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A B S T R A C T 

The gravitational collapse of rapidly rotating massive stars can lead to the onset of the low T / | W | instability within the central 
proto-neutron star (PNS), which leaves strong signatures in both the gravitational wave (GW) and neutrino emission. Strong 

large-scale magnetic fields are usually invoked to explain outstanding stellar explosions of rapidly rotating progenitors, but their 
impact on the growth of such instability has not yet been cleared. We analyse a series of three-dimensional magnetohydrodynamic 
models to characterize the effects of different magnetic configurations on the development of the low T / | W | and the related 

multimessenger features. In the absence of magnetic fields, we observe the growth on dynamical time-scales of the low T / | W | , 
associated with a strong burst of GW and a correlated modulation of the neutrino emission. Ho we ver, models with a strong 

magnetic field show a quenching of the low T / | W | , due to a flattening of the rotation profile in the first ∼100 ms after shock 

formation caused by the magnetic transport of angular momentum. The associated GW emission is weakened by an order of 
magnitude, exhibits a broader spectral shape, and has no dominant feature associated with the PNS large-scale oscillation modes. 
Neutrino luminosities are damped along the equatorial plane due to a more oblate PNS, and the only clear modulation in the 
signal is due to Standing Accretion Shock Instability activity . Finally , magnetized models produce lower luminosities for νe than 

for ν̄e , which is connected to a higher concentration of neutron-rich material in the PNS surroundings. 

K ey words: supernov ae: general – instabilities – gra vitational wa ves – neutrinos – MHD – magnetars. 
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 I N T RO D U C T I O N  

he explosion of a massive star as a core-collapse supernova (CCSN)
ollowing its gravitational collapse is one of the most energetic events
n the Universe, in which a huge amount of gravitational binding
ner gy (typically ∼10 53 er g) is released mostly ( ∼ 99 per cent )
n the form of neutrino radiation. The remaining fraction of the
nergy budget is enough to allow the onset of the explosion and
nergize an otherwise stalling shockwave, which can be detected
n the electromagnetic spectrum only after several hours from the
ravitational collapse. The vast majority of CCSN are driven by
he neutrino-heating mechanism , which relies on the deposition of
nergy by a small fraction of the neutrinos emitted from the PNS into
he hot material behind the stalling shock. This exchange counters the
nergy losses due to the dissociation of Fe-group elements crossing
he shock and the compression due to the ram pressure of the infalling
ayers of the star, hence pushing the shock outwards and leading to a
uperno va e xplosion (Janka 2012 ). The e xplosion dynamics and the
volution of the central PNS during the first few hundred milliseconds
fter shock formation are crucial to determine the energetics of the
uperno va e xplosion and the properties of the compact object that will
emain afterwards. In particular, fluid instabilities play a fundamental
ole in increasing the efficiency of the energy deposition by neutrinos.
 E-mail: matteo.bugli@cea.fr 
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he neutrino-driven post-shock convection is a prominent example,
s it tends to increase the dwelling time of shocked material within the
ain region (Foglizzo, Scheck & Janka 2006 ) and thus its absorption
f neutrinos and antineutrinos. Another important process whose
nset can fa v our the launch of a CCSN is the Standing Accretion
hock Instability (SASI; Blondin, Mezzacappa & DeMarino 2003 ;
oglizzo et al. 2007 ), which boosts the neutrino-heating mechanism

hrough the development of large-scale oscillations of the shock
ront. 

Rotation is another physical process that has a deep impact on the
roperties of the CCSN. While in axisymmetric models the inclusion
f rotation tends to reduce the neutrino luminosities and weaken
he onset of the explosion, three-dimensional numerical models
ave shown that the onset of SASI non-axisymmetric spiral modes
an compensate that effect and reinforce the shock’s expansion
Kazeroni, Guilet & Foglizzo 2017 ; Summa et al. 2018 ). Although
ost stellar progenitors of CCSN are expected to have mild to very

low rotation, the collapse of a massive stars with strong rotation
an lead to the onset of the low T / | W | instability (Ott et al. 2005 ),
.e. a type of rotational instability that produces large-scale non-
xisymmetric modes in the PNS and its surroundings. This instability
as first observed by Shibata, Karino & Eriguchi ( 2003 ) in numerical
odels of isolated differentially rotating stars, with the fundamental
echanism responsible for its onset presented, most notably, by
atts, Andersson & Jones ( 2004 ) and Passamonti & Andersson

 2015 ). While the low T / | W | instability has also been detected in
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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CSN numerical simulations (Ott et al. 2005 ; Takiw aki, Kotak e &
uwa 2016 ), the impact of the PNS environment on the properties of

he instability is not yet clear (Takiw aki, Kotak e & Foglizzo 2021 ).
one the less, it is clear that such process can be crucial for the

xplosion dynamics, as the forming spiral structures enhance the 
ransport of energy within the gain region, thus promoting the shock 
xpansion (Takiwaki et al. 2016 ; Shibagaki et al. 2021 ). 

Unfortunately, no electromagnetic signal from the central core 
f the star can be detected at this stage of the explosion to infer
he properties of the e xplosion mechanism, giv en the large photon
ptical thickness that characterizes the interior of stars up to their 
hotosphere. Ho we ver, one way to directly probe the dynamics 
f the explosion central engine is to detect the gravitational wave 
GW) signal from the central PNS in the first few seconds of the
ravitational collapse (Ott 2009 ). Oscillation modes in the dense and 
ot PNS are generally expected to be excited by convection (and in
ome cases by SASI), hence deforming the PNS on sufficiently short
ime-scale to produce a significant emission of GW (Andresen et al. 
017 ). Recent numerical models of fast rotating progenitor showing 
he onset of the low T / | W | instability (Shibagaki et al. 2020 , 2021 ;
akiwaki et al. 2021 ) predict also a corresponding strong emission
f GW that outshines all other physical sources of GW from the PNS
nd could be easily detected by the current generation of ground- 
ased observatories for a Galactic event. 
The other channel that provides a way to investigate the 

rst instants of the gravitational collapse consists in the detec- 
ion of (anti)neutrinos, which are continuously being produced 
n all three fla v ours until the end of the PNS cooling phase
hrough a series of different reactions: beta-processes, thermal pair- 
roduction/annihilation, and scattering with nuclei, nucleons, and 
eptons (Janka 2017 ). The neutrino signal during the accretion phase 
i.e. right after the neutronization peak at shock formation) contains 
mportant information on the early explosion dynamics, as it can 
e modulated by SASI (Tamborra et al. 2014a ), display signatures
f the Lepton-number Emission Self-sustained Asymmetry (LESA; 
amborra et al. 2014b ; Kuroda et al. 2020 ) and the low T / | W |

nstability (Shibagaki et al. 2021 ). Overall, the GW and neutrino 
ignals can display a high degree of correlation not only in their
rri v al time, but also in their spectral shape in the frequency domain,
ince they can be affected by the same physical process (Kuroda 
t al. 2017 ; Shibagaki et al. 2021 ). This pro v es to be an important
roperty of the multimessenger emission from CCSN, as it can be 
xploited to optimize the search of GW signal in the data produced
y ground-based observatories. 
Since most of the studies investigating the impact of the low 

 / | W | instability on the explosion dynamics and the associated
ultimessenger emission consider non-magnetized fast rotating 

rogenitors (Takiwaki et al. 2016 , 2021 ; Shibagaki et al. 2020 , 2021 ),
t remains unclear how the onset of the instability would be affected
y the action of magnetic fields. Kuroda et al. ( 2020 ) reported an
agnetohydrodynamic (MHD) numerical model that suggested the 

oexistence of the low T / | W | instability and the kink instability,
ut there was no conclusive analysis that could clearly establish 
ow the properties of the hydrodynamic instability would change 
n a magnetized progenitor. This question becomes particularly 
mportant when we consider that in fast rotating progenitors the 
ction of dynamo mechanisms within the PNS is highly fa v oured,
hether they are triggered by convection (Thompson & Duncan 
993 ; Raynaud et al. 2020 ; Masada, Takiw aki & Kotak e 2022 ;
aynaud, Cerd ́a-Dur ́an & Guilet 2022 ), the magnetorotational in-

tability (MRI; Akiyama et al. 2003 ; Obergaulinger et al. 2009 ;
eboul-Salze et al. 2021 , 2022 ; Guilet et al. 2022 ), or the Tayler
nstability (Barr ̀ere et al. 2022 ). In this work, we analyse the series
f 3D MHD models presented in Bugli, Guilet & Obergaulinger 
 2021 ) to establish for the first time the impact of strong large-
cale magnetic fields of different topologies on the onset of the low
 / | W | instability (Section 3.1 ) and its characteristic signatures on

he GW and neutrino emission (Sections 3.2 and 3.3 , respectively).
e will focus particularly on the multimessenger emission that is 
ost affected by the formation of non-axisymmetric structures, i.e. 

long the rotational axis for GW and in the equatorial plane for the
eutrinos. 

 N U M E R I C A L  SETUP  

he numerical models presented in this study were first presented 
n Bugli et al. ( 2021 ) and were produced using the AENUS-ALCAR

ode (Ober gaulinger 2008 ; Just, Ober gaulinger & Janka 2015 ). They
ll follow the gravitational collapse and subsequent explosion of the 
assive and rapidly rotating stellar progenitor 35OC (Woosley & 

eger 2006 ), which has M ZAMS = 35 M �, subsolar metallicity, a large
ron core of mass M Fe ≈ 2.1 M �, and radius R Fe ≈ 2.9 km, and rotates
t its centre with angular velocity �c ≈ 10 rad s −1 . While we retained
he original rotation profile provided by the stellar evolution model, 
e replaced its magnetic fields with ad hoc profiles of different

opologies. 
Model H is a hydrodynamic benchmark with no magnetic fields, 

hich produces a delayed neutrino-driven explosion at t ∼ 400 ms 
.b. Among the simulations presented here, H produces not only 
he weakest explosion ( ∼10 50 erg), but also the most massive and
apidly rotating PNS, due to the lack of efficient magnetic extraction
f rotational energy. 
Model L1-0 has instead a strong aligned dipolar magnetic field, 

hich leads to a prompt magnetorotational explosion displaying 
ymmetric bipolar outflows and the most energetic ejecta among 
he simulations we performed ( ∼1.4 × 10 51 erg after ∼400 ms from
hock formation). Its magnetic field is defined as the curl of a vector
otential whose only component in the azimuthal direction is given 
y 

 

φ
l ( r, θ ) = r 

B 0 

(2 l + 1) 

r 3 0 

r 3 + r 3 0 

P l−1 ( cos θ ) − P l+ 1 ( cos θ ) 

sin θ
. (1) 

n the previous expression, the multipolar order l is set to 1, while
 0 is a normalization constant that corresponds to the strength of the
agnetic field along the vertical axis divided by a factor 

√ 

l/ 2 π , r 0 
s the radius of the region where the strength of the field is roughly
onstant, and P l is the Legendre polynomial of order l . 

Simulations L2-0A and L2-0B are initialized with an aligned 
uadrupolar magnetic field of similar intensity. Although they differ 
or the relativistic correction to the Newtonian gravitational potential 
hey adopt (Marek et al. 2006 ), they produce very similar results: a
eaker magnetorotational explosion with slower and less collimated 

jecta. The main difference with model L1-0 is an enhanced outward
ransport of angular momentum close to the equatorial plane (due to a
on-vanishing radial field), but a weaker one across the polar regions,
hus leading to a less efficient magnetorotational mechanism. Their 

agnetic field is also constructed using equation ( 1 ), but setting l =
. 
Finally, model L1-90 considers a progenitor with an equatorial 

ipole (i.e. tilted by 90 ◦ w.r.t. to L1-0), a configuration justified by
he results presented in Reboul-Salze et al. ( 2021 , 2022 ), which show
ighly tilted dipolar components in the magnetic field amplified by 
he MRI within the PNS. In this case, the vector potential is given by
alevi & M ̈osta ( 2018 ) 
MNRAS 520, 5622–5634 (2023) 
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Figure 1. Relati ve de viations from the axisymmetric density distribution 
in the equatorial plane for models H (top panel) and L1-0 (bottom) at t ∼
208 ms p . b . . 
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Figure 2. Times series of T / | W | e v aluated inside the PNS for all 2D (dashed 
lines) and 3D (solid lines) models presented in Bugli et al. ( 2021 ). 
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 r = 0 , (2) 

 θ = −r 
B 0 

2 

r 3 0 

r 3 + r 3 0 

sin φ, (3) 

 φ = −r 
B 0 

2 

r 3 0 

r 3 + r 3 0 

cos θ cos φ. (4) 

his simulation produces a delayed explosion with a rather spherical
hock front (similarly to model H) but showing at the same time a
ell collimated, high-entropy column along the rotational axis (as

he magnetized models). 
All models consider r 0 = 1000 km and B 0 = 10 12 , which results in

 total magnetic energy in the numerical grid of E mag ≈ 10 48 erg and
 ratio to the total rotational energy E mag / E rot ≈ 0.1. The numerical
rid is resolved uniformly along the θ and φ directions, respectively,
ith 64 and 128 points. Along the radial direction, instead, the grid
as a uniform resolution of � r = 0.5 km up to r ∼ 10 km, where the
spect ratio of the grid cell’s surface faces becomes roughly uniform,
.e. � r ≈ r �θ . Beyond this radius, the radial grid is logarithmically
tretched up to r max ≈ 8.8 × 10 4 km, for a total of 210 points. The
etails on the adopted equation of state (LS220, Lattimer & Douglas
westy 1991 ) and the settings of the neutrino transport using an M1
ethod can be found in Bugli et al. ( 2020 , 2021 ). 
NRAS 520, 5622–5634 (2023) 
 RESULTS  A N D  DI SCUSSI ON  

.1 The low T / | W | instability 

odel H is subject to a strong growth of the low T / | W | instability,
hich clearly manifests itself at t ∼ 200 ms p . b . through the forma-

ion of two-armed spiral structures in the density distribution across
he equatorial plane (Fig. 1 ). The arms develop within the PNS and
 xtend well be yond it throughout the post-shock region. Their clear
mergence at t ∼ 200 ms p . b . marks the beginning of the non-linear
aturated phase of the instability, which follows the linear growth of
he low T / | W | instability occurring in the first hundreds of ms after the
ore bounce. By contrast, model L1-0 presents density perturbations
ith no dominant azimuthal mode, having also lower amplitudes in

he denser regions of the PNS. A qualitatively similar scenario is
ffered by the other magnetized models, where no clear large-scale
piral structures develop during the post-bounce phase. 

We compute the ratio of rotational kinetic o v er gravitational energy
ithin the PNS as 

T 

| W | = 

∫ 
1 
2 ρv 2 φd V 

| ∫ ρ
 d V | , (5) 

here ρ is the mass density, v φ is the azimuthal velocity, 
 is the
ravitational potential, and we identify the volume of the PNS as the
egion where the matter density exceeds 10 11 g cm 

−3 . Fig. 2 confirms
he different character of the hydrodynamic model compared to the
thers: the value of T / | W | within the PNS volume is considerably
arger for model H, in particular due to the fact that it does not
rop dramatically within the first few tens of ms after bounce like in
he magnetized models. Ho we ver, there is still a transient decrease
y ∼ 10 per cent of T / | W | until 50 ms p.b., after which a steady
ncrease follows. This feature in the evolution of T / | W | has been
een in the numerical models presented in Shibagaki et al. ( 2021 )
ut it is completely absent in the simulations analysed in Takiwaki
t al. ( 2021 ), which could be due to their use of the spherical
pproximation for the most central regions of the PNS. Models
nitialized with an aligned quadrupolar magnetic field show the
trongest drop. Compared to them, L1-0 keeps a value of T / | W |
hich is systematically larger after ∼20 ms p.b. The simulation
ith an equatorial dipole displays instead a shallower decrease and

ncrease of T / | W | , with values that roughly fall in between those
or the aligned dipole model and simulations with a quadrupolar
agnetic field. Although axisymmetric models cannot capture the

art/stad496_f1.eps
art/stad496_f2.eps
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Figure 3. Time series of the poloidal kinetic energy in the PNS. 
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Figure 4. Fraction of rotational energy in the PNS due to differential rotation 
o v er time. 

o  

e  

m  

m  

e  

a  

w
B  

a  

n  

b  

e  

p  

w  

l

d  

2  

l
d  

e  

r  

t
i  

d
f
f  

i  

fl

�  

w  

e  

f
i  

l  

c  

t  

a
fi  

P  

t
o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/4/5622/7043475 by guest on 21 April 2024
evelopment of corotation instabilities, it is interesting to note how 

n the first ∼15 ms p.b. there is no remarkable difference with the
orresponding 3D models. At later times, instead, the value of T / | W |
ecomes systematically larger in 2D, which is a direct consequence 
f the enhanced outward transport of angular momentum occurring 
n 3D simulations. 

The behaviour of T / | W | is inherently connected to the dynamical
volution of the PNS rotation profile and kinetic energy distribution. 
n Fig. 3 , we reported E kin, pol , i.e. the kinetic energy associated
ith the poloidal velocity field of the PNS for both 3D and 2D
odels. The different problem’s dimensionality has little effect on 

he evolution of E kin, pol up until ∼200 ms p.b., where curves start
eviating significantly from each other. In all magnetized 3D models, 
he poloidal kinetic energy ceases to decrease between 100 and 
00 ms p.b., attaining a roughly constant level of ∼10 49 erg. The
on-magnetized simulation behaves in a qualitatively similar way, 
lthough in the first 200 ms E kin, pol drops to a lower level, due to the
ack of MHD-driven turbulence. The poloidal kinetic energy then 
harply increases by an order of magnitude within ∼10 ms, which 
oincides with the appearance of the spiral structures shown in Fig. 1 .

One of the fundamental ingredients required for the development 
f the low T / | W | instability is not just a sufficiently fast rotation, but
lso a differential rotation profile (Watts et al. 2004 ; Passamonti &
ndersson 2015 ). We convert the angular momentum, L , and the
oment of inertia, I , of the PNS into the rotational energy of a

igidly rotating configuration and subtract it from the total rotational 
nergy, E rot , to obtain the differential rotational energy as 

 diff = E rot − L 

2 

2 I 
, (6) 

hich is displayed in Fig. 4 . At bounce, all models start from an
pproximate equipartition between rigid and differential rotation. 
he efficient outward transport of angular momentum in models 
ith large-scale magnetic fields (in particular for the quadrupolar 
eometry with a non-vanishing radial field at the equator) causes 
he PNS and its surroundings to slow down within a few hundreds
f ms. In the process, the rotational profile flattens and the degree
f differential rotation decreases below 10 per cent (L1-0) or even 1
er cent (quadrupolar fields and tilted dipole). Except for the more 
radual decline in model L1-90, the decrease occurs within the first
00 ms, after which the fraction of differential rotation levels off.
he loss of differential rotation, while also potentially fast early 
fter bounce, is less pronounced in the axisymmetric versions of 
hese models and leads to a common value of ∼10 per cent of the
 v erall rotational energy in the PNS. Fig. 9 of Bugli et al. ( 2021 )
 x emplifies the ke y differences among our models in the angular
omentum transport in the PNS, as it shows the loss rates of angular
omentum through the PNS surface due to magnetic stresses in the

quatorial and polar regions. It should be noted that, in principle,
ngular momentum can also be adv ected a way by the outflow itself,
hose contribution can be simply estimated by replacing the factor 
 φ B pol with ρv φv pol in equation (9) of Bugli et al. ( 2021 ). Ho we ver,
t any given time and for all our models there is almost never a
et loss of angular momentum from the PNS through this process,
ut rather a gain due to the accretion of rotating matter. The only
xception is a transient loss of angular momentum in the first 50 ms
.b. in model L1-0 connected to the prompt launch of the polar jet,
hich, ho we ver, subsides quickly later and is overall less than the

oss due to magnetic stresses throughout the simulation. 
These results clearly show how the action of magnetic fields 

eeply modifies the rotation profile of the PNS within the first
00 ms p.b., making the development of the low T / | W | instability less
ikely in the process. The hydrodynamic model experiences a slower 
ecrease of its differential rotation with 10 per cent of its rotational
nergy still in the form of differential rotation at 500 ms p.b., thus
etaining more fa v ourable conditions for the low T / | W | instability
han the magnetized models. It starts to significantly deviate from 

ts axisymmetric version after around 200 ms p.b., when the loss of
ifferential rotation of the 3D model accelerates. This deviation in 
act coincides with the appearance of a genuinely non-axisymmetric 
eature in the form of the spiral structures shown in Fig. 1 , which
ndeed can contribute to the transport of angular momentum and the
attening of the rotation curve. 
The evolution of the equatorial radial profile of the angular velocity 

eq is reported in Fig. 5 . As expected, despite starting at bounce
ith a relatively similar rotation (blue curves), our 3D models soon
 volve to wards largely dif ferent profiles. Model H’s rotation has a
ast transition towards a PNS with increasing angular velocity �
n its inner core ( ∼10 km), which then decreases with a power
aw. The slope of the decline in � at larger radii remains roughly
onstant o v er time, while the o v erall rotation increases steadily due
o the contraction of the PNS and the accretion of material with high
ngular momentum. The simulation with an aligned dipolar magnetic 
eld offers a different scenario: after 100 ms, the inner regions of the
NS are in solid body rotation up to ∼30 km, and after that point

he efficient extraction of angular momentum from the polar regions 
f the PNS slows down the rotation quite significantly. Model L1-90
MNRAS 520, 5622–5634 (2023) 
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Figure 5. Equatorial radial profiles of the angular velocity � at a given 
azimuthal angle φ = 0 ◦ and different times for models H (top left panel), 
L1-0 (top right), L1-90 (bottom left), and L2-0B (bottom right). 
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Figure 6. Time-frequency diagrams of ˜ ρ11 / ̃  ρ00 for models H, L1-0, L1-90, 
and L2-0B (from top to bottom). The black dashed line represents the linear 
fit of the mode, while the white curves show the rotation frequency at the 
PNS surface and the maximum rotation frequency within the PNS. 
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as a different evolution, since in the first 100 ms the inner core
s also in solid body rotation, but with a higher velocity. Later on
he central region remains in solid body rotation without slowing
own, because the transport of angular momentum through the poles
s much more inefficient w.r.t. the aligned dipole case. Ho we ver, the
ize of such region increases from 15 to 40 km, as the non-vanishing
adial field at the equator fa v ours the flattening of the rotation curve.
inally, our simulation with an aligned quadrupolar magnetic field
as the fastest transition (within the first 100 ms) towards a large
nner region with a size of ∼80 km where the angular velocity is
onstant. As pointed out in Bugli et al. ( 2021 ), this is due to the
trong radial field with a coherent sign (as opposed to the equatorial
ipole, where it reverts its polarity at multiple radii at the equator
ue to the winding induced by the differential rotation), which leads
o a strong outer transport of angular momentum at low latitudes in
he span of ∼100 ms. Afterwards, the profile of � is simply shifted
owards higher values by the contraction and accretion on to the PNS,
ith the inner region in solid body rotation slightly shrinking in size

nd the outer regions conserving the same slope with radius. 
We can characterize the development of the low T / | W | instability
ore quantitatively by tracking the growth of its proper modes within

he PNS. To this end, we consider the decomposition in spherical
armonics of the density distribution o v er a sphere with radius ̃  r = 30
m, i.e. 

˜ lm 

( t) = 

∫ 
ρ( r = ˜ r , θ, φ) Y lm 

d �, (7) 

here Y lm are the real spherical harmonics defined as 

 lm 

= 

⎧ ⎨ 

⎩ 

√ 

2 ( −1) m Im [ Y 

| m | 
l ] if m < 0 

Y 

m 

l if m = 0 √ 

2 ( −1) m Re [ Y 

m 

l ] if m > 0 , 
(8) 
NRAS 520, 5622–5634 (2023) 
nd 

 

m 

l = 

√ 

2 l + 1 

4 π

( l − m )! 

( l + m )! 
P 

m 

l ( cos θ ) e imφ, (9) 

re the complex spherical harmonics, with P 

m 

l the Legendre poly-
omial of order ( l , m ). In Fig. 6 , we show the spectral evolution
n frequency F of ˜ ρ11 / ̃  ρ00 over time, obtained by performing its
hort-time Fourier transform as 

 11 ( t, F ) = 

∫ ∞ 

−∞ 

˜ ρ11 

˜ ρ00 
( t ′ ) H ( t − τ ) e −2 πiF t ′ d t ′ , (10) 
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Figure 7. Time-frequency diagrams of ˜ ρ22 / ̃  ρ00 for models H, L1-0, L1- 
90, and L2-0B (from top to bottom). The black dashed lines have twice the 
frequency of the dotted lines reported in Fig. 6 . The white curves have been 
also multiplied by a factor m = 2. 
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here we set the Hann window function H to have a width of 96 ms.
Model H (top-left panel) is characterized by a strong ( l = 1, m =

) mode that emerges around ∼200 ms p.b. with an initial frequency
f ∼200 Hz, which gradually increases at a rate of 0.50 Hz ms −1 .
n the other hand, our magnetized models display a growth of M 11 

arlier after bounce, but with much smaller amplitudes and a lower 
scillation frequency. The frequency shift over time is similar to the 
ne found in the hydrodynamic model for simulation L1-0 (about 
.52 Hz ms −1 , on the top-right panel), while for the models with an
quatorial dipole and aligned quadrupolar field it is slower (0.33 and 
.40 Hz ms −1 , respectively). In all cases, the ( l = 1, m = 1) mode
as at least one corotation point inside the PNS, since its frequency
alls within the rotation frequency range set by its value at the PNS
urface and its maximum value within it (white lines on Fig. 6 ). As
ur output data were sampled every ms, our analysis is limited to a
aximum frequency of 500 Hz. This explains the disappearance of 

he white curve in the top left corner of the first panel in Fig. 6 , since
he maximal PNS rotation frequency in the hydrodynamic model 
xceeds that limiting value quickly after bounce. 

We performed a similar analysis for the ( l = 2, m = 2) mode, which
s directly connected to the two-arm spiral structures shown in Fig. 1 .
nce again, the corotation point lies within the PNS, since the mode’s

requency is enclosed by the rotational frequencies shown also in 
ig. 6 multiplied by a factor m = 2. The mode emerges in model
 at 200 ms p.b., with double the frequency of the corresponding

 l = 1, m = 1) mode (about 400 Hz). Up to t ∼ 290 ms p.b. M 22 

isplays also a shift in frequency which is twice the one found for the
ower order mode, but then it appears to gradually decrease for the
ollowing hundred of ms. This is an artefact due to the aliasing of the
ignal produced in our simulations, which is once again due to the
imited output sampling frequency. Such analysis is confirmed by the 
ood agreement between the mode’s feature in the spectrogram and a
irrored slope after the maximum frequency is reached (top panel of
ig. 7 ), allowing us to assume that with a higher sampling frequency
e would have observed a continuous increase in frequency of M 22 

fter 290 ms. The magnetized models also show such ( l = 2, m =
) mode, though at a much weaker amplitude than both their ( l =
, m = 1) mode and M 22 from model H. Simulation L1-0 presents
road-band features up until t ∼ 150 ms p.b., after which the mode’s
requency is better defined. The decrease of the maximum rotational 
requency within the PNS (represented in Fig. 7 with the higher white
urve in the second panel from the top) is caused by the efficient
agnetic braking of the PNS core, which in turn constrains the

eature’s spectral width from the top. The case of L1-90 is similar at
rst, but the less efficient extraction of rotational energy sets a wider
anges of possible maximal frequencies within the PNS. This leads 
o the spectral feature not being bounded at higher frequencies, but
nly from the bottom (i.e. by the faster rotation at the PNS surface).
inally, model L2-0B displays a very narrow frequency range within 
p to t ∼ 200 ms, which reflects a strong flattening of the PNS
otation curve. The mode’s spectral shape begins then to broaden as
ell, due to an increase in the maximum rotation rate caused by the

ontinuous advection of angular momentum on to the PNS. In all
ases the shift in frequency corresponds rather well to double the
hift measured for the ( l = 1, m = 1) mode (dashed black lines),
hich sho ws ho w the two modes are strongly coupled to each other.
It is interesting to note that, contrary to the results of Shibagaki

t al. ( 2020 , 2021 ), our model H develops two strongly coupled
odes with m = 1, 2 roughly at the same time, rather than producing
 first transient emergence of the m = 1 followed by a persistent m = 2
ode. This could be caused by the different rotation profile they used

an analytical distribution with cylindrical symmetry and constant 
pecific angular momentum beyond 1000 km), the properties of the 
rogenitors or a combination of the two effects. 
Although all our models show the growth of non-axisymmetric 
odes inside the PNS, only simulation H develops strong large- 

cale structures clearly connected to the onset of the low T / | W |
nstability. Ho we ver, all magnetized models display large-scale 
on-axisymmetric oscillating modes (although with much lower 
mplitude than the case of model H) whose frequency falls within
he range co v ered by the PNS differential rotation. The fact that
uch modes appear very early in the simulations (as opposed to
he 200 ms p.b. delay for the low T / | W | instability modes) suggests
MNRAS 520, 5622–5634 (2023) 
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Figure 8. Radial equatorial profiles of rotation (solid lines), Brunt–V ̈ais ̈al ̈a 
(dashed), and Lamb (dotted) frequencies at 300 ms p.b. for models H (top 
left), L1-0 (top right), L1-90 (bottom left), and L2-0B (bottom right). The 
green band represents the frequency of the ( l = 1, m = 1) mode estimated in 
Fig. 6 . 
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hat the physical mechanism responsible for their excitation involves
agnetic fields. A possible explanation could be the development

f the kink instability (M ̈osta et al. 2014 ; Obergaulinger & Aloy
021 ; Barr ̀ere et al. 2022 ) that affects all our magnetized models at
 very early stage of the explosion (Bugli et al. 2021 ). In presence
f rotation, the modes of the kink instability are in fact expected to
o-mo v e with the fluid (Bodo et al. 2016 , 2019 ), which is consistent
ith the frequency range of the PNS modes displayed in Figs 6 and 7 .
nother possible scenario could be the excitation of oscillations by

he azimuthal MRI (Heinemann & P apaloizou 2009 ; Kitchatino v &
 ̈udiger 2010 ), whose fastest growing mode is marginally resolved

n our simulations. Ho we ver, it is less clear how such mechanism
ight produce in the CCSN context an m = 1 deformation with a high

egree of coherence in the polar direction ( l = 1) as we observe in our
imulations, since the azimuthal MRI tends to fa v our the formation
f structures with very high vertical wave numbers (Foglizzo &
agger 1995 ; Ogilvie & Pringle 1996 ; Papaloizou & Terquem 1997 ).
inally, we cannot exclude a priori that in the magnetized case these
scillations are also due to the onset of some form of the low T / | W |
nstability (Muhlberger et al. 2014 ), given the current uncertainties
n the models and our current understanding of the magnetic effects
n this co-rotational instability. 
Overall, our magnetized models show a very dif ferent e volution of

he rotation profile o v er time w.r.t. the non-magnetized case. While
ts precise evolution may also vary from one magnetized models
o another (see Fig. 5 ), a common feature is that the action of
agnetic fields considerably flattens the radial rotation profile in

he PNS. In order to understand the dichotomy between magnetized
nd hydrodynamic models, it is useful to identify more quantitatively
NRAS 520, 5622–5634 (2023) 
he location of the mode’s corotation point. Fig. 8 shows the radial
rofile at t = 300 ms of the rotational frequency, the Brunt–V ̈ais ̈al ̈a
requency 

 BV = 

1 

2 π

[
1 

ρ

∂ 
 

∂ r 

(
1 

c 2 s 

∂ p 

∂ r 
− ∂ ρ

∂ r 

)]1 / 2 

(11) 

nd the Lamb frequency 

 Lamb = 

1 

2 π

√ 

( l( l + 1)) c s 
r 

(12) 

 v aluated for l = 1. For model H the corotation point (i.e. the
ntersection between � and the green band representing the ( l =
, m = 1) mode’s frequency) falls at the outer edge of the con-
 ectiv e zone, i.e. where F 

2 
BV is ne gativ e. This result is consistent

ith the findings of Takiwaki et al. ( 2021 ), who identified the
mportant role of convection in creating fa v ourable conditions for
he development of the low T / | W | instability. On the other hand, in
he magnetized case the conv ectiv e zone is generally in solid-body
otation due to the early magnetic transport of angular momentum,
hich could explain the lack of strong non-axisymmetric structures.
oreo v er, the corotation of the same mode in the magnetized
odels appears to be located farther out in the PNS, where the

ifferential rotation has not been damped by the action of magnetic
tresses and the rotational frequency is significantly lower. It is
lso interesting to note that only in the hydrodynamic case the
ode’s corotation resides in a zone where the mode’s frequency

s lower than F Lamb , i.e. in a region where p modes cannot propagate
adially. 

.2 Gra vitational wa ves 

he development of non-axisymmetric perturbations within the PNS
ith multipolar order l ≥ 2 can be expected to leave a distinctive

ignature in the GW emission. 
Fig. 9 shows the GW strain h in its two polarizations (i.e. +

nd ×) along the northern axis assuming a distance of 10 kpc. Model
 displays an initial emission of GWs with amplitude ∼0.02 which

asts for about 80 ms, followed by a brief quieter phase up until
125 ms p.b. and then lower frequency oscillations with amplitudes

omparable to the initial emission. This stage corresponds to the time
t which a strong large-scale azimuthal modes are not observed in
he PNS (Figs 6 and 7 ) and the turbulent kinetic energy experiences
 steady decrease (Fig. 3 ). At about t ∼ 180 ms p.b., the GW signal
ncreases dramatically by two orders of magnitude, with the ×
olarization having a systematically higher amplitude w.r.t. the +
ne. The emission is not continuous, but is rather clustered into
losely spaced multiple bursts of different amplitudes. Such signal
ppears in correspondence with the increase in turbulent kinetic
nergy and the emergence of the non-axisymmetric modes within the
NS. On the other hand, magnetized models show no such increase
f the GW emission. Simulations L1-0 and L2-0B initially present
ignals that are very similar to those produced in the hydrodynamic
odel. Ho we ver, the signal’s amplitudes do not decrease as in the

atter case, but rather remain of the order of ∼0.05 for the following
undreds of ms. The model with an equatorial dipolar field is the
nly one showing a stronger initial emission in the first 30 ms p.b.,
hich is due to the deformations induced by the intrinsically non-

xisymmetric large-scale structure of the magnetic field. 
The tight connection between the GW emission and the PNS
odes becomes even more transparent when we consider the spectral

volution of the characteristic strain h char o v er time, which is defined
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Figure 9. GW strain h measured along the northern axis assuming a distance 
of 10 kpc. Blue and red curves represent the + and × polarization components, 
respectively. The right portion of the first panel starting at t = 180 ms p.b. 
(model H) is rescaled by a factor 10 in the y -axis to capture the vastly increased 
GW signal. 
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Figure 10. Time-frequency diagrams of h char for models H, L1-0, L1-90, 
and L2-0B (from top to bottom). The black dashed lines and the white curves 
have the same meaning as those drawn in Fig. 7 (except for the lack of aliasing 
for the non-magnetized simulation). 
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s (Kuroda, Takiwaki & Kotake 2014 ) 

 char = 

√ 

2 

π2 

G 

c 3 

1 

D 

2 

d E ( θ, φ) 

d F 

. (13) 

n the previous equation, we introduced the GW spectral energy 
ensity 

d E ( θ, φ) 

d F 

= 

π

4 

c 3 

G 

F 

2 
(| ˜ A + 

( F ) | 2 + | ˜ A ×( F ) | 2 ) , (14) 

ith the Fourier components of the GW amplitude A + / ×( t ) calculated
s 

˜ 
 + / ×( F ) = 

∫ ∞ 

−∞ 

A + / ×( t ) H ( t − τ )e −2 πiF t d t , (15) 
imilarly to the analysis of the PNS modes described by equation
 10 ). The main difference from the time-frequency analysis con-
ucted for the harmonic components in the PNS density distribution 
s the sampling frequency, which is 10 times higher for the GW
ignal. This means that we can track spectral features in the GW
mission up to 5 kHz, thus a v oiding the aliasing effects observed at
500 Hz for M 22 (first panel of Fig. 7 ). 
The first panel of Fig. 10 e x emplifies the connection between

NS modes and GW emission in model H by revealing a strong
eature around t ∼ 180 ms p.b. The signal starts at a frequency of
400 Hz and ramps up in the diagrams at the same rate as the ( l =

, m 2) mode shown in Fig. 7 before the effects of aliasing become
MNRAS 520, 5622–5634 (2023) 
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Figure 11. Equatorial neutrino light curves at a given azimuthal angle φ = 

0 ◦ for all three species. 
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anifest. The frequency of the bulk of the signal never exceeds
he maximum rotational frequency in the PNS, which saturates
fter t ∼ 250 ms p.b. at about 1.2 kHz. On the other hand, all
ur magnetized models produce a GW emission with a broad-band
pectral shape that is only initially contained within the boundaries
et by the PNS rotation frequency for an m = 2 mode, i.e. F 

∗ =
 �/2 π = �/ π . After 200 ms p.b., there is a significant emission
f GW at frequencies F > 500 Hz which cannot be associated
ith the low T / | W | instability non-axisymmetric modes observed

n the PNS but is most likely due to oscillation modes of the PNS
imilar to those generally observed in non-rotating CCSN numerical
odels (Sotani & Takiwaki 2016 ; Torres-Forn ́e et al. 2019 ). The
NS modes shown in Fig. 7 can still contribute to the emission at

ower frequencies bounded by the rotation rate of the PNS (white
urves in Fig. 10 ), but they cannot account for the whole signal
roduced in that band. This results clearly show that the GW
mission from models with dynamically strong magnetic fields is not
ominated by the large-scale azimuthal modes induced by rotational
nstabilities. 

.3 Neutrino signal 

e now focus on the analysis of the neutrino emission from our 3D
odels. Fig. 11 shows the luminosity curves for all three neutrino

pecies at a distance of 500 km along the equatorial plane. Once again
e can recognize a strong dichotomy between the hydrodynamic
odel and the simulations that include magnetic fields. Model H

s characterized by a higher luminosity for νe and ν̄e during the
ccretion phase w.r.t. the magnetized cases, while L νx 

is relatively
imilar among the different models. This is the result of the different
ccretion history on to the PNS in presence of magnetic fields,
s the combination of more efficient outward transport of angular
NRAS 520, 5622–5634 (2023) 
omentum and higher ejection of material through the polar outflows
oth contribute to decrease the neutrino luminosity. Such an effect is
ot only reproduced among the axisymmetric versions of our models,
ut it is also consistent with the results of previous 2D simulations
hat considered magnetic fields with higher multipolar orders (Bugli
t al. 2020 ). Another important feature of the neutrino emission from
odel H is the appearance of fast oscillations after t ∼ 200 ms p.b.

t a frequency of ∼440 Hz, which correspond to the onset of the
arge-scale non-axisymmetric modes within the PNS. By contrast,
he magnetized models only show lower frequency modulations of
he signal for the whole duration of the simulations. Finally, in
agnetized models the luminosity of νe is systematically lower

han that of ν̄e , while both species have very similar luminosities
n absence of magnetic fields. Such difference can be observed as
arly as 60 ms p.b., and lasts for the whole duration of the simulation.

The evolution of the spectral shape of the ν̄e signal shown in
ig. 12 gives important insights on their physical origin. In the

op panel of Fig. 12 , we can recognize spectral features in the
eutrino emission of model H that correspond to the signatures of
he non-axisymmetric PNS modes previously shown. Contrary to
W (for which only perturbation with l ≥ 2 can produce a signal)
ne can expect deformations with l = 1 to modulate the neutrino
mission. Indeed, the non-axisymmetric dipolar mode observed in
ig. 6 appears in the ν̄e signal as well, with a clear pattern matching

ts frequency and time evolution. The origin of the high-frequency
scillations can be identified in the emergence of the ( l = 2, m =
) mode in the PNS, as a strong feature at roughly 440 Hz appears
t t ∼ 200 ms p.b. Ho we ver, the footprint of its aliased component
t later times appears to be weaker and less defined. Contrary to the
W emission, the neutrino signal of model H is not dominated by the
on-axisymmetric modes within the PNS. Most of the emission has
 frequency lower than M 11 , with a burst between 250 and 400 ms
.b. The neutrino emission from the magnetized models, on the other
and, do not show a clear correlation with the non-axisymmetric
odes of the PNS (especially w.r.t the quadrupolar modulation).
his suggests that only with a strong development of the low T / | W |

nstability the resulting azimuthal modes can leave a clear signature
n the neutrino signal. A similar broad-band, low-frequency emission
s present in all cases, with isolated bursts at F < 50 Hz for all models
xcept L1-0. A spectral analysis of L νe 

and L νx 
leads to very similar

onclusions for all the models here considered. 
While the physical source of the low-frequency features of the

eutrino signal cannot be the low T / | W | instability, a mechanism
uch as SASI could instead provide a suitable explanation. The
evelopment of SASI can indeed leave a clear signature in both
he GW and neutrino emission in CCSN numerical models (Kuroda
t al. 2014 , 2017 , 2020 ; Andresen et al. 2017 ). We performed for
he shock radius R sh a similar analysis to the one in Section 3.1,
omputing its spherical harmonics components as 

˜ 
 lm 

( t) = 

∫ 
R sh ( θ, φ) Y lm 

d �, (16) 

nd then e v aluating their spectral evolution with 

 lm 

( t, F ) = 

∫ ∞ 

−∞ 

˜ R lm 

˜ R 00 
( t ′ ) H ( t − τ ) e −2 πiF t ′ d t ′ . (17) 

he width of the Hann window function τ used in Fig. 12 (96 ms)
rovides a good compromise between frequency and time resolution
or the o v erall neutrino signal, but the resulting frequency resolution
s too coarse to clearly appreciate slow spectral shifts at lower
requencies that characterize SASI. In Fig. 13 , we show the time-
requency diagrams for the shock radius non-axisymmetric modes
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Figure 12. Time-frequency spectrograms of ν̄e light curves along the 
equatorial plane. The dashed and dotted curves represent the spectral patterns 
of the ( l = 1, m = 1) and ( l = 2, m = 2) modes in the PNS, while the white 
curve is the rotation frequency of the PNS surface. 
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Figure 13. Time-frequency spectrograms of the shock radius non- 
axisymmetric modes S 11 and S 22 . The white curves represent the rotational 
frequencies of the PNS surface (higher frequency) and the shock (lower) at 
the equator. 

Figure 14. Same as the top panel of Fig. 12 for model H, but with increased 
Hann window function width τ = 296 ms. 
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 11 and S 22 , which track the onset of SASI’s spiral modes in model
. We set τ = 296 ms to impro v e our frequenc y resolution � F from
0.4 to 3.4 Hz, at the cost of increasing the spread o v er time of
he spectral features. The l = 1 mode (top panel) displays a strong
eature with a frequency of ∼30 Hz around 150 ms p.b., which then
lowly decreases in frequenc y o v er time down to the Hz scale. The
uadrupolar mode (bottom panel) shows a similar spectral shape, 
ith a slightly higher early frequency of ∼45 Hz but a similar shift
 v er time. Other studies have found similar signatures in the neutrino
mission (Tamborra et al. 2013 ; Shibagaki et al. 2021 ), although at
 higher frequency ( ∼80 Hz rather than ∼30 Hz). This is likely due
o our models presenting a generally larger advection time, which 
s connected to the initial thermodynamic profiles of the iron core
nd depends sensibly on the shock radius, the sound speed, and
dv ection v elocity in the post-shock region Scheck et al. ( 2008 ). If we
ow compare these results with a higher frequency resolution of the
pectrogram for L νe 

(Fig. 14 ), we can clearly identify a very similar
attern consistent with those of the shock radius modes. This shows
ow the low frequency non-axisymmetric SASI modes modulate the 
ime variability of the neutrino signal in our hydrodynamic model. 

e extended a similar analysis to the magnetized models, which has
onfirmed for simulations L1-90 and L2-0B the connection between 
he onset of SASI and the low frequency features in the neutrino
mission signals in the last two panels of Fig. 12 . An exception to
his trend is model L1-0, which contrary to the other simulations
MNRAS 520, 5622–5634 (2023) 

art/stad496_f12.eps
art/stad496_f13.eps
art/stad496_f14.eps


5632 M. Bugli et al. 

M

Figure 15. Ratios of electron neutrinos and antineutrinos mean energies o v er 
time at a distance of 500 km along the equator for different models. 
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Figure 16. Electron fraction Y e (left-hand panels) and temperature merid- 
ional distributions (right) for model H (top) and L2-0A (bottom) at t = 150 ms 
p.b. The solid black curve represents the density threshold of 10 11 g cm 

−3 , 
while the neutrinospheres for νe , ν̄e , and νx correspond, respectively, to the 
dashed, dotted, and dash–dotted lines. 

Figure 17. Ejecta mass fraction distribution o v er Y e at t = 150 ms p.b. (top 
panel) and at the end of each simulation (bottom). 
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roduces a prompt magnetorotational explosion. This significantly
uenches the development of SASI, thus leading to a weaker low-
requency modulation of the neutrino signal. 

To identify the cause of the difference between L νe 
and L ν̄e 

shown
n Fig. 11 for the magnetized models, we focus instead on the
hermodynamic evolution of neutrino species. Fig. 15 shows the ratio
etween the rms energies of νe and ̄νe at the same location considered
or the light curves in Fig. 11 . While model H displays the highest
alue at any given time, the simulations with magnetic fields have
 systematically lower ratio. This points to the fact that the higher
uminosities of electron antineutrinos are due to their higher energy
t the emission site. It is interesting to note that the same results
old for the corresponding axisymmetric models (dotted curves).
he hydrodynamic models sho w de viations between the 2D and 3D

ealizations only after 200 ms p.b., which suggests a direct impact of
he spiral modes caused by the low T / | W | instability on the neutrino
mission. Finally, all 3D simulations tend to have a lower value of
νe 

/εν̄e 
w.r.t. their axisymmetric counterparts (in particular model

1-0), which is likely due once again to the more efficient transport
f angular momentum in 3D. 
This scenario is corroborated by the temperature T distributions

or models H and L2-0B at t = 150 ms p.b. shown in the right-
and panels of Fig. 16 . While the spatial maps for T are quite
imilar between the two simulations at the given time, the location
f the neutrinosphers differ significantly. All three neutrinospheres
re further from the centre in the magnetized model along the
quatorial plane, which corresponds to lower temperatures and con-
equently lower luminosities. This result is consistent with previous
xisymmetric models (Bugli et al. 2020 ) showing the impact of
agnetic fields on the neutrino emission from the equatorial regions

f the PNS. Fig. 16 shows another interesting feature of magnetized
odels: the distance between the νe and ν̄e neutrinospheres is

arger w.r.t. model H, which determines the differences between L νe 

nd L ν̄e 
. 

The origin of such phenomenon (which holds for all the magne-
ized models we produced) is connected to the Y e distribution among
ifferent simulations (left-hand panels of Fig. 16 ). Our magnetized
odels are characterized by a lower value of Y e in the explosion

jecta already 150 ms p.b. (top panel of Fig. 17 ), since neutron-
ich material is launched by the magnetorotational mechanism in the
arly post-bounce phase before it is stably accreted on to the PNS
Obergaulinger & Aloy 2021 ; Reichert et al. 2021 , 2022 ). Model
1-0 has the highest mass in ejecta at t = 150 ms p.b., as it is the
nly one producing a prompt explosion driven by its strong dipolar
NRAS 520, 5622–5634 (2023) 
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agnetic field. It also shows tails of highly neutron-rich and proton- 
ich material in its early ejecta, while simulations with a quadrupolar 
nd equatorial dipolar fields have early ejecta that co v er a narrower
ange of Y e . Ho we ver, all magnetized cases display quite broader
istributions than the one seen for model H, for which Y e ranges
rom ∼0.32 to ∼0.45 at t = 150 ms p.b. As time passes, the shape
f all distributions changes significantly. While the mass fraction of 
jecta with Y e > 0.5 tends to reach roughly the same values regardless
f the specific model, magnetized simulations systematically display 
ore neutron-rich material than the hydrodynamic case. Moreo v er, 

he distributions tend to shift towards higher values of Y e , with model
2-0B showing the most significant decrease of mass in neutron-rich 
jecta. This could either mean that some low Y e material previously 
nbound becomes once again bound to the PNS, or that the neutrino–
atter interactions present a significant asymmetry between νe and 

¯e . 
The immediate surroundings of the PNS tend to be clearly more 

eutron rich (right-hand panels of Fig. 16 ), as the magnetic outwards
ransport of angular momentum provides extra support against the 
ccretion of low Y e material on to the surface of the PNS. This is
onsistent with model L2-0B displaying the highest peak in low 

 e material at t = 150 ms p.b. (top panel of Fig. 17 ) and the
iggest decrease o v er time of neutron-rich material, since it has
he most efficient transport of angular momentum in the equatorial 
egion, where matter is not readily launched into the polar outflows. 
s a result of a higher concentration of neutrons, an increased 

bsorption of νe and emission of ν̄e leads to a larger gap between 
he two corresponding neutrinospheres, thus producing the observed 
ifferences in luminosity. 

 C O N C L U S I O N S  

e conducted the analysis of hydrodynamic and magnetized 3D 

CSN models with different initial magnetic field topologies, fo- 
using on the development of the low T / | W | instability and the
ssociated multimessenger emission. Our simulations, which were 
rst presented in Bugli et al. ( 2021 ), consider a massive and fast
otating stellar progenitor. Although they all produce successful 
 xplosions, the y show very different explosion dynamics and PNS 

volution depending on the magnetic field configuration, which is 
eflected on the GW and neutrino emission during the accretion 
hase of the explosion. 
The hydrodynamic model pro v es unstable to the low T / | W | insta-

ility, which excites non-axisymmetric modes within the PNS with 
 = 1, 2 and large-scale, double-armed spiral structures after 200 ms
.b. Such deformations cause a strong burst in GW emission, which 
asts several hundreds of ms with a frequency increasing steadily 
n time from ∼400 to ∼800 Hz, spanning the sensitivity window 

f current terrestrial GW detectors. Such results are consistent with 
he findings of recent numerical models disclosing the connection 
etween the low T / | W | instability and the multimessenger emission
f CCSN (Kuroda et al. 2020 ; Shibagaki et al. 2020 ). Our magnetized
odels, on the other hand, show much weaker deformations within 

he PNS at a significantly lower frequency and with no clear growth
f spiral arms during the duration of the simulations. The onset of
he low T / | W | instability is quenched due to the outward magnetic
ransport of angular momentum, which depletes the regions close to 
he conv ectiv e zone of differential rotation, thus stabilizing against 
he instability (Takiwaki et al. 2021 ). This results holds regardless of
he specific topology of the magnetic field or evolution of the rotation
rofile, as long as the transport of angular momentum is efficient. As
 consequence, the corresponding emission of GW is significantly 
eaker w.r.t. the hydrodynamic case. Moreo v er, the GW signal is
haracterized by a broader band spectral shape and it is not solely
ue to a large-scale oscillation mode of the PNS. 
In the hydrodynamic case, the low T / | W | instability leaves also a

lear signature in the neutrino emission, in the form of oscillations
ith increasing frequency matching once again the oscillation modes 
f the PNS. This confirms the recent analysis presented in Shibagaki
t al. ( 2021 ), which highlights the strong correlation between the
W and neutrino signal modulated by the onset of the low T / | W |

nstability. Such correspondence is, ho we ver, not e vident in the
agnetized models, where the amplitude of the PNS oscillation 
odes is not strong enough to clearly let these spectral features

ise abo v e the broad-band signal generated at lower frequencies.
o we ver, all models present similar low-frequency signatures (at 
 � 100 Hz) that are associated with non-axisymmetric oscillation 
odes of the shock front, i.e. SASI modes. The only exception is

he simulation with a strong aligned dipolar field, which produces a
rompt magnetorotational explosion that proves too fast to allow for 
he growth of such modes. 

Another aspect that marks a clear dichotomy between hydrody- 
amic and magnetized models is the lower neutrino luminosities 
long the equatorial plane produced in the latter (since the transport
f angular momentum leads to more oblate PNS and inflates the
eutrinospheres to colder regions), an effect significant enough 
o be potentially detectable by the KM3NeT neutrino observatory 
Bendahman et al. 2022 ). Moreo v er, the outward transport of angular
omentum provides an extra rotational support to the surrounding 

eutron-rich in-falling matter, which lowers the Y e in the regions 
round the neutrinospheres and leads to a further distancing between 
he νe and ̄νe neutrinospheres. Ultimately, this effect produces a clear 
ifference in the corresponding luminosities L νe 

and L ν̄e 
which is 

ot observed in the hydrodynamic case. In addition to that, the ejecta
omposition tends to be systematically richer in neutrons, which 
an have critical consequences on the yields of r -process elements
roduced during the e xplosiv e nucleosynthesis (Reichert et al. 2021 ,
022 ). 
Our results show an o v erall dichotomy between the hydrodynamic
odel, which is dominated by the onset of the low T / | W | instability,

nd the other models with strong magnetic fields of different 
opology. The efficient magnetic transport of angular momentum 

ends to quench the growth of large-scale, non-axisymmetric modes 
ithin the PNS, suppressing their multimessenger signatures. On the 
ther hand, spiral SASI modes can still develop significantly in those
agnetized simulations that do not produce a prompt explosion. 
his is due to the fact that the required adv ectiv e-acoustic c ycle is
ot impeded by the flattening of the rotation curve within the PNS
nd that magnetic fields do not necessarily stabilize SASI (Guilet &
 oglizzo 2010 ). Moreo v er, all our magnetized models include strong
otation, which has been shown to fa v our the development of non-
xisymmetric SASI modes (Yamasaki & Foglizzo 2008 ; Kazeroni 
t al. 2017 ). Since our models started with an already strong magnetic
eld, it remains unclear whether self-consistently including the 
ynamo processes inside the PNS would lead to similar results. 
ltimately, it would depend on both the time-scale required to 

ufficiently amplify the magnetic fields and their spatial location, 
s the edge of the conv ectiv e zone seems to play an important role in
he onset of the low T / | W | instability. 
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