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Extended Data Figure 9: Galactic chemical evolution. Comparison of model predictions with
observational data for magnesium and europium abundances from the SAGA database142 and eu-
ropium abundances of galactic disk stars134. Model predictions are shown for different minimum
delay times of Supernovae Type Ia with respect to star formation. a, Comparison for magnesium
as a representative ↵-element. b, comparison for europium as an r-process tracer assuming both
neutron star mergers and collapsars contribute to galactic r-process nucleosynthesis. Note that the
decreasing trend of [Eu/Fe] at high metallicity can be obtained. c, comparison as in b, but assum-
ing that only neutron star mergers contribute to galactic r-process nucleosynthesis, showing that
merger-only models cannot explain the [Eu/Fe] trend of stars in the galactic disk.
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Galactic chemical evolution suggests 
supernovae must contribute to the r-process enrichment
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Candidates of r-process core-collapse SNe
1. Magnetorotational SNe

2. Collapsars
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60
0 

km

Entropy

1

=
Pgas

Pmag

Figure 4. Volume renderings of entropy and β at t − tb = 161 ms. The z-axis is the spin axis of the protoneutron star and we show 1600 km on a side. The colormap for
entropy is chosen such that blue corresponds to s = 3.7kb baryon−1, cyan to s = 4.8kb baryon−1 indicating the shock surface, green to s = 5.8kb baryon−1, yellow to
s = 7.4kb baryon−1, and red to higher entropy material at s = 10kb baryon−1. For β we choose yellow to correspond to β = 0.1, red to β = 0.6, and blue to β = 3.5.
Magnetically dominated material at β < 1 (yellow) is expelled from the protoneutron star and twisted in highly asymmetric tubes that drive the secular expansion of
the polar lobes.
(A color version of this figure is available in the online journal.)

collapse of the protoneutron star and black hole formation. In
this case, the engine supplying the lobes with low-β plasma
is shut off. Unless their material has reached positive total en-
ergy, the lobes will fall back onto the black hole, which will
subsequently hyperaccrete until material becomes centrifugally
supported in an accretion disk. This would set the stage for a
subsequent long GRB and an associated Type Ic-bl CCSN that
would be driven by a collapsar central engine (Woosley 1993)
rather than by a protomagnetar (Metzger et al. 2011).

The results of the present study highlight the importance of
studying magnetorotational CCSNe in 3D. Future work will be
necessary to explore later postbounce dynamics, the sensitivity
to initial conditions and numerical resolution, and possible nu-
cleosynthetic yields. Animations and further details on our sim-
ulations are available at http://stellarcollapse.org/cc3dgrmhd.
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An explosion triggered by fast rotation 
and high magnetic fields (M

osta+ 2014)

(e.g., Takiwaki+09, Kuroda+20)

associated with superluminous SNe (?)

associated with long GRBs (?)
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Figure 7. Different density profiles lead to different efficiencies (top) and lu-
minosities (bottom), in the models that we specifically designed to be slightly
above the critical magnetic flux so they can launch jets. The quantities are
measured at the BH horizon as a function of time in a variety of progenitors:
three with Fh = Fh,min: a = 0 (blue), a = 1 (yellow) and a = 2.5 (ma-
genta); and one progenitor with Fh ⇡ 3Fh,min and a = 0 (red). We find that
over time the fastest growing mode of the MRI, lMRI, drops relative to the
disk thickness, H, resulting in the magnetic flux diffusing outwards and jet
efficiency dropping (see §6.1). The jet power in progenitors with a ⇠ 0 or
a > 2 exhibits temporal evolution while h ⇠ 1.

gradually shuts off (§6.1). This effect occurs mostly in systems with
a < 1 and is manifested as a break in the luminosity and h curves.
The break is present at t . 1 s when a = 0, and at t & 1 s when
a & 1. The efficiency remains high for a longer time in systems with
higher a as demonstrated in Fig. 7 for the cases of a = 2.5 (magenta
curve) and a = 1 (yellow curve). Interestingly, observations point at
an anti-correlation relationship between the jet luminosity and the
GRB peak time, L µ t�1.52

peak (Dainotti et al. 2015). This could be ex-
plained by the temporal evolution of different luminosities, with the
luminosity of powerful jets drops with time and that of weak jets
grows over time.

7 JET EVOLUTION

After the jet is launched, it interacts with the infalling dense stellar
envelope. The interaction of the jet head with the star shocks the jet
and stellar material to form a weakly-magnetized cocoon that colli-
mates the jet. The jet-cocoon-star interplay ultimately regulates the
jet evolution in the star. While this is not the main focus of this pa-
per, we report of two major features that are found in our simulations

Figure 8. Deflection of infalling gas by the jet breaks the symmetry and re-
sults in a tilted accretion disk and jet axis. Shown is the logarithmic mass
density map from model a1BcLz, 2.3 s after the initial collapse. The en-
tire tilt process can be seen in a movie in http://www.oregottlieb/

collapsar.html.

as the first self-consistent 3D GRMHD simulations of the collapsar
model. A detailed analysis of the two will be presented in a follow-
up work.

7.1 Tilt of the disk

The high pressure that grows in accretion disks leads to release of
winds from the equatorial plane towards the polar axis, which facil-
itate the jet collimation at its base. As the jet propagates farther in
the star, its collimation becomes supported by the pressurized back-
flowing material of the cocoon. Our simulations show that the heavy
parts of the cocoon, which are close enough to the BH fail to be-
come unbound and fall towards the BH. When such relatively heavy
material bumps into the jet, it is deflected sideways and falls onto
the accretion disk. If enough angular momentum is carried by such
blobs, or if this process reoccurs several times in the same direction,
it tilts the disk by virtue of altering its angular momentum, and sub-
sequently tilts the jet launching direction as well. The relaunching of
the jet on an alternative path may considerably prolong its breakout
from the star and even result in a failed jet.

Fig. 8 depicts a zoom-in logarithmic density map of the BH vicin-
ity. It is shown that the disk and the jet are tilted by ⇠ 40� (note that a
non-tilted disk lies on the x̂� ŷ plane), and in some simulations may
reach up to ⇠ 60� tilt. If the change in the jet launching direction
is substantial, and the time cycle over which it changes is compa-
rable to the GRB duration, the jet head may leave traces of its tilt
even after breaking out from the star. Such a process could have pro-
found implications on the expected emission from GRB jets, such as
a periodicity in the lightcurve over the precession timescales.

7.2 Magnetic dissipation

When a Poynting flux dominated jet is collimated, current driven
instabilities, most notably kink instability, grow in the jet and dissi-
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Powered by energy from the rotating BH
(MacFadyen & Woosley 99)

torus around BH
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What causes the [Eu/Fe]-knee feature??

The [Eu/Fe] knee was not 
caused by an onset of the 
Fe release from SNe Ia

Instead,

“A metallicity threshold 
beyond which r-process 
SNe cease to emerge”

is implied 

(TT 2024)

(disk+halo)

The [Eu/Fe]-knee locus 
solely depends on the 
metallicity ([Fe/H] ~ -0.7)  



Long GRBs (≈ Collapsars) favor a low-metallicity environment

host galaxies = faint, irregular galaxies
“low-metallicity galaxies”

Z < 1/3 Z⊙

(Fruchter+ 2006)

Theoretically, a metallicity threshold 
should exist that retains enough 
angular momentum as Z < 0.3 Z⊙

(Woosley & Heger 2006)

Superluminous SNe, possibly identified with magnetorotational SNe, 
emerge in low-metallicity galaxies (e.g., Lunnan+ 2014).

If r-process SNe = collapsars,

If r-process SNe = magneto-rotational SNe,

✓

✓
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