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Stellar rotation and magnetic fields
Context

Regular vs extreme SNe (Nomoto et al. 2013)

Neutrino-driven 
limit

Neutrino-driven 
limit

▶︎ HN branch unlikely neutrino driven; MRSN?

▶︎ Magnetic fields + rotation allow for collimated 
outflows if the strength and topology are 
adequate

▶︎ Focus here: on relatively fast rotating models 
with different degrees of magnetic energy and 
low metallicity (i.e., likely progenitors of long 
GRBs and SLSNe).

▶︎ Formation of central engine.

▶︎ Collimated ejecta.

▶︎ Nucleosynthetic signature.
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habrı́a sido conveniente solicitar primero una actividad de prueba. El solicitante es el IP
de un proyecto GenT de la GVA, concedido en Junio de 2020 y que finalizará en 2024,
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Mösta+14    Ωrot ≠ 0, ⃗B ≠ 0

Melson+15a   Ωrot = 0

Summa+18    Ωrot ≠ 0
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ν-RMHD models (2D/3D)

Goal 1: Impact of the variation 
of stellar evolution parameters 

of fast-rotating, cores 
(MZAMS=35M⊙) on compact 

remnants and explosion types
other cores of 20M⊙ in Obergaulinger, Just & 

Aloy (2018; JPhG)

Selection of models

4 Aloy & Obergaulinger

name star ⌦(r) B-field fate BH t�� M�� Mmax
e B47 T49 |Ebd

52 | Mexp E
exp
51

(Hz) (1011 G) (s) (M�) (M�) (M�)
35OC-RO 35OC 1.98 (Or) 1.1, Or MR

p
9.3 7.5 20.6 70.0 17.4 2.84 0.18† 1.03†

35OC-RO2 35OC 1.98 (Or) 2.2, p, 2t MR
p

9.3 7.5 20.6 279 17.4 2.84 0.32† 1.39†
35OC-Rp2 35OC 1.98 (Or) 1.3, 2p, 1t MR ⇥ 9.3 7.5 20.6 82.5 17.4 2.84 0.44 1.96
35OC-Rp3 35OC 1.98 (Or) 1.5, 3p, 1t MR ⇥ 9.3 7.5 20.6 103 17.4 2.84 0.57 2.66
35OC-Rp4 35OC 1.98 (Or) 1.8, 4p, 1t MR ⇥ 9.3 7.5 20.6 132 17.4 2.84 0.57 3.22
35OC-Rw 35OC 1.98 (Or) 0.10, a(10, 10) ⌫-⌦ ? 9.3 7.5 20.6 0.0134 17.4 2.84 0.21† 0.67†
35OC-Rs 35OC 1.98 (Or) 10, a(12, 12) MR ⇥ 9.3 7.5 20.6 135 17.4 2.84 1.42 5.60
35OC-Sw 35OC 0.49 (⇥ 1

4 ) 10�3, a(8, 10) ⌫
p

42.9 22.8 5.27 0.0134 1.1 2.89 0.26† 1.67†
35OC-RRw 35OC 2.97 (⇥1.5) 1.1 ⇥ 10�6, Or/106 ⌫-⌦ ⇥ 2.9 3.14 24.9 3.5 ⇥ 10�12 69.5 2.84 0.034 0.21
35OB-RO 35OB 1.54 (Or) 0.64, Or ⌫-⌦

p
37.4 17.3 3.9 34.7 0.47 1.11 0.13† 0.82†

35OB-RRw 35OB 3.09 (⇥2) 6.4 ⇥ 10�7, Or/106 ⇥ + 15.3 10.0 11.2 1.2 ⇥ 10�12 3.88 1.12 ⇥ ⇥

Table 1. List of our axisymmetric models. Each simulation is listed with its name and the progenitor star. The third column indicates the rotational frequency
at r = 0 and the type of the rotation profile (in parenthesis): “Or” stands for the original profile taken from the stellar evolution calculation, and ⇥n means that
we multiplied the original angular velocity by a uniform factor n. The fourth column similarly shows the magnetic field strength at r = 0 in units of 108 G, as
well as the type of magnetic field: “Or” indicates the magnetic field profile of the original stellar evolution model, xp, yt means that the original poloidal and
toroidal fields have been multiplied by factors x and y, respectively, and a(x, y) stands for an artificial dipolar field with maximum poloidal and toroidal field
components of 10x and 10y G, respectively. The fifth column, “fate”, gives a brief indication of the evolution of the model: ⌫ means a standard neutrino-driven
shock revival, ⌫-⌦ one strongly a�ected by rotation, MR a magnetorotational explosion, and ⇥ a failed explosion. The sixth column shows the sign

p
if a BH

formed during the simulation, + if it did not, but we consider its formation likely on time scales of seconds after the end of the simulation, and ⇥ if no BH was
formed and we estimate the final remnant to be a NS. The fate of model 35OC-Rw is unclear, hence we annotate it with a question mark. The seventh to ninth
columns provide the accretion disc formation time (Eq. 1), the corresponding Lagrangian mass coordinate for disc formation (M��), and the maximum mass
available for the ejecta computed as Mmax

e := Mpre�� � M��, respectively. The tenth and eleventh columns list the pre-SN magnetic and rotational energy in
units of 1047 erg and 1049 erg, respectively. The twelfth column correspond to the binding energy of the pre-SN envelope (defined by the layers of the star at
a distance larger than 2000 km from the centre). The last two columns provide proxy values for the explosion mass (Mexp) and of the explosion energy Eexp

(in units of 1051 erg) two seconds after bounce or, alternatively, at the final time of the simulation if BH formation occurs before t = 2s. Values in these two
columns annotated with † are shown by the time of BH formation.

(a) (b) (c) (d) (e)

Figure 1. Equatorial profile of the initial specific angular momentum (black lines) of the models with the same rotational profile as the progenitor star 35OC
(a), with one fourth of the rotational frequency of the stellar progenitor ((b); e.g. corresponding to model 35OC-Sw), and with 1.5 times the rotational frequency
of the stellar progenitor ((c); e.g. corresponding to model 35OC-RRw). Panels (d) and (e) correspond to the specific angular momentum of models 35OB-RO
and 35OB-RRw, respectively. In each panel, the blue dashed lines denote the angular momentum needed to support matter at the LSO for a Schwarzschild BH,
while the yellow dashed lines are for a Kerr BH with dimensionless spin a = 1. The red lines indicate the specific angular momentum at the LSO for a BH
with the mass and angular momentum inside the displayed mass coordinate in the pre-SN star. The green-hatched parts of the plot denote the mass shells of
the pre-SN star with non-zero magnetic field.

black line, matter in the star may have enough angular momentum
to form an accretion disc (Woosley & Heger 2006). We denote the
Lagrangian mass coordinate of this point M��. This estimation of
M�� does not account for the post-bounce dynamics, which may280

transport angular momentum altering the pre-SN specific angular
momentum profile.

If disc formation takes place after the central compact remnant
collapses to a BH, a collapsar engine may result. In order to estimate

the disk formation time, t��, we assume it equals twice the free-fall
time of the innermost mass element that reaches a Keplerian velocity
(e.g. Dessart et al. 2012), thus

t�� = 2⇡

s
r3
pre��(M��)
8GM��

, (1)

where rpre��(M��) is the radius of the disk-forming Lagrangian mass
element in the pre-SN model. The value of t�� for the outermost

© 0000 RAS, MNRAS 000, 1–33

models Short name Bp Bφ B-profile Ω-profile  ξ2.5

35OC-Rw W (=weak field) 1010 1010 Dipole Original 0.49

35OC-RO O (=original field) 5x1010 1012 Original Original 0.49

35OC-Rp3 P (=interm. field) 1.5x1011 1012 Original* Original 0.49

35OC-Rs S           (strong field) 1012 1012 Dipole Original 0.49

▶︎ 35OC: standard collapsar progenitor;   
Z =0.1Z⊙, fast rotating, MFe =2.02 M⊙.

▶︎ stellar evolution (SE) includes rotation 
and magnetic fields (TS dynamo).

▶︎ mass @ collapse ~ 28 M⊙.

Originally rotating(Woosley & Heger 2006)

Obergaulinger & Aloy (2017, MNRAS, 469, L43)
Obergaulinger & Aloy (2020, MNRAS, 492, 4631) - P1
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Stellar rotation + variations in B-field
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Reference model evolution

3D, t~1s

L~3x104  km

R~6x103 km
 / 214

2

3

4

lo
g

 R
sh

; 
m

ax
 [

k
m

]

(a)

W
O
P
S

W
O
P
S

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
tpb [s]

−3

−2

−1

0

1

lo
g

 E
ej
 [

1
0

5
1
 e

rg
],

 M
ej
 [

M
su

n
]

Eej

Mej

Eej

Mej

Reference model O: 
• SN mediated by ν’s + B-fields + rotation 
• highly collimated



Reference model O: 
• SN mediated by ν’s + B-fields + rotation 
• highly collimated 
• PNS reaches very high mass resulting from balance 

accretion/ejection 
• BH collapse prevented for a long time (>1.5 s in 3D) 

by centrifugal forces 
• Result: PM + SN 
Models with smaller j in progenitor (W): 
• PNS may collapse to a BH (but after long time) 

➡ If a BH forms: two stage scenario      
………………. (spinar + collapsar)

Reference model evolution Miguel A. Aloy
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Disagreement with Woosley & Heger (2006). 
Qualitative agreement with Dessart+08 find that 35OC 
is very susceptible to early MR-explosion inhibiting the 
PNS growth and making a later BH collapse unlikely 
(diminishing the prospects of a collapsar progenitor)
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4 Aloy & Obergaulinger

name star ⌦(r) B-field fate BH t�� M�� Mmax
e B47 T49 |Ebd

52 | Mexp E
exp
51

(Hz) (1011 G) (s) (M�) (M�) (M�)
35OC-RO 35OC 1.98 (Or) 1.1, Or MR

p
9.3 7.5 20.6 70.0 17.4 2.84 0.18† 1.03†

35OC-RO2 35OC 1.98 (Or) 2.2, p, 2t MR
p

9.3 7.5 20.6 279 17.4 2.84 0.32† 1.39†
35OC-Rp2 35OC 1.98 (Or) 1.3, 2p, 1t MR ⇥ 9.3 7.5 20.6 82.5 17.4 2.84 0.44 1.96
35OC-Rp3 35OC 1.98 (Or) 1.5, 3p, 1t MR ⇥ 9.3 7.5 20.6 103 17.4 2.84 0.57 2.66
35OC-Rp4 35OC 1.98 (Or) 1.8, 4p, 1t MR ⇥ 9.3 7.5 20.6 132 17.4 2.84 0.57 3.22
35OC-Rw 35OC 1.98 (Or) 0.10, a(10, 10) ⌫-⌦ ? 9.3 7.5 20.6 0.0134 17.4 2.84 0.21† 0.67†
35OC-Rs 35OC 1.98 (Or) 10, a(12, 12) MR ⇥ 9.3 7.5 20.6 135 17.4 2.84 1.42 5.60
35OC-Sw 35OC 0.49 (⇥ 1

4 ) 10�3, a(8, 10) ⌫
p

42.9 22.8 5.27 0.0134 1.1 2.89 0.26† 1.67†
35OC-RRw 35OC 2.97 (⇥1.5) 1.1 ⇥ 10�6, Or/106 ⌫-⌦ ⇥ 2.9 3.14 24.9 3.5 ⇥ 10�12 69.5 2.84 0.034 0.21
35OB-RO 35OB 1.54 (Or) 0.64, Or ⌫-⌦

p
37.4 17.3 3.9 34.7 0.47 1.11 0.13† 0.82†

35OB-RRw 35OB 3.09 (⇥2) 6.4 ⇥ 10�7, Or/106 ⇥ + 15.3 10.0 11.2 1.2 ⇥ 10�12 3.88 1.12 ⇥ ⇥

Table 1. List of our axisymmetric models. Each simulation is listed with its name and the progenitor star. The third column indicates the rotational frequency
at r = 0 and the type of the rotation profile (in parenthesis): “Or” stands for the original profile taken from the stellar evolution calculation, and ⇥n means that
we multiplied the original angular velocity by a uniform factor n. The fourth column similarly shows the magnetic field strength at r = 0 in units of 108 G, as
well as the type of magnetic field: “Or” indicates the magnetic field profile of the original stellar evolution model, xp, yt means that the original poloidal and
toroidal fields have been multiplied by factors x and y, respectively, and a(x, y) stands for an artificial dipolar field with maximum poloidal and toroidal field
components of 10x and 10y G, respectively. The fifth column, “fate”, gives a brief indication of the evolution of the model: ⌫ means a standard neutrino-driven
shock revival, ⌫-⌦ one strongly a�ected by rotation, MR a magnetorotational explosion, and ⇥ a failed explosion. The sixth column shows the sign

p
if a BH

formed during the simulation, + if it did not, but we consider its formation likely on time scales of seconds after the end of the simulation, and ⇥ if no BH was
formed and we estimate the final remnant to be a NS. The fate of model 35OC-Rw is unclear, hence we annotate it with a question mark. The seventh to ninth
columns provide the accretion disc formation time (Eq. 1), the corresponding Lagrangian mass coordinate for disc formation (M��), and the maximum mass
available for the ejecta computed as Mmax

e := Mpre�� � M��, respectively. The tenth and eleventh columns list the pre-SN magnetic and rotational energy in
units of 1047 erg and 1049 erg, respectively. The twelfth column correspond to the binding energy of the pre-SN envelope (defined by the layers of the star at
a distance larger than 2000 km from the centre). The last two columns provide proxy values for the explosion mass (Mexp) and of the explosion energy Eexp

(in units of 1051 erg) two seconds after bounce or, alternatively, at the final time of the simulation if BH formation occurs before t = 2s. Values in these two
columns annotated with † are shown by the time of BH formation.

(a) (b) (c) (d) (e)

Figure 1. Equatorial profile of the initial specific angular momentum (black lines) of the models with the same rotational profile as the progenitor star 35OC
(a), with one fourth of the rotational frequency of the stellar progenitor ((b); e.g. corresponding to model 35OC-Sw), and with 1.5 times the rotational frequency
of the stellar progenitor ((c); e.g. corresponding to model 35OC-RRw). Panels (d) and (e) correspond to the specific angular momentum of models 35OB-RO
and 35OB-RRw, respectively. In each panel, the blue dashed lines denote the angular momentum needed to support matter at the LSO for a Schwarzschild BH,
while the yellow dashed lines are for a Kerr BH with dimensionless spin a = 1. The red lines indicate the specific angular momentum at the LSO for a BH
with the mass and angular momentum inside the displayed mass coordinate in the pre-SN star. The green-hatched parts of the plot denote the mass shells of
the pre-SN star with non-zero magnetic field.

black line, matter in the star may have enough angular momentum
to form an accretion disc (Woosley & Heger 2006). We denote the
Lagrangian mass coordinate of this point M��. This estimation of
M�� does not account for the post-bounce dynamics, which may280

transport angular momentum altering the pre-SN specific angular
momentum profile.

If disc formation takes place after the central compact remnant
collapses to a BH, a collapsar engine may result. In order to estimate

the disk formation time, t��, we assume it equals twice the free-fall
time of the innermost mass element that reaches a Keplerian velocity
(e.g. Dessart et al. 2012), thus

t�� = 2⇡

s
r3
pre��(M��)
8GM��

, (1)

where rpre��(M��) is the radius of the disk-forming Lagrangian mass
element in the pre-SN model. The value of t�� for the outermost

© 0000 RAS, MNRAS 000, 1–33

CAVEAT: tDF ~ 9.3s will BH form before disc? 

Stellar rotation + variations in B-field



• Expected formation @ tDF ~ 9.3 s; 
MDF ~ 7.5 M⦿ (ref. model). 

• However, (partly) inhibited by 
explosion (also along the equator!) 

• Longer simulations needed to fully 
cover disk formation. 

• Disk may form once the polar ejecta 
breaks out of the stellar surface.  

• A collapsar may form, but the delay 
between SN ejecta and (posterior) 
ultrarelativistic ejecta could be 
significant.

Collapsar disc formation

Aloy & Obergaulinger (2021, MNRAS)

4 Aloy & Obergaulinger

name star ⌦(r) B-field fate BH t�� M�� Mmax
e B47 T49 |Ebd

52 | Mexp E
exp
51

(Hz) (1011 G) (s) (M�) (M�) (M�)
35OC-RO 35OC 1.98 (Or) 1.1, Or MR

p
9.3 7.5 20.6 70.0 17.4 2.84 0.18† 1.03†

35OC-RO2 35OC 1.98 (Or) 2.2, p, 2t MR
p

9.3 7.5 20.6 279 17.4 2.84 0.32† 1.39†
35OC-Rp2 35OC 1.98 (Or) 1.3, 2p, 1t MR ⇥ 9.3 7.5 20.6 82.5 17.4 2.84 0.44 1.96
35OC-Rp3 35OC 1.98 (Or) 1.5, 3p, 1t MR ⇥ 9.3 7.5 20.6 103 17.4 2.84 0.57 2.66
35OC-Rp4 35OC 1.98 (Or) 1.8, 4p, 1t MR ⇥ 9.3 7.5 20.6 132 17.4 2.84 0.57 3.22
35OC-Rw 35OC 1.98 (Or) 0.10, a(10, 10) ⌫-⌦ ? 9.3 7.5 20.6 0.0134 17.4 2.84 0.21† 0.67†
35OC-Rs 35OC 1.98 (Or) 10, a(12, 12) MR ⇥ 9.3 7.5 20.6 135 17.4 2.84 1.42 5.60
35OC-Sw 35OC 0.49 (⇥ 1

4 ) 10�3, a(8, 10) ⌫
p

42.9 22.8 5.27 0.0134 1.1 2.89 0.26† 1.67†
35OC-RRw 35OC 2.97 (⇥1.5) 1.1 ⇥ 10�6, Or/106 ⌫-⌦ ⇥ 2.9 3.14 24.9 3.5 ⇥ 10�12 69.5 2.84 0.034 0.21
35OB-RO 35OB 1.54 (Or) 0.64, Or ⌫-⌦

p
37.4 17.3 3.9 34.7 0.47 1.11 0.13† 0.82†

35OB-RRw 35OB 3.09 (⇥2) 6.4 ⇥ 10�7, Or/106 ⇥ + 15.3 10.0 11.2 1.2 ⇥ 10�12 3.88 1.12 ⇥ ⇥

Table 1. List of our axisymmetric models. Each simulation is listed with its name and the progenitor star. The third column indicates the rotational frequency
at r = 0 and the type of the rotation profile (in parenthesis): “Or” stands for the original profile taken from the stellar evolution calculation, and ⇥n means that
we multiplied the original angular velocity by a uniform factor n. The fourth column similarly shows the magnetic field strength at r = 0 in units of 108 G, as
well as the type of magnetic field: “Or” indicates the magnetic field profile of the original stellar evolution model, xp, yt means that the original poloidal and
toroidal fields have been multiplied by factors x and y, respectively, and a(x, y) stands for an artificial dipolar field with maximum poloidal and toroidal field
components of 10x and 10y G, respectively. The fifth column, “fate”, gives a brief indication of the evolution of the model: ⌫ means a standard neutrino-driven
shock revival, ⌫-⌦ one strongly a�ected by rotation, MR a magnetorotational explosion, and ⇥ a failed explosion. The sixth column shows the sign

p
if a BH

formed during the simulation, + if it did not, but we consider its formation likely on time scales of seconds after the end of the simulation, and ⇥ if no BH was
formed and we estimate the final remnant to be a NS. The fate of model 35OC-Rw is unclear, hence we annotate it with a question mark. The seventh to ninth
columns provide the accretion disc formation time (Eq. 1), the corresponding Lagrangian mass coordinate for disc formation (M��), and the maximum mass
available for the ejecta computed as Mmax

e := Mpre�� � M��, respectively. The tenth and eleventh columns list the pre-SN magnetic and rotational energy in
units of 1047 erg and 1049 erg, respectively. The twelfth column correspond to the binding energy of the pre-SN envelope (defined by the layers of the star at
a distance larger than 2000 km from the centre). The last two columns provide proxy values for the explosion mass (Mexp) and of the explosion energy Eexp

(in units of 1051 erg) two seconds after bounce or, alternatively, at the final time of the simulation if BH formation occurs before t = 2s. Values in these two
columns annotated with † are shown by the time of BH formation.

(a) (b) (c) (d) (e)

Figure 1. Equatorial profile of the initial specific angular momentum (black lines) of the models with the same rotational profile as the progenitor star 35OC
(a), with one fourth of the rotational frequency of the stellar progenitor ((b); e.g. corresponding to model 35OC-Sw), and with 1.5 times the rotational frequency
of the stellar progenitor ((c); e.g. corresponding to model 35OC-RRw). Panels (d) and (e) correspond to the specific angular momentum of models 35OB-RO
and 35OB-RRw, respectively. In each panel, the blue dashed lines denote the angular momentum needed to support matter at the LSO for a Schwarzschild BH,
while the yellow dashed lines are for a Kerr BH with dimensionless spin a = 1. The red lines indicate the specific angular momentum at the LSO for a BH
with the mass and angular momentum inside the displayed mass coordinate in the pre-SN star. The green-hatched parts of the plot denote the mass shells of
the pre-SN star with non-zero magnetic field.

black line, matter in the star may have enough angular momentum
to form an accretion disc (Woosley & Heger 2006). We denote the
Lagrangian mass coordinate of this point M��. This estimation of
M�� does not account for the post-bounce dynamics, which may280

transport angular momentum altering the pre-SN specific angular
momentum profile.

If disc formation takes place after the central compact remnant
collapses to a BH, a collapsar engine may result. In order to estimate

the disk formation time, t��, we assume it equals twice the free-fall
time of the innermost mass element that reaches a Keplerian velocity
(e.g. Dessart et al. 2012), thus

t�� = 2⇡

s
r3
pre��(M��)
8GM��

, (1)

where rpre��(M��) is the radius of the disk-forming Lagrangian mass
element in the pre-SN model. The value of t�� for the outermost

© 0000 RAS, MNRAS 000, 1–33

35OC-Rp2

PNS

~5M⦿

Reference

PNS

 / 216



Diversity of explosions (I)

2D
Obergaulinger & Aloy (2017)

• For a fixed stellar progenitor (fixed 
mass) and variations of Ω / B: most 
models eventually achieve shock 
revival, but driven by distinct 
mechanisms (cf. Burrows+20) 

1.Standard ν-driven SN + hydro-
instabilities, but followed by 
collapse to a BH; 35OC-Sw/W. 

2.Rapid rotation creates the 
conditions for bipolar explosion, 
namely, anisotropic ν-emission 
concentrated along the rotational 
axis; 35OC-{Rw, RRw, RO} / O. 

3.Early magneto-rotational 
explosions launching moderately 
relativistic outflows (v ~ c/3) and 
producing hypernovae; 35OC-Rs/S 
(jetted explosions are a solid result in 3D 
Winteler+12, Mösta+14,15, 18; Kuroda+20). 

• Ejecta collimation correlates with 
magneto-rotational energy in the 
progenitor

Prompt post-bounce evolution

Simulations

35OC-Rw: faster rotation

I explosion after a
phase of shock
stagnation

I very asymmetric
neutrino heating

I again, interface
triggers shock
expansion

I quite jet-like ejecta
I PNS very prolate
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Simulations

Model 35OC-Sw: neutrino-driven explosion

I explosion after a
phase of shock
stagnation

I ejecta energy and
mass increases
stronger than any
other model except
for 35OC-Rs

I neutrino heating and
hydrodynamic
instabilities

I shock expansion
starts when the
interface of the iron
core is accreted

I very oblate ejecta
I PNS (soon to be

BH) is fairly and
increasingly prolate
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Figure 16. Mass of ejected unstable isotopes 26 Al, 44 Ti, 56 Ni, and 60 Fe 
versus time after bounce. The ejecta mass of all unstable nuclei is still growing. 
and it is therefore located in the high entropy jet and at the shock 
front of the more magnetized models, while it is more uniformly 
spread within the ejecta of the least magnetized model W (Fig. 15 ). 

Because of its half-life of ∼ 6 d and that of its daughter isotope 
56 Co of ∼ 77 d, the decay of 56 Ni contributes significantly to the 
lightcurve of SNe. Huge amounts of 56 Ni ( ∼ 0 . 1 − 1 M ⊙ for a 
35 M ⊙ ZAMS mass progenitor like ours) may even produce HNe 
(see Fig. 17 and Nomoto et al. 2006 , 2013 ). Estimated 56 Ni masses 
of SNe associated to long gamma-ray bursts are of comparable 
magnitude (0 . 18 ± 0 . 01 M ⊙; Izzo et al. 2019 ). At the end of the 
respective simulation, only models 35OC-Rp3, 35OC-Rs N , and S 
reach comparable and large yields of 56 Ni, namely ∼ 0 . 08 − 0 . 11 
M ⊙ (see Table 3 ). Ho we ver, nucleosynthesis is still ongoing in all 
our models. In Table 3 we provide both the yield masses computed 
until the end of the neutrino-MHD evolution and their extrapolated 
values according to the methodology of Section 2.4 . Noteworthy, 
for some of the models mentioned abo v e (35OC-Rp3 and S), the 
extrapolated 56 Ni is ∼ 0 . 25 − 1 M ⊙. Even the weakly magnetized 
models W and O may produce sufficient 56 Ni to be possible HN 
candidates (Fig. 17 ) according to our extrapolation method. The 
late-time synthesis of 56 Ni may cease, whenever a BH forms, which 
occurs (or it is expected to happen) in the simulations of AO21 of 
the 2D counterparts of models O (35OC-RO) and W (35OC-Rw). 
Whether or not it also happens in 3D requires longer simulation 
times than we could afford in the present models. In the case of 
black-hole formation, the final yields would be much closer to the 
values computed without extrapolating the neutrino-MHD results 

Figure 17. Estimated 56 Ni masses of different superno vae v ersus their 
ZAMS mass. Hypernovae are indicated as red diamonds, faint supernovae 
as green diamonds, and re gular superno vae as black diamonds. Data is taken 
from Nomoto et al. ( 2013 ). Light grey diamonds shows data by Hamuy 
( 2003 ). We assumed the ejected mass of the SNe given in Hamuy ( 2003 ) as 
lower limit for the ZAMS mass of the star. The uncertainty of our models 
is represented by the range between the extrapolated (circles) and the lower 
limits (triangles). The ejected 56 Ni of our models is roughly compatible with 
observations of HNe. The plot is inspired by Nomoto et al. ( 2006 , 2013 ). 
(see Table 3 ). The low mass yields are compatible with regular (i.e. 
no HNe) CC-SNe (e.g. 7 × 10 −2 M ⊙ for SN1987A, Seitenzahl et al. 
2014 or between 5 . 8 − 16 × 10 −2 M ⊙ for Cas A, Eriksen et al. 2009 ). 
Ho we ver, the 56 Ni yields are already too high to be classified as faint 
SN (Fig 17 ). The spatial distribution of 56 Ni is similar to the one 
of 44 Ti (Fig. 15 ), i.e. it is located within the jet and at the shock 
front. The amount of 56 Ni that got liberated through the funnel of 
the jet hereby contributes at maximum to only ! 15 per cent of all 
the created Nickel. Consequently, most of 56 Ni is synthesized at the 
shock front. Therefore, the amount of 56 Ni broadly correlates with 
the explosion energy also in MR-SNe, extending the relation found 
for ordinary supernovae (e.g. Maeda & Nomoto 2003 ; Nomoto et al. 
2013 ; Chen et al. 2017 ; Nomoto 2017 ; Suwa, Tominaga & Maeda 
2019 ; Grimmett et al. 2021 ). 

The ratio of 44 Ti to 56 Ni has been proposed as a diagnostic of 
the entropy in SNe (Nagataki et al. 1997 , 1998 ; Vance et al. 2020 ; 
Sato et al. 2021 ). High entropy environments are characterized by a 
larger fraction of matter undergoing an α-rich freezeout and, hence, 
a larger amount of 44 Ti is indicative of high entropy conditions. 
Our models span a wide range of entropy, with the higest values 
for models 35OC-Rp3 and P. This is directly reflected in their low 
M( 56 Ni)/M( 44 Ti) < 10 3 ratios (see Table 3 ), while all other models 
have larger ratios ( " 1.7 × 10 3 ). 
3.5 The nucleosynthesis of zinc 
In addition to their large explosion energy of ∼ 10 52 erg and their high 
ejected Ni mass of M( 56 Ni ) > 0 . 1 M ⊙ many studies suggest that HNe 
may also eject a substantial amount of zinc (e.g. Umeda & Nomoto 
2002 ; Kobayashi et al. 2006 ; Tominaga et al. 2007 ; Barbuy et al. 
2015 ; Nishimura et al. 2017 ; da Silveira et al. 2018 ; Hirai et al. 2018 ; 
Tsujimoto & Nishimura 2018 ; Ezzeddine et al. 2019 ; Grimmett et al. 
2020 , 2021 ; Yong et al. 2021 ). Our models have 1/10th of the solar 
metallicity and thus differ from the interesting case of very metal- 
poor environments. Nevertheless, the fact that Zn is predominantly 
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Figure 16. Mass of ejected unstable isotopes 26 Al, 44 Ti, 56 Ni, and 60 Fe 
versus time after bounce. The ejecta mass of all unstable nuclei is still growing. 
and it is therefore located in the high entropy jet and at the shock 
front of the more magnetized models, while it is more uniformly 
spread within the ejecta of the least magnetized model W (Fig. 15 ). 

Because of its half-life of ∼ 6 d and that of its daughter isotope 
56 Co of ∼ 77 d, the decay of 56 Ni contributes significantly to the 
lightcurve of SNe. Huge amounts of 56 Ni ( ∼ 0 . 1 − 1 M ⊙ for a 
35 M ⊙ ZAMS mass progenitor like ours) may even produce HNe 
(see Fig. 17 and Nomoto et al. 2006 , 2013 ). Estimated 56 Ni masses 
of SNe associated to long gamma-ray bursts are of comparable 
magnitude (0 . 18 ± 0 . 01 M ⊙; Izzo et al. 2019 ). At the end of the 
respective simulation, only models 35OC-Rp3, 35OC-Rs N , and S 
reach comparable and large yields of 56 Ni, namely ∼ 0 . 08 − 0 . 11 
M ⊙ (see Table 3 ). Ho we ver, nucleosynthesis is still ongoing in all 
our models. In Table 3 we provide both the yield masses computed 
until the end of the neutrino-MHD evolution and their extrapolated 
values according to the methodology of Section 2.4 . Noteworthy, 
for some of the models mentioned abo v e (35OC-Rp3 and S), the 
extrapolated 56 Ni is ∼ 0 . 25 − 1 M ⊙. Even the weakly magnetized 
models W and O may produce sufficient 56 Ni to be possible HN 
candidates (Fig. 17 ) according to our extrapolation method. The 
late-time synthesis of 56 Ni may cease, whenever a BH forms, which 
occurs (or it is expected to happen) in the simulations of AO21 of 
the 2D counterparts of models O (35OC-RO) and W (35OC-Rw). 
Whether or not it also happens in 3D requires longer simulation 
times than we could afford in the present models. In the case of 
black-hole formation, the final yields would be much closer to the 
values computed without extrapolating the neutrino-MHD results 

Figure 17. Estimated 56 Ni masses of different superno vae v ersus their 
ZAMS mass. Hypernovae are indicated as red diamonds, faint supernovae 
as green diamonds, and re gular superno vae as black diamonds. Data is taken 
from Nomoto et al. ( 2013 ). Light grey diamonds shows data by Hamuy 
( 2003 ). We assumed the ejected mass of the SNe given in Hamuy ( 2003 ) as 
lower limit for the ZAMS mass of the star. The uncertainty of our models 
is represented by the range between the extrapolated (circles) and the lower 
limits (triangles). The ejected 56 Ni of our models is roughly compatible with 
observations of HNe. The plot is inspired by Nomoto et al. ( 2006 , 2013 ). 
(see Table 3 ). The low mass yields are compatible with regular (i.e. 
no HNe) CC-SNe (e.g. 7 × 10 −2 M ⊙ for SN1987A, Seitenzahl et al. 
2014 or between 5 . 8 − 16 × 10 −2 M ⊙ for Cas A, Eriksen et al. 2009 ). 
Ho we ver, the 56 Ni yields are already too high to be classified as faint 
SN (Fig 17 ). The spatial distribution of 56 Ni is similar to the one 
of 44 Ti (Fig. 15 ), i.e. it is located within the jet and at the shock 
front. The amount of 56 Ni that got liberated through the funnel of 
the jet hereby contributes at maximum to only ! 15 per cent of all 
the created Nickel. Consequently, most of 56 Ni is synthesized at the 
shock front. Therefore, the amount of 56 Ni broadly correlates with 
the explosion energy also in MR-SNe, extending the relation found 
for ordinary supernovae (e.g. Maeda & Nomoto 2003 ; Nomoto et al. 
2013 ; Chen et al. 2017 ; Nomoto 2017 ; Suwa, Tominaga & Maeda 
2019 ; Grimmett et al. 2021 ). 

The ratio of 44 Ti to 56 Ni has been proposed as a diagnostic of 
the entropy in SNe (Nagataki et al. 1997 , 1998 ; Vance et al. 2020 ; 
Sato et al. 2021 ). High entropy environments are characterized by a 
larger fraction of matter undergoing an α-rich freezeout and, hence, 
a larger amount of 44 Ti is indicative of high entropy conditions. 
Our models span a wide range of entropy, with the higest values 
for models 35OC-Rp3 and P. This is directly reflected in their low 
M( 56 Ni)/M( 44 Ti) < 10 3 ratios (see Table 3 ), while all other models 
have larger ratios ( " 1.7 × 10 3 ). 
3.5 The nucleosynthesis of zinc 
In addition to their large explosion energy of ∼ 10 52 erg and their high 
ejected Ni mass of M( 56 Ni ) > 0 . 1 M ⊙ many studies suggest that HNe 
may also eject a substantial amount of zinc (e.g. Umeda & Nomoto 
2002 ; Kobayashi et al. 2006 ; Tominaga et al. 2007 ; Barbuy et al. 
2015 ; Nishimura et al. 2017 ; da Silveira et al. 2018 ; Hirai et al. 2018 ; 
Tsujimoto & Nishimura 2018 ; Ezzeddine et al. 2019 ; Grimmett et al. 
2020 , 2021 ; Yong et al. 2021 ). Our models have 1/10th of the solar 
metallicity and thus differ from the interesting case of very metal- 
poor environments. Nevertheless, the fact that Zn is predominantly 
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• Ejecta mass of unstable 
nuclei still growing 

• Extrapolation of MNi in 
ejecta agrees with HN 
branch 

• 60Fe nearly absent in 
ordinary SN; large in 
MR-SNe 

• 26Al synthesised @ 
shock! Correlates with 
Eexp

1570 M. Reichert et al. 

MNRAS 518, 1557–1583 (2023) 

Figure 16. Mass of ejected unstable isotopes 26 Al, 44 Ti, 56 Ni, and 60 Fe 
versus time after bounce. The ejecta mass of all unstable nuclei is still growing. 
and it is therefore located in the high entropy jet and at the shock 
front of the more magnetized models, while it is more uniformly 
spread within the ejecta of the least magnetized model W (Fig. 15 ). 

Because of its half-life of ∼ 6 d and that of its daughter isotope 
56 Co of ∼ 77 d, the decay of 56 Ni contributes significantly to the 
lightcurve of SNe. Huge amounts of 56 Ni ( ∼ 0 . 1 − 1 M ⊙ for a 
35 M ⊙ ZAMS mass progenitor like ours) may even produce HNe 
(see Fig. 17 and Nomoto et al. 2006 , 2013 ). Estimated 56 Ni masses 
of SNe associated to long gamma-ray bursts are of comparable 
magnitude (0 . 18 ± 0 . 01 M ⊙; Izzo et al. 2019 ). At the end of the 
respective simulation, only models 35OC-Rp3, 35OC-Rs N , and S 
reach comparable and large yields of 56 Ni, namely ∼ 0 . 08 − 0 . 11 
M ⊙ (see Table 3 ). Ho we ver, nucleosynthesis is still ongoing in all 
our models. In Table 3 we provide both the yield masses computed 
until the end of the neutrino-MHD evolution and their extrapolated 
values according to the methodology of Section 2.4 . Noteworthy, 
for some of the models mentioned abo v e (35OC-Rp3 and S), the 
extrapolated 56 Ni is ∼ 0 . 25 − 1 M ⊙. Even the weakly magnetized 
models W and O may produce sufficient 56 Ni to be possible HN 
candidates (Fig. 17 ) according to our extrapolation method. The 
late-time synthesis of 56 Ni may cease, whenever a BH forms, which 
occurs (or it is expected to happen) in the simulations of AO21 of 
the 2D counterparts of models O (35OC-RO) and W (35OC-Rw). 
Whether or not it also happens in 3D requires longer simulation 
times than we could afford in the present models. In the case of 
black-hole formation, the final yields would be much closer to the 
values computed without extrapolating the neutrino-MHD results 

Figure 17. Estimated 56 Ni masses of different superno vae v ersus their 
ZAMS mass. Hypernovae are indicated as red diamonds, faint supernovae 
as green diamonds, and re gular superno vae as black diamonds. Data is taken 
from Nomoto et al. ( 2013 ). Light grey diamonds shows data by Hamuy 
( 2003 ). We assumed the ejected mass of the SNe given in Hamuy ( 2003 ) as 
lower limit for the ZAMS mass of the star. The uncertainty of our models 
is represented by the range between the extrapolated (circles) and the lower 
limits (triangles). The ejected 56 Ni of our models is roughly compatible with 
observations of HNe. The plot is inspired by Nomoto et al. ( 2006 , 2013 ). 
(see Table 3 ). The low mass yields are compatible with regular (i.e. 
no HNe) CC-SNe (e.g. 7 × 10 −2 M ⊙ for SN1987A, Seitenzahl et al. 
2014 or between 5 . 8 − 16 × 10 −2 M ⊙ for Cas A, Eriksen et al. 2009 ). 
Ho we ver, the 56 Ni yields are already too high to be classified as faint 
SN (Fig 17 ). The spatial distribution of 56 Ni is similar to the one 
of 44 Ti (Fig. 15 ), i.e. it is located within the jet and at the shock 
front. The amount of 56 Ni that got liberated through the funnel of 
the jet hereby contributes at maximum to only ! 15 per cent of all 
the created Nickel. Consequently, most of 56 Ni is synthesized at the 
shock front. Therefore, the amount of 56 Ni broadly correlates with 
the explosion energy also in MR-SNe, extending the relation found 
for ordinary supernovae (e.g. Maeda & Nomoto 2003 ; Nomoto et al. 
2013 ; Chen et al. 2017 ; Nomoto 2017 ; Suwa, Tominaga & Maeda 
2019 ; Grimmett et al. 2021 ). 

The ratio of 44 Ti to 56 Ni has been proposed as a diagnostic of 
the entropy in SNe (Nagataki et al. 1997 , 1998 ; Vance et al. 2020 ; 
Sato et al. 2021 ). High entropy environments are characterized by a 
larger fraction of matter undergoing an α-rich freezeout and, hence, 
a larger amount of 44 Ti is indicative of high entropy conditions. 
Our models span a wide range of entropy, with the higest values 
for models 35OC-Rp3 and P. This is directly reflected in their low 
M( 56 Ni)/M( 44 Ti) < 10 3 ratios (see Table 3 ), while all other models 
have larger ratios ( " 1.7 × 10 3 ). 
3.5 The nucleosynthesis of zinc 
In addition to their large explosion energy of ∼ 10 52 erg and their high 
ejected Ni mass of M( 56 Ni ) > 0 . 1 M ⊙ many studies suggest that HNe 
may also eject a substantial amount of zinc (e.g. Umeda & Nomoto 
2002 ; Kobayashi et al. 2006 ; Tominaga et al. 2007 ; Barbuy et al. 
2015 ; Nishimura et al. 2017 ; da Silveira et al. 2018 ; Hirai et al. 2018 ; 
Tsujimoto & Nishimura 2018 ; Ezzeddine et al. 2019 ; Grimmett et al. 
2020 , 2021 ; Yong et al. 2021 ). Our models have 1/10th of the solar 
metallicity and thus differ from the interesting case of very metal- 
poor environments. Nevertheless, the fact that Zn is predominantly 
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bien dotado económicamente. Proyecto muy interesante.
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2D/3D models confirm magneto-rotational SN 
as additional sources of r-process nuclei 

• Magnetic fields favor the creation of heavy 
elements while rotation acts against it 

• Early MRSNe may yield up to 3rd process peak 
• Critical phenomenon occurring in the first tens ms 

with matter close to PNS and strong enough B

Reichert et al. (2021, MNRAS, 501, 5733)

Reichert et al. (2023)

Impact of the magnetic field configuration 3201 

MNRAS 529, 3197–3209 (2024) 

Figure 1. Electron fraction of the ejecta from the different models at the end of the simulation. The models are roughly ordered from least (left) to most (right) 
jet-like. This coincides with the neutron-richness of the model. 

Figure 2. Ejecta composition at the end of the simulations using ( n , γ ) and 
( γ , n ) rates of the JINA- REACLIB . Only the model with the global aligned 
dipole is able to eject heavy elements with A > 150. For comparison, we also 
show model O and S that was presented in Reichert et al. ( 2023b , labelled in 
the figure with O, R23 and S, and R23, respectively). 
The variation in the abundances between the two models may be 
slightly enhanced by the different resolution of the tracer particles 
(an average of 1 . 08 × 10 −6 versus 1 . 59 × 10 −7 M ⊙ per tracer particle 
for models S and L1-0, respecti vely). Ho we ver, we expect the main 
difference coming from the magnetic field as shown also in the MHD 
simulations (compare Fig. 1 with fig. 1 of Reichert et al. 2023b ). 
Our calculations are extremely sensitive to small changes because 
the nucleosynthetic flow is right at the threshold of being able to 
synthesis a full r -process up to the third r -process peak. 

For comparison, Fig. 2 also shows the yields of model O presented 
in Reichert et al. ( 2023b ). This model hosts a magnetic field that 
is consistent with the underlying progenitor model. The magnetic 
field of this model is a combination of many local dipolar fields 
with non-magnetized layers in between. This could explain the 
similarity of its nucleosynthetic yields to those produced by the 
models with magnetic topology other than the large-scale aligned 
dipole. 

Besides the total yield, we also calculated the ejecta yields of the 
unstable nuclei 44 Ti, 56 Ni, and 60 Fe at the end of the simulations 
(Table 2 ). These values have to be taken with care as they only 

Figure 3. Left-hand panels show the rate of ejected mass (according to the 
upper colour scale) as a function of time from bounce when the tracer is 
ejected. The results are binned according to the electron fraction at the time 
when the tracers reach a temperature of 7 GK (which may happen anytime 
since the beginning of the tracer trajectories, not necessarily at the time after 
bounce at which they are ejected). Tracers that never reach 7 GK along their 
evolution are not plotted here. The right-hand panels show the integrated 
yields binned in electron fraction at 7 GK . Row wise, each panel shows a 
different model that is indicated with the label on the right-hand side of the 
plot. The upper horizontal dotted lines (black) in each panel indicate a value 
of Y e = 0.5. The lower dotted lines (red) denote Y e = 0.25, a value that 
roughly indicates the conditions for the synthesis of heavy elements with A 
> 150. Only the aligned dipole model L1-0 reaches suf ficiently lo w electron 
fractions to synthesize heavier elements. 
take into account the ejecta that was present at the end of the 
simulation (Table 1 ). The order of magnitude of the ejected 44 Ti 
is about 10 −5 M ⊙, similar to the models calculated in Reichert et al. 
( 2023b ). There, they estimated that the amount of 44 Ti may still grow 
by possibly one order of magnitude. Therefore, all the values obtained 
here could still be consistent to the ones of observed CC-SNe such as 
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Trajectories of particles close to the PNS north pole 
for model S @ tpb =0.8s

16 Obergaulinger & Aloy
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Figure 20. Releptonization of a jet in model S. We show the base of the
northern outflow at tpb = 0.8 s. The surface of the PNS is shown by two
blueish iso-density surfaces for ⇢ = 1010,11 g cm�3. We integrate stream-
lines of the velocity field starting near the polar cap of the PNS. Their
colours display the electron fraction of the gas (left, rainbow colour table)
and the ratio of releptonization and expansion timescales (right, red/blue
colours correspond to regions where releptonization is faster/slower than
expansion).

attained during the first few km of its propagation. We note that this
process can also increase the entropy of the ejecta in the jet.

The PNSs of the two models is prolateoblate, albeit less than
in model O at late times due to their lower rotational energies
(Fig. 14(b), (d) and Fig. 15(b), (d)). The polar radii continuously
contract to RPNS,pol ⇡ 25 km over the course of the simulation.
This process is accompanied by shrinking equatorial radii. The
PNSs possess a moderate pole-to-equator axis ratio of up to 1 : 1.6
(P) and 1 : 2.5 (S), but decreasing towards the end of the sim-
ulation. The quadrupole coe�cient achieves peak values around
a

sh
2,0 ⇡ �0.06a

sh
0,0 (P) and a

sh
2,0 ⇡ �0.13a

sh
0,0 (S). Both measures of

the asymmetry decrease during the last few hundred ms of the sim-
ulation (more pronouncedly in model S) as the contraction slows
down along the rotational axis while continuing at a higher rate in
the equatorial region. We note that the rotational axes of the PNSs
remain aligned with the original axis and do not change in a similar
way as in model W.

Both PNSs are strongly magnetized with maximum field
strengths of up to b

max . 1016 G. The PNS is threaded by field lines
wound up around the rotation axis with a much stronger toroidal
than poloidal component (see Fig. 21). The poloidal field is most
notable close to the axis and in the regions above the polar caps
of the PNS from which the jets are launched. Both the dominance
of the toroidal over the poloidal magnetic field and the reinforce-
ment of the poloidal component close to the axis are in qualitative
agreement with the axisymmetric results of Paper II. From the polar
caps, a helical field extends in the surrounding gas. In both models,
the magnetic field makes a strong contribution to the transport of
angular momentum, in particular via the helical components in the
polar regions.

Figure 21. Same as Fig. 8, but for model P (tpb ⇡ 1.45 s, top) and model S
(tpb ⇡ 1.04 s, bottom).

3.5 Jet stability

As described above, three of our models develop magnetically
driven jets. While they di�er in important properties such as the
time of explosion, the propagation speed, or the magnetization, a
common feature is their stability. Unlike the MHD jets found in
the models of Mösta et al. (2014) and Kuroda et al. (2020), once
generated our jets propagate outwards at high speeds without be-
ing disrupted by non-axisymmetric instabilities. While we could
not follow our models until the jets have entered the outer layers
of the stars or until break-out from the stellar surface, it stands to
reason that our models would produce much more asymmetric and
polar explosions than the ones found by these authors, for which
the jets are quenched after a comparably short distance and a more
roundish explosion ensues. The following subsection is dedicated
to an inquiry into this di�erence.

We first point out several of the many physical and numerical
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Explosion success and type (ν-/ MHD-driven) tightly linked to rotation profile and magnetic topology/strength.  

Feedback of the explosion dynamics on the compact remnant: PNS mass growth due to equatorial accretion - 
PNS mass reduction by mass ejection.  

MRSNe intrinsically anisotropy: strong dependence on the B-field topology. 

Nucleosynthesis calculations of 2D/3D models confirm MRSN as additional sources of r-process nuclei 
(complementary to NS-mergers). 

R-process 3rd-peak yields on reach of the most magnetised, dipolar-B models.
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