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Supernova neutrino “light curves”
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Collapse



Collapse: neutrino trapping

Electron-neutrino mean free path decreases much more rapidly with 
density than does the size of the core, and the neutrinos become 
trapped in the core.  

Degenerate electron-neutrino Fermi sea develops (EF > 100 MeV)

During stellar core collapse, the neutrino opacity is  
dominated by coherent scattering on nuclei.

Freedman, PRD 9, 1389 (1974)

Arnett, ApJ 218, 815 (1977)
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Spherically symmetric collapse and shock 
propagation
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Supernova neutrino “light curves”
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Collapse “Deleptonization	
  Burst”



The neutronization burst is insensitive to 
a lot.
Kachelrieß+ 2005 

progenitor mass e- capture in collapse EOS✘ ✘ ✔
Changes trapped lepton fraction  

and 
free proton fraction
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FIG. 1: Luminosities as functions of time for νe (top), ν̄e (middle) and heavy-lepton neutrinos (bottom). In the left column
results for different progenitor stars between 11.2 M⊙ and 25M⊙ (left column; the progenitor mass is indicated by the number
after the first letter of the model name [19]) are shown, in the middle column for simulations with the new treatment of electron
captures by nuclei during stellar core collapse according to Langanke, Mart́ınez-Pinedo and Sampaio (LMS; red solid and dotted
lines) compared to the traditional description (black lines) in case of a 15M⊙ and a 25 M⊙ star. The right column shows results
for three different nuclear equations of state applied to the collapse of a 15 M⊙ progenitor (see text for more details). The
luminosities are given for an observer at rest, evaluated at a radius of 400 km with a corresponding time retardation of about
1ms. Time is normalized to the moment of shock formation defined by the instant when the entropy behind the shock first
exceeds a value of 3 kB per nucleon.

bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
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The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
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based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
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other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS

3

      
0

100

200

300

400

      
0

5

10

15

20

25

30

l25
l15
s25a28
s20
s15a28
s15s7b2
s11.2
n13

-5 0 5 10 15 20
0

10

20

30

40

50

tpb[ms]

L ν
[1
05
1 e
rg
/s
]

L ν
[1
05
1 e
rg
/s
]

L ν
[1
05
1 e
rg
/s
]

νe

ν̄e

νµ, ντ

      
0

100

200

300

400

      
0

10

20

30

40

s25s28_lms
s25a28
s15a28_lms
s15a28

-5 0 5 10 15 20
0

10

20

30

40

tpb[ms]

L ν
[1
05
1 e
rg
/s
]

L ν
[1
05
1 e
rg
/s
]

L ν
[1
05
1 e
rg
/s
]

νe

ν̄e

νµ, ντ

      
0

100

200

300

400

500

      
0

5

10

15

20

25

30

-5 0 5 10 15 20
0

10

20

30

40

tpb[ms]

L ν
[1
05
1 e
rg
/s
]

L ν
[1
05
1 e
rg
/s
]

L ν
[1
05
1 e
rg
/s
]

Wolff
Shen
L&S

νe

ν̄e

νµ, ντ

FIG. 1: Luminosities as functions of time for νe (top), ν̄e (middle) and heavy-lepton neutrinos (bottom). In the left column
results for different progenitor stars between 11.2 M⊙ and 25M⊙ (left column; the progenitor mass is indicated by the number
after the first letter of the model name [19]) are shown, in the middle column for simulations with the new treatment of electron
captures by nuclei during stellar core collapse according to Langanke, Mart́ınez-Pinedo and Sampaio (LMS; red solid and dotted
lines) compared to the traditional description (black lines) in case of a 15M⊙ and a 25 M⊙ star. The right column shows results
for three different nuclear equations of state applied to the collapse of a 15 M⊙ progenitor (see text for more details). The
luminosities are given for an observer at rest, evaluated at a radius of 400 km with a corresponding time retardation of about
1ms. Time is normalized to the moment of shock formation defined by the instant when the entropy behind the shock first
exceeds a value of 3 kB per nucleon.

bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
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of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
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is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
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FIG. 1: Luminosities as functions of time for νe (top), ν̄e (middle) and heavy-lepton neutrinos (bottom). In the left column
results for different progenitor stars between 11.2 M⊙ and 25M⊙ (left column; the progenitor mass is indicated by the number
after the first letter of the model name [19]) are shown, in the middle column for simulations with the new treatment of electron
captures by nuclei during stellar core collapse according to Langanke, Mart́ınez-Pinedo and Sampaio (LMS; red solid and dotted
lines) compared to the traditional description (black lines) in case of a 15M⊙ and a 25 M⊙ star. The right column shows results
for three different nuclear equations of state applied to the collapse of a 15 M⊙ progenitor (see text for more details). The
luminosities are given for an observer at rest, evaluated at a radius of 400 km with a corresponding time retardation of about
1ms. Time is normalized to the moment of shock formation defined by the instant when the entropy behind the shock first
exceeds a value of 3 kB per nucleon.

bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS



…but, modern EOS’s have much smaller 
differences.

R. Landfield, PhD thesis (U. Tennessee)



Supernova neutrino “light curves”

9

Cooling

Accretion

CC

NC

≈“Shock	
  
Revival”

Collapse “Deleptonization	
  Burst”



Bruenn et al. 2013. ApJ, 767L, 6B.



15 solar mass 3D run

•15 solar mass WH07 progenitor 
•540 radial zones covering inner 11000 km 
•180 phi zones (2 degree resolution) 
•180 theta zones in "constant mu" grid, from 2/3 degree 
at equator to one 8.5 degree zone at pole. 

• “Full” opacities 
•0.1% density perturbations (10-30 km) applied at 1.3 ms 
after bounce in transition from 1D.

~6 months on ~48,000 cores



Lentz et al. ApJL 807, L31 (2015) 



3D vs 2D luminosities 3D CORE-COLLAPSE SUPERNOVA SIMULATION 3

0 50 100 150 200 250 300 350 400 450
Time [ms]

0

5

10

15

20

25

30

H
ea

tin
g 

ra
te

 [B
 s-1

]

C15-3D
C15-2D

a)

0 50 100 150 200 250 300 350 400 450
Time [ms]

0

10

20

30

40

50

60

70
Lu

m
in

os
ity

 [B
 s-

1 ]

C15-3D
C15-2D

ie
i+o��i+o

ie<
<

b)

0 50 100 150 200 250 300 350 400 450
Time [ms]

0

0.1

0.2

H
ea

tin
g 

ef
fic

ie
nc

y 
d

C15-3D
C15-2D

c)

0.3

0 50 100 150 200 250 300 350 400 450
Time [ms]

0

0.5

1

1.5

2

2.5

A
cc

re
tio

n 
ra

te
 [M

   
s-1

]

C15-3D

at shock
at gain surface

C15-2D
d)

0 50 100 150 200 250 300 350 400 450
Time [ms]

0.1

1

10

o h
ea

t /
 o

ad
v

C15-3D
C15-2D

e)

0 50 100 150 200 250 300 350 400 450
Time [ms]

0

0.05

0.1

0.15

0.2

Tu
rb

ul
en

t k
in

et
ic

 e
ne

rg
y 

[B
]

C15-3D

Lateral kinetic energy
Anisotropic kinetic energy

C15-2D

f)

Figure 3. a) Net neutrino heating in the gain region. b) νe (solid), ν̄e (dashed), and νµτ (dash-dotted) total luminosities at 1000 km. c) Neutrino heating
efficiencies. d) (inward) Accretion rates at gain radius (solid) and shock (dash-dotted). e) Advection–heating time scale ratio, τadv/τheat. f) Turbulent kinetic
energy. Data for C15-2D is averaged with a 25-point boxcar (∼8 ms). Plotted using colors of Figure 1.

indicating earlier shock revival and explosion. The shock
for C15-1D, which lacks multi-dimensional flows, reaches a
maximum radius of ≈180 km at ≈80 ms and recedes there-
after, typical of 1D CCSN simulations.

The shock in C15-2D expands rapidly from ≈230 ms on-
ward (Figure 1), with the diagnostic energy10 E+ (Figure 2a)
simultaneously becoming positive. E+ surpasses 0.01 B by
250 ms and grows rapidly thereafter. For C15-3D, the first ev-
idence of potential explosion begins with an increased growth

10 following B2014, E+ is defined as the integral of the total energy (ther-
mal, kinetic, and gravitational) in all zones of the cavity where locally posi-
tive.

of Rshock at ≈280 ms, accelerating after ≈350 ms, as the
largest buoyant plume expands, leading to a small, but grow-
ing E+.

The explosion is clearly more energetic in C15-2D at all
times (Figure 2a). We evaluate the growth of E+ over a com-
mon period beginning when Rshock exceeds 500 km and end-
ing 45 ms later. For C15-3D, Rshock passes 500 km at 393 ms
when E+ is 0.034 B, which grows to 0.067 B at 438 ms when
Rshock is 735 km. For C15-2D, Rshock exceeds 500 km at
278 ms when E+ is 0.041 B, which grows to 0.147 B at
323 ms when Rshock reaches 900 km. Over this 45 ms com-
parison period, the E+ growth rate is 0.73 B s−1 for C15-3D

Lentz et al. ApJL 807, L31 (2015)  

Large-scale,  
episodic accretion in 2D

Only small-scale fluctuations 
 in accretion in 3D



2D - νe  total counts vs. time

C15-2D, angle-averaged, SNOwGLoBES Ar17kt, 10 kpc

Messer, Devotie, et al. In prep.



2D - νe  total counts vs. time

shock lift-off

accretion-powered  
evolution

rapid shock  
expansion - Si-Si/O

C15-2D, angle-averaged, SNOwGLoBES Ar17kt, 10 kpc

Messer, Devotie, et al. In prep.



Vacuum Earthproto-­‐NS stellar	
  envelopestellar	
  core
(see,	
  e.g.,	
  Mirizzi+15,	
  Duan+10	
  for	
  reviews)

Collective	
  osc.

(likely)	
  
suppressed	
  in 
accretion	
  phase	
  

e.g.	
  Chakraborty+	
  2011,	
  
but	
  see	
  previous	
  talk

MSW 
H	
  Resonance

MSW 
L	
  Resonance

(figure	
  inspired	
  by	
  C.	
  Lunardini)

Supernova neutrino oscillations



3 flavor oscillations with νx and anti-νx

general three-flavor expressions from J. Kneller (2015, private communication)



SN ν oscillations: simplest scenario
(see,	
  e.g.,	
  Mirizzi+15,	
  Duan+10	
  for	
  reviews)

• No	
  self-­‐induced	
  oscillations,	
  no	
  Earth	
  effects,	
  adiabatic	
  evolution
Survival	
  probabilities:

Normal	
  Hierarchy:

Inverted	
  Hierarchy:

Raffelt	
  12

Complications:	
  

• Shock	
  	
  
• non-­‐adiabaticity	
  when	
  H	
  
resonance	
  reached	
  

• turbulence	
  (see	
  J.	
  Kneller’s	
  
talk…maybe…)



3 flavor oscillations with νx and anti-νx

N.B.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  is	
  half	
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Fe =
1
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[Φx ]

Fµ +Fτ =
1
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[Φe +Φx ]

Fe =
1

4πR2
[cos2(θ12 )Φe + sin

2(θ12 )Φx ]

Fµ +Fτ =
1
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[sin2(θ12 )Φe + (1+ cos

2(θ12 ))Φx ]

Normal hierarchy



Dominant channels - no osc.

Messer, Devotie, et al. In prep.



Dominant channels - w/ oscillations, NH

Messer, Devotie, et al. In prep.



LESA

A New Nonradial 3D 
Instability:  "LESA"

ν
ν

Lepton Emission Self-sustained Asymmetry
caused by

dipolar convection and accretion asymmetry from Tamborra (FOE2015, NCSU)

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 direction different in each progenitor. 

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 (⌫e minus ⌫̄e) 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
✓ (green line) and the azimuth angle � (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 di↵erent 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 (⌫e minus ⌫̄e) 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 e↵ect 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 e↵ect 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 cos# in coor-
dinates aligned with the dipole direction. When the ratio of
these amplitudes is unity, the distribution is proportional to
1+ cos# 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 o↵-scale, corresponding to
the usual prompt ⌫e 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

Self-sustained asymmetry of lepton-number emission in supernovae 5
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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
✓ (green line) and the azimuth angle � (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 di↵erent 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 (⌫e minus ⌫̄e) 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 e↵ect 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 e↵ect 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 cos# in coor-
dinates aligned with the dipole direction. When the ratio of
these amplitudes is unity, the distribution is proportional to
1+ cos# 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 o↵-scale, corresponding to
the usual prompt ⌫e 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

* Tamborra, Hanke, Janka, Mueller, Raffelt, Marek, ApJ 792 (2014) 96.

Neutrino energy spectra

Neutrino flux spectra in opposite LESA directions (11.2 Msun, t = 210 ms)

During the accretion phase, fluxes strongly vary with the observer direction.  

Maximum lepton-number flux direction 

⌫e

⌫e

⌫
x

Minimum lepton-number flux direction 
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⌫
x

* Tamborra, Hanke, Janka, Mueller, Raffelt, Marek, ApJ 792 (2014) 96.

Neutrino energy spectra

Neutrino flux spectra in opposite LESA directions (11.2 Msun, t = 210 ms)

During the accretion phase, fluxes strongly vary with the observer direction.  

Maximum lepton-number flux direction 
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Minimum lepton-number flux direction 
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* Tamborra, Hanke, Janka, Mueller, Raffelt, Marek, ApJ 792 (2014) 96.



Is the LESA a generic instability?

Dipole present, but relatively weak

Dipole relatively long-lived, 
 but perhaps not “persistent”

CHIMERA C-15 3D model



Summary

•Multi-dimensional core-collapse supernova simulations 
with high-fidelity neutrino transport necessarily cover the 
collapse and accretion epochs, extending little into the 
PNS cooling epoch. 

•Multi-D effects can modulate the neutrino signal in 
multiple flavors on 10 ms time scales.  

•1D PNS cooling calculations available now. Extension to 
multi-D can happen, but how long? 

•Collective effects are important at late (or earlier?) times, 
but definitive calculations will require quantum kinetic 
simulations (cf. George’s putatively never-ending slide 
from this morning).  

• LESA-like effects are seen in CHIMERA simulations, but 
the robustness is an open question. 


