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ABSTRACT

Core-collapse supernova (CCSN) explosions powered by rotation and magnetic fields
present an interesting astrophysical site for nucleosynthesis that potentially contributes to
the production of r-process elements. Here we present yields of the innermost ejecta in 3D
magnetorotational CCSN models simulated using the CoCoNuUT-FMT code. Strong magnetic
fields tap the rotational energy of the proto-neutron star and lead to earlier and more energetic
(~ 3 x 10°! erg) explosions than typical neutrino-driven CCSNe. Compared to a reference
non-magnetic model, the ejecta in the magnetorotational models have much more neutron-
rich components with ¥, down to ~ 0.25. Our post-processing calculations with the reaction
network SkyNet show significant production of weak r-process elements up to mass number
~130. We find negligible differences in the synthesis of heavy elements between two mag-
netorotational models with different initial field strength of 10'° and 10'2 G, in accord with
their similar explosion dynamics. The magnetorotational models produce about ~ 0.19 and
0.14 M, of radioactive “°Ni, on the low end of inferred hypernova nickel masses. The yields
are publicly available at Zenodo: doi:10.5281/zenodo.10578981 for comparison with stellar
abundance patterns, inclusion in modelling galactic chemical evolution, and comparison with
other yield calculations. Our results add to the yet restricted corpus of nucleosynthesis yields
from 3D magnetorotational supernova simulations and will help quantify yield uncertainties.

Keywords: Core-collapse supernovae(304) — Magnetohydrodynamics(1964) — Nucleosyn-
thesis(1131) — R-process(1324)

1. INTRODUCTION It has long been suggested that rotation and mag-
netic fields play an important role in some core-
collapse supernova (CCSN) explosions of massive
stars heavier than ~8—10 M, (LeBlanc & Wilson
1970; Meier et al. 1976). In the modern view of
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magnetorotational (MR) CCSNe, strong magnetic
fields amplified through magnetorotational insta-
bilities (MRI) or some other form of dynamo action
tap the rotational energy of the newly formed proto-
neutron star (PNS) to launch bipolar jets and prob-
ably power a hyperenergetic explosion (Wheeler
et al. 2002; Akiyama et al. 2003; Burrows et al.
2007; Dessart et al. 2007; Masada et al. 2015; Rem-
biasz et al. 2016; Kuroda et al. 2020; Obergaulinger
& Aloy 2020, 2021; Bugli et al. 2021; Powell
et al. 2023; Matsumoto et al. 2023; Shibagaki et al.
2023). The MR mechanism provides a plausible
scenario for hypernovae with an explosion energy
of ~ 1072 erg, about ten times that of normal CC-
SNe, which are often associated with long gamma-
ray bursts (long GRBs, Galama et al. 1998; Bloom
et al. 1999; Hjorth et al. 2003). Despite impressive
progress in modelling MR explosions, the physical
mechanism behind hypernovae and long GRBs is
still not definitely settled and no single model can
as yet explain the phenomenology of these extreme
transients completely. One lingering issue is, for
example, that in several sophisticated 3D magneto-
hydrodynamic (MHD) simulations, the bipolar jets
became less collimated or even destroyed at later
times due to various non-axisymmetric instabili-
ties (e.g., Mosta et al. 2014; Kuroda et al. 2020;
Powell et al. 2023, but see Obergaulinger & Aloy
2021 for stable jets). One complication is that the
relativistic jets seen in long GRBs and the non-
relativistic outflows that carry the bulk of the ex-
plosion energy are likely very distinct phenomena
(Burrows et al. 2007). A unified understanding of
the non-relativistic precursor to the GRB and the
GRB itself will require models that bridge differ-
ent phases and regimes in hypernova explosions
to consistently account for multi-messenger obser-
vations of the observed events. Because of their
yet enigmatic nature and the extreme energies in-
volved, magnetorotationally-powered hypernovae
are a major target for multi-messenger astronomy.
In particular, nearby energetic supernovae are im-
portant targets for current and future ground-based

gravitational-wave observatories due to their appar-
ent asphericity and unique emission features (Pow-
ell et al. 2023; Shibagaki et al. 2023), which might
help constrain the explosion by an unobscured look
into the supernova core.

With regard to multi-messenger astronomy, an-
other intriguing aspect of MR CCSNe is that they
are a potential site for rapid-neutron-capture (r-
process) nucleosynthesis (Nishimura et al. 2015,
2017; Mosta et al. 2018; Halevi & Mosta 2018;
Winteler et al. 2012). MR explosions can be a
more viable scenario than neutron-star mergers for
explaining the early enrichment of r-process el-
ements in some extremely metal-poor stars (see
Thielemann et al. 2017 for an overview). Yongetal.
(2021) reported an outstanding example, SMSS
J200322.54-114203.3, with very low overall metal-
licity and significant r-process enrichment that can
possibly be explained by pollution with the ejecta
froma MR CCSN with a25 Mg progenitor. The po-
tential for r-process nucleosynthesis in MR CCSNe
was already recognised before the advent of de-
tailed simulations with magnetic fields and neutrino
transport and has long been investigated based on
yields of MR CCSNe by simulations with parame-
terized neutron-rich ejecta in the prompt-magnetic
jet (Cameron 2003; Nishimura et al. 2015; Grim-
mett et al. 2021). Winteler et al. (2012) and Mosta
et al. (2018) took significant leaps towards under-
standing neutron-rich nucleosynthesis in MR ex-
plosions using 3D MHD simulations with a neu-
trino leakage scheme to determine nucleosynthetic
conditions. The latest first-principle 3D MHD sim-
ulations together with spectral neutrino transport
(Obergaulinger & Aloy 2021; Powell et al. 2023;
Kuroda et al. 2020) have made it possible to investi-
gate whether MR CCSNe can provide the necessary
conditions for the robust r-process production with
much less uncertainty from parameterizations used
in the past. Nucleosynthesis calculations based on
the 3D neutrino-MHD model simulated with the
AENUS-ALcAR code (Obergaulinger & Aloy 2021;
Reichert et al. 2023) suggest r-process yields of



MR CCSNe up to the 2nd peak, i.e., to mass num-
ber A ~ 130. Howeyver, the results of Reichert et al.
(2023,2024) also indicate non-trivial model depen-
dency of the yields. More nucleosynthesis studies
using different simulation codes, grid resolutions,
and initial model setups are urgently needed to as-
sess the robustness of nucleosynthesis yields from
MR CCSNe and quantify uncertainties in yield pre-
dictions.

Sources of uncertainty in models of MR CC-
SNe are still manifold. One of the main uncer-
tainties concerns the poorly understood evolution
of massive stars with rapid rotation and magnetic
fields. Currently, only 1D progenitor models are
available with ‘shellular’ rotation and prescriptions
for rotation-induced mixing and magnetic fields
(Spruit 2002; Heger et al. 2005; Paxton et al. 2013).
Takahashi & Langer (2021) have made improve-
ments in the modelling of the interplay between
the magnetic fields and rotation by suggesting what
is essentially a sophisticated physically-motivated
turbulence model including rotation and magnetic
fields, but their algorithm has not yet been used to
evolve massive stars to collapse to provide the pro-
genitor models required for CCSN simulation. Cur-
rent stellar evolutionary simulations thus cannot
confidently predict accurate magnetic field strength
and multi-dimensional configuration at the onset
of core collapse. This is relevant for MR CCSN
nucleosynthesis studies, as Reichert et al. (2024)
have noticed that the initial magnetic field con-
figuration is an important factor determining the
nucleosynthetic conditions of the inner ejecta in
MR explosions. Note that recently 3D simulations
of short phases of the pre-collapse progenitor evo-
lution with magnetic fields have been performed
for the non-rotating case (Varma & Miiller 2021)
and for a rapidly rotating case (Varma & Miiller
2023). These studies, however, only simulated a
portion of the star (some active burning shells)
and especially the rotating models did not cover
sufficiently long secular timescales to provide con-
sistent pre-collapse structures for CCSN simula-
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tions. As another source of uncertainty, the post-
collapse amplification of the magnetic fields may
require very high numerical resolution to capture
instabilities on small scales (e.g., 100m in Mosta
etal. 2015), especially if the initial fields are weak.
Such high resolution is not achievable in global CC-
SNe simulations with detailed neutrino transport.
The common approach in MR-CCSNe modelling
is therefore to impose relatively strong initial fields
in the pre-collapse core so that the PNS can achieve
magnetar-strength magnetic fields directly as a re-
sult of flux compression (Mosta et al. 2014; Ober-
gaulinger & Aloy 2021; Powell et al. 2023). Inter-
estingly though, the latest generation of 3D MHD
supernova simulations is showing MR explosions
even for more moderate initial field strengths of
~10'0 G that appear plausible in the light of recent
3D progenitor simulations.

Uncertainties also arise because of physical ap-
proximation and implementational differences in
the numerical methods used in MR CCSN simu-
lations. Neutrino interactions are crucial for de-
termining the nucleosynthetic conditions, i.e. the
neutron to proton ratio of the ejecta. Many simu-
lations in the last decade (Mosta et al. 2014, 2018)
employed a neutrino leakage scheme for the sake of
computational efficiency in 3D. This has been re-
placed with multi-group, moment-based neutrino-
transport schemes with algebraic closures (Ober-
gaulinger & Aloy 2021; Kuroda et al. 2020) and
other multi-group neutrino transport approxima-
tions (Powell et al. 2023) in more recent stud-
ies. General-relativistic MHD codes were used in
Mosta et al. (2014, 2018); Kuroda et al. (2020)
while Newtonian MHD codes with an approxi-
mate relativistic potential were used, e.g., in Ober-
gaulinger & Aloy (2021); Powell et al. (2023). Spa-
tial resolution is another important numerical as-
pect and one needs to balance between the com-
putational costs and the fidelity of the results. For
example, Obergaulinger & Aloy (2021); Reichert
et al. (2023, 2024) adopted a coarse angular resolu-
tion of ~ 2.8" and relatively low radial resolution of
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210 zones for several 3D simulations. The smaller
computational cost of low-resolution models allows
a more systematic parametric survey for different
progenitor models and combinations of rotation and
magnetic fields. It is important, however, to com-
plement these low-resolution models with higher
resolution simulations as input for nucleosynthesis
studies. Part of the motivation of this paper is to
provide MR CCSN nucleosynthesis yields based
on higher-resolution simulations.

In this paper, we perform nucleosynthesis calcu-
lations with the SkyNet reaction network (Lippuner
& Roberts 2017) by post-processing the 3D non-
MHD and MR-CCSN models of Powell & Miiller
(2020); Powell et al. (2023). The two 3D MR-
CCSN models in Powell et al. (2023) span ini-
tial magnetic field strengths that differ by two or-
ders of magnitudes with central fields of 101G
and 10'2G, respectively. While the non-MHD
model exhibits a normal neutrino-driven explo-
sion with a diagnostic explosion energy Eex, of
107! erg in ~ ls, in the MR models the shock is
revived already ~ 100ms after bounce and Eep
grows rapidly to ~ 2.5-3 x 10°! erg in ~200 ms re-
gardless of the different field strengths. The early
and energetic explosion leads to neutron-rich ejecta
with electron fractions down to ~0.25 in the MR
models. Accordingly our post-processing calcu-
lations show weak r-process nucleosynthesis up
to the 2nd peak in the MR models and we ob-
serve insignificant differences for the different field
strengths. The MR models also produce more ra-
dioactive *°Ni (~0.1-0.2 M) than the non-MHD
model (~ 6.4 x 1072 M) and more generally, nor-
mal CCSNe. The synthesized *°Ni mass in the MR
models is in the ballpark of observed hypernovae
(Bufano et al. 2012; Nomoto et al. 2013; D’Elia
et al. 2015).

Our paper is organized as follows. In Section 2
we summarize the CCSN progenitor and explosion
models used in this work. In Section 3 we present
the methods used for post-processing calculations,
including the extraction of tracers and SkyNet sim-

ulations. We then describe the nucleosynthetic con-
ditions and detailed yields through the post-process
calculations. We also discuss the potential astro-
physical implications of our results. We give our
conclusions in Section 4.

2. MAGNETOROTATIONAL CCSN MODELS

We base our nucleosynthesis calculations on two
3D MR-CCSN models from Powell et al. (2023)
and one non-MHD CCSN model from Powell &
Miiller (2020). These were all simulated with
the same progenitor model of Aguilera-Dena et al.
(2018), but with different magnetic field strengths
imposed at the onset of core collapse. Below we
briefly summarize essential features of the progen-
itor model and the results of CCSN hydrodynamic
simulations to provide background for understand-
ing the nucleosynthesis results. For a more com-
prehensive view of the models as well as simulation
methods we refer the readers to the original papers.

Progenitor model: ~'The CCSN progenitor was
evolved using the Modules for Experiments in Stel-
lar Astrophysics (MESA, Paxton et al. 2011, 2013,
2015,2018) and has an initial mass of 39 M, initial
metallicity of ~ 1/50 Zs, and initial rotational ve-
locity of 600kms~!. It is the most massive CCSN
progenitor in the B Series models of Aguilera-Dena
et al. (2018), in which the diffusion constant due
to rotational mixing is enhanced by a factor of
10. The model experiences chemically homoge-
neous evolution, develops a fast-rotating and mas-
sive carbon-oxygen core of ~23 M, and loses the
entire hydrogen and helium envelopes prior to col-
lapse. Such an evolutionary path is considered to
produce progenitor models for long GRB and Type
Ic superluminous supernovae.

At the onset of core collapse the model has a
mass of 22.05 M, with a compactness parameter
(O’Connor & Ott 2011) of &5 = 0.36 and a core
angular velocity of 0.54rads™!, which translates
to a birth PNS period of 4.15ms assuming an-



gular momentum conservation'. Magnetic fields
are added to the progenitor model at the beginning
of the core collapse simulations with a maximum
strength of 10'°G (model m39_B10) and 10'2 G
(model m39_B12) at the stellar center for both the
poloidal and toroidal components. A dipolar mag-
netic field is assumed and generated from the vector
potential A given by (Suwa et al. 2007)

3
Boryr

(Ar,AQ,A¢) — 3
2(r3 +r0)

(cos®,0,sin6), (1)

where B is the maximum and central field strength
and rq is set to 103 km. For the non-MHD model
(m39_B0) no magnetic field is imposed. This
model is used as a reference neutrino-driven CCSN
model.

CCSN models: The CCSN simulations were
performed using the CoCoNUT-FMT code (Dim-
melmeier et al. 2002; Miiller & Janka 2015; Powell
& Miiller 2019) with the MHD solver described
in Miiller & Varma (2020). Neutrino transport
is solved using the 3-flavor (v., v, and v, =
{Vu, Vu, vz, V- }) multi-energy-group one-moment
scheme (FMT) of Miiller & Janka (2015). Neu-
trino energy is sampled with 21 logarithmically dis-
tributed bins from 4 MeV to 240 MeV. The 3D com-
putational grid has 550 % 128 x 256 zones in radius,
latitude, and longitude, reaching 10° km in radius,
and covers the full 4 solid angle. This corresponds
to an angular resolution of ~1.4". The finest reso-
lution for the radial grid is 192 m at the PNS center,
and the grid maintains Ar/r ~ 0.015 from the outer
layers of PNS to a few hundred km. For compari-
son, the 3D MHD simulations in Obergaulinger &
Aloy (2021) used a two-moment scheme (M1) for
the neutrino transport with 10 energy bins, an an-
gular resolution of ~2.8" and 300 radial zones out
to an outer grid boundary at 5 x 10 km.

1'This result assumes a proto-neutron star with a mass of
1.5 M, a radius of 15km and a momentum of inertia of

2.27 x 10% gcm?.
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The simulations were performed in 2D during the
collapse phase and mapped to 3D shortly after the
core bounce with small perturbations imposed to
trigger non-axisymmetric instabilities. The non-
MHD model m39_BO0 used the general-relativistic
version of CoCoNuT while the MR-CCSN model
used its Newtonian MHD version (Miiller & Varma
2020) with the effective relativistic gravitational
potential (Case Arot) of Miiller et al. (2008).
The 3D simulations stop at ~ 1s, ~ 300ms and
~ 680 ms after core bounce for m39_B0, m39_B10
and m39_B12, respectively.

The explosion dynamics for these CCSN mod-
els are illustrated in Figure 1, which shows the
time evolution of the mean shock radius and the
diagnostic explosion energy (Eexp). Here diagnos-
tic explosion energy is defined as the energy of
material with positive radial velocity and total en-
ergy (summing over kinetic, internal, gravitational,
and magnetic energies) in the simulated domain.
This is different from the final explosion energy
because there is still energy input from neutrino
heating and nuclear recombination. Also, energy
will be drained to unbind the overburdened enve-
lope as the shock propagates outwards. Long-term
simulations are needed to account for these further
effects and determine the final explosion energy
(see, e.g., Chan et al. 2020; Bollig et al. 2021). The
MR models undergo shock revival at ~100 ms after
core bounce with positive Eexp emerging, and this is
~100 ms earlier than that in the non-MHD model.
Eexp in the MR models grows rapidly for about
200 ms and reaches ~ 3.0 x 10°! erg in m39_B10
and ~ 2.5 x 10°! erg in m39_B12 at ~ 300 ms after
core bounce. In the meantime, the total angular
momentum of the PNS drops dramatically by an
order of magnitude. This signifies the efficient tap-
ping of the PNS rotational energy reservoir by the
strong magnetic fields to power the explosion. The
rise of Eexp, turns much shallower afterwards, with
an increment of ~ 0.3 x 10°! erg for the remaining
~380 ms in the model m39_B12. A slow, sustained
rise even after spindown of the the PNS is expected
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because there will still be low-level energy input
into the explosion by neutrino heating, and possi-
bly from magnetic fields that tap accretion power
or the slow late-time rotation of the PNS. However,
because the accretion rate in the magnetic mod-
els is low at this stage, this late-time rise is slower
than in the non-magnetic model, which maintains
a higher accretion rate and hence stronger neutrino
heating. An interesting observation is that the two
MR models show very similar explosion dynamics
though their initial magnetic field strengths differ
by two orders of magnitudes. As we shall see,
this has a major impact in the form of close simi-
larity between their nucleosynthesis yields. In the
non-MHD model, Ecp, grows slowly as the explo-
sion sets in and reaches ~ 10°! erg at ~ 1.0s after
core bounce, which is still faster than the typical
3D non-rotating CCSN simulations of less mas-
sive progenitors (e.g., Burrows et al. 2020; Bollig
et al. 2021). The growth of Ee, has not yet sat-
urated in this model. At the end of simulations,
the PNS baryonic mass is ~2.03, 1.71 and 1.73 M
in m39_B0, m39_B10 and m39_B12, respectively.
For computing mass fractions and production fac-
tors in the ejecta, we assume that the total ejecta
mass is ~ 20 M including the inner ejecta as sim-
ulated plus the unshocked outer envelope. Fallback
accretion onto the PNS is a potential caveat here,
as this may reduce the final ejecta mass. This effect
would need to be determined by long-term simula-
tions (Chan et al. 2020; Burrows et al. 2023).

To view the CCSN ejecta configuration in the
adopted 3D models, we render the specific en-
tropy and electron fraction Y, on a meridional
plane at the end of simulations in Figure 2. All
three models exhibit bipolar features along the ro-
tational axis to some degree. In the MR mod-
els the supernova shock and the distribution of
the bulk of the ejecta is relatively spherical while
bipolar jets are launched ~ 50-100 ms after shock
revival. Run until ~ 300 ms after core bounce,
the model m39_B10 has obvious collimated bipo-
lar jets, though the jets remain non-relativistic. In

model m39_B12, which has been run for ~400 ms
longer, the jets are less collimated and off-axis
due to non-axisymmetric kink instabilities. The
jets in m39_B10 may also experience such non-
axisymmetric instabilities and evolve similarly as
m39_B12. The ejecta for the bulk shock are mostly
mildly to moderately neutron-rich with Y. down
to ~0.25, while the jets contain proton-rich ejecta
with Y, > 0.5 as clearly seen in m39_B10. Similar
proton-rich jets are found in the 3D model ‘O’ in
Reichertetal. (2023). In comparison, the explosion
in m39_BO0 is more asymmetric and bipolar in terms
of bulk ejecta distribution and shock geometry and
Y. of the ejecta lies in the interval of [0.45,0.55].

It should be emphasized that although jets are
present in the MR models, they are not dominant
for driving the explosion. The shock revival and
rapid growth of E.y, take place before the jet for-
mation. Also, the jets carry at most ~ 10% of Eey,
and their composition is proton-rich. The neutron-
rich ejecta are related to the early shock revival and
the rapid growth of Eex,. Similar prompt ejection of
neutrino-rich matter is also found the 3D MR mod-
els of Reichert et al. (2023). We note that an early
explosion with fast shock expansion is more favor-
able for neutron-rich ejecta in the neutrino-driven
explosion scenario. This is true for the electron-
capture supernova and low-mass CCSN explosions
(e.g., Yo ~ 0.4, Wanajo et al. 2018). For more mas-
sive progenitors, Wanajo et al. (2018) found that
in their s27 model the ejecta Y, extends down to
0.40 (otherwise >0.45 for other massive progeni-
tors) as it also explodes early because of prominent
standing accretion shock instability (Miiller et al.
2012).

3. NUCLEOSYNTHETIC YIELDS
3.1. Nucleosynthetic conditions

Before discussing the yields, it is useful to look at
the nucleosynthesis conditions in the CCSN ejecta.
We sample the fluid elements with tracer particles
to get the evolution history of the ejecta. Tracer tra-
jectories, i.e. density and temperature as a function
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Figure 1. Evolution of the mean shock radius (up-
per panel) and the diagnostic explosion energy (lower
panel) as a function of time after bounce in our 3D su-
pernova models. Model m39_B0 does not contain mag-
netic fields, while the models m39_B10 and m39_B12
include magnetic fields.

of time are extracted from the recorded snapshots
of simulations with a cadence of ~ 1 ms. We sam-
ple the tracers in the final snapshot and then use
the backward integration method as described in
Wanajo et al. (2018); Sieverding et al. (2020) to
obtain trajectories. Sieverding et al. (2023) showed
that this backward algorithm has advantages over
the forward approach and the results agree reason-
ably well with traditional on-the-fly tracer trajec-
tory integration in which particle tracers co-move
with the fluids during the hydrodynamic evolution
(Nagataki et al. 1997; Harris et al. 2017). We sam-
ple the final snapshot with 30 X 24 x 40 bins in
the r, 6 and ¢ directions, covering logarithmically
from ~ 450 km to the maximum shock radius and
covering 4 in solid angle. In particular, for the 8

7

direction we use equal A(cos 8) for the sampling to
give each tracer the same volume. The total num-
ber of tracers used is thus 28800 and each tracer
particle has a mass ranging from ~ 1078 Mg to
~ 1073 M. We also justify our results against the
tracer resolution by doubling the number of bins in
all directions which results in negligible difference
in the final yield pattern.

For defining the ejecta region, we use a conser-
vative criterion that a tracer particle is ejected only
if its final total energy (summing over internal, ki-
netic, gravitational and magnetic) and radial veloc-
ity are both positive. As we are most interested
in heavy-element production, we only post-process
the tracers with a peak temperature 7, > 3.5 GK be-
low which the synthesis of Fe-group and trans-Fe
elements is negligible. The resulting numbers (total
mass) of the ejected tracers are 12138 (0.124 M),
21826 (0.518 M) and 12253 (0.606 M) for mod-
els m39 B0, m39 B10 and m39_B12, respectively.

We use two post-processing approaches for the
tracers depending their 7, (see also Reichert et al.
2023; Wang & Burrows 2024). For T, > T =
7 GK, the calculation starts from the nuclear sta-
tistical equilibrium (NSE) composition when the
tracer’s temperature drops below 7 GK. We take
Y. at that moment to get the initial NSE composi-
tion. For tracers with T < 7 GK, the calculation
starts from the core bounce with the initial compo-
sition of the progenitor model (and thus with initial
Y. = 0.5 in the relevant region). These low-T}, trac-
ers have collapsed to a minimum radius greater than
~ 1000 km and their Y. is only minutely affected by
neutrino interactions. We have checked that the
choice of T, do not affect our major results if
varied from 7 GK to 8 GK.

Y. is the dominant factor that determines the
heavy-element nucleosynthesis for tracers reaching
NSE. The mass distribution of the chosen ejected
tracers as a function of Y, is shown in Figure 3.
In accord with the slice plots in Figure 2, the
ejecta in the two MR models have a long neutron-
rich tail with Y, extending down to ~ 0.25. The
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Figure 2. Meridional slices showing specific entropy (left column, in units of kg per nucleon) and electron fraction
(right column) for the models near the end of simulations, i.e. m39_B0 at 1 s (top row), m39_B10 at 0.3 s (middle row)
and m39_B12 at 0.68 s (bottom row). Note that the jets in the model m39_B12 are less collimated and more off-axis
compared to the model m39_B10 due to the operation of non-axisymmetric instabilities during the longer simulated
time. The green curve in each panel marks the corresponding shock surface.
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Figure 3. Distribution of ejecta mass M, per bin as a
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0.01.

mass distribution has a shallow slope against Y, in
the interval from ~ 0.35 to ~ 0.5. Due to their
very similar explosion dynamics (c.f. Figure 1),
the Y, distributions in the 2 MR models resemble
each other closely?. In comparison, the non-MHD
model shows a distribution for typical neutrino-
driven CCSN ejecta with Y, more or less centered
around 0.5, with a minimum Y, ~ 0.45 and a more
extended distribution on the proton-rich side (e.g.,
Wanajo et al. 2018; Wang & Burrows 2024).

We note that all the 3D CCSN models here show
a steep drop of the ejecta distribution towards
high Y. above 0.5, which tends to be shallower
in CCSN simulations with more accurate neutrino
transport (Wanajo et al. 2018; Wang & Burrows
2024). This likely stems from the difference in
the average energies of the electron-flavor neutrinos
(Ae = (&y,) —(&y,), see Sieverding et al. 2020). Ae
is ~ 2MeV in accurate neutrino transport schemes
while it is ~ 3 — 4MeV during the explosion in
the simplified FMT scheme (Miiller & Janka 2015)
which is used in our 3D CCSN models. Since the

2 We note that in the Figure 9 of Powell et al. (2023), the mass
distribution is normalized to the total ejecta mass. This results
in the smaller value for the neutron-rich part at 680 ms. In
fact, the absolute mass distribution of neutron-rich ejecta is
almost identical at 300 ms and 680 ms.

9

absorption of v, lifts Y., this raises the asymptotic
equilibrium Y. under neutrino exposure, which is
determined by the luminosities L,, and L;, and
mean energies &,, and &5, of electron neutrinos and
antineutrinos (Qian & Woosley 1996),

Lge({;‘ge - ZA) -1

Y.~ |1+
Ly, (&y, +2A)

2)

However, this may not significantly change Y. of
the bulk neutron-rich ejecta in the MR models,
which result from freeze-out of the Y. well be-
low its asymptotic equilibrium value anyway. An-
other uncertainty around Y, concerns the approx-
imate treatment of general relativistic effects in
our simulations by means of an effective potential
in the MHD simulations (as opposed to the gen-
eral relativistic simulation without magnetic fields).
For core-collapse supernova simulations without
magnetic fields, Miiller et al. (2012) demonstrated
that simulations with an effective potential approx-
imate the neutrino luminosities and mean ener-
gies in relativistic simulations fairly well. How-
ever, they found electron neutrino and antineutrino
luminosities to be slightly higher in the general
relativistic case due to subtle changes in proto-
neutron star structure. Higher luminosities could
push Y, towards the asymptotic equilibrium value
(Equation 2) more quickly. There may also be a
small shift in the equilibrium Y, itself, but this
likely has a very minor effect on the Y.-distribution.
The bottom line of these uncertainties is that the
Y.-distribution in the two magnetorotational cases
may be a little less neutron-rich than predicted by
the simulations, but the presence of much more
neutron-rich ejecta than in the neutrino-driven case
is expected to be robust.

Figure 4 further shows the same mass distribu-
tions, but as a function of Y, and the asymptotic
entropy per nucleon (s). The low Y. components
of the ejecta in the MR models correspond to low
values of entropy, ~ 10 —20 kg nuc~!. This reflects
that they are associated with the early onset of ex-
plosion and less affected by neutrino heating. The
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proton-rich side of ejecta can reach high values of
entropy ~ 40 — 50 kg nuc™!, because much of these
components are associated with the jets. A large
spread in Y, is seen for the high-entropy compo-
nents in m39_B12, as the jets are mixed with the
bulk ejecta in later times due to non-axisymmetric
instabilities. A caveat is that this large spread may
be partly due to numerical sampling and numerical
diffusion.

Finally, the jets in model m39_B10 exhibit high-
entropy (s > 40kp nuc™!) and proton-rich (Y. >
0.5) components which are not seen in the ¥, — s
distribution of tracers in Figure 4. This is due to
the small opening angle (~ 10°) of the jets at the
early times (recall that this model was simulated for
a shorter duration after bounce) which is not well
sampled when binned with A(cos#). To quantify
the impact of the jets on our results, we addition-
ally sample their volume with a finer resolution in
6. We use 6 bins in the 6 direction to sample the
intervals of [0, 15°] and [165°, 180°]. These vol-
umes contribute ~ 0.014 My mass which is ~ 3%
of the total mass of the inner ejecta. Because this
region mainly contributes high-entropy and proton-
rich material, it will not be relevant for r-process
nucleosynthesis.

3.2. Detailed nucleosynthetic yields

We use the SkyNet code (Lippuner & Roberts
2017) to perform the post-processing nucleosyn-
thesis calculations for the above extracted tracer
trajectories. To explore the possibility of r-process
production in MR CCSNe, we use the reaction net-
work with 7836 isotopes up to ﬁZCn. Settings of
the reaction network are following the setup from
‘r-process.py’ in the examples of SkyNet with re-
action rates from JINA REACLIB database (Cyburt
et al. 2010). We do not include neutrino interac-
tions in our post-processing calculations. Further
neutrino absorption can raise Y, of the inner ejecta
in general (see a detailed discussion in Sieverding
et al. 2020). Intense neutrino fluxes can also affect
heavy-element nucleosynthesis through v-process
(Woosley et al. 1990) and vp-process (Frohlich

et al. 2006) at low temperatures. We leave these
effects on the nucleosynthesis of MR CCSNe for
future studies.

Because the tracers still have a high temperature
(2 2 GK) at the end of hydrodynamic simulations,
we extrapolate the tracer trajectories to 5 x 107 s
according to the following equations (Arcones et al.
2007; Ning et al. 2007)

p(t) = p(te) [1+ (1 = 1) /7] 2,

T(t) =p(Te)[1+(t— te)7] 723, (3)

where ¢, is the time when the (magneto-
)hydrodynamic simulations terminate, and we fit
the last ~ 6 ms of the trajectories to get the expan-
sion timescale 7.

As mentioned in Section 3.1, for tracers with
T, >7GK we start the calculation from NSE with
Y. at T = 7GK, and for tracers with 3.5 GK<
T, <7GK we start the calculation from the time
of bounce and use the initial abundance from the
progenitor model, which is evolved with the 21-
isotope network of MESA. Note that this network
includes mainly a-isotopes and a few neutron-rich
isotopes (°°Cr, *Fe, °Fe) for the low-Y, Fe core.
Therefore, the low-7}, tracers mostly coming from
the Si-shell have an initial composition of O, Si,
Si and Ca. This may overestimates the production
of radioactive *°Ni and underestimates synthesis of
stable neutron-rich Fe-group isotopes like “®Ni and
so on. Future study should consider evolving the
progenitor with a larger network.

For model m39_B12, the high- and low-T,, tracers
contribute 0.209 My and 0.397 My, respectively.
We compare the absolute yield mass distribution
after radioactive decays as a function of atomic
number Z and mass number A between the high-
and low-T,, tracers in Figure 5. As expected, the
low-T,, tracers mainly produce a-elements from
28Si to “9Ca and °Ni (here decayed to 6Fe).
The high-T}, tracers mainly produce Fe-group and
trans-Fe elements up to atomic number 36 with
~ 1073 = 1072 My, with robust synthesis of the first
r-process peak (A ~ 80). They can also synthesis
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Figure 4. Distribution of the ejecta mass M; as a function of the electron fraction Y, and the asymptotic entropy per
nucleon s. Note that the model m39_B10, the high-entropy jets (c.f. the middle row in Figure 2) are not well sampled
by the tracers due to the small opening angle (~ 10°), so ejecta with s > 40 kg nuc™" are lacking.

isotopes until the second r-process peak (A ~ 130)
in low quantities with ~ 107> M. Lastly, the
high- and low-T,, tracers produce ~ 0.021 M and
~ 0.120 M of SONT, respectively. In combination
the °Ni yields in model m39_B12 is ~ 0.141 M.
This value is a factor of 4-5 larger than that es-
timated by the flashing scheme (Rampp & Janka
2002) used in the CoCoNUT-FMT hydrodynamic
simulation. Figure 6 shows the results of a con-
vergence test of the resolution used in the tracer
sampling for the model m39_B12. We have per-
formed two additional runs with higher resolutions
than that of the fiducial run. One is doubling the
resolution in r-direction (double r), and the other is
doubling the resolution in both 6 and ¢ directions
(‘double 6&¢’). We found excellent agreements
among these post-process nucleosynthesis calcula-
tions.

In Figure 7 we compare the absolute yields of the
innermost ejecta among our three CCSN models.
The two MR models show quite similar patterns
with subtle differences, mostly noticeable for the
« elements. Fair agreement is found for the dis-
tribution of Z ~ 20 — 40 and A ~ 40 — 100. For
heavier elements (Z > 40 and A > 100), the yields
in m39_B10 are a factor of ~ 2 larger that those
in m39_B12. The heaviest non-negligible isotope
is 12Cs in the MR models. Given the similarity

in the yields beyond Fe between the two MR mod-
els, we expect that the results of heavy elemental
production would not change substantially if model
m39_B10 was simulated for longer. On the other
hand, the non-MHD model can only synthesize iso-
topes up to Z ~ 48 and A ~ 105, similar to the
yield patterns of normal CCSNe with massive pro-
genitors (2 10 My, e.g., Wanajo et al. 2018; Wang
& Burrows 2024). The *°Ni yields are 0.064 Mo,
0.194 M and 0.141 M in m39_B0, m39_B10 and
m39_B12, respectively. The stronger production of
>6Ni and less production of @ elements in m39_B10
is due to its larger explosion energy and thus big-
ger mass of ejecta with a higher 7}, compared to
m39_B12. The *Ni mass and explosion energy
in the MR models suggest that they may represent
some observed events on the low end of the hy-
pernova population (Bufano et al. 2012; Nomoto
et al. 2013; D’Elia et al. 2015), though detailed ra-
diative transfer modelling is needed to justify the
applicability to observed transients.

Because magnetically collimated jets are not the
main driver of the MR explosions considered in this
study, and because the jets launched after the bulk
explosion are made up of proton-rich components,
we found no elements synthesized beyond the sec-
ond r-process peak. This is different from the sim-
ulations with parametrized jets in Nishimura et al.
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the default resolution used in all our models. The ‘double 7’ is doubling the resolution in r-direction, and the ‘double
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(2015); Grimmett et al. (2021) and early 3D MHD
simulations resulting in jet-driven explosions (Win-
teler et al. 2012; Mosta et al. 2018; Halevi & Mosta
2018), in which the ejecta have neutron-rich com-
ponents with Y, down to ~0.1, allowing r-process
nucleosynthesis up to the third peak. Our results
closely resemble the recent 3D models of Reichert
et al. (2023). More specifically, the yield patterns

of the MR models here fall between their ‘O’ and
‘P’ models, where ‘O’ has a moderate magnetiza-
tion with poloidal (toroidal) strength of 1.7 x 10'°
(1.7x10'"") G and ‘P’ has a 3 times stronger poloidal
component than ‘O’. This suggests that MR explo-
sions without strong collimated jets can be a vi-
able and robust source for weak r-process. Produc-
ing heavier elements would require MR explosions
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number (right panel) for the three 3D supernova models.

with either stronger magnetic fields and specific
field configuration (Reichert et al. 2024), or other
explosion scenarios (e.g., collapsars Siegel et al.
2019).

3.3. Astrophysical implications

The imprint of nucleosynthesis for any individ-
ual supernova type can be seen mainly in two ways.
One is to compare the yield distribution in theoret-
ical models with the observed abundance pattern
of individual stars. This is particularly useful for
(extremely) metal-poor stars as their formation site
may have been polluted by just a single supernova
ever occurred there (e.g., Keller et al. 2014; Yong
et al. 2021; Xing et al. 2023). Another way is
to consider the over-produced isotopes relative to
the Sun to examine the resulting contribution of
a supernova type to metal enrichment in galactic
chemical evolution (GCE). One can roughly con-
strain the fraction of a particular CCSN type rel-
ative to the whole CCSN population by looking
at the most over-produced isotopes (Wanajo et al.
2011). Below we explore the latter possibility for
our MR-CCSN models.

To estimate the potential contribution to GCE, we
calculate the production factor of each isotope i by

pr. factor = X;/X; o, 4)

where X; and X; o are the mass fractions in the
simulated CCSN models and the Sun (taken from
Lodders et al. 2009), respectively. For the models,
we compute X; as the quotient between the synthe-
sized isotopic yield in the innermost ejecta and the
total ejecta mass ~ 20 Mg, i.e. including the un-
shocked outer material by the end of the simulation.
This approximation is justifiable for the heavy ele-
ments including the Fe-group and trans-Fe regime
because no further production of these elements
occurs during shock propagation through the enve-
lope. The isotopic production factors are shown in
Figure 8 for all the models. Explicitly, these iso-
topic production factors ignore the contribution of
outer unshocked material which will have a peak
temperature below ~ 3 GK. However, fallback of
Fe-group and trans-Fe material is a source of uncer-
tainty and might decrease the predicted production
factors.

The largest production factor is ~ 4 x 10* for
$2Se in both MR models and ~ 50 for J3Kr in the
non-MHD model. There is a trend that the MR
models favor the production of more neutron-rich
isotopes due to the overall low Y, of their innermost
ejecta. Elements beyond Zn and up to Xe generally
have production factors larger than ~ 100 in the
MR models. This implies that MR CCSNe like our



14

models can make a sizeable contribution to these
isotopes in GCE if they constitute the order of 1%
of all CCSNe.

We crudely estimate a quantitative upper bound
for the fraction of MR-like CCSN events ( fyr) with
yields similar to our MHD models relative to all
CCSNe following the approach of Wanajo et al.
(2011). Supposing that the isotope with the largest
production fraction 32Se is solely contributed by
MR CCSNe and !60 is contributed by all other
CCSNe, we have 3

S _ Xo(**Se) /X ('°0) —2.8x 1074,
T=fur ~ Myr(2Se)/(M (160)) o
where we take the solar mass fraction X from
Lodders et al. (2009) and the averaged '°O produc-
tion (M ('60)) in CCSNe to be 1.5 My (Wanajo
et al. 2009). This results in fyr ~ 2.8 X 1074
Taking the next over-produced isotopes, 83Kr and
76Ge, /MR 1s on the order of 10~* to 1073, Note
that the averaged production of oxygen by CCSNe
(M('0)) is uncertain subject to its dependence
on the progenitor mass as well as the integration
over the initial mass function of CCSN progenitors.
With the theoretical prediction of Sukhbold et al.
(2016) that (M ('°0)) = 0.57 M, the allowed frac-
tion of MR CCSNe would be even smaller by a fac-
tor of ~ 2.6 than that taking (M ('60)) = 1.5 M, as
fur o (M (160)). If without further fallback onto
the PNS, the large production factors of these iso-
topes relative to the solar abundance indicate that
the MR CCSNe as studied here should be rare in the
history of the Milky Way. Most notably, the limit
is lower than the hypernova fraction in the local
Universe (Smith et al. 2011) and far lower than the
higher hypernova fractions that may obtain in low-
metallicity environments according to transient ob-
servations (Arcavi et al. 2010) and have been in-
voked to explain GCE at low-metallicity in the past

3 Note that although a single MR CCSN can contribute signif-
icant '°0, fyr is a small number so the overall contribution
to 190 is negligible.

(Nomoto et al. 2006; Kobayashi et al. 2006; Grim-
mett et al. 2020). The current simulations clearly
cannot represent generic outcomes from hypernova
explosions. More simulations of MR CCSNe are
needed to determine whether this truly implies a
rate constraint on neutron-star forming MR explo-
sions, or whether higher event rates can be made
compatible with GCE constraints within modelling
uncertainties.

Because these over-produced isotopes put the
most stringent constraint on the rate of MR CCSNe,
we further diagnose their origins. In Figure 9 we
plot the abundance of the most over-produced iso-
topes (832Se, 33Kr, 7°Ge) as a function of Y, of tracers
in model m39_B12. It is clear that these isotopes
are tightly correlated and produced by the tracers
with Y. < 0.45. Therefore, their over-production is
characteristic of the modestly neutrino-rich ejecta
with Y. € [0.3,0.45] in our adopted MR models
(cf. Figure 3).

4. CONCLUSIONS

We have presented the post-processed nucleosyn-
thesis yields of the innermost ejecta in 3D MR-
CCSN simulations of 39 M progenitor of low
metallicity Z = 1/50 Zs and compared the results
with a reference non-magnetic simulation. We an-
alyzed two MR-CCSN models which start from
initial magnetic field strengths differing by 2 or-
ders of magnitudes (10'° vs. 10'? G at the center of
the progenitor) but experience very similar explo-
sion dynamics. The MR explosions set in early at
~100 ms and energetically, reaching an energy of
~ 3x10°! erg due to efficient tapping of the PNS ro-
tational energy reservoir by strong magnetic fields.
Magnetically collimated jets are launched after the
bulk explosion sets in, and they are not the main
driver of the explosion. Our main findings on the
nucleosynthesis of MR-CCSNe are as follows:

e The bulk ejecta in the MR models have
neutron-rich components with Y, down to
~ 0.25, thus allowing the synthesis of weak
r-process elements until Cs with the mass
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number up to ~130. However, the adopted
MR-CCSN models cannot synthesize heav-
ier elements, i.e. the third r-process peak.
The ejecta in the non-magnetic model have
Y. mostly in-between 0.45 and 0.55, and
its nucleosynthesis resembles those of other
neutrino-driven CCSNe with massive pro-
genitors.

* Despite the difference in the initial magnetic
field strength, the nucleosynthesis pattern of
the two MR-CCSN models are very similar,
in accord with their similar explosion dynam-
ics. The most over-produced isotopes (¥*Se,
83Kr, 7°Ge) put stringent constraints on the
fraction of MR-CCSN events like our models
relative to all CCSNe. Events like the sim-
ulated ones must constitute less than ~ 1073
of all CCSNe.

* The “°Ni masses are 0.064 My, 0.194 Mo,
and 0.141 My in the non-magnetic, weak-
magnetic and strong-magnetic models, re-
spectively. The *°Ni yield and explosion en-
ergy put our adopted MR-CCSN models on
the low end of the population of observed
hypernovae.

In order to draw inferences on supernova explo-
sion mechanisms from abundances of individual
stars or stellar populations, it will be essential
to first quantify uncertainties of yield predictions
by exploring variations with progenitor parame-
ters and model uncertainties. Ultimately this can-
not be achieved by a single best set of models,
but only by meta-analyses combining yields based
on independent simulations by different groups.
To aid this purpose, our nucleosynthesis yields
are therefore made publicly available at Zenodo:
doi:10.5281/zenodo.10578981 for further investi-
gation of the impact of MR CCSNe on galactic
chemical evolution.

A major uncertainty of the current study is that
considerable fallback onto the PNS may occur as
the explosion shock propagates out. The bind-
ing energy of the material outside the shock is
~ 2x10°! erg as the progenitor is a compact carbon-
oxygen star with a radius of ~ 2.7 x 10'%cm. 4
This overburdened material may even hinder the
explosion of this progenitor model without mag-
netic fields. However, determining the final ex-
plosion energy is not just a matter of subtracting
the binding energy of the overburden envelope and
long-term simulations are indispensable for solv-
ing the subtle and highly aspherical outflows and
inflows (see e.g. Chan et al. 2020; Burrows et al.
2023). With significant fallback, the rate constraint
based on the over-produced isotopes will be allevi-
ated. Long-term simulations for shock propagation
and fallback accretion are required to address the
genuine chemical contribution of the MR CCSNe.

4We note that Powell et al. (2023) gave a smaller value
~ 10°' erg for the binding energy. The difference is that
Powell et al. (2023) only included the material up to the
boundary of hydrodynamic simulations (10'° cm), while we
have integrated over the whole outer envelope here (up to
~2.7% 109 cm).
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