. In contrast, Grimmett
t al. ( 2021 ) and Reichert et al. ( 2023b ) find a high amount of both. 

Here, we want to shed light into two kinds of uncertainties of
R-SNe nucleosynthesis, one that comes from the hydrodynamic

volution of the ejecta and one from the nuclear physics input. The
ncertainty involved by nuclear physics input such as nuclear masses,
eta decays, or fission arises as the r -process involves extreme
eutron-rich nuclei that are not yet e xplored e xperimentally and
hus their properties rely on uncertain theoretical models (see e.g.
rnould, Goriely & Takahashi 2007 ; Horowitz et al. 2019 ; Cowan

t al. 2021 ). To study hydrodynamical uncertainties, we post-process
he state-of-the-art 3D models of Bugli et al. ( 2021 ), which explore
he effects of the magnetic topology on the explosion dynamics.
imilarly to previous studies (Reichert et al. 2021a , 2023b ), these
odels include a sophisticated neutrino transport (the M1 scheme,

ee Just, Obergaulinger & Janka 2015 ) that significantly impro v e
he accuracy of explosive nucleosynthesis calculations. To get a
limpse into the dependency on magnetic field configurations and
rientations, the same strong magnetic field intensity has been
mployed for four models (for a detailed presentation of the models,
ee Bugli et al. 2021 ). To investigate the impact of a tilt in the dipole
rientation, a model with a 90 ◦ tilted dipole is investigated. This is
imilar, but a more extreme case compared to the one of Halevi &
 ̈osta ( 2018 ). A no v elty here is the investigation of a quadrupolar

eld configuration. For comparison and reference, we also investigate
ne model without magnetic field. This supplements the models
nvestigated in Reichert et al. ( 2023b ), who restricted their initial

odels to axially-symmetric magnetic topologies. Additionally, we
tudy a large-scale aligned dipole with only slight variations com-
ared to the one used in Reichert et al. ( 2023b ). The nucleosynthesis
f all models is calculated varying a number of nuclear physics
nputs: nuclear masses, β−-decays, neutrino reactions, fission, and a
eedback of the nuclear energy generation on the temperature. 

We discuss the magnetohydrodynamic (MHD) models and the
etails of the nucleosynthesis calculations in Section 2 . The nucle-
synthetic yield is presented in Section 3.1 , and nuclear physics
ncertainties in Section 3.2 . A comparison to observations is shown
n Section 4 . We close our study with a discussion and summary in
ection 5 . 

 SI MULATI ONS  

n this section, we present the fundamental tools, inputs, and models
f the MHD simulations as well as the nucleosynthesis calculations.

.1 Neutrino-(M)HD simulations 

ere, we present the progenitor model and the neutrino-(M)HD
imulations of Bugli et al. ( 2021 ). Next, we will shortly summarize
he simulation setup and dynamics of the models, whose more
etailed description can be found in Bugli et al. ( 2020 , 2021 ). The
imulations are performed in full 3D with the MHD code AENUS-
LCAR (Obergaulinger 2008 ; Just et al. 2015 ; Obergaulinger &
loy 2017 ) and they include an M1 scheme for the neutrino

ransport (see Just et al. 2015 , for details of the implementation). All
imulations use the equation of state (EOS) of Lattimer & Swesty
 1991 ) with an incompressibility of K = 220 MeV . The angular
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esolution is set to 128 and 64 equally spaced angles in φ- and
-directions, respectively. The gravitational potential includes the 
eneral relativistic corrections developed in Marek et al. ( 2006 ), 
pecifically, their function A (with one exception, see below). The 
adius is distributed o v er 210 gridpoints, with a uniform spacing
f 0.5 up to 10 km , and a logarithmic spacing for larger radii up
o r max ≈ 8.8 × 10 4 . The stellar progenitor of all the simulations
as chosen to be the same Wolf–Rayet star, that is, model 35OC
f Woosley & Heger ( 2006 ), having a zero age main sequence
ass of 35 M � and a collapse mass of 28 . 1 M �. The core of this
odel rotates at a frequency �c ≈ 2 rad s −1 (at r = 0), which 

lightly decreases outwards ( � ≈ 1 rad s −1 at r ≈ 10 8 cm). The 
rogenitor star 35OC is identical with the one used in previous 
nvestig ations (Oberg aulinger & Aloy 2017 ; Bugli et al. 2020 , 2021,
023 ; Obergaulinger & Aloy 2020 ; Aloy & Obergaulinger 2021 ;
bergaulinger & Aloy 2021 ) and nucleosynthesis studies (Reichert 

t al. 2021a , 2023b ). In total, we investigate the nucleosynthesis
f four neutrino-(M)HD-simulations, where we mostly allow for 
ariations in the topology of the magnetic field (see Table 1 for
n o v erview of the models). This is justified by our incomplete
nowledge of the magnetic field topology stemming either from 

re-collapse stellar evolution or from dynamos in the proto-neutron 
tar (PNS). All the models including magnetic fields yield supernova 
 xplosions driv en (in different de grees) by magnetorotational effects 
nd, thus, we may catalogue them as MR-SNe. 

The magnetic field in all magnetized models is constructed starting 
rom an ‘unrotated’ toroidal vector potential A 

φ
l defined as (Bugli et 

l. 2021 ) 

 

φ
l ( r, θ ) = r 

B 0 

(2 l + 1) 

r 3 0 

r 3 + r 3 0 

P l−1 ( cos θ ) − P l+ 1 ( cos θ ) 

sin θ
, (1) 

here B 0 is a normalization constant, l is the order of the multipolar
omponent, r 0 is a characteristic radius within which the field is
oughly constant, and P l represents the Legendre polynomial of order 
 . This vector field is then modified to account for an inclination
etween the rotational and magnetic axes by an angle α (Halevi & 

 ̈osta 2018 ), leading to radial, polar, and azimuthal components of
he vector potential defined by 

 r = 0 , (2) 

 θ = −r 
B 0 

2 

r 3 0 

r 3 + r 3 0 

sin φ sin α, (3) 

 φ = r 
B 0 

2 

r 3 0 

r 3 + r 3 0 

( sin θ cos α − cos θ cos φ sin α) . (4) 

Model L1-0 is initiated with a strong aligned magnetic dipole 
 α = 0 ◦). The setup is very similar to model S in Obergaulinger &
loy ( 2021 ) and Reichert et al. ( 2023b ) with the difference that

t does not start with a toroidal field component during collapse. 
his model develops the earliest (magnetorotational) supernova 
xplosion among the ones considered here. It develops two-sided, 
uasi-symmetric, bipolar jets. The supernova shock propagates faster 
han in any other case, reaching a radius ≈ 10 4 km within less
han 400 ms after core bounce. This keeps increasing the angular 

omentum of the compact remnant (i.e. of the PNS) and, due to its
arge centrifugal support, the (oblate) compact remnant contracts at 
he smallest rate of all the models of this work, and has an equatorial
adius of ∼ 80 − 90 km during most of the computed post bounce
ime. Among all presented models, this one is the one hosting the

ost neutron-rich conditions. The difference compared to the S 

odel of Reichert et al. ( 2023b ) in the initial magnetic field setup is
hat model S includes both an aligned dipolar magnetic field and a
oroidal field in equipartition (10 12 G, see Table 1 in Obergaulinger &
loy 2021 ), while model L1-0 includes a pure magnetic dipole. This

s already enough to create slightly more neutron-rich conditions in 
odel L1-0 with a minimum value at 7 GK of Y e ∼ 0.19 compared to
 e ∼ 0.23 in model S. Model L1-0 was the only case in which we did
ot directly use the data published in Bugli et al. 2021 ), as we noticed
he presence of a spurious radial magnetic field in a small region of
he progenitor that was set by accident at the beginning of the stellar
ollapse. Since nucleosynthesis calculations are extremely sensitive 
o the evolution of the electron fraction and the thermodynamic 
roperties of the ejecta, we decided to re-run model L1-0 with the
orrect initial conditions. This new simulation produced the same 
rototypical magnetorotational explosions presented in Bugli et al. 
2021 , although slightly more powerful), while the resulting yields 
howed non-negligible differences for A � 150. Therefore, in the 
est of the paper we al w ays refer to this new realization of model
1-0. 
Model L1-90 is initiated with a magnetic dipole that is tilted by α =

0 ◦ with respect to the rotational axis (i.e. the case of a perpendicular
ipole). This particular configuration is moti v ated by the fact that
agnetorotational instability (MRI)-driven dynamo processes taking 

lace within the PNS after shock formation have been found to
roduce a highly tilted magnetic dipolar component (Reboul-Salze 
t al. 2021 ). This model produces the weakest explosion and the
lowest shock among the magnetized cases, as the field’s topology 
isfa v ours the extraction of rotational energy through the polar caps
f the PNS (Bugli et al. 2021 ), thus decreasing the efficiency of the
agnetorotational mechanism. Despite the shock front being rather 

pherical, the model nevertheless builds up high-entropy columns 
f hot ejecta that propagate along the rotational axis and can be as
eutron-rich as Y e ∼ 0.27 (at 7 GK ). 
Model L2-0A is initiated with a quadrupolar magnetic field aligned 

ith the progenitor’s rotational axis ( α = 0 ◦). The rele v ance of high-
rder magnetic multipoles comes, once again, from recent studies 
ocusing on PNS dynamos driven by MRI (Reboul-Salze et al. 2022 )
nd convection (Raynaud et al. 2020 ), which show how the in situ
mplification of magnetic fields tends to produce components with 
ner angular resolution than a magnetic dipole. Since a quadrupolar 
agnetic field is less efficient than an aligned dipole at transferring

otational energy from the PNS to the polar outflows (Bugli et al.
020 ), this model leads to a weaker superno va e xplosion with respect
o L1-0. Despite the initial prompt expansion, the bipolar outflows 
re significantly less collimated and the shock front expands less 
apidly. Ho we ver, this model produces also the slowest spinning
NS among all cases considered, as the non-vanishing radial field in

he equatorial region very efficiently transports angular momentum 

rom the PNS interior to its surroundings at low latitudes, which are
ot promptly ejected in the outflows. 
Model L2-0B has the same magnetic field setup as model L2-

A and differs only by a dif ferent pseudo-Ne wtonian gravitational
otential (case B of Marek et al. 2006 ). While the difference between
odels L2-0A and L2-0B is of technical nature, including this in our

et of models allows us to assess whether different recipes to weaken
he Newtonian gravitational potential (to approximate better the 
eneral relativistic one) have an impact on the nucleosynthetic yields 
f the supernova explosion. We note that it was pointed out in Marek
t al. ( 2006 ) that this pseudo-Newtonian gravitational potential is a
orse approximation of the general relativistic potential compared 

o the gravitational potential used in our other models. 
Model H is a non-magnetized model that serves as reference for

 neutrino-driv en e xplosions aided by fast rotation. Due to the lack
MNRAS 529, 3197–3209 (2024) 
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M

Table 1. Overview of the properties of our models. The first column indicates the model name, the second the magnetic field topology, the third column the 
magnetic field intensity (for more information, see Bugli et al. 2021 ), the fourth column the inclination of the magnetic field relative to the rotational axis, the 
fifth column the treatment of gravity, and the sixth column the final simulation time after bounce. The last three columns give the ejecta mass and diagnostic 
energy at the end of the simulation as well as the amount of traced and calculated tracer particles. 

Model Topology B 0 Inclination Gravity t f, pb Ejected mass Diag. energy No. of tracers 
(G) ( ◦) (s) (M �) (10 51 erg ) Tot./Calc. 

H – 0 – A 0.706 0.14 0.40 875460/851 
L1-90 Dipole 10 12 90 A 0.789 0.27 0.41 1922732/1836 
L2-0A Quadrupole 10 12 0 A 0.496 0.41 1.01 2101476/1822 
L2-0B Quadrupole 10 12 0 B 0.886 0.33 0.83 1963280/1928 
L1-0 Dipole 10 12 0 A 0.525 0.35 2.89 2201788/2651 
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f initial strong magnetic fields, the shock stalls at ∼ 200 km for ∼
00 ms, after which it starts expanding again thanks to the neutrino-
eating mechanism and the onset of the low T / | W | instability (Bugli
t al. 2023 ). The ejecta are predominantly distributed in the North
emisphere, with no development of jets (left-hand panel of Fig. 1 ).
hey are dominated by mostly symmetric matter ( Y e ∼ 0.5), ho we ver,
lso hosting slightly neutron-rich matter with minimum values of Y e 

0.42 at 7 GK . 

.2 Nucleosynthesis calculations 

e use an updated version of the nuclear reaction network WINNET

Winteler et al. 2012 , Reichert et al. 2023a ) with the same setup as
n Reichert et al. ( 2023b ). This network considers ∼6500 nuclei up
o Z = 111. We include fission fragment distributions and reactions
rom P ano v, Freiburghaus & Thielemann ( 2001 ) and P ano v et al.
 2005 , 2010 ). Spontaneous fission half-lives are included as in Pe-
ermann et al. ( 2012 ). Additionally, we include (anti-)neutrino cross-
ections on nucleons as described in Burrows, Reddy & Thompson
 2006 ) with weak magnetism and recoil corrections of Horowitz
 2002 ). We consider reaction rates from the REACLIB library (Cyburt
t al. 2010 ). Theoretical β+ , β−, electron capture, and positron cap-
ure rates at stellar conditions are taken from Langanke & Mart ́ınez-
inedo ( 2001 ). These rates are exchanged for experimental rates

ncluded in the REACLIB library at T = 0 . 01 GK . All calculations are
erformed for 1 Gyr to ensure that unstable nuclei have decayed
o stability. In a post-processing stage, we sample the neutrino-

HD simulations employing Lagrangian markers, hereafter called
racers . All tracers are placed at the end of the simulation and
ntegrated backwards in time (see e.g. Sieverding et al. 2023a, for
n o v erview of the method uncertainties). F or all models, we group
he tracers that sample the ejecta in electron fraction and entropy
2D) bins. The neutron-richness, or electron fraction, is the main
arameter for the synthesis of heavy elements. As demonstrated in
eichert et al. ( 2023b ), it is possible to calculate only a subset of

rajectories within these groups in order to get the total yields. We
herefore calculate only 25 tracers per 2D bin as in Reichert et al.
 2023b ). 

 RESU LTS  

n the following, we look at the nucleosynthesis of all investigated
odels and discuss the impact of different initial magnetic field

opologies. This supplements the previous work of Reichert et al.
 2023b ) who investigated the impact of different magnetic field
trength and various axially symmetric magnetic topologies of 3D
odels of the very same progenitor. Afterwards, we discuss the

mpact of nuclear physics input on our results. 
NRAS 529, 3197–3209 (2024) 
.1 Impact of different magnetic field configurations on the 
ields 

irst, we want to focus on how different magnetic field configurations
an have an impact on the nucleosynthesis. When looking at
he integrated abundances in Fig. 2 , one immediately notices the
ifference between model H and any other model including magnetic
elds, the latter producing heavy elements beyond the first r -process
eak. More specifically, we can notice the difference between the
ligned dipole models L1-0 and H in Fig. 2 , as the two extreme cases
ounding the influence of initially poloidal fields in our models.
hile the purely dipolar model produces heavy elements up to the

hird r -process peak, the model without magnetic fields does not
roduce any yield beyond the first r -process peak. The rest of the
agnetized models display abundance patterns in between of the

wo bounding cases. The production of heavy elements when strong
ipolar fields are included in the initial model is a robust feature
onsistently found also in previous works (Nishimura et al. 2006 ,
015, 2017 ; Winteler et al. 2012 ; Halevi & M ̈osta 2018 ; M ̈osta et al.
018 ; Reichert et al. 2021a , 2023b ). Model H shows a very narrow
istribution of the neutron-richness around a symmetric value of Y e =
.5 (Fig. 3 ). The most neutron-rich matter in this model has still a
alue of Y e ∼ 0.4, not enough to significantly synthesize elements
ith mass numbers beyond A > 100. Slightly heavier nuclei until
 ∼ 140 are reached by all models that include a magnetic field.
ereby, the yields of the models that involve a quadrupolar setup

models L2-0A and L2-0B) and the model with 90 ◦ tilted dipole
how very similar yields. This similarity is due to waiting points
hat have to be overcome such as the closed neutron shell at N =
0. In general, a more jet-like structure (see Fig. 1 ) leads to more
eutron-rich conditions and therefore more fa v ourable to produce
eavier nuclei. The large-scale dipole model L1-0 is the only one
hat achieves electron fractions below Y e < 0.25. These conditions
re also only reached very shortly after bounce ( t pb ∼ 0 . 05 s). At
ater times, most of the ejected matter has electron fractions of ∼0.38.
ence, in agreement with our previous results, the yields of r -process

lements are produced by the so-called prompt mechanism (Reichert
t al. 2023b ). 

An interesting comparison is also given by the difference between
he yields of models L1-0 and S of Reichert et al. ( 2023b , labeled
, R23 in Fig. 2 ). While the magnetic poloidal topology and the
rogenitor are the same, there is a difference in the magnetic field
etup. Model S starts with a toroidal field component in equipartition
ith the poloidal magnetic component, while model L1-0 starts
ithout this component (Obergaulinger & Aloy 2020 ; Bugli et al.
021 ). As a result, there are changes in the neutron-richness to a
evel that is visible in the yields (compare model L1-0 (orange) and
, R23 (grey) in Fig. 2 ) because the electron fraction is close to

he critical value that enables an r -process beyond the second peak.
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Figure 1. Electron fraction of the ejecta from the different models at the end of the simulation. The models are roughly ordered from least (left) to most (right) 
jet-like. This coincides with the neutron-richness of the model. 

Figure 2. Ejecta composition at the end of the simulations using ( n , γ ) and 
( γ , n ) rates of the JINA- REACLIB . Only the model with the global aligned 
dipole is able to eject heavy elements with A > 150. For comparison, we also 
show model O and S that was presented in Reichert et al. ( 2023b , labelled in 
the figure with O, R23 and S, and R23, respectively). 
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Figure 3. Left-hand panels show the rate of ejected mass (according to the 
upper colour scale) as a function of time from bounce when the tracer is 
ejected. The results are binned according to the electron fraction at the time 
when the tracers reach a temperature of 7 GK (which may happen anytime 
since the beginning of the tracer trajectories, not necessarily at the time after 
bounce at which they are ejected). Tracers that never reach 7 GK along their 
evolution are not plotted here. The right-hand panels show the integrated 
yields binned in electron fraction at 7 GK . Row wise, each panel shows a 
different model that is indicated with the label on the right-hand side of the 
plot. The upper horizontal dotted lines (black) in each panel indicate a value 
of Y e = 0.5. The lower dotted lines (red) denote Y e = 0.25, a value that 
roughly indicates the conditions for the synthesis of heavy elements with A 

> 150. Only the aligned dipole model L1-0 reaches suf ficiently lo w electron 
fractions to synthesize heavier elements. 
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he variation in the abundances between the two models may be 
lightly enhanced by the different resolution of the tracer particles 
an average of 1 . 08 × 10 −6 versus 1 . 59 × 10 −7 M � per tracer particle
or models S and L1-0, respecti vely). Ho we ver, we expect the main
ifference coming from the magnetic field as shown also in the MHD
imulations (compare Fig. 1 with fig. 1 of Reichert et al. 2023b ).
ur calculations are extremely sensitive to small changes because 

he nucleosynthetic flow is right at the threshold of being able to
ynthesis a full r -process up to the third r -process peak. 

For comparison, Fig. 2 also shows the yields of model O presented
n Reichert et al. ( 2023b ). This model hosts a magnetic field that
s consistent with the underlying progenitor model. The magnetic 
eld of this model is a combination of many local dipolar fields
ith non-magnetized layers in between. This could explain the 

imilarity of its nucleosynthetic yields to those produced by the 
odels with magnetic topology other than the large-scale aligned 

ipole. 
Besides the total yield, we also calculated the ejecta yields of the

nstable nuclei 44 Ti, 56 Ni, and 60 Fe at the end of the simulations
Table 2 ). These values have to be taken with care as they only
ake into account the ejecta that was present at the end of the
imulation (Table 1 ). The order of magnitude of the ejected 44 Ti
s about 10 −5 M �, similar to the models calculated in Reichert et al.
 2023b ). There, they estimated that the amount of 44 Ti may still grow
y possibly one order of magnitude. Therefore, all the values obtained 
ere could still be consistent to the ones of observed CC-SNe such as
MNRAS 529, 3197–3209 (2024) 
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Table 2. Ejecta yields in solar masses of unstable isotopes taken at one-tenth 
of their half life. The v alues gi ven here are lower limits, as we can only 
track their growth up to the end of the simulation. Note that there will also 
be a contribution to 60 Fe from the progenitor that is produced during stellar 
evolution and not included in the values given here (see e.g. Diehl et al. 2021 ; 
Reichert et al. 2023b , for a discussion). 

Model 44 Ti 56 Ni 60 Fe 

H 2.17 × 10 −6 6.12 × 10 −3 2.57 × 10 −5 

L1-90 1.39 × 10 −5 3.45 × 10 −2 4.08 × 10 −4 

L2-0A 1.92 × 10 −5 8.28 × 10 −2 4.44 × 10 −3 

L2-0B 1.21 × 10 −5 1.86 × 10 −2 4.18 × 10 −3 

L1-0 3.14 × 10 −6 9.07 × 10 −3 4.97 × 10 −4 

Figure 4. Ejected mass of unstable nuclei. From top to bottom, the panels 
show the ejected mass of 44 Ti, 56 Ni, and 60 Fe, respectively. 
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N1987A (5 . 5 · 10 −5 M �; Seitenzahl, Timmes & Magkotsios 2014 )
r Cas A (1 . 3 × 10 −4 M �, Wang & Li 2016 ). At first glance, it seems
nteresting that the most extreme models [model without magnetic
eld (H) and the one hosting a large-scale dipole (L1-0)] produce
imilar amount of 44 T i. 44 T i needs close to symmetric matter (i.e. Y e 

0.5 and fa v ourably high entropies connected to an α-rich freezeout,
ee e.g. Magkotsios, Timmes & Wiescher 2011 ) to be synthesized
nd only a small amount of the ejecta in L1-0 reaches these condition
s it is dominated by neutron-rich matter. The other extreme model,
, ejects mainly symmetric matter ho we ver the total unbound mass

s smaller at the end of the simulation, see Table 1 . 
The amount of 56 Ni falls within the range ∼ 6 × 10 −3 − 8 ×

0 −2 M � which is consistent with CC-SNe observations (cf. 7 ×
0 −2 M �, Seitenzahl et al. 2014 , for SN1987A), but also most likely
ill continue to grow with increasing simulation time (Fig. 4 ). As

n the case of the synthesized 44 Ti, also for 56 Ni we find a larger
mount in models L1-90, L2-0A, and L2-0B (Fig. 4 ). The fact that
his trend is analogous to the one found for 44 Ti can be explained
y the similar formation conditions of 44 Ti and 56 Ni (both require Y e 

0.5). The amount of ejected 56 Ni is especially large in model L2-
A, hosting a quadrupolar magnetic field aligned with the rotational
NRAS 529, 3197–3209 (2024) 
xis. This model explodes more spherical than the models L2-0B
nd L1-0 (Fig. 1 ) and most of the (hot, i.e. T > 5 GK ) ejected matter
s symmetric. This can be explained by the shock being energetic
nough to unbound the matter in the equatorial region before the
lectron fraction gets majorly altered from its initial symmetric
alue stemming from the progenitor. At the same time, this model is
jecting a larger amount of matter than model H and L1-90 (Table
 ). Notably, this leads also to a around twice as large ejection of 56 Ni
ompared to the other quadrupole model with a more approximate
ravitational treatment (L2-0B). 
In comparison to the results from model of Reichert et al. ( 2023b )

t t pb ≈ 0 . 4 s, model L1-0 produces about one order of magnitude
ess 56 Ni suggesting that the existence of a toroidal component of the
agnetic field in the stellar progenitor has also a significant effect on

he supernova light curve of the event that is powered by the decay
f 56 Ni. Whether this is a robust feature in the absence of toroidal
elds or a statistical feature of the models has to be pro v en with
dditional simulations. Within existing literature, Nishimura et al.
 2017 ) reported a low amount of ejected 56 Ni (see their fig. 5 ), also
ot assuming an initial toroidal field. This is consistent with our
ndings. 
The o v erabundance of 60 Fe in models with magnetic fields (in

omparison to the H model) is remarkable. Quadrupolar magnetic
elds in the progenitor may boost the production of this element
y more than two orders of magnitude with respect to the purely
ydrodynamic model. Comparing the yields of model L1-0 with
he ones of model S of Reichert et al. ( 2023b ), the latter produces
bout 10 times more 60 Fe. This is a direct consequence of having
ore ejected mass with electron fractions of ∼0.43 in model S ( ∼
 . 1 × 10 −3 and ∼ 1 . 8 × 10 −2 M � for ejecta with 0.42 < Y e < 0.44
t 7 GK and t pb = 0 . 525 s for models L1-0 and S, respectively) as
0 Fe is dominantly produced in these conditions. Thus, we consider
nitial toroidal fields as very important for the production of 60 Fe.

e note that the amount of 60 Fe discussed here does not include the
ontribution that is synthesized during stellar evolution (e.g. Diehl
t al. 2021 ). This could be the dominant contribution to 60 Fe for all of
ur models (see Reichert et al. 2023b , for a more detailed discussion).
In total, the effect of the initial magnetic field topology is as

mportant as the field strength itself (cf. Reichert et al. 2023b ). For
he large field strength assumed here, we at least synthesize elements
p to the second r -process peak ( A ∼ 130). 
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Figure 6. Ejected mass using se ven dif ferent sets of nuclear masses for the 
calculation of ( n , γ ) and ( γ , n ) reaction rates (see the text). Shaded regions 
indicate the maximum and minimum yield. Solid lines indicate the median of 
all yields. The different panels show models L2-0A, L1-90, and L1-0. Note 
that the range of the mass number differs in the right-hand panel compared 
to the other ones. 
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.2 The impact of nuclear physic uncertainties 

esides changes in the magnetic field topology, there is also an 
ncertainty coming from the nuclear physics. In the following, we 
nvestigate the variance of the results coming from these uncertain- 
ies. This spans the impact of unknown nuclear masses, β−-decay 
alf-lives and β−-delayed neutron emission probabilities, neutrino 
eactions, and nuclear energy generation that can feedback on the 
emperature. We do not investigate the impact of fission reactions and 
ragments because none of our models is sufficiently neutron-rich for 
ssion to play a significant role, and we therefore ignore the related
ncertainties. Within this section, we will change individual nuclear 
nputs and compare the difference to the yields that we presented in
he last section. Since model L2-0B is similar to the yields of models
1-90 and L2-0A and includes a more approximate gravitational 
otential, we exclude this model from the following analysis. 

.2.1 The impact of nuclear masses 

irst, we will discuss the impact of using different mass models for
alculating ( n , γ ) and ( γ , n ) reaction rates. Following Martin et al.
 2016 ), we use same masses and calculated rates. The underlying
uclear masses were originally from Erler et al. ( 2012 ) and include
ix different energy density functionals, 1 SKM 

∗ (Bartel et al. 1982 ), 
kP (Dobaczewski, Flocard & Treiner 1984 ), SLy4 (Chabanat et al. 
998 ), SV-min (Kl ̈upfel et al. 2009 ), UNEDF0 (Kortelainen et al.
010 ), and UNEDF1 (Kortelainen et al. 2012 ). The nuclear masses
re critical for r -process calculations as a ( n , γ ) − ( γ , n ) equilibrium
s established and the path is determined by the neutron separation 
nergies (Kratz et al. 1993 ). We only consider the nuclear mass
ariations in the calculation of ( n , γ ) and ( γ , n ) reactions as this has
he largest impact. 

For our conditions, the impact of nuclear masses on the synthesis
f heavy elements is therefore fairly small. As illustrated in Fig. 5 ,
he nucleosynthetic flow of the most neutron-rich model, L1-0, 

o v es along nuclei with experimentally known masses. Most of
he nucleosynthetic flow is located in a region of known nuclear 

asses (Tuli 2011 , region between the red lines). Ho we ver, matter is
ocated outside this region for the second and third r -process peaks
t the neutron magic numbers 82 and 126 (indicated as black dashed
ines). Therefore, the impact of the underlying density functional 
heory (DFT) masses is most visible around the peaks (Fig. 6 ), where
he largest error can be seen at the third r -process peak. This is
n qualitative agreement with the results presented in Martin et al. 
 Access via http:// massexplorer.frib.msu.edu/ 
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e  
 2016 ). A couple of considerations have to be taken into account
ere to compare our results to the ones of Martin et al. ( 2016 ).
irst, they used a single trajectory from Winteler et al. ( 2012 ), while
ur Fig. 6 displays the cumulative results of ∼2000 trajectories. 
econd, the simulation of Winteler et al. ( 2012 ) was run for less than
0 ms post-bounce, while our L1-0 model has been run for ∼0.5 s
ost-bounce. In contrast to Winteler et al. ( 2012 ), the simulations
ere include impro v ed neutrino transport and this leads to less
eutron-rich conditions. Therefore, the new estimates presented here 
epresent a major impro v ement. 

In contrast to Winteler et al. ( 2012 ), the simulations here host much
ess neutron-rich conditions due to the impro v ed neutrino transport
n the underlying neutrino-MHD simulations. So we consider our es- 
imates here a major impro v ement compared to the results presented
n the aforementioned studies. 

.2.2 The impact of β−-decay half-lives and β−-delayed neutron 
mission probabilities 

eta decays set the speed of the r -process determining how fast and
ow much matter is mo v ed towards heavier nuclei (see e.g. Hosmer
t al. 2010 ; Madurga et al. 2012 ; Eichler et al. 2015 ; Lund et al.
023 ). Here, we replaced the β−-decays of the REACLIB (originating
rom M ̈oller, Pfeiffer & Kratz 2003 ) with the ones of Marketin,
uther & Mart ́ınez-Pinedo ( 2016 ) and M ̈oller et al. ( 2019 ). Hereby,
e ensured that we only replace decays that are not experimentally
no wn. The dif ferent half-li ves are sho wn in Fig. 7 . In addition, the
hannels of the decay can differ, as a β−-decay may be ensued by the
elease of several neutrons. This gets increasingly important close 
o the neutron-drip line. All three sets of β−-decays that we use
ere predict a different amount of β−-delayed neutrons. Within the 
INA- REACLIB , at most 2 neutrons can be emitted, within Marketin
t al. ( 2016 ) a maximum of 5, and within M ̈oller et al. ( 2019 ) a
MNRAS 529, 3197–3209 (2024) 

http://massexplorer.frib.msu.edu/


3204 M. Reichert et al. 

M

Figure 8. Ejected masses for different β−-decays indicated by the line style. 
The different colours indicate the models, H (blue), L2-0A (red), L1-90 
(green), and L1-0 (orange) using the same color scheme as Fig. 2 . The 
reference (Ref., straight lines) includes β−-decays from the JINA- REACLIB 

(Cyburt et al. 2010 ). Results with β−-decays from M ̈oller et al. ( 2019 ) are 
shown as short dashed lines, with decays from Marketin et al. ( 2016 ) as 
dotted lines. Additionally, results for β−-decays with half-lives as in the 
JINA- REACLIB , but β−-delayed neutron emission probabilities of M ̈oller et al. 
( 2019 ) and Marketin et al. ( 2016 ) are shown as dashed-dotted and long dashed 
lines, respectively. These lines are so close to the reference (Ref.) that they 
are not visible. 

m  

n  

n
 

H  

r  

y  

o
 

c  

t  

R  

M  

t  

(
 

l  

<  

t  

l  

i  

1  

(  

s  

i  

s  

e  

w  

e  

2

3

N  

a  
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on top of the calculations including neutrino reactions on heavier nuclei. 
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aximum of 10. We note that not only the maximum amount of
eutrons differs, but more strikingly the average amount of ejected
eutrons per decay. 
Fig. 8 shows the impact of the different decay rates. While models
 and L1-0 show only slight deviations for the different rates, the

emaining magnetized models L1-90 and L2-0A show an increased
ield for elements with masses 90 � A � 130 (of less than one order
f magnitude). 
To disentangle the contribution of different half-lives from the

ontribution of different β−-delayed neutron emission probabili-
ies, we calculated all models with the half-lives from the JINA-
EACLIB , but using the probabilities for n β−-delayed neutrons P n of
arketin et al. ( 2016 ) and M ̈oller et al. ( 2019 ). It turns out that

he impact of β−-delayed neutrons is negligible for our models
Fig. 8 ). 

The difference of the abundances is mainly due to the shorter half-
ives (blue rectangles in Fig. 7 ) in the region of 51 < N < 59 and 29
 Z < 35. It was already shown in, for example, Eichler et al. ( 2015 )

hat faster β−-decays lead to a faster flux and therefore can lead to a
arger amount of heavier elements. Furthermore, β−-decays are very
mportant close to the neutron shell closures (e.g. N ∼ 50, 82, or
26). The half-lives in these regions are similar for Marketin et al.
 2016 ) and M ̈oller et al. ( 2019 ), but around one order of magnitude
maller than the one of M ̈oller et al. ( 2003 ) that are included
n the JINA- REACLIB . Therefore, the effect on the abundances is
imilar for both rate tables, Marketin et al. ( 2016 ) and M ̈oller
t al. ( 2019 ). The uncertainty of these decays may greatly reduce
hen ne w half-li v es in this re gion become available (e.g. Madurga

t al. 2012 ; Hall et al. 2021 ; Phong et al. 2022 ; Yok o yama et al.
023 ). 

.2.3 The impact of neutrino reactions 

eutrinos can have a major impact on the nucleosynthetic yields,
s charged-current reactions can modify the neutron-richness of the
NRAS 529, 3197–3209 (2024) 
atter. We calculated the abundances of all models, saved L2-0B, for
our different treatments of neutrinos. This includes charged-current
eutrino reactions only on nucleons, no neutrino reactions, charged-
urrent reactions on nucleons and heavier nuclei as in Fr ̈ohlich et al.
 2006 ), and the same reactions with rate tables from Sieverding
t al. ( 2018 ). We stress that when changing or turning off the
eutrino reactions, we only do this for the tracers after they reach a
emperature of 7 GK . The nucleosynthesis calculation nevertheless
tarts with an initial electron fraction that is taken from the simulation
t 7 GK and that includes the neutrino treatment that was used in the
eutrino-MHD simulation (i.e. using the M1 transport scheme with a
implified treatment of neutrino charged-current reactions on heavy
uclei as described in Cernohorsky & van Weert 1992 or Bruenn
985 ). 
The impact of the different neutrino reaction rates can be seen in

ig. 9 . Model H shows a sensitivity on neutrino reactions on heavy
uclei in a region around mass numbers of 80 � A � 100. Hereby,
he rate tables of Fr ̈ohlich et al. ( 2006 ) and Sieverding et al. ( 2018 )
ead to similar results. This shows that the additional channels of
he rates of Sieverding et al. ( 2018 ) which include charged-current
eactions with an additional ejection of neutrons, protons, or alpha
articles are not too rele v ant for our conditions. While model L2-
A is rather insensitive to the changes in neutrino reactions, model
1-90 also shows an increase of the abundance of elements with
asses around A ∼ 100. Interestingly, model L1-0 only shows a
inor sensitivity to neutrino reactions. In fact, there is only a slight

ifference visible between taking neutrino reactions into account
nd not considering any neutrino reactions (dashed line in Fig. 9 ).
ithin the simulation, the neutrino properties are such that they

sually increase the electron fraction. Therefore, without neutrino
eactions in the network, we get slightly more neutron-rich material
hich manifests in an increased amount of ejected third r -process
eak material. The effect is nevertheless small as most neutron-rich
atter is ejected early on and f ast. So f ast, that the neutrinos only

lay a minor role as the electron fraction was already set at higher
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Figure 10. Impact of self-heating. Shown are the ejected masses of model H 

(blue), L1-90 (green), L2-0A (red), and L1-0 (orange) as a function of mass 
number using the same color scheme as Fig. 2 . The reference calculations 
without self-heating taken into account are the solid lines, identical to those 
in Fig. 2 . Self-heating marginally effects model L1-0, while other models are 
rather insensitive. 
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emperatures ( T > 7 GK, i.e. before we start the nucleosynthesis
alculation). 

.2.4 The impact of nuclear energy 

nergy released by nuclear reactions has a feedback on the tempera- 
ure of the surrounding matter. While the tracers track the temperature 
ithin the simulation, we can also post-process the temperature. For 

his, we use an approach as described in, for example, M ̈uller ( 1986 ),
ippuner et al. ( 2017 ) or Reichert et al. ( 2023a ). From the first law
f thermodynamics, one can derive 

S = − 1 

k B T 

∑ 

i 

( μi + Z i μe ) 	Y i − q̇ . (5) 

ereby, S is the entropy, T the temperature, μi the chemical potential 
f nucleus i , Z i its proton number, μe the chemical potential of
he electron, and 	 Y the abundance change within the time-step. 
he energy added and lost by the system is included in q̇ . Here,
e assume that energy is lost in form of neutrinos by using the

abulation of Langanke & Mart ́ınez-Pinedo ( 2001 ) for theoretical 
eak rates, a table of average neutrino energies from β−-decays 

rom experimentally known decays that we extract from the e v aluated 
uclear structure data file (ENSDF) database (Brown et al. 2018 ). 
f a decay is not included in either of the tables, we assume that 40
er cent of the Q -value of the reaction is released in form of neutrinos
as e.g. suggested by the tables of Marketin et al. 2016 ). Of minor
mportance, we include the energy loss of thermal neutrinos with the 
arametrization of Itoh et al. ( 1996 ). Additionally, we include that
nergy can enter the system via neutrino reactions on nucleons where 
e assume that the average energy of the absorbed neutrino is added.
elf-heating as described here has the advantage that the temperature 

ncludes feedback from the nuclear reactions. Furthermore, it can 
ure uncertainties within the tracer particle integration by connecting 
he density to a physical meaningful temperature. On the other hand, 
e are neglecting non-adiabatic effects that could come from shocks. 
For all models, we observe a negligible effect from nuclear heating 

n the abundance pattern (Fig. 10 ). This is reassuring as it indicates
hat our tracer particle integration is reliable. Furthermore, it shows 
hat the dynamics is not majorly impacted by nuclear reactions. The 
argest, even though still small, impact can be seen in model L1-
. This is also expected, as heating by β−-decays happens for the
nvolved neutron-richness in model L1-0 at small timescales that are 
ot negligible compared to the simulation time. Such effects could 
nly be included in the MHD simulations by the incorporation of a
arge network with thousands of nuclei, given the neutron-richness 
nvolved. This is nowadays not feasible and at most reaction networks 
ith at most a couple of hundreds nuclei have been included into

imulations (e.g. Harris et al. 2017 ; Sandoval et al. 2021 ; Nav ́o et al.
023 ). 

 I MPLI CATI ONS  F RO M  OBSERVATI ONS  

hen comparing theoretical yields with observations of abundances 
f elements in stellar atmospheres, one has to be aware of several
actors that may influence this comparison, that is, 

(i) Pro g enitor and explosion models . The astrophysical uncertain- 
ies that arise through physical approximations employed in the 

odelling of progenitors and in MHD simulations. Among these 
strophysical uncertainties we single out the magnetic field strength 
as investigated in e.g. Nishimura et al. 2017 ; Reichert et al. 2023b ),
he orientation of the magnetic field relative to the rotational axis (as
nvestigated here and in Halevi & M ̈osta 2018 ), and the magnetic
eld topology. Furthermore, independent of uncertainties, different 
roperties of the progenitor such as masses or metallicities may lead
o different nucleosynthetic outcomes. 

(ii) Nuclear physics . The nuclear physics input have been dis- 
ussed in the previous section. Compared to the astrophysical 
ncertainties they are comparably small as our models do not reach
ery neutron-rich conditions and the nucleosynthesis path therefore 
o v es along nuclei with experimentally known masses. 
(iii) Observations of stellar atmospheres The uncertainties and 

onstraints that arise when observing stellar atmospheres. The 
bservation of some elements can have large uncertainties due to 
ssumptions for the stellar atmosphere, such as local thermodynamic 
quilibrium or restricting them to spherical symmetry (e.g. Castelli & 

urucz 2003 ). Additionally, the atomic physics properties of some 
ransitions may have not been experimentally precisely measured, 
urther increasing the error of the abundances (e.g. Gray 2005 ). Even
orse, some elements are not observable due to unfa v ourable atomic
roperties and could only be detected in a wavelength range that
s disturbed by Earth’s atmosphere, making it necessary to observe 
hem with telescopes that are located in space. This vastly decreases
he amount of detections and, therefore, decreases the amount of 
vailable data (see top panel and background colours in the lower
anel of Fig. 11 ). 

After summarizing these three sources of uncertainties and varia- 
ions in the calculated and observed abundances, we want to discuss
he potential of MR-SN to account for the variability found in
bserved abundances. Elemental r -process abundances of the oldest 
tars show two characteristic trends represented by the two stars in
ig. 11 . There are stars with high and low enrichment of heavy
lements from second to third peak relative to first peak (Sr-Y-
r, Qian & Wasserburg 2001, 2007 ; Aoki et al. 2005 ; Roederer
t al. 2010 ; Hansen, Montes & Arcones 2014 ). Those with high
bundances for heavy r-process elements present also a robust 
attern, namely the relative scale of abundances are the same in
ll those stars and in the solar system (e.g. Sneden, Cowan &
awler 2003 ; Sneden, Cowan & Gallino 2008 ; Roederer et al.
018 ). Ho we ver, for lighter heavy elements between Sr and Ag the
attern is less robust. This together with the observation of stars with
MNRAS 529, 3197–3209 (2024) 
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M

Figure 11. Upper panel: percentage of observations per element according 
to the SAGA database, adding the detections of the star HD 222925. Dashed 
vertical lines show specific elements as indicated at the top of the plot. 
Lower panel: median abundances of all previous calculations of the models 
H (blue line), L1-90 (green line), and L1-0 (orange line) versus atomic 
number using the same color scheme as Fig. 2 .. Shaded bands around the 
lines give the maximum and minimum yield or the calculations outlined in 
the previous section. Hereby, we include all variations with the exception of 
the calculations with no included neutrino reactions. Black squares indicate 
abundances of the r -process enhanced star HD 222 925 (Roederer et al. 2022 ), 
magenta circles the star HD 122 563 from Honda et al. ( 2007 ) with additional 
values of Roederer et al. ( 2012 ) indicated by magenta diamonds. Cyan stars 
and brown triangles indicate the stars CS22897-008 from Spite et al. ( 2018 ) 
and HE0109-4510 from Hansen et al. ( 2015 ), respectively. All stars are 
normalized to the abundance of Sr ( Z = 38) of model L1-0. Upper limits 
are indicated with a downwards pointing arrow. The background colours 
indicate different percentages of observations (out of a total of ∼19 500 
stars) as shown in the upper panel: green indicates more than 5 per cent, 
blue more than 1 per cent, orange more than one observation, red exactly one 
observation, and white no observation at all. This gives an estimate on how 

easy it is to observe a certain element. The arrows at the bottom of the lower 
panel indicate the regions of the first, second, and third r -process peak. 
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ow enrichment of heavy r -process indicates that there may be an
dditional contribution to those elements from another astrophysical
ite(s). Such an addition contribution was discussed by Qian &
asserburg ( 2001 ) and Travaglio et al. ( 2004 ) who called it LEPP

lighter element primary process). There has been several suggestions
bout an extra astrophysical site to produce elements between Sr
nd Ag in addition to the r - and s -processes (Montes et al. 2007 ):
ast rotating stars (e.g. Frischknecht, Hirschi & Thielemann 2012 ;
rischknecht et al. 2016 ), neutrino-driven supernova (e.g. Arcones &
ontes 2011 ; Hansen et al. 2014 ; Bliss, Arcones & Qian 2018 ; Witt

t al. 2021 ; Wang & Burrows 2023 ; Sieverding, Kresse & Janka
023b ), neutrino-driven winds after neutron star mergers (e.g. Martin
t al. 2015 ; Fujibayashi et al. 2017 ). 

Our results show that MR-SNe could also contribute to the
roduction of lighter heavy elements and explain the variations
ound in the observ ed abundances. Moreo v er, the y may explain
he stars with low abundance of heavy r -process elements. When
omparing the yields to strong r -process enhanced stars like HD
22 925 (Roederer et al. 2022 , black squares in Fig. 11 ) it becomes
lear that even in the very optimistic case of an aligned dipole we
an not reproduce the abundances for elements heavier than Barium
 Z = 56). Also in the case of an only slightly r -process enriched
tar, HD 122 563 (Honda et al. 2007 , magenta circles in Fig. 11 ),
eavy elements are under-produced. This underproduction of heavy
 -process elements compared to lighter ones (between Sr and Ag) is a
NRAS 529, 3197–3209 (2024) 
ommon problem in MR-SNe (see also e.g. Ekanger, Bhattacharya &
oriuchi 2023 , for a discussion). This may be enhanced when con-

idering longer simulation times because at late times the production
f heavy elements is negligible while lighter heavy elements are
till synthesized (see the continuous ejection of material with Y e �
.45 in Fig. 3 and the discussion in Reichert et al. 2023b ). If stars
ike HD 122 563 are indeed carrying the nucleosynthetic fingerprints
f MR-SNe, there should be a mechanism that prevents a further
jection of neutron-rich matter at later times (see Fig. 3 ), that is,
allback or earlier black hole formation. We also want to note that the
otential for a postponed formation of a collapsar could result in an
dditional ejection of r -process material. The question of whether this
henomenon would bring the ejected material closer to resembling
he pattern observed in robust r -process stars like CS22897-008, or
xacerbate the issue of overproduction of lighter heavy elements,
emains a subject of ongoing research (see e.g. Siegel et al. 2019 ;

iller et al. 2020 ). 
An interesting result from MR-SNe nucleosynthesis is the vari-

bility of both: abundance pattern of lighter heavy elements and
elative abundance between lighter and heavy r -process elements.
t is well known that the production of heavy elements ( A >

00) in supernova explosions displays a (possibly non-monotonic)
ependence on the magnetic field strength (Nishimura et al. 2015 ,
017 ; Reichert et al. 2021a , 2023b ). Studying the impact on the
ucleosynthesis due to a variation of the magnetic field strength
s moti v ated by the recognition that the strength of the magnetic
eld can undergo variation and amplification due to processes such
s the MRI (Reboul-Salze et al. 2021 , 2022 ) or PNS convection
Raynaud et al. 2020 ). Here, we have shown that also the topology of
he magnetic field leads to a substantial scatter in the abundance
attern. In nature, there most likely exist a variety of magnetic
eld strengths and magnetic field topologies. Even for the same
tellar progenitor (i.e. same mass, initial composition, and rota-
ional properties), stellar evolution models predict a variety of pre-
upernova end-points. The source of that variability is largely owed
o the 1D modelling of the secular stellar evolution, which nec-
ssarily includes approximations for intrinsically multidimensional
henomenae, for example, convection, turbulence, the transport of
ngular momentum, the development of MHD instabilities, etc. But
ven a (nowadays impractical) multidimensional modelling would
ardly be fully deterministic regarding the properties of the magnetic
eld, since some physics may induce a stochastic variance in the
esults (for instance, the turbulence). Considering various possible
ealizations of the magnetic field strength and topology of the same
tellar progenitor of MR-SNe is useful to understand how much
f the observed scattering in the distribution of abundances in r -
rocess enriched stars could be attributed to that particular property of
assive stars. Naturally, there are other sources of potential scattering

n the nucleosynthetic yields, among which the various masses and
etallicities of the stellar progenitors can be of utmost importance.
ere,we find that the scattering of abundance patterns in r -process

nriched stars can be fully co v ered up to the second r -process peak
y the degree with which the initial magnetic field resembles that
f an aligned dipole. Beyond the second r -process peak, topological
hanges in the poloidal magnetic field may only account for the
bserved abundances of moderately r -process enriched stars up to Z
75 (neglecting the potential for a delayed formation of a collapsar).

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

e investigated the nucleosynthesis of five state-of-the-art 3D CC-
Ne models with rapid rotation. One model did not host any magnetic
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eld and was calculated as a reference, while the four other models
osted the same strong magnetic field strength, but different topology. 
onsidering variations in the magnetic topology aims at addressing 

he uncertainties that surround the astrophysical origin of such fields. 
he y hav e to do with the approximations necessary to obtain a model
f a massive star at the brink of collapse, foremost of which is the
D treatment of stellar evolution. Moreo v er, the action of dynamo
rocesses within the central PNS during the onset of the explosion 
an lead to the amplification of magnetic fields up to magnetar-like 
trength with complex spatial structure and time variability (Raynaud 
t al. 2020 ; Reboul-Salze et al. 2022 ). All these f actors mak e the
eld topology very uncertain. For the first time, we investigated 

he nucleosynthetic yields of models that have a magnetic field 
onfiguration not dominated by a dipole. Among the topologies 
xplored, we include, quadrupolar fields aligned with the rotational 
xis, and a dipolar field perpendicular to the rotational axis. We 
btain a large variety of possible ejecta compositions leading from 

ompositions dominated by iron for the model without magnetic 
elds (model H), to the models with a quadrupolar field and a tilted
ipole that eject elements of the second r -process peak ( A ∼ 130), to
he most optimistic case of a large scale dipole that hosts elements
p to the third r -process peak, even though in a reduced amount
 M( A ≥ 180) ∼ 6 × 10 −5 M �). 

In comparison to a similar model (model S) whose nucleosynthesis 
as investigated in Reichert et al. ( 2023b ), the here presented large-

cale dipole model L1-0 hosts slightly more neutron-rich conditions. 
his difference is visible in an increased ejecta mass of elements 
eavier than the second r -process peak. The only difference between 
hese two models is the initial toroidal magnetic field (and therefore 
he imposed total magnetic energy). This shows that even if toroidal 
elds are created during the 3D dynamical evolution post-collapse 
ugli et al. 2021 ), the nucleosynthetic yields can be sensitive to

heir strength in the pre-supernova (initial) model. In other words, 
he dynamical evolution of the explosion does not (totally) erase the 
nitial conditions at the brink of collapse. Our comparison suggests 
hat pre-collapse toroidal fields can affect not only the o v erall
bundance of r-process nuclei, but also the amount of unstable nuclei 
uch as 56 Ni. This finding can explain previously reported low 

56 Ni 
ields within MR-SNe (e.g. Nishimura et al. 2017 ). 
In our models of MR-SNe, we observe conditions that are mod- 

rately neutron-rich. As a result, the nucleosynthetic path follows 
 trajectory within a region where nuclear masses have either 
lready been experimentally measured or are on the cusp of being 
easured. This observation is encouraging, as it suggests that future 

xperiments hold the potential to further reduce uncertainties in 
uclear physics. 
We systematically explored the sensitivity of abundance patterns 

sing seven distinct nuclear mass models. Our models of MR-SNe 
epict moderately neutron-rich conditions, placing the nucleosyn- 
hetic path within a region where nuclear masses have already 
een experimentally measured or are poised for measurement. This 
rospect is encouraging, as it suggests that upcoming experiments 
ave the potential to further mitigate uncertainties in nuclear physics. 
We have also shown that different β−-decay rates have only a 
inor impact on the final composition. In total, we tested the effect of

hree different sets of β−-decays and β−-delayed neutron emission 
robabilities from M ̈oller et al. ( 2003 , 2019 ), and Marketin et al.
 2016 ). While the different probabilities for β−-delayed neutrons did 
ot change the ejecta composition, the different half-lives impacted 
he models with a quadrupolar field and a 90 ◦ tilted dipole. Within
hese models, the ejecta composed of elements with mass numbers 
f 90 < A < 130 get slightly enhanced. This enhancement is caused
y the differing half-lives of nuclei with 51 < N < 59. Compared to
 ̈oller et al. ( 2003 ), the half-lives of the rate tables of M ̈oller et al.

 2019 ) and Marketin et al. ( 2016 ) are shorter in this region, which
llows for a quicker development of the nucleosynthetic flow that 
ltimately leads to an increase of heavier elements in the ejecta. 
When investigating the impact of neutrino reactions, it has to be

ept in mind that our post-processing procedure starts when the 
rajectories fall below 7 GK . At this temperature, the network starts
ith the electron fraction given by the simulation, which already 

ontains a certain treatment of neutrino reactions. Nevertheless, we 
ere able to show that charged-current neutrino reactions on heavier 
uclei (i.e. not nucleons) can increase the ejecta of elements with A
 90 in the case where no magnetic fields are present (model H). 
Our models lack the necessary neutron richness to facilitate the 

ynthesis of elements undergoing fission. Consequently, the consid- 
rable uncertainties associated with the calculation of fission reac- 
ions and fragment distributions do not influence any of our results. 

When including feedback of the nuclear energy to the temperature 
what we have referred to as self-heating), we only observed a minor
ependence of the nuclear energy on the ejected yields for all our
odels. This underlines that the MHD simulation already assembles 

he most important ingredients for determining the temperature. 
Another source of uncertainty is of numerical origin. Longer post- 

ollapse evolution may foster conditions for the generation of heavy 
lements, for example, significantly increasing the entropy in the 
etted ejecta (Reichert et al. 2023b ). Intrinsic to the discretization
f the problem to make it amenable to numerical treatment, are the
ffects (numerically) produced by dynamics happening at scales of 
bout the grid resolution. Although our models rely on very high
rder numerical methods, a higher resolution will be needed in the
uture. That will help to disentangle whether only changes in the
nitial poloidal magnetic field may allow for a robust production of
 -process nuclei. The alternative possibility is that dynamo processes 
n the post-collapse evolution very rapidly create strong enough fields 
o produce a similar effect. The latter may demand significantly larger
umerical resolution than we can currently afford. 
When comparing the ejecta composition with the abundances in 

he stellar atmosphere of old r -process enriched stars, it becomes
lear that even our most optimistic model L1-0 is not agreeing
ell with strongly r-process enriched stars. Ho we ver, it may be
 candidate to explain less r -process enriched stars, so called
onda-type (or limited-r) stars (see also, e.g. Farouqi et al. 2022 ;
araf et al. 2023 , for a discussion). Furthermore, irrespective of
ariations in progenitor masses or metallicities, the diversity of ejecta 
ompositions arising from different realizations of magnetic field 
trength and topology within a single pre-supernova model offers 
 plausible account for abundance variations preceding the second 
 -process peak. The observed variation in lighter heavy elements, 
xtending up to strontium or silver, has been previously highlighted 
n the literature (LEPP). Here, we demonstrated that MR-SNe could 
aturally offer a viable explanation for the presence and scatter of
ighter heavy elements in the early Universe. 

The large variety of yields obtained here may also pose a
ajor challenge to galactic chemical evolution models. Our results 

ndicate that these calculations, if considering MR-SNe as sources 
or r -process elements, should consider distributions of magnetic 
eld strengths, magnetic field configurations, and magnetic field 
rientations. The yields are therefore not only dependent on the mass
nd metallicity of the progenitor (i.e. pre-supernova) star, but also 
n the details of the magnetic field. This should be incorporated into
alactic chemical evolution models in order to accurately describe 

he evolution of heavy elements in the early universe. This may not be
MNRAS 529, 3197–3209 (2024) 
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easible in the near future, since also not enough theoretical models
nd nucleosynthetic yields exist yet. 

In this paper, we have taken another step to provide theoretical
onstrains that distinguish magnetorotational from ordinary SNe or
eutron-star mergers as sources of heavy elements in the Universe.
he uncertainties in the models (of various origins) provide a
ariegated landscape of abundance patters. That motivates us to
ontinue our endea v our of producing further and more sophisticated
umerical models whose observational signatures (nucleosynthesis
atterns are one of them) permit deciphering whether observed SNe
re driven magnetorotationally or otherwise. 
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