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ABSTRACT

Hypernovae powered by magnetic jets launched from the surface of rapidly rotating millisecond magnetars are one of

the leading models to explain broad-lined Type Ic supernovae (SNe Ic-BL), and have been implicated as an important

source of metal enrichment in the early Universe. We investigate the nucleosynthesis in such jet-driven hypernovae

using a parameterised, but physically motivated, approach that analytically relates an artificially injected jet energy
flux to the power available from the energy in differential rotation in the proto-neutron star. We find ejected 56Ni

masses of 0.05M⊙- 0.45M⊙ in our most energetic models with explosion energy > 1052 erg. This is in good agreement
with the range of observationally inferred values for SNe Ic-BL. The 56Ni is mostly synthesised in the shocked stellar

envelope, and is therefore only moderately sensitive to the jet composition. Jets with a high electron fraction 𝑌e = 0.5

eject more 56Ni by a factor of 2 than neutron-rich jets. We can obtain chemical abundance profiles in good agreement

with the average chemical signature observed in extremely metal-poor (EMP) stars presumably polluted by hypernova

ejecta. Notably, [Zn/Fe] & 0.5 is consistently produced in our models. For neutron-rich jets, there is a significant
r-process component, and agreement with EMP star abundances in fact requires either a limited contribution from

neutron-rich jets or a stronger dilution of r-process material in the interstellar medium than for the slow SN ejecta
outside the jet. The high [C/Fe] & 0.7 observed in many EMP stars cannot be consistently achieved due to the large

mass of iron in the ejecta, however, and remains a challenge for jet-driven hypernovae based on the magneto-rotational

mechanism.

Key words: supernovae: general – nucleosynthesis, abundances – early universe

1 INTRODUCTION

A new observational class of extreme supernovae emerged in
the late 1990s with the observation of the unusually bright su-
pernova (SN) 1998bw and the accompanying long gamma-ray
burst (GRB) 980425. Several spectroscopically similar SNe,
both with and without GRBs, have been observed since SN
1998bw (see, e.g., Mazzali et al. 2014; Anderson 2019; Tad-
dia et al. 2019). One-dimensional supernova models suggested
that an explosion energy of order 1052 erg, and more than
0.1M⊙ of 56Ni in the ejecta are required to reproduce the
bright peak in optical luminosity and the high ejecta veloci-
ties inferred from the broad spectral lines of these events (e.g.,

★ E-mail: james.grimmett@monash.edu

SN 1998bw, 20-50×1051 erg, Iwamoto et al. 1998; Nakamura
et al. 2001a; SN 2003dh, 26×1051 erg, Woosley & Heger 2003).
Such large values of explosion energy and 56Ni mass are each
an order of magnitude more than the values inferred from
observational properties of more commonly observed core-
collapse supernovae.

The bright luminosity and large explosion energy has
earned these SNe the colloquial name ’hypernovae’, though
the exact requirements to earn the classification are loosely
defined. Often the name is used to designate bright su-
pernovae with an estimated explosion energy of at least
10 × 1051 erg, other times a companion GRB seems to be an
additional requirement. Sometimes the term is also extended
to the more narrowly defined class of superluminous super-
novae, though it is usually applied to a specific sub-class of
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stripped-envelope supernovae characterised by broad spectral
lines and the absence of hydrogen and helium features, the
broad-lined Type Ic (Ic-BL) supernovae . For clarity, we will
henceforth refer to the observed transients as SNe Ic-BL, and
to hypernovae as the physical model(s) proposed to explain
the observations.

Both SNe Ic-BL and long GRBs are preferentially observed
in low-metallicity galaxies at high redshift (Gehrels et al.
2009; Arcavi et al. 2010; Smith et al. 2011). Additionally,
observations of GRBs indicate that they tend to be located
in the star-forming regions of their host galaxies (Paczyński
1998; Woosley & Bloom 2006). The preference for these en-
vironment suggests an explosion mechanism that is related
to peculiarities of massive star evolution at low-metallicity,
namely reduced mass and angular momentum losses. It is
unclear, however, what the precise evolutionary pathways of
hypernova progenitors are, and how they are able to release
such a large amount of energy in their explosions (see, e.g.,
Yoon & Langer 2005; Yoon et al. 2006; Woosley & Heger 2006;
Detmers et al. 2008; Woosley 2011; Aguilera-Dena et al. 2018,
2020).

The observational features of Ic-BL SNe suggest a promi-
nent role of jets – in the broad sense of bipolar outflows –
and point away from the neutrino-driven mechanism. The lat-
ter is believed to power the majority of ordinary supernova
explosions, but is limited to energies .2 × 1051 erg (Thiele-
mann et al. 1996; Müller 2016; Müller et al. 2017; Janka
2017; Burrows et al. 2020). Spectroscopic and spectropolari-
metric observations of SNe Ic-BL provide consistent evidence
for a nearly axisymmetric bipolar explosion geometry, which
points away from models based on the canonical neutrino-
driven mechanism (Wang & Wheeler 2008; Stevance et al.
2017; Ashall et al. 2019). The features of the typical Ic-BL
light curve and optical spectra both indicate that at least
two distinct components exist in the ejecta, providing the
signature of asphericity. One component is rapidly expand-
ing and iron-rich, whereas the other is slowly expanding and
oxygen-rich (Mazzali et al. 2001; Maeda et al. 2008; Tanaka
et al. 2017). This, in addition to the GRB connection, points
toward jet-driven explosions, the idea being that a strong
polar shock will result in a rapidly expanding and iron-rich
jet-like component of the ejecta, whereas the weakly shocked
equatorial material provides the slowly expanding oxygen-
dominated component. The relativistic GRB jet must be a
distinct phenomenon, though possibly related to the non-
relativistic bipolar outflows that carry the bulk of the ex-
plosion energy.

Such bipolar explosions could most naturally be explained
by rotation and magnetic fields in the progenitor. The mod-
els implicated to explain the Ic-BL observational signature,
along with the occasional companion GRB, are collectively
referred to as hypernovae. The two most widely discussed
engine models are the collapsar model, and the magneto-
rotational model, which is also known as the millisecond mag-
netar model.

The collapsar model involves the ongoing evolution of
”failed” supernovae during the collapse of massive, rotating
stars, wherein the large gravitational potential of a massive
core inhibits a successful neutrino-driven explosion either by
thwarting shock revival altogether or by massive fallback
(MacFadyen & Woosley 1999; MacFadyen et al. 2001). In-
stead, the core collapses to a black hole (BH) surrounded by

a a rotationally-supported accretion disk from which large
amounts of rotational energy may be extracted by magnetic
fields, and possibly by neutrino-antineutrino annihilation, to
power jet ouflows into the polar direction as well as also pow-
erful disk winds.

An alternative scenario involves magneto-rotational explo-
sions feeding on the rotational energy of a rapidly spin-
ning (period 𝑃 ∼ 1ms) “millisecond magnetar”: Once suffi-
ciently strong fields are generated by rotational winding, the
magneto-rotational instability (MRI; Akiyama et al. 2003;
Thompson et al. 2005) and/or dynamo amplification (Mösta
et al. 2015; Raynaud et al. 2020), MHD jets are launched as
a result of extreme magnetic pressure at the poles and col-
limated by hoop stresses (Burrows et al. 2007; Mösta et al.
2014; Obergaulinger & Aloy 2020). During the early non-
relativistic phase of jet propagation, the jets impart energy
to the stellar envelope, driving an explosion and limiting con-
tinued accretion onto the core.

There is some circumstantial evidence in favour of the mil-
lisecond magnetar scenario. The rotational energy of a rapidly
rotating protoneutron star (1052 erg) available to power MHD
jets is remarkably similar to the explosion energy inferred in
several observed SNe Ic-BL (Mazzali et al. 2014). Plateaus
in the X-ray afterglows of long GRBs possibly indicate the
presence of a magnetar (Corsi & Mészáros 2009; Gompertz
et al. 2014), though alternative explanations exist (Duffell &
MacFadyen 2015). Finally, the shape of some hypernova light
curves have sometimes been explained by energy input from
magnetar spin-down (e.g., Woosley 2010; Greiner et al. 2015;
Wang et al. 2017, 2019). Many uncertainties remain about the
magneto-rotational mechanism, however, such as the precise
workings of the various field amplification mechanisms and
issues such as jet stability (Mösta et al. 2014; Kuroda et al.
2020).

Regardless of the hypernova mechanism, there is evidence
for a significant role of hypernovae in the chemical evolution
of the early Universe. Many long-lived extremely metal-poor
(EMP) stars that have presumably formed from gas polluted
by no more than a few supernovae exhibit abundance patterns
that cannot be explained from the yields of core-collapse su-
pernovae of typical explosion energy ∼ 1051 erg (McWilliam
et al. 1995a,b; Ryan et al. 1996; Cayrel et al. 2004). Based on
artificial 1D models for hypernova explosions it has been sug-
gested that their characteristic nucleosynthesis, along with
the large mass of 56Ni needed to power the HN light curve,
could provide a better explanation, e.g., for the supersolar
[(Co,Zn)/Fe] observed in EMP stars (e.g., Nakamura et al.
2001b; Umeda & Nomoto 2002; Kobayashi et al. 2006) as well
as the high [C/Fe] in some of them (Tominaga 2009; Ezzed-
dine et al. 2019). There are also arguments that hypernovae
may be needed as an additional source for rapid-neutron cap-
ture process (r-process) elements at low metallicity to supple-
ment the nucleosynthethis contribution of neutron star merg-
ers (Winteler et al. 2012; Nishimura et al. 2017; Mösta et al.
2018a; Kobayashi et al. 2020).

Evidently, multi-dimensional simulations are required to
properly model the explosion dynamics and the nucleosyn-
thesis conditions in jet-driven explosions, however. By now, a
large number of simulations have already comprehensively ex-
plored the nucleosynthesis in collapsars using parameterised
two-dimensional (2D) hydro simulations with prescribed out-
flow boundary conditions for the jets (Maeda et al. 2002;
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Maeda & Nomoto 2003; Nagataki et al. 2006; Tominaga 2009;
Barnes et al. 2018), or with more consistent 2D MHD sim-
ulations (Ono et al. 2009; Ono et al. 2012; Fujimoto et al.
2007; Nakamura et al. 2015), which, however still cannot cap-
ture essentially three-dimensional (3D) dynamo processes.
The nucleosynthesis in magneto-rotational explosions pow-
ered by millisecond magnetars has been studied both with
2D (Nishimura et al. 2006, 2015, 2017) and 3D MHD sim-
ulations (Winteler et al. 2012; Mösta et al. 2018b; Halevi &
Mösta 2018) with a view to the role of hypernovae as r-process
production sites. These MHD models of magneto-rotational
supernovae, however, have so far been restricted in terms of
simulation time and hence may give a rather incomplete pic-
ture of the nucleosynthesis, though Reichert et al. (2020) have
recently presented nucleosynthesis from long-time MHD sim-
ulations including neutrino transport in 2D. In particular,
the mass of 56Ni that can be synthesised in the millisecond-
magnetar scenario has not yet been conclusively determined,
though arguments have been made based on analytic esti-
mates (Suwa & Tominaga 2015). First parameterised hydro-
dynamic simulations rather call into doubt whether sufficient
56Ni can be produced to match the high values derived from
typical HN light curves (Chen et al. 2017). Though late-time
powering by the magnetar wind could also explain key fea-
tures of HN light curves (e.g., Woosley 2010; Chen et al.
2017), a more comprehensive study of the nucleosynthesis in
magneorotational explosions from the light elements through
56Ni as key observable to the neutron-rich heavy elements is
desirable.

In order to obtain such comprehensive nucleosynthesis
results from long-time simulations of jet-driven explosions
based on the magneto-rotational mechanism, we here adopt
a parameterised approach with artificially injected jets, sim-
ilar to what has been done in the context of the collapsar
(Maeda et al. 2002; Maeda & Nomoto 2003; Nagataki et al.
2006; Tominaga 2009). Even as first nucleosynthesis results
from long-time 2D MHD simulations are becoming available
(Reichert et al. 2020), such a parameterised approach re-
mains useful because it still allows considerably longer sim-
ulation times, and since even 2D MHD simulations remain
subject to significant uncertainties, e.g., the question of non-
axisymmetric effects on the propagation of the jet and uncer-
tainties in the jet electron fraction, which is very sensitive to
details of the neutrino transport. To adopt this approach to
the millisecond magnetar scenario, we use a different phys-
ical model for the jet based on the notion that during the
first seconds of the explosion the dominant energy source for
the jets is the free energy in the differential rotation (Bur-
rows et al. 2007). Using this model, which links the jet out-
flows to the proto-neutron star angular momentum and the
mass and angular momentum accretion rate, we simulate ex-
plosions driven by artificially injected jets for three rapidly
rotating hypernova progenitor models. After describing our
methodology in Section 2, we discuss the dynamics of our
parameterised jet models, the production of 56Ni, and the
synthesis of other heavy elements against the backdrop of
observed abundances in EMP stars in Section 3. We discuss
the implicatons of our finding for the viability of jet-driven
explosions in the millisecond magnetar scenario as an expla-
nation for Ic-BL SNe and EMP abundances in Section 4 and
conclude with a short summary in Section 5.
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Figure 1. The shell-averaged (dashed line) and equatorial (dotted
line) specific angular momentum profile for each progenitor model
is shown on the left axes. The right axes show the enclosed total
angular momentum (solid line) for each progenitor model. The
profiles are shown at the end of silicon burning, i.e., at the pre-
supernova stage.

2 METHOD

2.1 Progenitor models

As progenitors, we use three massive low- or zero-metallicity
rapidly-rotating stellar models, evolved to the onset of core-
collapse. They include Model 35OC from Woosley & Heger
(2006) which has an initial mass of 35M⊙ with 10% of solar
metallicity, and two zero-metallicity (Population III) Models
z25a and z25b with an initial mass of 25M⊙. These models
have been evolved using the stellar evolution code Kepler

(Weaver et al. 1978). Approximations for multi-dimensional
effects due to rotation such as angular momentum transport
and mixing are the same as presented in Heger et al. (2000).
The evolution of magnetic field resulting from Taylor-Spruit
dynamo and the associated magnetic torque (Spruit 2002) is
taken in to account as detailed in Heger et al. (2005). All
models have an initial rotation speed of ∼ 50% of the critical
breakup speed that corresponds to an equatorial surface rota-
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Table 1. Properties of each model at the onset of collapse.

Presupernova models

Model Z Mass Radius MFecore JFecore
Z⊙ M⊙ 1011 cm M⊙ 1049 erg s

35OC 0.1 28.07 1.56 2.02 2.30
z25a 0.0 25.00 7.71 2.25 3.29
z25b 0.0 20.09 5.37 1.79 0.54

tion velocity of ∼ 380 km s−1 for Model 35OC and ∼ 700 km s−1

for Models z25a and z25b halfway through H burning.
The mass loss rate from Nieuwenhuijzen & de Jager (1990)

is adopted for stars in the main sequence and red supergiant
stages. A star is assumed be in the Wolf-Rayet (WR) stage
when the effective surface temperature exceeds 104 K and
surface H mass fraction drops below 0.4. The mass loss rate
during the WR stage is adopted from Hamann et al. (1995)
but lowered by a factor of 3 to account for clumping (Hamann
& Koesterke 1998). The mass loss rate is assumed to scale as
(𝑍/Z⊙)

0.5 where 𝑍 is the initial metallicity. Whereas Model
z25a does not experience any mass loss (since 𝑍 = 0), Model
z25b has been modified to shed mass at it would if it had
Z = 10−3 Z⊙ similar to the models presented in Banerjee et al.
(2019). The relevant pre-collapse properties of each star are
given in Table 1, and the angular momentum profiles are
shown in Figure 1.

2.2 Simulations of Jet-Driven Explosions

We use the CoCoNuT code, a Godunov-based Eulerian
relativistic hydrodynamic solver (Dimmelmeier et al. 2002;
Müller et al. 2010; Müller & Janka 2015) with higher-order re-
construction to follow the collapse and post-bounce evolution
of these stars, after mapping each model to two dimensions.
We assume equatorial and axial symmetry, and our computa-
tional domain is covered by 550 radial and 128 angular zones,
extending out to a maximum radius of 2 × 1010 cm. Until
∼80ms, the simulations include neutrino transport using the
fast multi-group (FMT) scheme of Müller & Janka (2015). In
the high-density regime, we use the nuclear equation of state
of Lattimer & Swesty (1991) with an incompressibility mod-
ulus of 𝐾 = 220MeV. At low densities, we treat the gas as en
ensemble of nuclei, electrons, positrons, and photons. At tem-
peratures greater than 8GK, nuclear statistical equilibrium
is assumed. At lower temperatures we use a 19-species net-
work including protons, neutrons, 3He, 4He 12C, 14N 16O,
20Ne, 24Mg, 28Si, 32S, 36Ar, 40Ca, 44Ti, 48Cr, 52Fe, 54Fe,
and 56Ni (Weaver et al. 1978) to treat nuclear burning and
recombination1. In the NSE regime, we additionally formally
include a few neutron-rich species (56Fe, 60Fe, 70Ni and very
neutron-rich dummy species 120Ni, 200Zr) that can be formed
during freeze-out from NSE at a low electron fraction 𝑌e. In
practice, neutron-rich material enters the NSE regime in a
dissociated state dominated by 𝛼-particles and free neutrons,
and due to the use of the 19-species network at lower tem-
peratures, we underestimate the recombination to nuclei at

1 Additionally to the listed species, protons from photo-
disintegration are treated separately as 19th species.

low 𝑌e in the jet during the hydro simulation. This does not
significantly affect the energetics of the explosion for several
reasons, however. The energetically more important process
of recombination into 𝛼-particles is treated accurately; re-
combination into nuclei is incomplete in the jets because of
their high entropies.

At ∼ 80ms post-bounce, we excise the region inside a radius
200 km and implement bipolar jet outflows by prescribing ap-
propriate boundary conditions near the pole, as described in
the following section. Outflow boundary conditions are used
at lower latitudes. Neutrino transport is switched off, and the
metric is frozen at this point.

2.3 Prescription for jet energy

Numerical MHD studies have shown that the magneto-
rotational explosion mechanism can power bipolar jets in col-
lapsing stars, as long as the magnetic field can continue to
tap energy from the differentially rotating core (e.g., Akiyama
et al. 2003; Blackman et al. 2006; Burrows et al. 2007; Ober-
gaulinger & Aloy 2017; Obergaulinger et al. 2018). Based
on their models, Burrows et al. (2007) argued that in a
quasi-steady state with sufficiently strong magnetic fields, the
power of the magnetically-driven outflows is regulated by the
rate at which the accretion flow brings in additional energy
into differential rotation. Based on the notion that the rate
of increase of the free rotational energy ¤𝐸free is balanced by
the jet power, we construct a simple analytic model to relate
the jet power to the properties of the accretion flow at the
excision boundary.

In our model, we assume that the accreted material is ini-
tially accreted onto and mixed homogeneously into the proto-
neutron star (PNS) without being braked into co-rotation.
The rate ¤𝐸rot,acc at which rotational energy is thus injected
into the PNS by accretion is

¤𝐸rot,acc = ¤𝑀
𝑗2

4/5 𝑅2
, (1)

where ¤𝑀 is the mass accretion rate, 𝑗 is the specific angular
momentum of the accreted matter, and 𝑅 is the PNS radius.
For simplicity, we assume that the PNS is a homogeneous
sphere of radius 15 km to compute its radius of gyration. De-
viations from this (crude) assumption can be absorbed into
an overall efficiency factor for the jet power.

¤𝐸rot,acc can then be compared to the rate of increase of the
PNS rotational energy after the accreted material has come
into corotation with the PNS, which is assumed to rotate
uniformly. Using a PNS moment of inertia 𝐼 = 2/5𝑀𝑅2 in
terms of PNS mass 𝑀, we obtain

¤𝐸rot,PNS =
d

d𝑡

(

𝐽2

2𝐼

)

=
d

d𝑡

(

𝐽2

4/5𝑀𝑅2

)

=
5

4𝑅2

(

2 ¤𝐽𝐽

𝑀
−

¤𝑀𝐽2

𝑀2

)

=

5
(

2 ¤𝑀 𝑗 𝑗PNS − ¤𝑀 𝑗2
PNS

)

4𝑅2
=

5 ¤𝑀
(

2 𝑗 𝑗PNS − 𝑗2
PNS

)

4𝑅2
,

(2)

where 𝑗PNS = 𝐽/𝑀 is the average specific angular momentum
of the PNS. By subtracting ¤𝐸rot,PNS from ¤𝐸rot,acc, we find
that accretion provides free rotational energy at a rate of

¤𝐸free =

5 ¤𝑀
(

𝑗2 − 2 𝑗 𝑗PNS + 𝑗2
PNS

)

4𝑅2
=

5 ¤𝑀 ( 𝑗 − 𝑗PNS)
2

4𝑅2
. (3)

MNRAS 000, 1–19 (xxxx)



Jet-Driven Hypernovae 5

We assume that ¤𝐸free is converted into jet power ¤𝐸jet with
an efficiency parameter, 𝜖 ,

¤𝐸jet = 𝜖 ¤𝐸free =
5𝜖 ¤𝑀 ( 𝑗 − 𝑗PNS)

2

4𝑅2
. (4)

We explore three different values for the efficiency parameter,
𝜖 = 0.1, 0.5, 1.0. This allows us to survey a broader range of
plausible jet energy fluxes that may occur in more realistic
MHD simulations, e.g., due to variations in initial magnetic
field strengths and geometries.

If the baryonic mass 𝑀core of the excised compact remnant
increases beyond 2.5M⊙, we assume BH formation occurs. In
this case, the energy input into the jet is terminated.

The inner boundary conditions for the zones with an an-
gle of 𝜃jet = 0.1 rad of the grid axis are chosen such as to
reproduce the desired total energy flux ¤𝐸jet for bipolar jets
in both hemispheres. To obtain the correct relativistic energy
flux, we require

¤𝐸jet

2 dΩjet𝑟
2
= 𝛼𝜙6𝜌 (ℎ𝑊2 −𝑊) 𝑣1, (5)

where dΩjet = 2𝜋 |1− cos 𝜃jet |, 𝛼 is the lapse function, 𝜙 is the
conformal factor in the xCFC metric, 𝜌 is the density, ℎ is the
relativistic specific enthalpy, and𝑊 is the Lorentz factor. Fur-
thermore, 𝑣1 is defined as 𝑣1 = 𝑣1 − 𝛽1/𝛼, where 𝛽 is the shift
vector and 𝑣1 is the radial component of the 3-velocity in the
Eulerian frame. See Dimmelmeier et al. (2002); Dimmelmeier
et al. (2005); Müller et al. (2010) for an in-depth presentation
of the relativistic equations of hydrodynamics implemented
in the CoCoNuT code. In this way, the jet energy is tied to
the mass and angular momentum of the accreted material, in
the form of the available free energy in differential rotation.
To implement the jets, we rearrange Equation 5 for 𝜌,

𝜌 =

¤𝐸jet

2 dΩjet𝛼𝜙
6 (ℎ𝑊2 −𝑊) 𝑣1𝑟2

. (6)

and set 𝑣, ℎ to match the properties of simulated MHD jets,
as described in Section 2.4. The composition of the ejected
jet material also need to be specified. We set 𝑌e = 0.3 for the
electron fraction in the jet, though detailed nucleosynthetic
calculations are performed in post-processing where 𝑌e can
be varied as a free parameter, as is described in Section 2.5.

2.4 Calibrating with MHD results

Using Equation (6), we can set the density at the base of our
jets according to the desired jet energy flux, if the specific
enthalpy, pressure and velocity of the jet material is known.
We calibrate the boundary enthalpy of our jets using the
results of the 35OC-RO model calculated by Obergaulinger &
Aloy (2017), which is an axisymmetric MHD simulation of a
magneto-rotational explosion for progenitor model 35OC. For
calibration of our model we make use of hydrodynamic results
from the 35OC-RO model, including the temporal evolution of
the radial velocity 𝑣ref , pressure 𝑃ref , and density 𝜌ref inside
the jet at a reference radius of 𝑟ref = ∼ 1,000 km, from which
we can derive the inner boundary values ℎi, 𝑃i and 𝜌i at
𝑟i = 200 km.

First, assuming the jets consist of an ideal radiation-
dominated gas with adiabatic index 𝛾 = 4/3 and expand adi-

abatically, we have

𝑃i

𝜌
𝛾

i

=
𝑃ref

𝜌
𝛾

ref

= 𝑃ref

(

𝜌i

𝜌ref

)𝛾

. (7)

Now, assuming that the jets have a constant opening angle
dΩjet = dΩi = dΩref and propagate with velocity 𝑣jet = 𝑣i =

𝑣ref (i.e., little decelaration of the jet), we can equate the
mass fluxes at 𝑟i and 𝑟ref ,

𝜌i 𝑣i dΩi 𝑟
2
i = 𝜌ref 𝑣ref dΩref 𝑟

2
ref , (8)

to obtain

𝜌i

𝜌ref
=

(

𝑟ref

𝑟i

)2

. (9)

Substituting this result into Equation (7), we find the pres-
sure 𝑃i at the inner boundary,

𝑃i = 𝑃ref

(

𝑟ref

𝑟i

)2𝛾

, (10)

and by combining Equations (9), (10), and the relativistic
enthalpy for a radiation-dominated gas, we finally obtain ℎi
in terms of known values,

ℎi =
4𝑃i
𝜌i

+1 =
4𝑃ref (𝑟ref/𝑟i)

2𝛾

𝜌ref (𝑟ref/𝑟i)
2

+1 = (ℎref −1)

(

𝑟ref

𝑟i

)2(𝛾−1)

+1,

(11)
using geometrised units for all variables. Once ℎi and 𝑣i are
specified, we can determine the boundary value 𝜌i from the
jet power using Equation (6),

𝜌i =
¤𝐸jet

dΩjet𝛼i𝜙
6
i
(ℎi𝑊

2
i
−𝑊i)𝑣i

1𝑟2
i

. (12)

Any other boundary values for primitive variables can be de-
termined from 𝑣i, ℎi, and 𝜌i.

From the results of Obergaulinger & Aloy (2017) (see Fig-
ure 2), we have adopted values of 𝜌ref = 1 × 106 g cm−3,
𝑃ref = 4 × 1024 erg cm−3.
We encounter two situations, i.e., very high ¤𝑀, or very

low ¤𝐸jet, where we must modify our prescription in order
to maintain the jet outflows. To maintain collimation during
periods when the accretion rate is exceedingly high during
the first ∼ 10 milliseconds, we set 𝑣i = min(0.5 𝑐, 0.15 𝑐 · (1 +
¤𝑀/(M⊙ s−1))). Additionally, for very low ¤𝐸, we adjust 𝑣i to
enforce 𝜌i & 1.4 × 107 g cm−3. If 𝜌i falls below this limit, we
incrementally decrease 𝑣i, until 𝑣i approaches zero, at which
point the jets are turned off.

2.5 Post-processing nucleosynthesis

As described in Section 2.2, we follow the evolution of the
nuclear composition and subsequent nuclear energy genera-
tion using the simple 19-species network from Weaver et al.
(1978) during our hydrodynamics simulations, which is ade-
quate to capture the feedback of nuclear burning, dissocia-
tion, and recombination on the energetics of the explosion.
To extract detailed nucleosynthetic yields, we implement La-
grangian tracer particles in a post-processing step and calcu-
late the final nuclear composition of our ejecta particles using
the SkyNet reaction network software library, which contains
7,843 nuclides and 140,000 reactions (Lippuner & Roberts
2017).
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To extract the thermodynamic trajectories of tracer parti-
cles from the hydro results, we set a resolution of one tracer
particle per ejecta grid cell, where an ejecta grid cell is defined
as having positive velocity and positive net total energy (see
Müller et al. 2017, Eq. 20) at the end of each simulation. We
then interpolate the properties of the tracer particles from
the hydro grid, following their evolution backwards through
the simulation time (for more details on this approach see
Wanajo et al. 2018). To calculate the detailed nucleosynthesis
for each tracer particle, we pass the temperature and density
trajectories into SkyNet, which is configured to implement
reaction rates from the REACLIB database (Cyburt et al.
2010). We assume nuclear statistical equilibrium (NSE) for
𝑇 ≥ 7GK, and the detailed balance is used to calculate the
inverse rates. We extrapolate the density and temperature of
the trajectories out to 109 sec assuming homologous expan-
sion, with 𝜌 ∝ 𝑟−3 and 𝑇 ∝ 𝑟−1. The initial composition of the
tracer particles that originate inside of magneto-rotational
jets is not well constrained. Earlier studies that attempt to
self-consistently determine the electron fraction of jet mate-
rial typically find neutron-rich jets with 0.1 . 𝑌e . 0.3 (Win-
teler et al. 2012; Nishimura et al. 2017; Mösta et al. 2018a).
The more recent study of Reichert et al. (2020), however,
includes detailed neutrino transport and finds that proton-
rich conditions can result, with 𝑌e > 0.5, in addition to the
neutron-rich material. For tracer particles that originate in-
side the jet, we explore two different values for the electron
fraction, 𝑌e = 0.3 and 𝑌e = 0.5, to represent both a neutron-
rich and charge neutral case. Otherwise, for the tracer parti-
cles that represent an element of the shocked stellar mantle,
we initiate the reaction network with the initial composition
interpolated from the hydro output.

3 RESULTS

We explore three different values of efficiency for convert-
ing free energy in differential rotation to jet energy (𝜖 =

0.1, 0.5, 1.0), for each of our three progenitor models. The
model labels denote the progenitor model combined with the
energy conversion efficiency parameter, e.g., Model z25a-10
is an explosion of the progenitor Model z25a with a conver-
sion efficiency of 𝜖 = 1.0.
For each model, we obtain three sets of nucleosynthetic re-

sults. One set is taken directly from the hydrodynamic output
where the nuclear burning has been approximated with a 19-
species network at high 𝑌e and by freeze-out from NSE at low
𝑌e, with the electron fraction of the jet set to 𝑌e = 0.3. The
additional two sets are calculated in post-processing, using
the thermodynamic histories of Lagrangian tracer particles
extracted from the grid, and a detailed reaction network for
two values of 𝑌e in the jet, i.e., jet 𝑌e = 0.3 or 𝑌e = 0.5.

3.1 Comparison to MHD results

In Figure 2, we compare the temporal evolution of 𝜌, 𝑣r, and
𝑃 for a polar zone (i.e., in the path of the jet) at 𝑟 ∼ 1,000 km
from our Model 35OC-01, to the evolution of these proper-
ties in the same location in the 2D MHD model 35OC-RO

of Obergaulinger & Aloy (2017). Overall, we find reasonably
good agreement between the two sets of results once the jet
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Figure 2. A comparison between our Model 35OC-01 and the results
of Obergaulinger & Aloy (2017), for the evolution of pressure, den-
sity and radial velocity for a polar zone at 𝑟 = 1,000 km, top to bot-
tom panels, respectively. Moving averages are shown by the heavy

lines for clarity, the raw data is shown by the semi-transparent

lines.

Table 2. The number of tracer particles used for each model.

Model Jet Envelope Total

z25a-01 1,921 2,189 4,110
z25a-05 13,777 3,497 17,274
z25a-10 11,554 5,159 16,713
35OC-01 1,822 1,405 3,227
35OC-05 1,650 2,287 3,937
35OC-10 12,703 1,532 14,235

z25b-10 1,352 292 1,644
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outflow has become quasi-stationary. The largest discrepan-
cies occur during the first ∼ 100ms after the jets are initi-
ated, when the density and pressure in the jets of our Model
35OC-01 are 2-3 orders of magnitude lower than that of the
MHD model, and the radial velocity is a factor of 4-5 larger.
During this time our jets are not yet well collimated and ex-
pand laterally as they push the dense accretion flow aside
and entrain considerable amounts of material into the ejecta,
resulting in lower values of pressure and density compared
to the MHD simulation. After ∼100ms of evolution the jets
propagate into less dense material, and the narrow collima-
tion angle is maintained. During this stage the pressure and
density increase toward the intended values, within a factor
of ∼2 . The jet outflows in the MHD model of Obergaulinger
& Aloy (2017) are collimated by magnetic hoop stresses, and
as such the density and pressure in these jets remain a factor
of ∼2 larger than in our Model 35OC-01.
The final outcome found for each model in terms of rem-

nant and explosion energy is also in good agreement. Ober-
gaulinger & Aloy (2017) find that after ∼ 2 seconds of evo-
lution, their Model 35OC-RO has a central remnant with
baryonic mass in excess of the assumed BH formation limit
(2.5M⊙), and an explosion energy of 1 × 1051 erg. In a sim-
ilar time frame of evolution for our Model 35OC-01, we find
that the central remnant mass exceeds the BH limit, and a
diagnostic explosion energy2 of 9 × 1050 erg. The fact that
we are able to achieve a reasonable match to Model 35OC-
RO using a jet model that only converts 10% of the available
free energy in differential rotation to jet energy is consistent
with the finding that the explosion of Model 35OC-RO is only
weakly driven by jets, and represents a transition between the
class of neutrino-driven explosions and those driven primarily
by MHD jets (Obergaulinger & Aloy 2017; Obergaulinger &
Aloy 2020).

3.2 Energetics and dynamics of the outflows

In Figure 3, we show the evolution of the compact remnant
mass, 𝑀PNS, jet power, ¤𝐸jet, mass accretion rate, ¤𝑀accretion,
mass ejection rate, ¤𝑀jet (measured at the inner boundary),
specific angular momentum of the core, 𝑗core, and specific
angular momentum of the accreting material, 𝑗accretion, for
each model.

We find that the maximum jet power (i.e., the maximum
power that can be extracted from differential rotation) in
our models ranges from ∼ 1052 erg s−1 for the fastest rotat-
ing Model z25a, to ∼ 1050 erg s−1 for the slowest rotating
Model z25b. This range of values is consistent with the pow-
ers found for magneto-rotationally-driven jets that form in
models with similar rotation rates (e.g., Akiyama et al. 2003;
Burrows et al. 2007). The injected jet power depends on the
combination of the mass accretion rate, and the difference be-
tween the specific angular momentum of the core and the spe-
cific angular momentum of the accreting material (see Equa-
tion 4). This dependence is reflected in the evolution of the
jets, where the instantaneous jet power varies as a function
of the rate of mass and angular momentum accretion. In each

2 Here we calculate the diagnostic explosion energy as defined by
Eq. 20 of Müller et al. (2017)

model, there is an initial brief peak in jet power as the mate-
rial near the outer edge of the rapidly rotating core is quickly
accreted. Within ∼50ms the jets begin to drive away some
of the inner material and slow the accretion rate. In each of
the z25b and 35OC models, the jets are briefly interrupted
when 𝑗accretion ≃ 𝑗core. This can seen as a sharp dip in jet
power at 𝑡 ∼ 1 s for the Models 35OC, and 𝑡 ∼ 1.6 s for Models
z25b. The most energetic models, z25a-10 and z25a-05, have
driven away much of the inner material after ∼ 2-3 s, result-
ing in a low mass accretion rate and in turn, a decreasing jet
power.

Progenitor z25b contains only marginally sufficient rota-
tional energy to sustain jet outflows. The free rotational en-
ergy must be converted to jet energy with 100% efficiency as
in Model z25b-10 to sustain even weak jets (∼ 1050 erg s−1)
during the ∼2 s window before BH collapse. These weak jets
have almost negligible effect on the mass accretion rate, and
there is little difference in the time to BH collapse between
Model z25b-10 and Models z25b-05/z25b-01. Models z25b-
05 and z25b-01 have a jet power < 1050 erg s−1, which is
inadequate to overcome the momentum of the infalling ma-
terial, and so the outflow is quenched entirely. As such, the
explosions of the z25b progenitor are not compatible with the
energetic SN Ic-BL signature, and may belong to another sub-
class of explosions arising from massive and rotating models.
We will include the results for its explosion properties and
56Ni ejecta for reference, but will not analyse these models
in detail.

We terminate each model that reaches 𝑀core ≥ 2.5M⊙,
where 𝑀core is the baryonic mass of the core. It is interesting
to note the correlation between the initial value of 𝑀PNS af-
ter collapse and the longevity/power of the jets. We see that
the progenitor with the smallest initial value of 𝑀PNS, Model
z25b, inevitably forms a central BH due to the weakly pow-
ered jets, whereas the progenitor with the largest initial value
of 𝑀PNS, Model z25a, is able to avoid BH collapse as long as
the efficiency for converting energy in differential rotation to
jet energy is ≥ 50%. This is due to the positive correlation
between progenitor core mass (and hence PNS mass) and ro-
tation rate (Heger et al. 2005). The most massive cores are
formed in more rapidly rotating models, which have more free
energy in differential rotation within the inner layers. These
models propagate highly energetic jets to power an explosion
to avoid BH collapse, despite possessing large initial proto-
neutron star masses.

Naturally, ¤𝑀jet closely follows ¤𝐸jet. We see that the drop
in jet power for the brief period when 𝑗acc ≃ 𝑗core in Models
35OC and z25b is less apparent in ¤𝑀jet, though the mate-
rial injected during this time is unlikely to possess sufficient
momentum to be ejected completely. In the most energetic
Models z25a-10, z25a-05, and to some extent Model 35OC-
10, the large ¤𝑀jet is comparable to the accretion rate, which
itself is reduced due to the powerful nature of the jets, and
as a result the core mass is held constant or even decreases.
This is similar to the evolution observed in the most ener-
getic models of Obergaulinger & Aloy (2017); Obergaulinger
& Aloy (2020).

3.3 56Ni production

Our simulations allow us to address the production of ra-
dioactive 56Ni as a key metric for connecting to observations
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Figure 3. The time evolution of the compact remnant and jet properties for each model, i.e. the flows through the inner boundary. Moving
averages are shown for clarity, the raw data is plotted as thin transparent lines. Panel (a): The PNS mass i.e., the mass inside the inner

boundary. Panel (b): The jet power, i.e., rate of energy deposition at the polar region of the inner boundary. Panel (c): Rate of mass
accretion through the inner boundary. Panel (d): Mass injection rate of the jet. Panel (e): Specific angular momentum of the PNS. Panel

(f): Specific angular momentum of the accreting material.

of Ic-BL supernovae. From the results of the post-processing
nuclear network, we find that models with jet 𝑌e = 0.5 typi-
cally eject a 1.5-2 times larger mass of 56Ni than those mod-
els with jet 𝑌e = 0.3. Neutron-rich jet particles are able to
synthesise increasingly heavy elements via neutron-capture,
and contain negligible amounts of 56Ni at the end of nu-
clear burning. The 56Ni mass ejected from models with jet
𝑌e = 0.3 is produced entirely within the shocked stellar en-
velope, which is composed of material with 𝑌e ≃ 0.5. Models
with jet 𝑌e = 0.5 produce the same mass of 56Ni in the en-
velope, plus an additional mass of 56Ni produced within the
jet.

The approximate network that is built into the hydrody-

namic solver calculates a 56Ni ejecta mass that is typically
larger than that calculated by the SkyNet network for the
same jet 𝑌e. This is because the smaller network cannot ac-
curately follow the neutron-capture reactions and therefore
much of the matter that would otherwise be processed to
increasingly heavy elements instead remains as 56Ni. The
ejected mass of 56Ni calculated by the approximate network
with jet 𝑌e = 0.3 is on average ∼ 30% larger than the results
of the SkyNet network for the same jet 𝑌e. For a rough esti-
mate of the amount and distribution of 56Ni, a small network
appears adequate, however.

We find a maximum 56Ni ejecta mass of 0.45M⊙ (Model
z25a-10 with jet 𝑌e = 0.5), and a (non-zero) minimum of
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6 × 10−5 M⊙ (Model z25b-10 with jet 𝑌e = 0.3). The ejected
mass of 56Ni is correlated with the explosion energy, as shown
in Figure 4, which is to be expected as both properties are
determined by the power and longevity of the jets. In Figures
5a and 5b we show the location of the 56Ni in the ejecta as
calculated by the approximate nuclear network, which shows
that the majority of the 56Ni is produced in the polar direc-
tion, where the shock is strongest. The two most energetic
models, z25a-05 and z25a-10, produce 56Ni in a relatively
broad region due to both lateral expansion of the jet caused
by high jet power, and from Kelvin-Helmholtz instabilities
which develop along the side of the jet. This lateral expan-
sion may not occur if magnetic fields were present to provide
hoop stresses via the twisted toroidal field to collimated the
jet, as in the MHD models of, e.g., Wheeler et al. (2002);
Akiyama et al. (2003); Burrows et al. (2007); Winteler et al.
(2012); Mösta et al. (2014); Obergaulinger & Aloy (2020);
Kuroda et al. (2020). We also see in Figures 5a and 5b that
the 56Ni at the head of the jet is travelling at speeds & 0.1𝑐,
and in the most energetic Models z25a-10 and z25a-05, the
jet has traversed more than 10 × 104 km through the most
dense regions of the stellar envelope.

We see in the top panel of Figure 6 that for Models 35OC

and z25b, the bulk mass of 56Ni is created within the first
second of jet propagation. The same statement is essentially
true for the z25a series, although these models continue to
create additional 56Ni throughout their entire simulated evo-
lution as a result of the high jet power and mass injection
rate. Each model shows a small dip in 56Ni ejecta mass after
an initial local maximum in the first ∼1 sec of jet propagation.
This is because some 56 Ni is formed close to the inner bound-
ary in the equatorial region by explosive burning in the bow
shock, and ends up not being ejected but is accreted shortly
thereafter. Again, these results are taken from the approxi-
mate network, which is broadly representative of the results
of the SkyNet network, as we have shown in Figure 4. In the
lower panel of Figure 6, we see that each model contains some
fraction of the 56Ni ejecta mass travelling at speeds > 0.1𝑐.
In particular, approximately one third of the total 56Ni mass
is travelling with radial speeds > 0.1𝑐 in the energetic Models
z25a-05 and z25a-10, and some 56Ni velocities are as high
as 0.3𝑐.

3.4 Chemical abundance profiles

In Figure 7 we show the detailed abundance profiles for each
of the z25a and 35OC models with 𝑌e = 0.5 in the jet, and
in Figure 8 the abundance profiles for the same models with
𝑌e = 0.3 in the jet. The z25b Models are excluded from de-
tailed analysis as we already see that they do not eject suffi-
cient 56Ni to be compatible with the SN Ic-BL observational
constraints. The chemical yields for each model are computed
based on the mass fractions in the unbound material only;
matter ahead of the shock is not taken into account because
it is unclear what fraction of the envelope will be ejected. How
much of the unshocked envelope material is ejected primarily
affects yields at 𝑍 ≤ 15. We shall discuss this as a source of
uncertainty later in Section 3.5.

Within these figures, we also indicate the number of tracer
particles contributing significantly to each elemental abun-
dance, and show the separate chemical contributions from
the jet and shocked envelope. The abundance ratios making
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Figure 4. The mass of 56Ni in the ejecta at the end of the simulation
time for each model, except Models z25b-05 and z25b-01, which
both fail to explode. The circles are the results of the small 19-
species network. The downward and upward pointing triangles are
the results taken from the SkyNet calculation with jet 𝑌e = 0.5 and

𝑌e = 0.3, respectively.

up the separate chemical profiles are each presented as their
ratio to the total iron mass in the ejecta, using the stan-
dard square bracket notation relative to the solar value, i.e.,
[A/B] = log(𝑁A/𝑁B) − log(𝑁A/𝑁B)⊙.
First, in Figure 7, we see that the models possessing jets

with initial composition 𝑌e = 0.5 typically produce an abun-
dance pattern that extends beyond the iron-peak elements,
containing large abundances of some light neutron-capture
elements, e.g., up to Mo (𝑍 = 42) or Ru (𝑍 = 44). The ex-
ception is Model 35OC-10, where chemical abundances drop
off rapidly beyond Zn (𝑍 = 30). From the separated abun-
dance profiles we see that the jet and envelope components
each make comparable contributions to elements between P
(𝑍 = 15) and Zn (𝑍 = 30), whereas the shocked envelope
alone produces the vast majority of elements lighter than P,
and those beyond Zn. The elements 𝑍 < 15 are ejected from
the outer layers of the envelope where they were synthesised
in part during the nuclear burning lifecycle of the progenitor
star and swept up by the jet, and partly by explosive burning
in the wake of the bow shock of the jet. The light neutron-
capture elements beyond Zn, on the other hand, are produced
deep within the explosion from neutron-rich matter in the sil-
icon shell, which is shocked by and entrained within the jet.
In most models, few (less than ten) tracer particles contribute
to the neutron-capture elemental abundances, or in the case
of Model 35OC-10, are not present at all. With so few particles
representing the abundances of neutron-capture elements in
these models, the results beyond 𝑍 = 30 are highly uncertain
and will be sensitive to the resolution of the simulation grid
and tracer particles.

In general the yields from the shocked envelope in each
model show a strong odd-even effect, whereas the jet com-
ponent provides a strong enhancement of elements between
Ca (𝑍 = 20) and Z=30, and exhibits a qualitatively similar
shape in all models. In fact, the abundance patterns up to
Zn are remarkably similar for all of the high-energy models
with 𝐸 > 1052 erg (Models 35OC-10, z25a-05, and z25a-10),
while the low-energy models with 𝐸 ∼ 1051 erg) are also sim-
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Figure 5. The distribution of 56Ni at the end of the simulations, calculated by the 19-species network, in solar masses per grid cell. The

contour lines show the velocity of the ejecta in units of 𝑐. The total mass of 56Ni is indicated below the model name in the op right of
each panel.

ilar to one another, though with somewhat larger variation
for elements lighter than Sc (𝑍 = 21).

The models with lower jet energy efficiency are deficient
in the abundances of light and intermediate elements with
𝑍 < 15. This is because the more energetic models are able
to sweep up and eject more of the envelope mass by the end
of the simulation time. Presumably, if we were to follow the
expansion of the lower energy models (i.e., Models z25a-01

and 35OC-01) for longer periods of time after BH collapse,
the ejected envelope mass and abundances of elements with
𝑍 < 15 may increase in turn. We explore this assumption in
Section 3.5. Due to the large binding energy of the massive
envelope, however, we except that a significant fraction of the
un-shocked envelope will undergo fallback for low explosion
energies.

Turning our attention to Figure 8, we see that in the case of
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Figure 6. Upper panel : the mass of 56Ni in the ejecta of each model
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the total 56Ni ejecta mass as a function of its radial velocity, shown
for each model at the end simulation time.

neutron-rich jets with 𝑌e = 0.3, the ejecta consist almost en-
tirely of heavy neutron-capture elements, and in these mod-
els the final abundance profile extends to U (𝑍 = 92). The
ejected abundances of elements with 𝑍 < 30 in these models
are mainly from the shocked envelope, which is unchanged
from the models with jet 𝑌e = 0.5. The heavy neutron-capture
elements are strongly enhanced in these models by the rapid
neutron-capture process (r-process) which occurs within the
jet, in particular those with 𝑍 = 40-55 (Zr to Cs) are strongly
enhanced in each model. The total mass of r-process mat-
ter scales with the mass of 56Ni in the ejecta, i.e., between
10−3 − 10−1 M⊙.

The final abundance pattern resulting from the r-process
is highly sensitive to the value of 𝑌e in the material being
burnt. Whereas here we are using a fixed value of 𝑌e for the
jet composition in each model, it is likely true in nature that
jets would be composed of material with a range of 𝑌e values.
The 𝑌e value within MHD jets is not well constrained, but

recent studies find values ranging between 0.1 . 𝑌e . 0.3
(Winteler et al. 2012; Nishimura et al. 2017; Mösta et al.
2018a). The value of jet 𝑌e may vary both within the jet, and
throughout the lifetime of the jet. Whereas it is interesting
to find that indeed the r-process does occur within our jet
models, and that elements are synthesised out to the third
r-process peak (74 < 𝑍 < 83, though the abundance pattern
in each of our models drops of significantly beyond 80Hg), the
precise abundance pattern would vary significantly depending
on the value or range of values used for jet 𝑌e. In Section 3.5,
we explore two extra values of jet 𝑌e for one model (z25a-05).

3.5 Comparison to Metal-Poor Stars

In Figures 9 and 10 we compare a representative selection of
our models to the chemical abundances observed in a sam-
ple of carbon-enhanced EMP (CEMP) stars. To provide con-
straints, we present two sets of yields for our models as limit-
ing cases in which the unshocked material is either completely
excluded as in the previous section, or completely included.
We have applied a dilution factor of 100 to matter ejected
by the jet in order to obtain a reasonable comparison to the
observed abundances of r-process elements. We also show the
undiluted abundances for reference. The validity of selective
and substantial dilution is discussed in Section 4. We have
extracted the stellar observational data from the JINAbase
online database of stellar chemical abundances (Abohalima &
Frebel 2018). The CEMP subclass of metal-poor stars bare
similar abundance patterns to regular EMP stars, but also
have [C/Fe] ≥ 0.7. Like all EMP stars, CEMP stars appear
to require an enrichment from a high entropy environment in
order to explain their iron-peak abundance ratios (Nomoto
et al. 2013). The enhanced [C/Fe] observed in these stars is
more likely, however, to be provided by a low-energy event
that creates only small amounts of iron. Amongst other possi-
bilities, aspherical hypernovae with a strong polar shock and
weaker equatorial explosion are speculated to be the source of
chemical enrichment for CEMP stars (Tominaga 2009; Ezzed-
dine et al. 2019). Our models with neutron-rich jets are com-
pared to CEMP stars that exhibit an r-process enhancement
(i.e., CEMP-r stars, identified by [Eu/Fe] > 1), and mod-
els that have jets with 𝑌e = 0.5 are compared to stars ob-
served without a neutron-capture enhancement (i.e., CEMP-
no, identified by [Ba/Fe] < 0). See Beers & Christlieb (2005);
Aoki et al. (2007) for further discussion of the subclasses of
CEMP stars. We show the distribution of stellar abundance
ratio measured for each element with respect to iron with a
box-and-whisker plot in Figures 9 and 10. In the case that
there are multiple measurements of an elemental abundance
for the same star from different literature sources, we take the
average value. We exclude the values of upper limit measure-
ments from the distribution, except when only upper limit
measurements are available for a particular element, in which
case we show the distribution of upper limits.

Figures 9 and 10 show that Model z25a-05 does not pro-
duce sufficiently large [C/Fe] to match the observed distribu-
tion in CEMP stars, even if the upper limit value including
non-ejected carbon is considered. In the right panel of Fig-
ure 9, however, Model 35OC-10 does have an upper limit to
[C/Fe] that falls within the observed distribution. The differ-
ence in [C/Fe] between these models is caused by the larger
iron production in the more energetic z25a-05 model, rather
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Figure 7. The chemical abundance distributions for each of the z25a and 35OC models, as calculated by the SkyNet network with jet
𝑌e = 0.5. The blue dashed line shows the chemical contribution from tracer particles inside the jet. The orange dashed line shows the
chemical contribution from the tracer particles in material from the shock-heated envelope. The solid black line with circle markers is the
combined (jet + envelope) abundance distribution. Each abundance ratio is normalised by total iron mass in the ejecta (jet + envelope).
The colour of each circle marker indicates the number of tracer particles that contribute 90% of the mass yield for each element.

than a difference in carbon production. Model z25a-05 ejects
0.35M⊙ of iron and 0.2M⊙ of carbon (upper limit 1.19M⊙),
whereas Model 35OC-10 ejects 0.065M⊙ of iron and 0.011M⊙

of carbon (upper limit 1.0M⊙), resulting in a larger [C/Fe]
value in Model 35OC-10.

The abundances of elements with 𝑍 = 20-30 (Ca to Zn) are
well explained by our models. This can most clearly be seen
in Figure 9, as the ejected abundances up to 𝑍 = 30 are iden-
tical between the models for different jet 𝑌e given the applied
degree of jet dilution, nor do the observed abundances in this
range change substantially between CEMP-no and CEMP-

r stars. The z25a-05 model provides a particularly good fit
to the observed abundances, and only Sc (𝑍 = 21) and V
(𝑍 = 23) are underproduced relative to the observed values.
The undiluted jet contribution with 𝑌e = 0.5 would bring
these two elements within the observed distribution. There is
no justification, however, for only applying a dilution to the
neutron-rich jets, and it is clearly necessary to reduce the r-
process enrichment in the neutron-rich models. Cu (𝑍 = 29) is
significantly overproduced, though the copper abundance is
only measured in four stars, so the statistics are poor. Most
notably our models consistently produce high [(Co,Zn)/Fe]
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Figure 8. Same as Figure 7, but for jet 𝑌e = 0.3.

values, which is historically a difficult feature to explain in
EMP stars.

In Figure 10 we see that the elements beyond 𝑍 = 30 and
below the second r-process peak (48 < 𝑍 < 59) are under-
produced by Model z25a-05 with jet 𝑌e = 0.2, and overpro-
duced by the same model with jet 𝑌e = 0.3. On the other hand,
many of the elements beyond the second r-process peak are
marginally overproduced by the model with jet 𝑌e = 0.2, and
underproduced by the same model with jet 𝑌e = 0.3. The
neutron-capture elements beyond 𝑍 = 30 and up to 𝑍 = 92
are best fit by a model with jet 𝑌e = 0.25. Several elements
are still poorly fit, most notably Ba (𝑍 = 56) and Pb (𝑍 = 82),
although some outlying observed values of Ba are compatible
with our model.

4 DISCUSSION

We now evaluate our results in the context of observational
constraints provided by SNe Ic-BL and the chemical abun-
dances in metal-poor stars. Some constraints emerge on the
parameters of jet-driven models based on the millisecond-
magnetar scenario.

4.1 Broad-lined Ic Supernovae

The bright peak luminosity and broad spectral lines ob-
served in SNe Ic-BL imply a fast-moving (approaching ∼

30,000 km s−1, or 0.1𝑐) and massive 56Ni ejecta. Taddia et al.
(2019) estimate the 56Ni ejecta mass for 24 SNe Ic-BL and
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Figure 9. The chemical abundance distributions in the ejecta of Models z25a-05 (left panel) and 35OC-10 (right panel), each with jet
𝑌e = 0.5. The black line with circle markers shows the chemical abundance ratios in the ejecta, where the jet ejecta mass has been diluted
by a factor of 100 relative to the shocked envelope ejecta mass. The dashed grey line shows the abundance ratios if the jet component
is not diluted. The light grey line with circle markers shows the upper limit for the lighter elements if the non-ejecta mass is included.
The color of the circle markers indicate the number of tracer particles that contribute 90% of the total mass of that element. Our model
results are compared to the distributions of chemical abundances observed in 64 CEMP-no stars with [Fe/H] ≤ −3 (boxes and whiskers),
with data provided by JINAbase (Abohalima & Frebel 2018).

report a distribution between 0.12M⊙−0.80M⊙, with median
0.28M⊙.
In agreement with Nishimura et al. (2015); Chen et al.

(2017) we find that a negligible mass of 56Ni is created by
neutron-rich (𝑌e . 0.3) jets. Instead, we find that the major-
ity of the 56Ni is synthesised in the shock-heated envelope.
If the electron fraction in the jet matter is larger (𝑌e = 0.5),
however, then the mass of 56Ni created in the jet can be
comparable to the mass synthesised in the shocked enve-
lope ejecta. Similar to Maeda & Nomoto (2003); Chen et al.
(2017), we find that jet power ∼1051 erg s−1 is insufficient to
produce 𝑀 (56Ni) > 0.1M⊙, and only our models that reach
¤𝐸jet & 1052 erg s−1 produce such large quantities of 56Ni.
Our three most energetic models (𝐸 > 1052 erg),

z25a-10, z25a-05, and 35OC-10, eject3 0.29(+0.16)M⊙,
0.15(+0.18)M⊙, and 0.05(+0.01)M⊙ of 56Ni, respectively.
These results overlap with the lower half of the observed dis-
tribution reported by Taddia et al. (2019), but cannot explain
the larger 56Ni masses, particularly if the jets are neutron-
rich. The 56Ni ejecta masses inferred from observations are
calculated under the assumption of spherical symmetry, how-
ever, and therefore the observational 56Ni masses may be sys-
tematically overestimated if the explosions observed as SNe
Ic-BL are indeed intrinsically aspherical.

A large fraction (20% – 40%) of the 56Ni mass in ener-
getic Models z25a-10, z25a-05, and 35OC-10, is travelling
faster than 0.1𝑐 at the end of our simulation time, after the
shock has already traversed a distance of up to ∼1.5×105 km

3 The value enclosed in brackets indicates the additional 56Ni mass
in the ejecta if the jet has composition 𝑌e = 0.5

through the stellar envelope. The velocities are are thus com-
parable to or even slightly larger than the outer ejecta veloc-
ities in SNe Ic-BL (Modjaz et al. 2016). These models, there-
fore, may produce an observational signature that is similar
to those observed in SNe Ic-BL, if the velocity of the ejected
56Ni can be maintained. This is not unlikely given the de-
creasing density profile in the outer envelope.

Due to the positive correlation between progenitor core
mass and rotation rate (e.g., Heger et al. 2005), we have found
that models with more massive iron cores have more rota-
tional energy available to power jets. As a result, the models
that are able to explode energetically and eject the envelope
may have a tendency to leave relatively massive neutron star
remnants. Some of the initial core mass can also be lost, how-
ever, if the jet mass ejection rate exceeds the accretion rate.

Our lower energy (∼1051 erg) Models 35OC-05, 35OC-01,
and z25a-10, each eject 𝑀 (56Ni) . 0.02M⊙. The short-
lived jet outflows in these models are unable to apprecia-
bly reduce the momentum of infalling material and there-
fore the accretion rate, and so the mass of the PNS in these
models quickly exceeds the BH limit. Hence the 56Ni syn-
thesised in these models is still deep within the envelope
(𝑟 = 3 × 104 km − 6 × 104 km) when the jet energy injection
is switched off. So, while the 56Ni mass is insufficient to ex-
plain the typical value inferred for SNe Ic-BL, it is less likely
that these models would produce a broad-lined spectral sig-
nature in any case. This could suggest that the distribution
of magneto-rotational explosions extends into energetically
normal SNe Ic.

On the other hand, the ongoing accretion of the envelope
onto the central BH may set up an environment that al-
lows for a collapsar-type explosion during the later evolution.
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Figure 10. Same as Figure 9, but for the z25a-05 model with jet 𝑌e = 0.2 (upper panel), jet 𝑌e = 0.25 (middle panel), and jet 𝑌e = 0.3
(lower panel), compared to 55 CEMP-r stars with [Fe/H] ≤ −3.

Such hybrid hypernova explosions, with weak early magneto-
rotational jets and later stage collapsar-type jets have been
suggested by Obergaulinger & Aloy (2017); Obergaulinger &
Aloy (2020). Future work into these types of models will cer-
tainly yield interesting results, as the later stage collapsar
jets would add an additional mass of 56Ni for powering the

luminosity, and other heavy elements to the final chemical
abundance pattern. The mass of 56Ni shown to be created by
jets in a collapsar environment is similar to the mass ejected
by our more energetic models, i.e., > 0.1M⊙ (e.g., Maeda
& Nomoto 2003; Barnes et al. 2018). Moreover, the collapsar
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jets would be travelling through a lower density medium, and
may be capable of producing a GRB.

4.2 Abundances in Extremely Metal-Poor Stars

The bulk of the matter contributing to the elemental abun-
dances with 𝑍 ≤ 30 is created in the shock-heated envelope,
and all of our models provide a relatively good agreement
with the intermediate-mass and iron-peak abundance ratios
observed in metal-poor stars, regardless of our chosen jet com-
position. In particular, we find that our models consistently
produce the enhanced [Zn/Fe] that is required in order to
explain the abundances observed in stars with [Fe/H] . −3.
Zinc is produced abundantly in the shocked-heated envelope,
and the [Zn/Fe] in the ejecta therefore is relatively indepen-
dent of the jet composition. Even if the jet contribution is
subtracted, the smallest [Zn/Fe] is produced by Model 35OC-
10 with [Zn/Fe] = 0.4. The largest [Zn/Fe] we find is in Mod-
els 35OC-01 and 35OC-05 with [Zn/Fe] = 1.0. These results
are in good agreement with the range of [Zn/Fe] abundances
observed in metal-poor stars.

The models with neutron-rich jets, however, overproduce
the r-process elements by a factor of 100, when compared to
the [X/Fe] neutron-capture abundances observed in r-process
enhanced metal-poor stars. For each model with neutron-
rch jets, the total r-process mass is of the same order of
magnitude as the mass of 56Ni ejecta. The total mass of
r-process matter that we calculate is similar to that found
in the neutron-rich MHD jets of Winteler et al. (2012);
Nishimura et al. (2015, 2017); Mösta et al. (2018a) (i.e.,
10−3 M⊙ − 10−2 M⊙), though our energetic Models z25a-05

and z25a-10 eject ∼10−1 M⊙ of r-process matter, in propor-
tion to the larger 56Ni ejecta mass. A total mass of r-process
matter that is similar to the mass of 56Ni ejecta results in
[X/Fe] > 3 − 4 for the neutron-capture elements.
One could consider a scenario where the chemical yields

from our models are diluted with the yields of nearby CCSNe
prior to subsequent star formation in order to bring the [r/Fe]
values down to [r/Fe]∼2. This would would require at least

an order of magnitude larger Fe mass than is produced by a
single one of our HN models (i.e., an increase from ∼0.1M⊙

to ∼1.0M⊙). Under the assumption that the typical amount
of Fe is produced per CCSNe (i.e., 0.01M⊙), each of our HN
models would need to be diluted with approximately 100 reg-
ular CCSNe. The frequency of HNe in the early Universe is
speculated to be as high as > 10 percent, however (Podsiad-
lowski et al. 2004; Woosley & Bloom 2006; Arcavi et al. 2010;
Smith et al. 2011; Smidt et al. 2014). Moreover, if our HNe
yields were diluted to such a degree, they would no longer
provide the enhanced [Zn/Fe] observed in many metal-poor
stars.

This strongly suggests that magnetorotational explosions
cannot involve sustained neutron-rich jets. As the explosion
energy builds up during the non-relativistic phase of the jet
evolution, the ejection of matter from the proto-neutron star
surface must be likely slow enough to allow neutrino pro-
cessing to reach values of 𝑌e ≈ 0.5. In future studies, if ar-
tificial jets are used and the 𝑌e cannot be determined self-
consistently, it may be beneficial to consider a distribution
of 𝑌e values within the jet, perhaps by considering the equi-
librium 𝑌e value as a function of the neutrino energy and
luminosity, along with an appropriate freeze-out radius (see,

e.g., Eq. 5 of Müller 2016). Theoretically, the problem of
producing excessively high r-process abundances in the sub-
sequent generations of stars enriched by the hypernova could
be avoided by considerably diluting only the r-process mate-
rial, e.g., if it mixes inefficiently with the interstellar medium
and largely escapes the galactic potential.

It is not clear whether the degree of dilution that we have
applied to the neutron-rich jet matter in our models is re-
alistic. Studies into the dispersion of supernova ejecta have
indeed shown that mixing, turbulence and complex chem-
istry can lead to differential metal transport, which will ulti-
mately complicate the mapping between Population III chem-
ical yields and the abundance ratios observed on the surfaces
on metal-poor stars (e.g., Ritter et al. 2015; Ji et al. 2015;
Chiaki & Wise 2019; Magg et al. 2020; Komiya et al. 2020).
The highly energetic and aspherical explosions resulting from
magneto-rotational models will add further complication to
this problem, and further study will be needed to provide
constraints on the reasonable amount of absolute and differ-
ential dilution. Jets with relatively high 𝑌e, however, appear
a more natural and plausible way of avoiding an overproduc-
tion of r-process material than extreme assumptions about
metal transport in the interstellar medium.

The large mass of 56Ni (decaying to 56Fe) that is ejected
from our most energetic models prevents the production of
the [C/Fe] > 0.7 that is observed in the majority of the most
metal-poor stars (Placco et al. 2014; Yoon et al. 2018). In
general, if a hypernova produces 0.1M⊙ of iron, then all of
the ∼1M⊙ of carbon in the envelope must be ejected in order
to have [C/Fe] & 0.7. If more iron is produced, extra carbon
must also be produced in proportion. There is no pathway
for substantial carbon production during explosive burning,
which indicates that in order to explain the enhanced car-
bon enrichment with hypernova models alone, no more than
0.1M⊙ of iron can be ejected, and all of the carbon must
be ejected from the envelope. If it turns our that > 0.1M⊙ of
iron is consistently produced in the ejecta of hypernovae, then
in order to provide an enhanced [C/Fe] value, the progenitor
envelope must already by carbon-rich at the end of its nu-
clear burning lifetime, and ejected along with the larger mass
of iron. Otherwise, iron must be diluted relative to carbon
prior to subsequent star formation. If none of these scenar-
ios can be fulfilled, then some other source of enrichment is
required to explain the enhanced carbon in CEMP stars. It
has been suggested, for example, that the origin of enhanced
surface carbon abundances may be a result of mass trans-
fer from a rotating binary companion (Meynet et al. 2006;
Maeder et al. 2015). This scenario is supported by some evi-
dence of a correlation between binarity and absolute carbon
abundance in CEMP stars (Arentsen et al. 2019). Alterna-
tively, faint Population III supernovae (perhaps similar to our
Model z25b-10) have been implicated as a potential source of
high [C/Fe] enrichment, due to their low iron yield (Umeda
& Nomoto 2005; Tominaga et al. 2007). Finally, Frebel et al.
(2007); Hartwig & Yoshida (2019) have suggested that typical
[C/Fe] abundances may be enhanced as a result of inhomoge-
nous mixing of supernova ejecta, and that a shorter cooling
time of carbon-rich gas could provide a bias for the formation
of carbon-enhanced stars in the metal-poor environment.
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4.3 Evaluation against the combined observational

constraints

The potential of jet-driven hypernova models, under the spe-
cific assumptions and parameterisations that we have made,
to simultaneously explain the observational sigantures of SNe
Ic-BL and the chemical abundances observed on the surfaces
of metal-poor stars can be summarised by the following key
points:

• Jet-driven hypernovae can consistently produce chemi-
cal abundance ratios similar to those observed in metal-poor
stars with [Fe/H] ≤ −3 for the intermediate-mass and iron-
peak elements, and of particular note, [Zn/Fe] ≥ 0.5.

• Neutron-rich jets overproduce the [X/Fe] abundances of
the neutron-capture elements by a factor of 100 compared
to those observed in some extremely metal-poor stars. This
suggests that the jets can only remain neutron-rich for a short
phase, possibly around the onset of the magneto-rotational
explosion.

• Jet-driven hypernovae can produce the large (> 0.1M⊙)
mass of 56Ni inferred from the light curves of SNe Ic-BL,
and up to 𝑀ej (

56Ni) = 0.45M⊙. A high 𝑌e in the jet is also
preferred because it adds a substantial contribution of 56Ni
from the jet.

• There is, however, a tension between the requirement to
produce a large mass of 56Ni needed to explain the SNe Ic-
BL light curve, and the capacity of the models to also explain
the enhanced carbon abundances ([C/Fe] ≥ 0.7) observed in
the majority of the most metal-poor stars. The ejected mass
of carbon is limited to the amount that is already present in
the envelope prior to collapse, and if 𝑀ej (Fe) & 0.1M⊙, then
[C/Fe] ≥ 0.7 requires 𝑀ej (C) & 1M⊙.

5 CONCLUSIONS

We have modelled the collapse and jet-powered explosions of
three massive, rotating, low- or zero-metallicity stars. Moti-
vated by the results of numerical MHD studies, we implement
a simple analytic model to relate the jet power to the energy
available in the differential rotation of the accreting PNS, and
we artificially inject this energy from an inner boundary to
launch jets. Jet-driven explosions are implicated as the phys-
ical counterpart of the SN Ic-BL observational signature, and
also as the source of the chemical enrichment observed on the
surfaces of metal-poor stars with [Fe/H] ≤ −3.
We find that the energy available to power jets is of the

order 1050 erg s−1 − 1052 erg s−1, depending on the angular
momentum of the progenitor model. Jet power > 1051 erg s−1

is sufficient to drive an energetic explosion with 𝐸 > 1052 erg,
but jet power ∼1052 erg s−1 is required to produce the large
mass of > 0.1M⊙ of 56Ni inferred from the observations of
SNe Ic-BL. Although the models have not been evolved be-
yond shock breakout, the velocity of the synthesised 56Ni and
its geometric distribution appear broadly compatible with the
findings from supernova spectroscopy and spectropolarime-
try. We find that our models can reliably reproduce the
chemical abundance ratios observed in metal-poor stars up
to [Zn/Fe], with the exception of the enhanced [(C,N,O)/Fe]
commonly observed in the most metal-poor stars, which can-
not be reproduced due to the large mass of iron in the ejecta
of our models. The neutron-capture elements beyond zinc are

produced by an r-process in neutron-rich jets. Their [X/Fe]
abundances, however, are overproduced by a factor of 100
compared to those observed in r-process enhanced metal-poor
stars. Models with jets that have a higher electron fraction
(𝑌e = 0.5) can more naturally explain the chemical abun-
dances observed in metal-poor stars without neutron-capture
enhancement.

Thus, most of our findings support the magneto-rotational
hypernova mechanism as a possible explanation for Ic-BL su-
pernovae and for the abundances in extremely metal-poor
stars. It is noteworthy that we are able to obtain higher nickel
masses than the recent study of Reichert et al. (2020) found
for their 2D MHD simulations. Interestingly, though, we ob-
tain a very similar range of nickel masses .0.1M⊙ with our
calibrated jet models as they do in their MHD simulations
for the same progenitor model 35OC. This lends confidence to
the high nickel masses we find for progenitor model z25a. The
key to producing the high nickel masses required to match
observations might lie in achieving similar conditions as in
Models z25a-05 and z25a-10, i.e., not only a powerful jet but
also significant explosive burning by the bow shock and effi-
cient entrainment of the nickel into the jet, which gives rises
to wider, lobe-like distribution of 56Ni in the ejecta. It will
be worth investigating in future how this can be achieved in
more realistic models of magneto-rotational explosions, e.g.,
by a favourable progenitor structure, or by 3D effects that
facilitate the entrainment of material behind the bow shock.

On the other hand, the inability of our models to reach
high [C/Fe] poses a challenge for the explanation of CEMP
star abundances by magneto-rotational hypernovae. In fact,
this predicament is largely independent of how the explosions
are modelled and already comes from the observational con-
straints on the nickel masses of SNe Ic-BL and the progeni-
tor structure, which limits the amount of carbon that can be
ejected. It will need to be investigated further what the simul-
taneous constraints from transients and CEMP stars imply
for the structure of hypernova progenitors. As discussed in the
introduction, it is possible that other sources, e.g., faint Pop-
ulation III supernovae with considerable fallback might be
responsible for CEMP stars (Umeda & Nomoto 2005; Tom-
inaga et al. 2007), or that the high [C/Fe] abundances can
be explained by the intricacies of mixing in the interstel-
lar medium and star formation Frebel et al. (2007); Hartwig
& Yoshida (2019). It is also conceivable that a better de-
termination of observational nickel masses from Ic-BL light
curves may relieve the tension. If the light curves are (partly)
magnetar- powered (e.g., Woosley 2010; Greiner et al. 2015;
Wang et al. 2017, 2019), the observational nickel masses could
be overestimated. More detailed multi-dimensional radiative
transfer modelling of SNe Ic-BL could also lead to revised
estimates for the nickel mass. More rigorous modelling of hy-
pernovae, their observational signatures, and their impact is
clearly called for to better understand the nature of these
powerful explosions.
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