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Neutrinos Probe Supernova Dynamics



Outline

★ Supernova explosion mechanism and hydrodynamical instabilities

★ Detection perspectives adopting first full-scale 3D SN simulations

★ A new instability: Lepton number emission self-sustained asymmetry

★ Conclusions 

This talk is mainly based on:
• I. Tamborra, F. Hanke, B. Mueller, H.-T. Janka, and G. Raffelt, PRL 111 (2013) 121104.
• I. Tamborra, F. Hanke, H.-T. Janka, B. Mueller, G. Raffelt, A. Marek, arXiv: 1402.5418.



The Neutrino-driven Explosion Mechanism



Neutrinos in Supernovae
Core-collapse supernovae: Terminal phase of massive stars [               ]. 
Stars collapse ejecting the outer mantle by means of shock-wave driven explosions.

M ≥ 8M⊙

Expected rate: 1-3 SN/century in our galaxy (~ 10 kpc).

neutrino 
cooling 

by diffusion

Implosion 
(Collapse)

Explosion

Neutrino typical energies: ~ 15 MeV. 
Neutrino emission time: ~ 10 s.

Neutrinos carry 
99% of the released energy 

(~ 10    erg).53



Neutrinos and SN Explosion Mechanism

* For more details see H.-T. Janka, arXiv: 1206.2503, H.-T. Janka et al., arXiv: 1211.1378.
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Shock wave★ Convection and shock 
oscillations (standing accretion 
shock instability, SASI) enhance 
efficiency of neutrino heating and 
revive the shock.

★ Shock wave forms within the iron 
core. It dissipates energy dissociating 
iron layer.

★ Stalled shock wave receives 
energy from neutrinos to start re-
expansion against ram pressure of 
in-falling stellar matter. 
(Delayed Neutrino-Driven 
Explosion.)



First world-wide 3D SN simulations with detailed neutrino transport available. 
SASI and convective motions leave an imprint on the neutrino signal.

Directional Neutrino Signal

Large amplitude modulations close to the plane where spiral SASI mode develops. 
Are such modulations detectable?
Are these features generic for any SN progenitor?

large amplitude 
modulations

small amplitude 
modulations

Neutrinos probe SN dynamics in 3D 7
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Figure 6. Neutrino flux properties for the 27 M! SN progenitor as seen from a distant observer. For νe, ν̄e and νx we show the luminosity,
average energy and shape parameter α as a function of the time along direction 1 and direction 2 (respectively correspondent to the cyan
and dashed black curves in Fig. 5).

that the real flux expected by SN neutrinos the most re-
alistic scenario would be a mixture of the non-oscillated
ν̄e and ν̄x.
For this reason, in the following we will consider the

signal expected from a non-oscillated ν̄e as well as the
other extreme possible scenario of detection of neutrino
signal, i.e., when full flavor swapping between ν̄e and νx
occurs.

5. SUPERNOVA DYNAMICS DETECTION WITH
WATER CHERENKOV DETECTORS

In this Section, we briefly describe the detection
chances of the modulation of the neutrino signal with
water-Cherenkov detectors. After a brief description
of IceCube and Hyper-Kamiokande detector models, we
will focus on the detection of SASI modulation of the
neutrino signal.

5.1. Icecube and Hyper-Kamiokande Detector Models

In the largest operating detectors, IceCube and Super-
Kamiokande, neutrinos are primarily detected by in-
verse beta decay (IBD), ν̄e + p → n + e+, through the

Cherenkov radiation of the final-state positron. We will
ignore the small additional contribution from elastic scat-
tering on electrons. The signature for fast-time varia-
tions is limited by random fluctuations (shot noise) of
the detected neutrino time sequence. In IceCube (Ab-
basi et al. 2011), usually at most one Cherenkov photon
from a given positron is detected, i.e., every measured
photon signals the arrival time of a neutrino and in this
sense provides superior signal statistics. In rare cases,
two or more photons from a single neutrino are detected,
depending on neutrino energy, allowing one to extract in-
teresting spectral information from time-correlated pho-
tons (Salathe et al. 2012), but this intriguing effect is not
of interest here.
The instantaneous signal count rate caused by IBD in

a single optical module (OM) is (Abbasi et al. 2011)

rIBD = np

∫

dEe

∫

dEν Fν̄e(Eν)σ
′(Ee, Eν)Nγ(Ee)V

eff
γ ,
(1)

where np = 6.18 × 1022 cm−3 is the number density
of protons in ice (density 0.924 g cm−3), Ee is the
final-state positron energy, V eff

γ = 0.163 × 106 cm3 the
average effective volume for a single photon detection,

Neutrinos probe SN dynamics in 3D 7
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Figure 6. Neutrino flux properties for the 27 M! SN progenitor as seen from a distant observer. For νe, ν̄e and νx we show the luminosity,
average energy and shape parameter α as a function of the time along direction 1 and direction 2 (respectively correspondent to the cyan
and dashed black curves in Fig. 5).

that the real flux expected by SN neutrinos the most re-
alistic scenario would be a mixture of the non-oscillated
ν̄e and ν̄x.
For this reason, in the following we will consider the

signal expected from a non-oscillated ν̄e as well as the
other extreme possible scenario of detection of neutrino
signal, i.e., when full flavor swapping between ν̄e and νx
occurs.

5. SUPERNOVA DYNAMICS DETECTION WITH
WATER CHERENKOV DETECTORS

In this Section, we briefly describe the detection
chances of the modulation of the neutrino signal with
water-Cherenkov detectors. After a brief description
of IceCube and Hyper-Kamiokande detector models, we
will focus on the detection of SASI modulation of the
neutrino signal.

5.1. Icecube and Hyper-Kamiokande Detector Models

In the largest operating detectors, IceCube and Super-
Kamiokande, neutrinos are primarily detected by in-
verse beta decay (IBD), ν̄e + p → n + e+, through the

Cherenkov radiation of the final-state positron. We will
ignore the small additional contribution from elastic scat-
tering on electrons. The signature for fast-time varia-
tions is limited by random fluctuations (shot noise) of
the detected neutrino time sequence. In IceCube (Ab-
basi et al. 2011), usually at most one Cherenkov photon
from a given positron is detected, i.e., every measured
photon signals the arrival time of a neutrino and in this
sense provides superior signal statistics. In rare cases,
two or more photons from a single neutrino are detected,
depending on neutrino energy, allowing one to extract in-
teresting spectral information from time-correlated pho-
tons (Salathe et al. 2012), but this intriguing effect is not
of interest here.
The instantaneous signal count rate caused by IBD in

a single optical module (OM) is (Abbasi et al. 2011)

rIBD = np

∫

dEe

∫

dEν Fν̄e(Eν)σ
′(Ee, Eν)Nγ(Ee)V

eff
γ ,
(1)

where np = 6.18 × 1022 cm−3 is the number density
of protons in ice (density 0.924 g cm−3), Ee is the
final-state positron energy, V eff

γ = 0.163 × 106 cm3 the
average effective volume for a single photon detection,

 Close to the SASI plane
(optimistic observer direction)
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Figure 6. Neutrino flux properties for the 27 M! SN progenitor as seen from a distant observer. For νe, ν̄e and νx we show the luminosity,
average energy and shape parameter α as a function of the time along direction 1 and direction 2 (respectively correspondent to the cyan
and dashed black curves in Fig. 5).

that the real flux expected by SN neutrinos the most re-
alistic scenario would be a mixture of the non-oscillated
ν̄e and ν̄x.
For this reason, in the following we will consider the

signal expected from a non-oscillated ν̄e as well as the
other extreme possible scenario of detection of neutrino
signal, i.e., when full flavor swapping between ν̄e and νx
occurs.

5. SUPERNOVA DYNAMICS DETECTION WITH
WATER CHERENKOV DETECTORS

In this Section, we briefly describe the detection
chances of the modulation of the neutrino signal with
water-Cherenkov detectors. After a brief description
of IceCube and Hyper-Kamiokande detector models, we
will focus on the detection of SASI modulation of the
neutrino signal.

5.1. Icecube and Hyper-Kamiokande Detector Models

In the largest operating detectors, IceCube and Super-
Kamiokande, neutrinos are primarily detected by in-
verse beta decay (IBD), ν̄e + p → n + e+, through the

Cherenkov radiation of the final-state positron. We will
ignore the small additional contribution from elastic scat-
tering on electrons. The signature for fast-time varia-
tions is limited by random fluctuations (shot noise) of
the detected neutrino time sequence. In IceCube (Ab-
basi et al. 2011), usually at most one Cherenkov photon
from a given positron is detected, i.e., every measured
photon signals the arrival time of a neutrino and in this
sense provides superior signal statistics. In rare cases,
two or more photons from a single neutrino are detected,
depending on neutrino energy, allowing one to extract in-
teresting spectral information from time-correlated pho-
tons (Salathe et al. 2012), but this intriguing effect is not
of interest here.
The instantaneous signal count rate caused by IBD in

a single optical module (OM) is (Abbasi et al. 2011)

rIBD = np

∫

dEe

∫

dEν Fν̄e(Eν)σ
′(Ee, Eν)Nγ(Ee)V

eff
γ ,
(1)

where np = 6.18 × 1022 cm−3 is the number density
of protons in ice (density 0.924 g cm−3), Ee is the
final-state positron energy, V eff

γ = 0.163 × 106 cm3 the
average effective volume for a single photon detection,
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Figure 6. Neutrino flux properties for the 27 M! SN progenitor as seen from a distant observer. For νe, ν̄e and νx we show the luminosity,
average energy and shape parameter α as a function of the time along direction 1 and direction 2 (respectively correspondent to the cyan
and dashed black curves in Fig. 5).

that the real flux expected by SN neutrinos the most re-
alistic scenario would be a mixture of the non-oscillated
ν̄e and ν̄x.
For this reason, in the following we will consider the

signal expected from a non-oscillated ν̄e as well as the
other extreme possible scenario of detection of neutrino
signal, i.e., when full flavor swapping between ν̄e and νx
occurs.

5. SUPERNOVA DYNAMICS DETECTION WITH
WATER CHERENKOV DETECTORS

In this Section, we briefly describe the detection
chances of the modulation of the neutrino signal with
water-Cherenkov detectors. After a brief description
of IceCube and Hyper-Kamiokande detector models, we
will focus on the detection of SASI modulation of the
neutrino signal.

5.1. Icecube and Hyper-Kamiokande Detector Models

In the largest operating detectors, IceCube and Super-
Kamiokande, neutrinos are primarily detected by in-
verse beta decay (IBD), ν̄e + p → n + e+, through the

Cherenkov radiation of the final-state positron. We will
ignore the small additional contribution from elastic scat-
tering on electrons. The signature for fast-time varia-
tions is limited by random fluctuations (shot noise) of
the detected neutrino time sequence. In IceCube (Ab-
basi et al. 2011), usually at most one Cherenkov photon
from a given positron is detected, i.e., every measured
photon signals the arrival time of a neutrino and in this
sense provides superior signal statistics. In rare cases,
two or more photons from a single neutrino are detected,
depending on neutrino energy, allowing one to extract in-
teresting spectral information from time-correlated pho-
tons (Salathe et al. 2012), but this intriguing effect is not
of interest here.
The instantaneous signal count rate caused by IBD in

a single optical module (OM) is (Abbasi et al. 2011)

rIBD = np

∫

dEe

∫

dEν Fν̄e(Eν)σ
′(Ee, Eν)Nγ(Ee)V

eff
γ ,
(1)

where np = 6.18 × 1022 cm−3 is the number density
of protons in ice (density 0.924 g cm−3), Ee is the
final-state positron energy, V eff

γ = 0.163 × 106 cm3 the
average effective volume for a single photon detection,
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Figure 6. Neutrino flux properties for the 27 M! SN progenitor as seen from a distant observer. For νe, ν̄e and νx we show the luminosity,
average energy and shape parameter α as a function of the time along direction 1 and direction 2 (respectively correspondent to the cyan
and dashed black curves in Fig. 5).

that the real flux expected by SN neutrinos the most re-
alistic scenario would be a mixture of the non-oscillated
ν̄e and ν̄x.
For this reason, in the following we will consider the

signal expected from a non-oscillated ν̄e as well as the
other extreme possible scenario of detection of neutrino
signal, i.e., when full flavor swapping between ν̄e and νx
occurs.

5. SUPERNOVA DYNAMICS DETECTION WITH
WATER CHERENKOV DETECTORS

In this Section, we briefly describe the detection
chances of the modulation of the neutrino signal with
water-Cherenkov detectors. After a brief description
of IceCube and Hyper-Kamiokande detector models, we
will focus on the detection of SASI modulation of the
neutrino signal.

5.1. Icecube and Hyper-Kamiokande Detector Models

In the largest operating detectors, IceCube and Super-
Kamiokande, neutrinos are primarily detected by in-
verse beta decay (IBD), ν̄e + p → n + e+, through the

Cherenkov radiation of the final-state positron. We will
ignore the small additional contribution from elastic scat-
tering on electrons. The signature for fast-time varia-
tions is limited by random fluctuations (shot noise) of
the detected neutrino time sequence. In IceCube (Ab-
basi et al. 2011), usually at most one Cherenkov photon
from a given positron is detected, i.e., every measured
photon signals the arrival time of a neutrino and in this
sense provides superior signal statistics. In rare cases,
two or more photons from a single neutrino are detected,
depending on neutrino energy, allowing one to extract in-
teresting spectral information from time-correlated pho-
tons (Salathe et al. 2012), but this intriguing effect is not
of interest here.
The instantaneous signal count rate caused by IBD in

a single optical module (OM) is (Abbasi et al. 2011)

rIBD = np

∫

dEe

∫

dEν Fν̄e(Eν)σ
′(Ee, Eν)Nγ(Ee)V

eff
γ ,
(1)

where np = 6.18 × 1022 cm−3 is the number density
of protons in ice (density 0.924 g cm−3), Ee is the
final-state positron energy, V eff

γ = 0.163 × 106 cm3 the
average effective volume for a single photon detection,

 Perpendicularly to the SASI plane
(pessimistic observer direction)

For more details see also: F. Hanke et al., APJ 770 (2013) 66. T. Lund et al., arXiv: 1006.1889, arXiv: 1208.0043.



Detection Perspectives



Detection Perspectives
In IceCube and Hyper-Kamiokande, neutrinos are primarily detected by inverse beta decay

ν̄e + p → n+ e+

IceCube

1 km antarctic ice with 5160 PMT
R        = 1480 ms-1

bkgd

5

EXECUTIVE SUMMARY

FIG. 1. Schematic view of the Hyper-Kamiokande detector.

Hyper-Kamiokande

Fiducial mass: 740 kton
Background free signal + event-by-event energy information

* For details see: Abbasi et al., arXiv: 1108.0171 (IceCube), K. Abe et al., arXiv: 1109.3262 (Hyper-K).



SASI Detection Perspectives (27 M     )sun

 Expected rate above IceCube background

 Hyper-K rate = 1/3 IceCube rate

SASI still detectable

Strong signal modulation
(optimistic observer direction)

Weak signal modulation
(pessimistic observer direction)

2

tum distribution to be axisymmetric around the radial
direction everywhere, implying that the neutrino fluxes
are radial. The detectable energy-dependent neutrino
emission from the hemisphere facing an observer is de-
termined with a post-processing procedure that includes
projection and limb-darkening effects [30]. We will use
the 27M! model as our benchmark case because its prop-
erties have been published [15]. Details of the other two
simulations will be provided elsewhere [47].
Detector signal.—In the largest operating detectors,

IceCube and Super-K, neutrinos are primarily detected
by inverse beta decay, ν̄e+p → n+e+, through Cherenkov
radiation of the positron. We represent the neutrino
emission spectra in the form of Gamma distributions
[48, 49]. We estimate the neutrino signal following the
IceCube Collaboration [37], accounting for a ∼13% dead-
time effect for background reduction. We use a cross sec-
tion that includes recoil effects and other corrections [50],
overall reducing the detection rate by 30% relative to ear-
lier studies [20, 21, 51]. On the other hand, we increase
the rate by 6% to account for detection channels other
than inverse beta decay [37].
We assume an average background of 0.286 ms−1 for

each of the 5160 optical modules, i.e., an overall back-
ground rate of Rbkgd = 1.48× 103 ms−1, comparable to
the signal rate for a SN at 10 kpc. The IceCube data ac-
quisition system has been upgraded since the publication
of Ref. [37] so that the full neutrino time sequence will
be available instead of time bins.
IceCube will register in total around 106 events above

background for a SN at 10 kpc, to be compared with
around 104 events for Super-K (fiducial mass 32 kton),
i.e., IceCube has superior statistics. On the other hand,
the future Hyper-K will have a fiducial mass of 740 kton,
providing a background-free signal of roughly 1/3 the Ice-
Cube rate. Therefore, Hyper-K can have superior signal
statistics, depending on SN distance. In addition, it has
event-by-event energy information which we do not use
for our simple comparison.
Signal modulation in the 27M! model.—To get a first

impression of the neutrino signal modulation we consider
our published 27M! model [15], meanwhile simulated
until ∼550 ms. This model shows clear SASI activity at
120–260ms. At ∼220ms a SASI spiral mode sets in and
remains largely confined to an almost stable plane, which
is not aligned with the polar grid of the simulation. We
select an observer in this plane in a favorable direction
and show the expected IceCube signal in the top panel
of Fig. 1. One case assumes the signal to be caused by
anti-neutrinos emitted as ν̄e at the source, i.e., we ignore
flavor conversions. The other case takes into account
complete flavor conversion so that the signal is caused by
ν̄x, i.e., a combination of ν̄µ and ν̄τ . Both cases reveal
large signal modulations with a clear periodicity.
The first SASI episode ends abruptly with the accre-

tion of the Si/SiO interface, followed by large-scale con-
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FIG. 1: Detection rate for our 27 M! SN progenitor, upper
panels for IceCube, bottom one for Hyper-K. The observer
direction is chosen for strong signal modulation, except for
the second panel (minimal modulation). Upper two panels:
IceCube rate at 10 kpc for ν̄e (no flavor conversion) and for
ν̄x (complete flavor conversion). The lower two panels include
a random shot-noise realization, 5ms bins, for the indicated
SN distances. For IceCube also the background fluctuations
without a SN signal are shown.

vection with much smaller and less periodic signal mod-
ulations (see also Figs. 1, 2, and 6 of Ref. [15]). After
about 410 ms, SASI activity begins again until the end
of our simulation. The signal modulation is now weaker,
partly owing to a lower SASI amplitude and partly to the
chosen observer direction being no longer optimal.

Our 3D 27 M      SN progenitor shows pronounced SASI. 
SASI sinusoidal modulation of the neutrino signal will be detectable by IceCube and Hyper-K.

sun



SASI Detection Perspectives (27 M     )sun

Animated visualization available at: 
http://www.mpa-garching.mpg.de/ccsnarchive/data/Hanke2013_movie/index.html

 Time evolution of the IceCube detection rate on a sky-plot of observer directions.8 Tamborra et al.
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Figure 7. 4π maps of the relative variation of the luminosity of
ν̄e with respect to the one computed averaging over all directions
for the 27 M! SN progenitor at 10 kpc for t = 217, 225, 230 ms.

Nγ(Ee) = 178Ee/MeV is the energy-dependent number
of Cherenkov photons, and σ′(Ee, Eν) = dσ(Ee, Eν)/dEe

is the IBD cross section, differential with regard to the
positron energy.
We correct the positron energy, Ee → Ee + 1 MeV,

because gamma rays from positron annihilation and neu-
tron capture produce additional recorded energy (Abbasi
et al. 2011). Moreover, the IceCube rate from IBD is
about 94% of the total, so we apply a correction factor

r = rIBD/0.94 (2)

to account approximately for all channels.
Every OM shows a background rate of around 540 Hz,

including correlated events. Introducing an artificial
dead time of tdead = 250 µs after every hit reduces the
background to a single rate of about 286 Hz at the cost
of about 13% dead time for the signal. More specif-
ically, the signal reduction by this dead-time effect is
0.87/(1+r tdead). Therefore, the overall SN signal rate is

RIC = NOM
0.87 r

1 + r tdead
, (3)

where NOM = 5160 is the number of OMs in IceCube.
In previous studies of the IceCube potential for detect-

ing fast signal variations (Lund et al. 2010, 2012), these
various corrections had not been included. Moreover, a
simple approximate expression for the IBD cross section

!!"#

!!"$%

!!"$

!!"!%

!

!"!%

!"$

!"$%

!"#
!& #!'()*+

,-
'!
'.
-/
01.
-/

!!"#

!!"$%

!!"$

!!"!%

!

!"!%

!"$

!"$%

!"#
!&

'(
)!
)*
(+
,-*
(+

! "! #!! #"! $!! $"! %!!
!!&$

!!&#"

!!&#

!!&!"

!

!&!"

!&#

!&#"

!&$
!'

()*+,-

./
)!
)0
/1
230
/1

Figure 8. Relative variation of the luminosity for νe, ν̄e and νx
with respect to the one computed averaging over all directions for
the 20 M! SN progenitor at 10 kpc, similarly to Fig. 3. The green
and red curves refer to locations of the observer close to the plane
where SASI develops and on opposite sides of the emitting sphere.
The dashed black line refers to a location of the observer far from
the SASI plane where the modulation of the neutrino signal due to
SASI is smaller.

was used. We here use the IBD cross section provided
by Strumia & Vissani (2003) that includes recoil, the
neutron-proton mass difference, the positron mass, and
nucleon form factors. If the ν̄e spectrum is described by
a Gamma distribution (see Appendix B), the final-state
positrons also follow such a distribution with good ap-

high detection rate

low detection rate



SASI Detection Perspectives (27 M     )sun

On average, the fraction of sky where good observation chances apply is significant (> 50%).

probability of 
detection of the 

signal modulation

high

low 
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FIG. 2: Relative amplitude of the ν̄e rate modulation (see
Eq. 1) on a sky-plot of observer directions during the first
SASI episode (120–250ms) of the 27M! model.

ulations (see also Figs. 1, 2, and 6 of Ref. [15]). After
about 410 ms, SASI activity begins again until the end
of our simulation. The signal modulation is now weaker,
partly owing to a lower SASI amplitude and partly to the
chosen observer direction being no longer optimal.
The second panel of Fig. 1 is for a direction orthogonal

to the plane of the first SASI episode, i.e., the signal mod-
ulation is particularly small. The second SASI episode
now shows a stronger signal than the first because the
observer is no longer in the worst direction.
The SASI sloshing and spiral motions imply that ob-

servers in opposite directions obtain almost the same sig-
nal modulations with opposite phase. To illustrate the
dependence on the observer direction we provide a sup-
plementary movie on the time-evolution of the IceCube
rate 1. As a static visualization we show in Fig. 2 the
relative amplitude of the IceCube detection rate during
the first SASI episode. To define this amplitude we first
note that the signal rate, averaged over all directions,
hardly shows any modulation at all. In a given direction
we define the relative time-dependent rate and consider
its root mean square deviation for the first SASI episode
([t1, t2] = [120, 250]ms),

σ ≡

(

∫ t2

t1

dt

[

R− 〈R〉

〈R〉

]2
)1/2

. (1)

Despite the spiral mass motions during this SASI episode
and the corresponding, considerable time variability of
the emission asymmetry, the time integrated analysis still
reveals a dominant sloshing direction, which produces
two signal “hot spots” in two opposite directions, sur-
rounded by directions with much smaller modulations.
Other progenitors.—Figure 3 shows the IceCube rate

for the other progenitors (11.2 and 20M!) in optimal
observing directions. For the heavier case, a strong SASI

1 http://www.mpa-garching.mpg.de/ccsnarchive/data/
Hanke2013 movie/index.html.
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FIG. 3: IceCube rate for optimal observing directions for the
11.2 and 20M! models at 10 kpc, as in the top panel of Fig. 1.

develops after 140 ms. Again a global SASI spiral mode
largely confined to a plane appears, lasting until ∼300ms
close to the end of our simulation. The signal modu-
lations are even more pronounced than for the 27M!

progenitor and the SASI phase lasts slightly longer. In
contrast, the 11.2M! model exhibits dominant activity
by neutrino-driven convective overturn in the postshock
layer (manifesting itself in a highly time-variable pat-
tern of rising high-entropy bubbles and cooler downflows)
without any clear signs of large-amplitude coherent SASI
motions. In this case only very small, short-time signal
fluctuations are visible for a chosen observer direction
as a consequence of non-stationary, chaotically changing
accretion anisotropies (similar to the cases analyzed in
Refs. [21, 30]), although significant directional differences
of the ν̄e signal can exist [47]. The detection rate is also
much smaller because of a lower luminosity.

Shot noise.—The main limitation to observing signal
modulations are random fluctuations in the detected neu-
trino time sequence. In the third panel of Fig. 1 we show
the IceCube ν̄e signal in 5ms bins, including a random
shot noise realization. The signal is roughly 700ms−1

near maximum, plus 1.48 × 103ms−1 background, i.e.,
roughly 1.1 × 104 events per bin, causing a ∼3% ran-
dom fluctuation of the signal itself where the average
background is subtracted. We also show the IceCube
signal in the absence of a SN, i.e., the background fluc-
tuations alone. For a SN at 20kpc, roughly the edge of
the expected galactic SN distance distribution [54, 55],
the signal is still visible to the naked eye, although the
bin-to-bin fluctuation is now roughly 10%.

In the bottom panel of Fig. 1, we show the analogous
signal for Hyper-K, which has no background and thus
yields roughly 900 events/bin. Its 3% bin-to-bin random
fluctuation is almost identical to IceCube. Doubling the
distance reduces the signal by four, but as there is no
dark current, the fluctuations grow to about 7%, i.e., at
this distance Hyper-K is superior.

A serious strategy to filter such signal modulations
from the noise in less obvious cases is beyond the scope of

[t1, t2] = [120, 250] ms
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FIG. 2: Relative amplitude of the ν̄e rate modulation (see
Eq. 1) on a sky-plot of observer directions during the first
SASI episode (120–250ms) of the 27M! model.

The second panel of Fig. 1 is for a direction orthogonal
to the plane of the first SASI episode, i.e., the signal mod-
ulation is particularly small. The second SASI episode
now shows a stronger signal than the first because the
observer is no longer in the worst direction.
The SASI sloshing and spiral motions imply that ob-

servers in opposite directions obtain almost the same sig-
nal modulations with opposite phase. To illustrate the
dependence on the observer direction we provide a sup-
plementary movie on the time-evolution of the IceCube
rate 1. As a static visualization we show in Fig. 2 the
relative amplitude of the IceCube detection rate during
the first SASI episode. To define this amplitude we first
note that the signal rate, averaged over all directions,
hardly shows any modulation at all. In a given direction
we define the relative time-dependent rate and consider
its root mean square deviation for the first SASI episode
([t1, t2] = [120, 250]ms),

σ ≡

(

∫ t2

t1

dt

[

R− 〈R〉

〈R〉

]2
)1/2

. (1)

Despite the spiral mass motions during this SASI episode
and the corresponding, considerable time variability of
the emission asymmetry, the time integrated analysis still
reveals a dominant sloshing direction, which produces
two signal “hot spots” in two opposite directions, sur-
rounded by directions with much smaller modulations.
Other progenitors.—Figure 3 shows the IceCube rate

for the other progenitors (11.2 and 20M!) in optimal
observing directions. For the heavier case, a strong SASI
develops after 140 ms. Again a global SASI spiral mode
largely confined to a plane appears, lasting until ∼300ms
close to the end of our simulation. The signal modu-
lations are even more pronounced than for the 27M!

progenitor and the SASI phase lasts slightly longer. In

1 http://www.mpa-garching.mpg.de/ccsnarchive/data/
Hanke2013 movie/index.html.
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FIG. 3: IceCube rate for optimal observing directions for the
11.2 and 20M! models at 10 kpc, as in the top panel of Fig. 1.

contrast, the 11.2M! model exhibits dominant activity
by neutrino-driven convective overturn in the postshock
layer (manifesting itself in a highly time-variable pat-
tern of rising high-entropy bubbles and cooler downflows)
without any clear signs of large-amplitude coherent SASI
motions. In this case only very small, short-time signal
fluctuations are visible for a chosen observer direction
as a consequence of non-stationary, chaotically changing
accretion anisotropies (similar to the cases analyzed in
Refs. [21, 30]), although significant directional differences
of the ν̄e signal can exist [47]. The detection rate is also
much smaller because of a lower luminosity.

Shot noise.—The main limitation to observing signal
modulations are random fluctuations in the detected neu-
trino time sequence. In the third panel of Fig. 1 we show
the IceCube ν̄e signal in 5ms bins, including a random
shot noise realization. The signal is roughly 700ms−1

near maximum, plus 1.48 × 103ms−1 background, i.e.,
roughly 1.1 × 104 events per bin, causing a ∼3% ran-
dom fluctuation of the signal itself where the average
background is subtracted. We also show the IceCube
signal in the absence of a SN, i.e., the background fluc-
tuations alone. For a SN at 20kpc, roughly the edge of
the expected galactic SN distance distribution [54, 55],
the signal is still visible to the naked eye, although the
bin-to-bin fluctuation is now roughly 10%.

In the bottom panel of Fig. 1, we show the analogous
signal for Hyper-K, which has no background and thus
yields roughly 900 events/bin. Its 3% bin-to-bin random
fluctuation is almost identical to IceCube. Doubling the
distance reduces the signal by four, but as there is no
dark current, the fluctuations grow to about 7%, i.e., at
this distance Hyper-K is superior.

A serious strategy to filter such signal modulations
from the noise in less obvious cases is beyond the scope of
our work. However, we also illustrate the signal in terms
of its Fourier power spectrum, following Ref. [20]. We
select the time interval of 100–300ms, where SASI de-
velops for our progenitors. With the adopted signal du-
ration of τ = 200ms, the spacing of the discrete Fourier

SASI spiral mode

SASI does not occur for any progenitor. 

Large scale convection is the dominant hydrodynamic instability in the 11.2 M      progenitor.sun

For the 27 M     SN progenitor, two SASI episodes occur with a convective phase in between.
For the 20 M     SN progenitor, only one SASI episode occurs.

sun
sun

SASI Detection Perspectives



Power Spectrum of the Event Rate

Power spectrum of the IceCube event rate in [100,300] ms
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Lepton-number Emission Self-sustained 
Asymmetry: A new phenomenon



Lepton-number Flux Evolution

2 Tamborra et al.

Figure 1. Lepton-number flux (νe minus ν̄e) for our 11.2 M⊙ model as a function of direction for the indicated times post bounce. The latitudes and longitudes,
indicated by dotted lines, correspond to the angular coordinates of the polar grid of the numerical simulation. The flux in each panel is normalized to its average,
i.e., the quantity (Fνe − Fν̄e )/�Fνe − Fν̄e � is color coded. The lepton-number emission asymmetry is a large-scale feature which at later times has clear dipole
character. The black dots indicate the positive dipole direction of the flux distribution, the black crosses mark the negative dipole direction. The dipole track
between 70 and 340 ms is shown as a dark-gray line. Once the dipole is strongly developed, its direction remains essentially stable and shows no correlation with
the x-, y-, and z-axes of the numerical grid. The dipole direction is also independent of polar hot spots, which are persistent, local features of moderate amplitude
and an artifact connected with numerical peculiarities near the z-axis as coordinate singularity of the polar grid.

expands the shock, increases the gain layer and, again, can
enhance the efficiency of neutrino-energy deposition (Marek
& Janka 2009) even when convection is weak or its growth
is suppressed because of a small shock-stagnation radius
and correspondingly fast infall velocities in the gain layer
(Foglizzo, Scheck, & Janka 2006; Scheck et al. 2008). This
nonradial instability was first observed in 2D simulations with
a full 180◦ grid (Janka & Müller 1996; Mezzacappa et al.
1998; Janka et al. 2003, 2004), but not immediately rec-

ognized as a new effect beyond large-scale convection. It
was unambiguously identified in 2D hydrodynamical simu-
lations of idealized, adiabatic (and thus non-convective) post-
shock accretion flows (Blondin, Mezzacappa, & DeMarino
2003). SASI was found to possess the highest growth rates
for the lowest-order (dipole and quadrupole) spherical har-
monics (Blondin & Mezzacappa 2006; Foglizzo et al. 2007;
Iwakami et al. 2008) and to give rise to spiral-mode mass
motions in 3D simulations (Blondin & Mezzacappa 2007;
Iwakami et al. 2009; Fernández 2010; Hanke et al. 2013) or
in 2D setups without the constraint of axisymmetry (Blondin
& Mezzacappa 2007; Yamasaki & Foglizzo 2008; Foglizzo
et al. 2012). The instability can be explained by an advective-
acoustic cycle of amplifying entropy and vorticity perturba-
tions in the cavity between accretion shock and PNS surface
(Foglizzo 2002; Foglizzo et al. 2007; Scheck et al. 2008;
Guilet & Foglizzo 2012) and has important consequences for
NS kicks (Scheck et al. 2004, 2006; Nordhaus et al. 2010b,
2012; Wongwathanarat, Janka, & Müller 2010, 2013) and
spins (Blondin & Mezzacappa 2007; Rantsiou et al. 2011;
Guilet & Fernández 2013), quasi-periodic neutrino emission
modulations (Marek, Janka, & Müller 2009; Lund et al.
2010; Tamborra et al. 2013), and SN gravitational-wave sig-

nals (Marek, Janka, & Müller 2009; Murphy, Ott, & Burrows
2009; Müller, Janka, & Marek 2013).

We here report the discovery of a new type of low-mode
nonradial instability, LESA, which we have observed in 3D
hydrodynamical simulations with detailed, energy-dependent,
three-flavor neutrino transport using the Prometheus-Vertex
code. Our current portfolio of simulated 3D models in-
cludes an 11.2 M⊙ model that shows violent large-scale con-
vection but no obvious signs of SASI activity during the sim-
ulated period of postbounce evolution, a 20 M⊙ model with
a long SASI phase, and a 27 M⊙ model in which episodes of
SASI alternate with phases of dominant large-scale convec-
tion (Hanke et al. 2013; Tamborra et al. 2013). While all
models exhibit LESA, with different orientations of the emis-
sion dipole, the clearest case is the 11.2 M⊙ model, because
the new effect is not overlaid with SASI activity.

To provide a first impression of our new and intriguing phe-
nomenon we show in Fig. 1 the distribution of lepton-number
emission (νe minus ν̄e) for the 11.2 M⊙ model over the stel-
lar surface at postbounce (p.b.) times of 148, 169, 210, and
240 ms. In each panel, the lepton-number flux is normalized
to the instantaneous average and the color scale covers the
range from −0.5 to 2.5 of this relative measure. We indicate
the positive dipole direction with a black dot, the negative
direction with a cross. We also show the track of the posi-
tive dipole direction as a dark-gray line, ranging from 70 ms
p.b., where the dipole begins forming, to the end of the sim-
ulation at 340 ms. While at 148 ms the dipole pattern is not
yet strong—a quadrupole component is clearly visible and
the dipole is still building up as we will see later—the subse-
quent snapshots reveal a strong dipole pattern with large am-
plitude: In the negative-dipole direction, the lepton-number

sunLepton-number flux for the 11.2 M      progenitor [                               ]. (Fνe − Fν̄e)/�Fνe − Fν̄e�

Lepton-number emission asymmetry (LESA) is a large-scale feature with dipole character. 

Once the dipole is developed, its direction remains stable. No-correlation with numerical grid.  

positive dipole direction                   



Lepton-number Flux Evolution

★ Monopole evolution strongly depends on the accretion rate and varies between models.  
★ Maximum dipole amplitude similar in all cases. 
★ Dipole persists during SASI activity.
★ Dipole directions different in all cases. They drift slowly even during SASI phases. 

Monopole and dipole of the lepton number fluxSelf-sustained asymmetry of lepton-number emission in supernovae 5
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Figure 3. Time evolution of the lepton-number emission (νe minus ν̄e) for the 11.2, 20 and 27 M⊙ models as labelled. For each model, the upper panels show the
overall lepton number flux (monopole of the angular distribution; red curve) and its dipole component (blue curve), and the lower panels display the zenith angle
θ (green line) and the azimuth angle φ (magenta line) of the dipole direction, which describes the track shown for the 11.2 M⊙ case in Fig. 1. For the zenith angle
we indicate the north- and south-polar grid directions at ±90◦ on the vertical axis. The monopole evolution depends strongly on the accretion rate and varies
between the models, whereas the maximum dipole amplitude is similar in all cases and shows a similar initial growth phase. The dipole persists (and can even
grow) during the indicated phases of pronounced SASI activity. The dipole directions are different in all cases, bear no correlation to the numerical grid, and they
drift only slowly even during SASI phases.

tors (Tamborra et al. 2013) and as a prerequisite for flavor
oscillation studies. A systematic analysis has revealed a long-
lasting, nearly stationary dipole asymmetry of the lepton-
number (νe minus ν̄e) emission from the newly formed NS. In
Fig. 1 we have shown typical directional distributions of the
lepton-number flux for our 11.2 M⊙ model. This pronounced
asymmetry builds up in parallel to the development of large-
scale convective overturn behind the stalled shock and shows
a fairly stable direction, which has no particular correlation
with the numerical coordinate grid3.

Before attempting a physical interpretation of this puzzling
phenomenon, we first collect a number of conspicuous phe-
nomenological manifestations. A natural first question is to
see when and how this effect builds up in the course of post-
bounce core-collapse evolution and if it is correlated with
other symmetry-breaking hydrodynamical instabilities.

To quantify the time evolution of our new effect we consider
the lowest-order multipole components of the lepton-number
flux as a function of emission direction. To clarify our nor-

3 The orientation of the coordinate system in our sky-plots of Figs. 1, 6,
and 7 is such that the north-south direction corresponds to the z-axis of the
numerical grid, the center of the plot is the −x direction, and the left and right
extreme points correspond to the +x direction. The half-way points on the
equator belong to the +y (left) and −y directions.

malization of the dipole component we note that if the lepton-
number flux distribution contains only a monopole and dipole
term, then the distribution is AMonopole + ADipole cosϑ in coor-
dinates aligned with the dipole direction. When the ratio of
these amplitudes is unity, the distribution is proportional to
1+ cosϑ and the lepton-number flux vanishes in the direction
of minimal flux and is twice the average in the direction of
maximal flux, corresponding roughly to what we see in Fig. 1.
AMonopole is nothing but the total rate of lepton number emitted
by the evolving PNS, whereas ADipole is 3 times the projection
of the total lepton-number flux onto the dipole direction.

Figure 3 shows the evolution of AMonopole and ADipole and
the dipole direction for our three progenitor models. The total
lepton-number emission is at first off-scale, corresponding to
the usual prompt νe burst, and then decreases monotonically
with small modulations caused by large-scale convection and
concomitant variations of the postshock accretion flow. The
overall lepton-number emission is fed by the mass-accretion
flow so that it is not surprising that the monopole strength
depends considerably on the progenitor model.

In all models, a dipole component becomes first discernible
at about 50 ms p.b., grows for 100–150 ms, and later begins
to decrease, more or less in parallel with the overall decline
of the lepton-number emission. In this later phase, the dipole
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Figure 3. Time evolution of the lepton-number emission (νe minus ν̄e) for the 11.2, 20 and 27 M⊙ models as labelled. For each model, the upper panels show the
overall lepton number flux (monopole of the angular distribution; red curve) and its dipole component (blue curve), and the lower panels display the zenith angle
θ (green line) and the azimuth angle φ (magenta line) of the dipole direction, which describes the track shown for the 11.2 M⊙ case in Fig. 1. For the zenith angle
we indicate the north- and south-polar grid directions at ±90◦ on the vertical axis. The monopole evolution depends strongly on the accretion rate and varies
between the models, whereas the maximum dipole amplitude is similar in all cases and shows a similar initial growth phase. The dipole persists (and can even
grow) during the indicated phases of pronounced SASI activity. The dipole directions are different in all cases, bear no correlation to the numerical grid, and they
drift only slowly even during SASI phases.

tors (Tamborra et al. 2013) and as a prerequisite for flavor
oscillation studies. A systematic analysis has revealed a long-
lasting, nearly stationary dipole asymmetry of the lepton-
number (νe minus ν̄e) emission from the newly formed NS. In
Fig. 1 we have shown typical directional distributions of the
lepton-number flux for our 11.2 M⊙ model. This pronounced
asymmetry builds up in parallel to the development of large-
scale convective overturn behind the stalled shock and shows
a fairly stable direction, which has no particular correlation
with the numerical coordinate grid3.

Before attempting a physical interpretation of this puzzling
phenomenon, we first collect a number of conspicuous phe-
nomenological manifestations. A natural first question is to
see when and how this effect builds up in the course of post-
bounce core-collapse evolution and if it is correlated with
other symmetry-breaking hydrodynamical instabilities.

To quantify the time evolution of our new effect we consider
the lowest-order multipole components of the lepton-number
flux as a function of emission direction. To clarify our nor-

3 The orientation of the coordinate system in our sky-plots of Figs. 1, 6,
and 7 is such that the north-south direction corresponds to the z-axis of the
numerical grid, the center of the plot is the −x direction, and the left and right
extreme points correspond to the +x direction. The half-way points on the
equator belong to the +y (left) and −y directions.

malization of the dipole component we note that if the lepton-
number flux distribution contains only a monopole and dipole
term, then the distribution is AMonopole + ADipole cosϑ in coor-
dinates aligned with the dipole direction. When the ratio of
these amplitudes is unity, the distribution is proportional to
1+ cosϑ and the lepton-number flux vanishes in the direction
of minimal flux and is twice the average in the direction of
maximal flux, corresponding roughly to what we see in Fig. 1.
AMonopole is nothing but the total rate of lepton number emitted
by the evolving PNS, whereas ADipole is 3 times the projection
of the total lepton-number flux onto the dipole direction.

Figure 3 shows the evolution of AMonopole and ADipole and
the dipole direction for our three progenitor models. The total
lepton-number emission is at first off-scale, corresponding to
the usual prompt νe burst, and then decreases monotonically
with small modulations caused by large-scale convection and
concomitant variations of the postshock accretion flow. The
overall lepton-number emission is fed by the mass-accretion
flow so that it is not surprising that the monopole strength
depends considerably on the progenitor model.

In all models, a dipole component becomes first discernible
at about 50 ms p.b., grows for 100–150 ms, and later begins
to decrease, more or less in parallel with the overall decline
of the lepton-number emission. In this later phase, the dipole
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Figure 6. Energy luminosity, L (left), and number flux, N (right), for the 11.2 M⊙ simulation as functions of viewing direction for a distant observer. The latitudes
and longitudes indicated by dotted lines follow the angular coordinate directions of the computational grid. The quantities are hemispheric averages (including
projection effects as described in the text) and time integrated over 150–250 ms post bounce. The first three rows show the νe, ν̄e, and heavy-lepton neutrino (νx)
fluxes, while the fourth row shows Lνe + Lν̄e and Nνe + Nν̄e . The plotted quantities are normalized to their maximum. In each row the color scale of both images
is the same, but the ranges are different in different rows. The bottom row shows the relative excess of νe over ν̄e emission, i.e., (Lνe − Lν̄e )/

�
Lνe + Lν̄e

�
(left)

and (Nνe − Nν̄e )/
�
Nνe + Nν̄e

�
(right). The denominators are averages over all observer directions. In one hemisphere, the lepton number-emission (νe minus ν̄e)

is significantly smaller than the average, while in this hemisphere the energy luminosity of ν̄e exceeds that of νe. In contrast, the number and energy fluxes of νe
plus ν̄e as well as those of νx deviate from isotropy only on the few-percent level.

Number flux for the 11.2 M      progenitor, integrated over [150,250] ms.sun8 Tamborra et al.

Figure 6. Energy luminosity, L (left), and number flux, N (right), for the 11.2 M⊙ simulation as functions of viewing direction for a distant observer. The latitudes
and longitudes indicated by dotted lines follow the angular coordinate directions of the computational grid. The quantities are hemispheric averages (including
projection effects as described in the text) and time integrated over 150–250 ms post bounce. The first three rows show the νe, ν̄e, and heavy-lepton neutrino (νx)
fluxes, while the fourth row shows Lνe + Lν̄e and Nνe + Nν̄e . The plotted quantities are normalized to their maximum. In each row the color scale of both images
is the same, but the ranges are different in different rows. The bottom row shows the relative excess of νe over ν̄e emission, i.e., (Lνe − Lν̄e )/

�
Lνe + Lν̄e

�
(left)

and (Nνe − Nν̄e )/
�
Nνe + Nν̄e

�
(right). The denominators are averages over all observer directions. In one hemisphere, the lepton number-emission (νe minus ν̄e)

is significantly smaller than the average, while in this hemisphere the energy luminosity of ν̄e exceeds that of νe. In contrast, the number and energy fluxes of νe
plus ν̄e as well as those of νx deviate from isotropy only on the few-percent level.



★ The initial spherically symmetric state is not stable. LESA grows from any perturbation.

★ LESA is not simply hydrodynamical, but a neutrino-hydrodynamical instability in contrast to 
convection or SASI. First of its kind identified in the SN context.

★ LESA mostly builds up below the neutrinosphere.

★ Hemispheric asymmetry of the lepton number flux reaches 20-30% of average values.    
Sum of neutrino fluxes nearly isotropic.

★ LESA is a self-sustained phenomenon which exists despite convection and SASI activity.

★ LESA is responsible for asymmetric electron fraction distribution, asymmetric accretion 
rate, asymmetric neutrino heating rate, and dipole deformation of the shock front.

Features of the LESA Phenomenon



Implications of the LESA Phenomenon

★ Nucleosynthesis in the neutrino heated ejecta: Considerable hemispheric asymmetry 
of the electron fraction in the neutrino ejecta.

★ Neutron star kicks: Asymmetric neutrino emission imparts a recoil on the nascent NS. 
LESA as major source for NS kicks unluckily.
 
★ LESA responsible for an angular momentum transfer, i.e. a spin-up of the nascent NS.

★ Neutrino-flavor conversion: 
• LESA depends on hemispheric asymmetry of neutrino heating rates 

    (modified by oscillations). 
• Flavor conversions modify the n/p ratio in the context of nucleosynthesis. 
• Directional neutrino-neutrino refraction index.



Conclusions

★ World-wide first 3D SN simulations with detailed neutrino transport available. 

★ Neutrinos carry imprints of the explosion dynamics.

★ The SN neutrino signal can diagnose the nature of the hydrodynamical 
instability.

★ SASI modulation of the neutrino signal will be clearly detectable in IceCube 
and Hyper-K.

★ LESA: new neutrino-hydrodynamical instability. The lepton number flux 
emerges predominantly in one hemisphere.
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Fast-time Variations of SN Neutrino Signal

* T. Lund et al., arXiv: 1006.1889, arXiv: 1208.0043.

Are these features generic for any SN progenitor, 3D SN models?

First full-scale 3D SN simulations with detailed neutrino transport being performed! 

First attempts to detect large amplitude modulations of the neutrino signal:*

• 2D SN simulations          SASI detectable
• 3D SN simulations          SASI not strong.    
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Figure 7. Sky-maps for the 27 M⊙ model analogous to second and fourth
panels in the right column of Fig. 6. The time interval of integration, 260–
360 ms p.b., is between two episodes of strong SASI activity. The behavior
of the heavier-mass models is qualitatively similar to the 11.2 M⊙ case but
the spatial orientation of the lepton-emission dipole is different in each case.
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Figure 8. Radial evolution of the lepton-number emission in the hemisphere
where the lepton flux is maximal (black) and minimal (red) for the 11.2 M⊙
simulation at 210 ms p.b. The fluxes are integrated over the hemispheres with-
out projection effects so that their sum is the total lepton-number flux travers-
ing a spherical surface of given radius. The lepton-number flux asymmetry
originates mostly from deep inside the PNS, i.e., from the hot PNS mantle
below the neutrinosphere that is located at approximately 35 km, whereas a
more spherically symmetric component of the lepton-number flux develops
in the surrounding, semi-transparent cooling layer and is fed by the accretion
of lepton-rich material.

the two hemispheres where it is maximal and minimal, re-
spectively. The integration avoids any projection or observer
effects—the sum of the two hemispheric values yields the to-
tal lepton-number flux traversing a spherical shell of given
radius. It is intriguing that most of the hemispheric difference
builds up in the PNS mantle layer below the (average) neutri-
nospheres, which are located here at around 35 km. At this ra-
dius, the lepton-flux difference has nearly reached its asymp-

totic value, whereas only about 20–25% (or 3–4 × 1055 s−1)
arise at larger radii and are therefore more directly associated
with the hemispheric asymmetry of the accretion flow.

A different way of visualizing the radial evolution of the
lepton-number flux is to study it along individual radial “rays”
of our transport scheme. To this end we have performed a cut
of our 11.2 M⊙ model in a plane containing the dipole direc-
tion at 210 ms p.b. Figure 9 shows the result with a color
coding corresponding to the radial lepton-number flux as a
function of location in this cut plane. The downward direc-
tion in the plots is the direction of maximum lepton-number
flux. It is apparent that this hemisphere shows stronger con-
vection inside the PNS than the other hemisphere. The flux
asymmetry arises far below the average neutrinosphere, here
indicated by a white circle.

Most of the overall lepton-number emission (the monopole
of the emission distribution) builds up in the envelope (i.e.,
the neutrino-cooling) region above the NS and is fed by the
accretion downflows of lepton-rich material, whereas most of
the dipole builds up around the PNS convection zone deep
inside the NS and below the neutrinosphere. While the accre-
tion flow also shows a dipole asymmetry as we will see, it is
not responsible for the main effect of the asymmetry of the
lepton-number emission.

3.5. Asymmetry of electron density distribution
Most of the lepton number stored in the PNS and its ac-

cretion layer is in the form of electrons, whereas it is emit-
ted in the form of a νe-ν̄e number-flux difference. Therefore,
it is instructive to inspect the electron density distribution in
those regions of the PNS where the lepton-flux dipolar asym-
metry originates. Figure 10 shows color-coded Ye distribu-
tions in cut planes containing the dipole axis in analogy to
Fig. 9 and with the same orientation, i.e., bottom is the hemi-
sphere of largest lepton-number emission. We also show iso-
density contours as white circles—the density stratification is
perfectly spherical and concentric around the center of mass
(which essentially coincides with the coordinate origin) be-
cause of the extreme strength of the gravity field of the PNS.
The outermost contour, corresponding to 3 × 1011 g cm−3, is
somewhat interior to the average neutrinosphere.

The four different postbounce moments correspond to the
ones shown in Fig. 1 and span the time when the lepton-
emission dipole begins to form (148 ms p.b.) all the way to
a time when it is fully developed, but still before any no-
ticeable decay takes place (240 ms). We see the develop-
ment of a more electron-depleted region in the upper hemi-
sphere, where a smaller lepton-number flux originates, while
the bottom hemisphere, where a larger lepton-number flux
originates, exhibits more electron-rich material. The growth
of the hemispheric asymmetry of the lepton distribution in the
PNS mantle region below the neutrinosphere is clearly vis-
ible as the compact remnant deleptonizes and contracts be-
tween t ∼ 150 ms (top left) and t = 210 ms (bottom left). At
around this later time the most extreme hemispheric differ-
ence is reached with an electron fraction difference of up to
∆Ye ∼ 0.03–0.06 on some density levels. As time and lep-
ton emission progress, the hemispheric differences tend to de-
crease (bottom right).

The asymmetry of the Ye distribution not only explains the
emission dipoles of νe and ν̄e, it also explains why the num-
ber flux of heavy-lepton neutrinos, νx, is somewhat amplified
(on the percent level) in the direction of the smaller lepton-
number flux, which is the direction of stronger ν̄e emission

Most of the hemispheric difference builds up in the PNS mantle  below the 
neutrinosphere. Only 20-25% arise at larger radii ans are therefore more directly 
associated with the hemispheric asymmetry of the accretion flow.
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(cf. Figs. 5 and 6). Because the annihilation of e
+
e
− and νeν̄e

pairs yields important contributions to the νx number flux, in
particular at lower densities (whereas at high densities the pro-
duction by nucleon-nucleon bremsstrahlung dominates; see
Raffelt 2001; Buras et al. 2003; Keil, Raffelt, & Janka 2003
for details), the larger positron and ν̄e abundances on this side
of the PNS also foster the emission of heavy-lepton neutrinos.

4. DRIVING MECHANISM OF LESA

4.1. Asymmetry of mass-accretion flow

The lepton-flux asymmetry originates deep inside the PNS,
below the neutrinosphere, and several phenomenological ob-
servations form a consistent picture, e.g., the lepton-emission
asymmetry, the PNS convection asymmetry, the asymmetric
Ye distribution, and the small νx emission asymmetry. How-
ever, these manifestations do not yet provide a hydrodynam-
ical explanation of how these effects first arise and then sta-
bilize themselves in a quasi-stationary pattern. Moreover, the
initial growth of the dipole distribution over 100–150 ms is
parallel to the growth of convective overturn in the gain re-
gion below the stalled shock wave.

The most plausible physical connection between the asym-
metries deep in the PNS and hydrodynamical properties of
the envelope derives from asymmetric mass-accretion flows.
To study this hypothesis we consider the time evolution of
the mass accretion flow in our usual two hemispheres defined
by maximal and minimal lepton-number emission, shown in
Fig. 11 (top). At a time when the dipole begins to form in
earnest, we notice a significant hemispheric asymmetry of the
mass accretion rate such that the hemisphere of larger lepton-
number flux also has the larger mass accretion rate.

This flow fluctuates strongly because of convective pertur-
bations, but on average exhibits a time-dependent anisotropy
of 30–50% and on average carries considerably more fresh
lepton number to the central compact object on one side than
on the other. The lepton-rich flow partially deleptonizes by
neutrino emission before it spreads out below the PNS surface
to settle into the PNS mantle4, but it is still more lepton-rich
than the deleptonized material that is already present in this
region. Because it is specifically lighter (containing a higher
number fraction of electrons and protons instead of heavier
neutrons), the lepton-rich gas does not efficiently mix with
the deleptonized plasma. Instead, it accumulates on one side
of the PNS and pushes the more deleptonized fluid out of the
way, towards the opposite hemisphere.

The full explanation for the Ye distribution is actually even
more complex. The accretion inflow of lepton number cannot
explain the entire Ye asymmetry in the PNS mantle. On the
one hand, the accretion downflows deleptonize nearly iden-
tically during their infall from different directions, fairly in-
dependently of the local mass-flux density in the convective
downdrafts that carry the accretion flow towards the PNS.
Some of the greenish areas in the lower hemisphere of Fig. 10,
which have no counterpart on the upper side, have possibly
inherited their electons from accretion flows. However, the
red, orange and yellow bulges, which reach outward from
the dense, high-Ye core most prominently in the lower hemi-

4 Consistent with our discussion of the radial evolution of the lepton-
emission dipole in Sec. 3.4 that was based on Fig. 8, we now indepen-
dently confirm that the lepton-number loss (∆Ye ≈ 0.4) associated with the
accretion-rate difference between the two hemispheres, ∆Ṁ � 0.08 M⊙ s−1

(Fig. 11), accounts for a lepton-number flux of at most 4×1055 s−1 and there-
fore can explain at most 25% of the lepton-emission dipole.
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Figure 11. Time evolution of quantities in the postshock accretion layer of
the 11.2 M⊙ progenitor for the hemisphere of large lepton-number flux, i.e.,
large νe flux (black line), and the opposite hemisphere of larger ν̄e flux (red
line). Top: Mass accretion rate, measured downstream of the stalled SN
shock at r = 100 km. Middle: Average shock radius. Bottom: Volume-
integrated neutrino-heating rate in the gain layer (excluding the supersonic
accretion downflows). The plots visualize important components of the
crucial feedback loop consisting of asymmetric accretion rate, asymmetric
lepton-number flux, asymmetric neutrino heating rate, and dipole deforma-
tion of the shock front as explained in the main text and Fig. 14.

sphere, cannot come from the same origin. They are located
in the convective shell of the PNS, which is interior to the
neutrinospheres, and they thus suggest an enhanced efficiency
of the convective lepton-number transport out from the inner
core. The convective region inside of the PNS can be recog-
nized as a circular ring of short-wavelength color variations
between ∼12 km and ∼25 km in the right panel of Fig. 9. This
region is more pronounced in the lower hemisphere, indicat-
ing stronger PNS convection effects in this direction, by which
lepton number is pulled up from the central, lepton-rich high-
density core. This dredge-up explains the presence of high-Ye

patches (red, orange, and yellow in Fig. 10) extending out-
ward from the inner core region.

Convective activity inside the PNS is constrained to a shell

Anti-correlation between mass-accretion flow 
and shock-wave radius.

Neutrino heating is stronger on the side of 
lower lepton-number flux. 
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Figure 9. Radial evolution of the lepton-number flux in the 11.2 M⊙ model at 210 ms p.b. (same moment as in Fig. 8). Shown is the color-coded isotropic
equivalent of the lepton number flux, i.e., 4π r

2 (Fνe − Fν̄e ) in 1056 s−1, along angular “rays” of the transport simulation. The cut plane includes the direction of
maximal lepton emission (bottom of panels) and the opposite direction of minimal lepton emission (top of cut). The average neutrinosphere is at about 35 km
(white circle). The right panel is a zoom of the left one. PNS convection is clearly visible, with stronger activity in the hemisphere of maximal lepton-number
flux (bottom direction).

Figure 10. Distribution of the electron fraction, Ye, in the PNS and its immediate surroundings for the 11.2 M⊙ model at the indicated p.b. times. The cut plane
is the same as in Fig. 9, i.e., it contains the dipole axis with the direction of maximal lepton-number emission being downward in these panels. The color scale
saturates when Ye > 0.15 and was chosen to highlight the Ye variations in the PNS mantle region around the central, lepton-rich core and below the neutrinosphere
(which roughly coincides with the outermost white circle). The white circles are isodensity contours at the levels of 3×1011, 1012, 3×1012, 1013, 3×1013, and
1014 g cm−3. Notice the development of a more strongly deleptonized shell in the upper hemisphere (direction of minimal lepton-number flux), while in the
bottom hemisphere the lepton-number fraction is larger. In this hemisphere, the mass accretion rate is larger, supplying a larger amount of fresh lepton number.

neutrinosphere

PNS convection stronger in the hemisphere of maximal lepton-number flux (bottom direction). 

Lepton-number Flux Evolution
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Figure 9. Radial evolution of the lepton-number flux in the 11.2 M⊙ model at 210 ms p.b. (same moment as in Fig. 8). Shown is the color-coded isotropic
equivalent of the lepton number flux, i.e., 4π r

2 (Fνe − Fν̄e ) in 1056 s−1, along angular “rays” of the transport simulation. The cut plane includes the direction of
maximal lepton emission (bottom of panels) and the opposite direction of minimal lepton emission (top of cut). The average neutrinosphere is at about 35 km
(white circle). The right panel is a zoom of the left one. PNS convection is clearly visible, with stronger activity in the hemisphere of maximal lepton-number
flux (bottom direction).

Figure 10. Distribution of the electron fraction, Ye, in the PNS and its immediate surroundings for the 11.2 M⊙ model at the indicated p.b. times. The cut plane
is the same as in Fig. 9, i.e., it contains the dipole axis with the direction of maximal lepton-number emission being downward in these panels. The color scale
saturates when Ye > 0.15 and was chosen to highlight the Ye variations in the PNS mantle region around the central, lepton-rich core and below the neutrinosphere
(which roughly coincides with the outermost white circle). The white circles are isodensity contours at the levels of 3×1011, 1012, 3×1012, 1013, 3×1013, and
1014 g cm−3. Notice the development of a more strongly deleptonized shell in the upper hemisphere (direction of minimal lepton-number flux), while in the
bottom hemisphere the lepton-number fraction is larger. In this hemisphere, the mass accretion rate is larger, supplying a larger amount of fresh lepton number.

Distribution of the electron fraction in the the 11.2 M      progenitor.  sun

Strongly deleptonized shell in the upper hemisphere (direction of minimal lepton number flux). 

Electron Fraction Evolution
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Figure 14. Schematic visualization of the physics components that provide the feedback loop for the self-sustained lepton-emission asymmetry. The outer
thick, solid black line indicates the accretion shock, whose dipolar deformation is strongly exaggerated. The dotted circular line marks the gain radius and the
inner dashed circular line the neutrinospheres close to the surface of the PNS. Inside the PNS, the bright-red and inner dark-red circular regions indicate the
spherical density distribution around the mass center (small, black dot), whereas the displaced, blue circular shapes indicate schematically the deformation of the
Ye distribution (see Fig. 10). The black elliptical loops interior to the neutrinospheres visualize convection inside the PNS, whereas the light grey loops visualize
convective overturn between gain radius and shock. PNS convection is stronger in the lower hemisphere (cf. Fig. 8), whereas gain-region convection is more
powerful on the opposite side. The red lines mark accretion-stream lines, which are deflected by the deformed shock front. The brown and magenta arrows show
the hemispheric asymmetry of the νe and ν̄e energy fluxes. Note that the sum of the fluxes is nearly isotropic, showing only a percent-level dipole variation,
whereas the hemispheric differences of the νe and ν̄e number and energy fluxes can reach 20–30% of their average values (cf. Figs. 5 and 6). While the convective
overturn in the neutrino-heating layer fluctuates strongly in time, the asymmetry of the lepton-number distribution in the PNS mantle layer and the corresponding
anisotropic lepton-number emission as well as the deformation of the accretion shock can be stable for hundreds of milliseconds.

assuming Yp and Yn to vary little with direction, and adopt-
ing a ratio of the squared rms energies of ��2ν̄e�/��

2
νe� ≈ 1.46

in both hemispheres (Fig. 13) as well as amplitudes of 10–
15% for the dipolar asymmetry of the νe and ν̄e energy fluxes
(Figs. 5 and 6), we obtain q̇low/q̇high ∼ 1.04–1.06. The nu-
merical results in the bottom panel of Fig. 11 are based on an
integration over the volumes of the gain layer in both hemi-
spheres, taking into account only the volumes of rising plumes
but excluding the regions of supersonic accretion downflows,
because material in the convective downdrafts ends up in the
cooling layer. Energy deposited by neutrino heating in the
downflows is reemitted by neutrino radiation in the cooling
layer and therefore has no direct effect on the shock behavior.

5. OVERALL PICTURE OF THE LESA PHENOMENON

5.1. Two interlocking cycles

From our discussion so far a picture of the LESA phe-
nomenon emerges that involves a machinery consisting of
two major interacting parts. One consists of asymmetric PNS

convection and concomitant asymmetric lepton-number emis-
sion. The other consists of asymmetric mass-accretion regu-
lated by asymmetric neutrino emission through asymmetric
neutrino heating in the gain layer.

We re-capitulate and summarize the cog-wheels of this ma-
chinery in the sketch of Fig. 14. It is oriented in the same
way as our previous cut-planes, i.e., the lepton-number emis-
sion maximum is in the downward direction. In our line plots,
black curves correspond to properties in the downward direc-
tion or lower hemisphere, red curves to the upward direction
(or hemisphere), which is the hemisphere of minimal lepton-
number flux emission.

In the inner parts of Fig. 14, the mass center is marked
by a black dot, surrounded by concentric red circular regions
which show the density stratification inside the newly formed
NS. The long-dashed line indicates the location of the neu-
trinosphere(s). Blue circles represent levels of constant elec-
tron fraction (Ye). The upward displacement of the light-blue
region visualizes schematically a dipolar asymmetry of the
deleptonization in the NS mantle region enclosed by the neu-

electron abundance distribution

convection

accretion-stream lines

Feedback loop consisting of asymmetric accretion rate, asymmetric lepton-number flux, 
asymmetric neutrino heating rate, and dipole deformation of the shock front.




