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INTRODUCTION	
  



Core	
  collapse	
  supernovae	
  

ArEst’s	
  impression	
  of	
  SN2006gy	
  –	
  credit:	
  NASA/GeUy	
  Images	
  



Core	
  collapse	
  :	
  a	
  neutrino	
  event	
  
• M	
  >	
  8	
  Msun	
  :	
  death	
  by	
  core	
  collapse	
  	
  
• GravitaEonal	
  collapse	
  à	
  bounce	
  and	
  shock	
  à	
  explosion	
  
•  E	
  ≈	
  1053	
  ergs	
  emiUed,	
  99%	
  in	
  neutrinos	
  &	
  anEneutrinos	
  of	
  all	
  
flavors	
  

• Neutrinos	
  are	
  direct	
  messengers	
  	
  
• Diffuse	
  from	
  inner	
  50-­‐200	
  Km	
  
• Only	
  unambiguous	
  tracers	
  of	
  core	
  collapse	
  



The	
  only	
  place	
  today	
  where	
  neutrinos…	
  
• Produce	
  a	
  macroscopic	
  force	
  	
  
•  Re-­‐launch	
  a	
  stalled	
  shock	
  

• Are	
  thermalized	
  	
  

• Undergo	
  four	
  stages	
  of	
  oscillaEons	
  
•  All	
  masses	
  and	
  mixings	
  contribute	
  	
  

• Have	
  observable	
  interacEon	
  with	
  each	
  other	
  
• OscillaEon	
  effects	
  

	
  



• Quasi-­‐thermal	
  spectra	
  
	
  
	
  
• Hierarchy	
  of	
  energies	
  
• Different	
  coupling	
  to	
  
maUer	
  à	
  different	
  
decoupling	
  radii	
  

FIG. 2: Normalized neutrino spectra averaged over time. Left panel: energy spectra in the silicon burning
phase, as derived from [30] with shape parameter α = 4.28 [32]. Right panel: energy spectra associated to
the supernova neutrino burst, averaged in the time interval for shock-wave effects (t > 2), as derived from
[27] with shape parameter α = 3 [32].

Figure 1 shows the main characteristics of our reference supernova emission model. The
upper and lower panels show the neutrino emission rate dNν/dt and the average neutrino
energy 〈E〉 for different flavors. The left panels refer to the silicon burning phase from the
OMK calculations [30], while the right panels refer to the supernova neutrino burst from
the LL group simulation [27]. According to the LL simulation, all flavors have comparable
emission rates (within a factor ∼ 2) in the so-called cooling phase (t >∼ 0.5 s). In the
preceding phase the relative νe emission rate is higher, and shows a distinct neutronization
peak at 0.04–0.05 s. For later purposes, we observe that the LL simulations predict limited
variations (< 20%) of the average neutrino energy in the time range (t > 2 s) relevant for
shock-wave effects on neutrino flavor transitions.

Figure 2 shows the normalized neutrino spectra ϕ for each flavor, after a flux-weighted
average over time, for both the silicon burning phase (left panel) and after supernova explo-
sion (right panel). For later purposes, in the right panel we have restricted the integration
interval to t > 2 s, i.e., to the interval where shock-wave effects are relevant for flavor tran-
sitions. Note that, in the silicon burning phase, the spectra are equal for all flavors, and are
peaked at relatively low energy (< 2 MeV) [30]. During the supernova explosion, neutrinos
have an order of magnitude higher average energy, and are peaked at different energy for
each flavor [27]. Of course, the detailed features of the reference emission model in Figs. 1
and 2 must be taken with a grain of salt, since the distribution of the total energy in flavor
and time is currently subject to large uncertainties, which may be reduced in more advanced
future simulations [33].
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Phases	
  of	
  neutrino	
  emission	
  
Neutrino Signatures of Dying Massive Stars: From Main Sequence . . . 1623

Fig. 8. Neutrinos BEFORE and AFTER collapse.

2.6. Stage 6: early and late cooling of the proto-neutron star

After core collapse and shock breakout the star enters a stage which
is the essence of modern neutrino astrophysics, because of the detection of
the ⌫ from SN 1987A6.

Roughly speaking, a newly born PNS (Proto Neutron Star) eventually
becomes NS by neutrino cooling slowly on a time scale of ⇠ 100 seconds
while contracting from an initial radius of ⇠ 60 km to ⇠10 km. An enor-
mous gravitational binding energy of the order of a few times 1053 ergs
(cf. Table II) is released in the form of neutrinos of all flavors.

This, however, is not the end. The neutron star continues to cool by
neutrinos emission for thousands, or even millions of years. We observe
this indirectly due to a drop of surface temperature that corresponds to an
energy loss much faster than the thermal emission from the surface of the
neutron star7.

For some EOS (Equation Of State), e.g., kaon condensate [65], some PNS
(depending on mass) might collapse to a black hole after⇠ 100 seconds delay,
and in this case the neutrino flux would abruptly go to zero [66, 67]. This
could be one possible explanation why the search for the neutron star in

6 See http://sn1987a-20th.physics.uci.edu/ for historical perspective review and
excellent talks on a new developments.

7 See http://www.astro.umd.edu/ miller/nstar.html and [64] for a review.
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Figure 1. Luminosities (on the top) and mean energies (on the bottom) in the observer frame for
three progenitors with masses M = 18, 10.8, 8.8 M� (from left to right) as a function of the post-
bounce time [30, 48]. In blue (red, black respectively) are plotted the quantities related to ⌫

µ,⌧

and
⌫̄

µ,⌧

denoted by ⌫
x

(⌫̄
e

, ⌫
e

).

Figure 1 shows the luminosities (on the top) and the mean energies (on the bottom) in
the observer frame for the three adopted progenitor models as a function of the post-bounce
time as in [30, 48]. Note that the luminosities of the di↵erent flavors are almost equal during
the accretion phase, while L⌫

e

� L⌫̄
e

, L⌫
µ,⌧

during the cooling phase. While, the mean
energies are hE⌫

µ,⌧

i > hE⌫̄
e

i > hE⌫
e

i during the cooling phase.

2.4 Neutrino mixing parameters and quantum kinetic equations

We assume the following neutrino mass squared di↵erences [49]

�m2
atm = 2.35 ⇥ 10�3 eV2 , (2.6)

�m2
sol = 7.58 ⇥ 10�5 eV2 , (2.7)

and we discuss both normal (NH, �m2
atm > 0) and inverted hierarchy (IH, �m2

atm < 0)
scenarios. The mixing angles are [49, 50]

sin2 ✓13 = 0.02 and sin2 ✓12 = 0.3 ; (2.8)

we neglect the third mixing angle ✓23 for reasons that will be clear in a while.
We treat neutrino oscillations in terms of the matrices of neutrino densities for each

neutrino mode with energy E, ⇢E , where diagonal elements are neutrino densities, o↵-diagonal
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Figure 1. Luminosities (on the top) and mean energies (on the bottom) in the observer frame for
three progenitors with masses M = 18, 10.8, 8.8 M� (from left to right) as a function of the post-
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Figure 1 shows the luminosities (on the top) and the mean energies (on the bottom) in
the observer frame for the three adopted progenitor models as a function of the post-bounce
time as in [30, 48]. Note that the luminosities of the di↵erent flavors are almost equal during
the accretion phase, while L⌫
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during the cooling phase. While, the mean
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2.4 Neutrino mixing parameters and quantum kinetic equations

We assume the following neutrino mass squared di↵erences [49]

�m2
atm = 2.35 ⇥ 10�3 eV2 , (2.6)

�m2
sol = 7.58 ⇥ 10�5 eV2 , (2.7)

and we discuss both normal (NH, �m2
atm > 0) and inverted hierarchy (IH, �m2

atm < 0)
scenarios. The mixing angles are [49, 50]

sin2 ✓13 = 0.02 and sin2 ✓12 = 0.3 ; (2.8)

we neglect the third mixing angle ✓23 for reasons that will be clear in a while.
We treat neutrino oscillations in terms of the matrices of neutrino densities for each

neutrino mode with energy E, ⇢E , where diagonal elements are neutrino densities, o↵-diagonal
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accreEon	
  

cooling	
  

neutronizaEon	
  
e� + p ! n+ ⌫e

Odrzywolek	
  &	
  Heger,	
  Acta	
  Phys.	
  Polon.	
  41	
  (2010)	
   Fischer	
  et	
  al.,	
  A&A	
  517	
  (2010)	
  



NUMERICAL	
  SIMULATIONS	
  
Neutrino	
  fluxes	
  



Neutrino-­‐driven	
  explosion	
  in	
  mul--­‐D	
  

• MulE-­‐dimensionality	
  is	
  
crucial	
  
•  ConvecEon,	
  shock	
  
instabiliEes,	
  …	
  

	
  
• Second	
  generaEon	
  2D	
  
(axisymmetric)	
  
simulaEons	
  	
  
•  Ab-­‐iniEo,	
  self-­‐consistent,	
  
spectral	
  neutrino	
  transport	
  
•  t<1	
  only	
  available	
   from	
  M.	
  Liebendörfer’s	
  homepage	
  	
  



– 15 –

Paper Type D Outcome tend(s)

Mueller et al. (2012) ν variable Ed-
dington factor
method

2D Eexp ! 0.2 foe, Erec ! 0.2 foe 0.8

Janka (2013) ν variable Ed-
dington factor ν

method

3D No explosion 0.35

Takiwaki et al.
(2013)

IDSA ν scheme 2,3D Eexp ! 0.1 foe in 3D < 0.4 in 3D

Bruenn et al. (2013) RbR+ approxima-
tion

2D No explosion for 25M! success
for 12,15,20M! . Explosion energy
Eexp ! 0.3 − 0.4 foe

0.5− 0.8

Couch & Ott (2013) neutrino leakage
scheme

3D Core perturbations help shock re-
vival

! 0.3

Couch & O’Connor
(2013)

neutrino leakage
scheme

2,3D 3D explodes less easily than 2D < 0.5

Suwa et al. (2010) IDSA ν scheme 2D Eexp ! 0.1 foe 0.5

Suwa (2013) IDSA ν scheme 2D ∼ 0.1 foe 70

Dolence et al. (2014) MGFLD 2D No explosion ∼ 0.6 s

Couch (2013) neutrino heating
& cooling scheme

1,2,3D 3D explodes less easily than 2D < 1.0

Hanke et al. (2013) neutrino heating
& cooling scheme

2,3D 3D explodes less easily than 2D ! 1.0

Ugliano et al. (2012) 1D Assumes neutrino-mechanism is
successful by scaling to SN 1987A.
Total energy of Eexp ∼ 0.1− 2 foe

> 20

Nordhaus et al.
(2010)

neutrino heating
& cooling scheme

1,2,3D 3D explodes more easily than 2D

Dolence et al. (2013) neutrino heating
& cooling scheme

1,2,3D 3D explodes more easily than 2D

Yamamoto et al.
(2013)

Unrealistically
high Lν

2D Eexp ∼ 0.6 − 1.5 foe $ 1

Nakamura et al.
(2014)

neutrino heating
& cooling scheme

3D, fast rotation Failed for no rotation, Eexp ∼ 0.1−

1 foe for fast rotation
< 1

Table 1: Summary of recent simulations. The upper half of the Table (the first 9 papers) lists
“realistic” simulations, i.e., those that incorporate neutrino transport above light-bulb schemes.
The lower part lists “artificial” simulations, i.e., those that use scaled or parameterized neutrino
heating/cooling schemes. Nomenclature: tend is the final time of the calculation, foe ≡ 1051 erg,
Erec is the energy available from recombination of nucleons and α-particles, and GR stands for
general relativity effects.

CalculaEons	
  with	
  “realisEc”	
  neutrino	
  transport,	
  from	
  Papish,	
  Nordhouse	
  and	
  Soker,	
  	
  arXiv:1402.4362	
  



Towards	
  3D	
  :	
  Standing	
  AccreEon	
  Shock	
  Instability	
  	
  

• DeformaEon,	
  sloshing	
  of	
  
shock	
  front	
  	
  
•  Affects	
  ν	
  emission	
  rate	
  

• Strong	
  in	
  3D	
  with	
  detailed	
  
neutrino	
  transport	
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and Boltzmann equations [44, 45]. We employ state-of-
the-art neutrino interaction rates [24, 45] and relativistic
gravity and redshift corrections [44, 46].
The RbR+ description assumes the neutrino momen-

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]. All simula-
tions used artificial random density perturbations of 0.1%
amplitude on the whole numerical grid to seed the growth
of hydrodynamic instabilities. None of the models had
exploded at the end of the computation runs.
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
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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.

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.
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and Boltzmann equations [44, 45]. We employ state-of-
the-art neutrino interaction rates [24, 45] and relativistic
gravity and redshift corrections [44, 46].
The RbR+ description assumes the neutrino momen-

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]. All simula-
tions used artificial random density perturbations of 0.1%
amplitude on the whole numerical grid to seed the growth
of hydrodynamic instabilities. None of the models had
exploded at the end of the computation runs.
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
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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.

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.



Lepton-­‐number	
  Emission	
  Self-­‐sustained	
  Asymmetry	
  

•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  has	
  (quasi-­‐)dipolar	
  form	
  	
  
•  Possible	
  implicaEons	
  on	
  r-­‐process,	
  oscillaEons	
  

Self-sustained asymmetry of lepton-number emission in supernovae 9

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 di↵erent 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 e↵ects 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
e↵ects—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 di↵erence
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 di↵erence 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 di↵erent 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 e↵ect 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 ⌫e-⌫̄e number-flux di↵erence. 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 di↵erent 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 di↵er-
ence is reached with an electron fraction di↵erence of up to
�Ye ⇠ 0.03–0.06 on some density levels. As time and lep-
ton emission progress, the hemispheric di↵erences tend to de-
crease (bottom right).

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

N(⌫e)�N(⌫̄e)
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FIG. 3: Left panels: Contributions of the different flavors to the observable Earth-modulated signal E2
F

⊕
ν̄e
, corresponding to the

uppermost and lowermost cases of left panel in Fig. 2. The continuous curve represents the total E2
F

⊕
ν̄e

flux, the short-dashed
one corresponds to E

2(1 − P̄2e)F
0
ν̄e
, while the long-dashed one to E

2
P̄2eF

0
ν̄x

(see Eq. 14). Right panels: Contributions to the
power-spectrum G(k) as from Eq. 17. The continuous curve represents the total power-spectrum G(k), the short-dashed one
corresponds to Gν̄e(k), the long-dashed one corresponds to Gν̄x(k), while the dashed-dotted curve is for Gν̄eν̄x (k) (see text for
details).

IV. NEUTRINO DETECTION

In this Section we describe the main aspects and ingredients of our calculations of supernova neutrino event rates.
The oscillated SN neutrino fluxes at the Earth, Fν , must be convolved with the differential cross section σe for electron
or positron production, as well as with the energy resolution function Re of the detector, and the efficiency ε (that
we assume equal to one above the energy threshold), in order to finally get observable event rates [51]:

Ne = Fν ⊗ σe ⊗Re ⊗ ε . (18)

We will now describe the main characteristics of four types of detectors we have used to calculate the signals in the
presence of the Earth matter effects, namely water Cherenkov detectors, scintillation detectors, liquid Argon Time
Projection Chambers, and ice Cherenkov detector Icecube.
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Collective oscillations of supernova neutrinos swap the spectra fνe
(E) and fν̄e

(E) with those of
another flavor in certain energy intervals bounded by sharp spectral splits. This phenomenon is far
more general than previously appreciated: typically one finds one or more swaps and accompanying
splits in the ν and ν̄ channels for both inverted and normal neutrino mass hierarchies. Depending
on an instability condition, swaps develop around spectral crossings (energies where fνe

= fνx
,

fν̄e
= fν̄x

as well as E → ∞ where all fluxes vanish), and the widths of swaps are determined by
the spectra and fluxes. Wash-out by multi-angle decoherence varies across the spectrum and splits
can survive as sharp spectral features.

PACS numbers: 14.60.Pq, 97.60.Bw

Introduction.—The neutrino flux from a core-collapse
supernova (SN) is a powerful probe of particle physics
and astrophysics [1]. SN neutrinos interact not only with
the stellar medium, producing the Mikheyev-Smirnov-
Wolfenstein (MSW) flavor conversion, but also with other
neutrinos and antineutrinos. The latter interactions
modify the flavor evolution in a non-linear fashion and
give rise to collective forms of oscillation [2, 3, 4, 5, 6, 7],
a subject of intense recent investigation [8, 9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27,
28, 29, 30, 31].

The most important observational consequence of the
collective effects is an exchange of the νe (ν̄e) spec-
trum with the νx (ν̄x) spectrum in certain energy inter-
vals. We call such a flavor exchange a “swap”, whereas
“splits” are sharp boundary features at the edges of each
swap interval. Spectral splits may become observable in
the high-statistics neutrino signal from the next galac-
tic SN, leading to valuable clues about the underlying
physics [19, 23, 26].

The well-understood “classic swap” covers the entire
ν̄ spectrum and that of ν above an energy fixed by the
approximate conservation of the νe deleptonization flux
[16, 17, 18]. In this paper we show that spectral swaps
and concomitant splits are more ubiquitous than has
been appreciated in the past. One example is the puz-
zling low-energy split in the ν̄ spectrum that was noted
for the inverted neutrino mass hierarchy [20, 21]. How-
ever, with flavor spectra typical for SN neutrinos one
should expect multiple splits in either hierarchy.

We focus on neutrino-neutrino interactions alone and
study two-flavor oscillations driven by the atmospheric
mass difference and 1–3 mixing. As has been established
before [14], the usual matter effect in the region of collec-
tive oscillations (up to a few 100 km) can be accounted for
by choosing a small (matter suppressed) effective mixing
angle which we take to be θeff = 10−5. MSW conver-

Antineutrinos

IH

Neutrinos

IH

0 10 20 30 40
Energy [MeV]

NH

0 10 20 30 40 50
Energy [MeV]

NH

FIG. 1: SN neutrino spectra before (dashed lines) and after
(solid lines) collective oscillations, but before possible MSW
conversions. The panels are for ν and ν̄, each time for IH and
NH. Red lines e–flavor, blue x–flavor. Shaded regions mark
swap intervals.

sions occur typically at larger distances. Their effects
then factorize and can be included separately [24].

Spectral crossings and spectral swaps.—Consider first
the SN cooling phase where plausible choices are [32]
Fνe

: Fν̄e
: Fνx

= 0.85 : 0.75 : 1.00 for the neutrino
fluxes, Ēνe

= 12, Ēν̄e
= 15 and Ēνx

= Ēν̄x
= 18 MeV

for the average energies, and fν(E) ∝ E3e−4E/Ē for the
spectral shape. Based on the single-angle approximation
for neutrino propagation [11, 14, 20, 28], Fig. 1 shows the
flavor spectra before and after collective oscillations. For
the inverted mass hierarchy (IH) we find a swap for both
ν and ν̄ and thus a total of four splits. For the normal
hierarchy (NH) the swaps extend to infinite E, providing
one split in the ν and ν̄ spectrum each.

Flavor oscillations leave fνe
(E) + fνx

(E) unchanged,
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FIG. 3: Case A. Upper panels: initial (thin continuous
curves) and final g(ω) for the MAA evolution in SZA (dashed
curves) and MZA (thick continuous curves) case for normal
hierarchy (left panel) and inverted hierarchy (right panel).
Lower panels: swap function, i.e. ratio of final with initial
spectra in SZA (dashed curves) and MZA (thick continuous
curves).

From the Figure one realize that while in IH case, this
function is always null, confirming that no azimuthal de-
pendence in the polarization vectors in generated, in NH
P̄ϕ exponentially grows reaching the peak at r >

∼ 95 km
where flavor conversions are triggered by the MAA ef-
fects. The rise of P̄ϕ in SZA (dashed curve) and MZA
(continuous curve) case is rather similar.
We pass now discussing how the MAA induced flavor

conversions affect the SN neutrino fluxes. The gω func-
tion for the case A (Fig. 1 upper panel), presents three
crossing points in the ω variable. According to what ex-
plained in [22] and confirmed by the stability analysis
in [37] in the axial symmetric case, the bimodal insta-
bility is associated to crossings with positive slope in IH
and to crossings with negative slope in NH. Therefore,
one would have expected in this case a single self-induced
spectral swap around ω = 0 in normal hierarchy, and two
spectral swaps in IH around the two crossings at finite
ω. However, as discussed in [22] and observed in many
numerical simulations, a narrowly spaced triple crossing
can superficially act like a single one at ω = 0. There-
fore, one finds a only a broad swap around ω = 0 in IH
and no conversion in NH. If one breaks the axial symme-
try, allowing for MAA effects, from the stability analysis
of [31] and from the numerical simulations of [32] one
expects that the positive crossings would be unstable in
NH and the negative ones in IH. Therefore, due to the
narrowness of the three crossings in the gω, we expect
that MAA instability would produce a swap in NH and
no new effect in IH.

FIG. 4: Case A. MZA and MAA flavor evolution for ν’s (left
panel) and ν̄’s (right panel) in NH (upper panels) and IH
(lower panels). Energy spectra initially for νe (black dashed
curves) and νx (light dashed curves) and after collective os-
cillations for νe (black continuous curves) and νx (light con-
tinuous curves).

Our results are shown in Figure 3. In the upper panels
we show the initial g(ω) (light continuous curves), the
final one for the MAA flavor evolution in the SZA case
(dashed curve) and the final one in the MZA case (thick
continuous curves). In the lower panels we represent the
swap function s(ω) given by the ratio of the final with re-
spect to the initial g(ω) for the SZA case (dashed curves)
and the MZA case (thick continuous curves). Left pan-
els refer to the NH case, while right panels to IH. We
remark that the final spectra in NH and IH are rather
close. As expected, the MAA instability in NH pro-
duces a a split at ω " 0.4 km−1, while in IH the split
induced by the bimodal instability is at ω " 0.5 km−1.
In the SZA case another split would appear in the ν̄ at
ω " −0.5 km−1 in NH, and at ω " −1.5 km−1 in IH. As
noticed in [32], both these ν̄ splits are smeared by MZA
effects. The presence of spectral splits and swaps lead by
the MAA instability in the caseA is consistent with what
presented in [32], where an ordered behavior in the final
ν spectra under MAA effects was found for large flavor
asymmetries (ε >

∼ 1). Moreover, the symmetry between
the effects of the bimodal instability in IH and the MAA
one in NH has been recently pointed out with a simple
toy-model in [42].

Finally, in Figure 4 we show the intial (dashed curves)
and final fluxes (continuous curves) for e (black curves)
and x (light curves) flavors, for neutrinos (left panels)
and antineutrinos (right panels). We consider both MZA
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We argue that the small fraction of neutrinos that undergo direction-changing scattering outside of
the neutrinosphere could have significant influence on neutrino flavor transformation in core-collapse
supernova environments. We show that the standard treatment for collective neutrino flavor trans-
formation is adequate at late times, but could be inadequate in the crucial shock revival/explosion
epoch of core-collapse supernovae, where the potentials that govern neutrino flavor evolution are
a↵ected by the scattered neutrinos. Taking account of this e↵ect, and the way it couples to entropy
and composition, will require a new paradigm in supernova modeling.

PACS numbers: 05.60.Gg,13.15.+g,14.60.Pq,26.30Hj,26.30Jk,26.50+x,97.60.Bw

In this letter we point out a surprising feature of neu-
trino flavor transformation in core-collapse supernovae.
These supernovae have massive star progenitors which
form cores which collapse to nuclear density and pro-
duce proto-neutron stars. The gravitational binding en-
ergy released, eventually some ⇠ 10% of the rest mass
of the neutron star, is emitted as neutrinos of all fla-
vors in a time window of a few seconds. Diverting a
small fraction of this neutrino energy into heating can
drive revival of the stalled core bounce shock [1–7] creat-
ing a supernova explosion and setting the conditions for
the synthesis of heavy elements [4, 6–9]. However, the
way neutrinos interact in this environment depends on
their flavors, necessitating calculations of neutrino flavor
transformation. These calculations show that neutrino
flavor transformation has a rich phenomenology, includ-
ing collective oscillations [10–38], which can a↵ect im-
portant aspects of supernova physics [15, 16, 19–23, 27–
29, 31, 32, 39–43]. For example, neutrino-heated heavy
element r-process nucleosynthesis [44–48] and potentially
supernova energy transport above the core and the ex-
plosion itself [11, 37, 49] could be a↵ected.

All collective neutrino flavor transformation calcula-
tions employ the “Neutrino Bulb” model, where neutrino
emission is sourced from a “neutrinosphere”, taken to be
a hard spherical shell from which neutrinos freely stream.
This seems like a reasonable approximation because well
above the neutrinosphere scattered neutrinos comprise
only a relatively small fraction of the overall neutrino
number density. However, this optically thin “halo” of
scattered neutrinos nonetheless may influence the way
flavor transformation proceeds. This result stems from a
combination of the geometry of supernova neutrino emis-
sion, as depicted in Fig. 1, and the neutrino intersection
angle dependence of neutrino-neutrino coupling.

Neutrinos are emitted in all directions from a neutri-
nosphere of radius R⌫ , but those that arrive at a loca-
tion at radius r, and su↵er only forward scattering, will
be confined to a narrow cone of directions (dashed lines
in Fig. 1) when r � R⌫ . In contrast, a neutrino which
su↵ers one or more direction-changing scattering events
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FIG. 1: Supernova neutrino emission geometry.

could arrive at the same location via a trajectory that
lies well outside this cone.
Following neutrino flavor evolution in the presence of

scattering, in general, requires a solution of the quan-
tum kinetic equations [50–52]. However, the rare na-
ture of the scattering that generates the halo suggests
a separation between the scattering-induced and coher-
ent aspects of neutrino flavor evolution. In the coherent
limit the neutrino-neutrino Hamiltonian, Ĥ⌫⌫ , couples
the flavor histories for neutrinos on intersecting trajec-
tories [33, 44, 50, 53]. As shown in Fig. 1, a neutrino
⌫
i

leaving the neutrinosphere will experience a potential
given by a sum over neutrinos and antineutrinos located
at the same point as neutrino ⌫

i

:

Ĥ⌫⌫ =
p
2G

F

X

a

(1� cos ✓
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)n⌫̄,a | ⌫̄,ai h ⌫̄,a|, (1)

where the flavor state of neutrino ⌫
a

is represented by
| ⌫,ai, and ✓

ia

is the angle of intersection between ⌫
i

and neutrino or antineutrino ⌫
a

/⌫̄
a

. Here n⌫,a is the lo-
cal number density of neutrinos in state a, and the 1 �
cos ✓

ia

factor disfavors small intersection angles, thereby
suppressing the potential contribution of the forward-
scattered-only neutrinos [10, 11]. Direction-altered scat-
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FIG. 5: A comparison of the emission angle averaged results of flavor transformation calculations with the halo neutrinos
included and with halo scattering neglected. Left panel: the calculation including the halo, mass basis (key top right, inset)
neutrino energy distribution functions versus neutrino energy. The dashed curve gives the initial ⌫ energy spectrum. Right
panel: the calculation neglecting halo scattering, mass basis (key top right, inset) neutrino energy distribution functions versus
neutrino energy. The dashed curve gives the initial ⌫ energy spectrum. Both panels show the final state of neutrino flavor
transformation at a radius of r = 12000 km.

FIG. 6: A comparison of the modeled event rate for detected
⌫e captures in a 17 kt liquid Argon detector between calcu-
lations with and without the scattered neutrino halo. The
spectral distortions created by the halo produce a clear swap
signature between 20 � 30 MeV, which constitute ⇠ 15 ad-
ditional ⌫e events in this 20 ms time slice of the supernova
signal.

IV. THEORY

The spectral distortions found in our calculations raise
a question: Do the halo neutrinos, though few in number,
nevertheless alter the qualitative and quantitative char-
acter of collective neutrino oscillations? The answer: At
7ms in our model the halo primarily a↵ects the collec-
tive oscillations of neutrinos propagating at large impact
parameters; but 8ms later the halo neutrinos completely

re-determine the course of neutrino flavor oscillation for
all emission trajectories. This result underscores the ne-
cessity for a self-consistent numerical treatment of this
nonlinear system.

The twisting of one of the swap surfaces through the
trajectory space has several direct consequences. The
first is the shift in the swap energies. When the halo
e↵ect is included in the 7ms post bounce case, a high en-
ergy tail of ⌫3 remains unswapped in the neutrino sector.
Figure 11 shows this feature in the total angle-averaged
energy spectra for electron neutrinos projected into the
three mass states for our simulation with and without the
halo. The total number of neutrinos in each mass state
for both the halo and no-halo cases are nearly identical
(there are small di↵erences on the order of ⇠ 0.1%, owing
to slight increases in the adiabaticity of flavor evolution
when the halo is included). With the halo the number
of neutrinos that remain in mass state 3 at high energy
causes the swap between ⌫3/⌫2 to form at lower energy.
Consequently, this also lowers the swap energy for mass
states ⌫2/⌫1.

This can be understood simply from the equations of
motion. The collective flavor oscillation which creates the
swaps (called the Regular Precession Mode) in this ex-
ample posseses two conserved constants of the motion,
e↵ective lepton numbers for each of the mass-squared
splittings [20]. Because the scattering of neutrinos into
the halo does not change the spectral shape of the entire
ensemble of neutrinos, one might reasonably expect that
the conserved lepton numbers that describe the flavor
evolution of the neutrinos to remain unchanged by the
presence of the halo. Indeed, this is what is found in our
calculations. Following the convention of Reference [20],
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FIG. 4: Initial (dashed, r = 50 km) and final (solid, r = 200 km) νe, ν̄e, νx, ν̄x neutrino fluxes as a function of the neutrino
energy, including the effect of transition magnetic moment for neutrinos (left) and antineutrinos (right), for a normal mass
hierarchy and µB(r) = 10−2(µDB)SM (see Sec.III). See [36] for an animation of the radial evolution of the fluxes.
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FIG. 3: Initial (dashed, r = 50 km) and final (solid, r = 200 km) νe, ν̄e, νx, ν̄x neutrino fluxes as a function of the neutrino
energy for θ = 0 and µB(r) = 10−2(µDB)SM (see Sec.III), for a normal (left) and inverted (right) neutrino mass hierarchy.
See [36] for an animation of the radial evolution of the fluxes.

We draw attention to the fact that µB(r) = 10−2(µDB)SM is larger (by a couple of orders of magnitude) than
the “baseline” standard model expectation for massive Majorana neutrinos discussed in Sec. III. Numerically, we find
that µB(r) = 10−4(µDB)SM does not lead, given the initial fluxes considered here, to a significant effect. We return
to this issue in the next section.
Naively, one could anticipate that when both θ and µB are nonzero, the combined collective oscillation effects

would “add up,” and the final flux could be obtained by starting with the standard case (µB = 0) and applying the
logic mentioned earlier in order to estimate the effect of the nonzero µB. Our results for sin2 θ = 10−4, µB(r) =
10−2(µDB)SM are depicted, for a normal and inverted neutrino mass hierarchy, in Figs. 4, 5. The figures reveal more
structure in the final neutrino fluxes than naively anticipated. There are effects for both the normal and inverted mass
hierarchies, and all flavor neutrinos and antineutrinos are affected. As we mentioned earlier, in the absence of the
transition magnetic moment, the lepton number is conserved at each and every energy. Once the transition magnetic
moment is “turned on,” lepton number is violated at individual energies. Total lepton number (integrated over all
neutrino energies), however, is conserved.
Different initial fluxes lead to quantitatively different results. We consider initial fluxes, depicted in Figure 6(left)

(see [16]) where the ratios Lνe : Lνx and Lν̄e : Lνx are significantly higher than the ones in computed in [24], and

don’t know of any astrophysical observations that can provide any clue regarding these quan-
tities. However, we assume a reasonable profile for the magnetic field near the supernova
core and, since only the transverse component of the magnetic field has any effect on the
evolution of the supernova neutrino spectra, we assume it to be perpendicular to the line of
sight of the supernova with respect to the Earth.

The magnitude of the transition magnetic moments predicted in the Standard Model
with massive Majorana neutrinos is around four orders of magnitude less than the would-
be diagonal Dirac neutrino magnetic moments (µD ∼ 3 × 10−20µB for mν ∼ 0.1 eV), and
calculable, as first discussed in [37], in terms of neutrino/charged-lepton masses and the
parameters of the leptonic mixing matrix, including the Majorana phases. In more detail,
given the values of the oscillation parameters listed in the previous section and using Eqs. (83)
and (84) from [38], one can quickly compute the “Standard Model” expected ranges for
the magnitude of the neutrino transition magnetic moments. For me,mµ # mτ and fixed
m1 = m2 = m3 = 0.1 eV, the transition magnetic moment components in the mass basis are,
depending on the values of the Dirac and the Majorana phases,

|µij | =





0 [0, 3.1] [0, 3.3]
[0, 3.1] 0 [0, 7.2]
[0, 3.3] [0, 7.2] 0



× 10−24
µB . (3.5)

We recall that the transition magnetic moment matrix for Majorana neutrinos is antisym-
metric (see Eq. (2.3)), so the range of lower triangular components is uniquely determined by
the range of upper triangular components. Furthermore, the various components of µij are
strongly correlated. The value of the transition moments in the flavor basis, µαβ, αβ = e, µ, τ

(see Eq. (2.3)), are related to µij: µαβ = U∗
αi

U∗
βjµij.

It should be noted that, unlike previous studies of transition magnetic moments in the
context of supernova explosions, for example in the context of explaining pulsar kicks [39, 40],
we use values of magnetic fields and transition magnetic moments that are several orders of
magnitude lower. Following the convention in [20], we write the product of the transition
magnetic moment and magnetic field in multiples of the product of the diagonal magnetic
moment of a would-be Dirac neutrino and the magnetic field, denoted by (µDB)std, assuming
a magnetic field that is inversely proportional to the square of the distance to the center of
the explosion,

B(r) = 1012
(

50 km

r

)2

gauss. (3.6)

Throughout the paper we assume the magnetic field profile described by Eq. (3.6). The value
of transition magnetic moment times magnetic field used in our simulations is of the same
order of magnitude as predicted in the Standard Model for a neutrino mass of order 0.1 eV,
µB = 10−4(µDB)std.

4 Results

For simplicity, we will consider the effects of “turning on” one element of µ at a time,
i.e., only one of µeµ, µeτ , and µµτ is assumed to dominate the relevant phenomena at a
given time. Hence we are ignoring the correlations between components of the transition
magnetic moments that are, in the absence of new physics beyond Majorana neutrino masses,
dependent on the neutrino masses and lepton mixing matrix, including Majorana phases.
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Figure 4. (a) Number flux of SRNs compared with other background neutrinos. (b)
Event rate of SRNs and invisible muon decay products. In both panels, LL is adopted
as the original neutrino spectrum. These figures are taken from [12].

who calculated the atmospheric neutrino flux (see [71]–[73] for recent one-dimensional

results). We use in this paper the flux calculated by Gaisser et al [66, 67]. More recently,
results of three-dimensional flux calculations have been reported by several groups (see

[74, 75] and references therein). These calculations show slight increase of the flux at

low-energy regions, although the flux below 100 MeV is not given. Therefore, it should

be noted that there is possibility that the flux of atmospheric neutrinos in the relevant

energy regime is higher than that adopted in this paper by about 20–30%.

Solar neutrino flux is dominant at energy range below 19 MeV. We use the flux
predicted by the standard solar model (SSM) in figure 4 [76]. Since the solar neutrinos

are not ν̄e but νe, the cross section for them is about two orders of magnitude smaller

than that for ν̄e. Furthermore recoil electrons scattered by solar neutrinos strongly

concentrate to the opposite direction of the Sun, in contrast to the isotropic distribution

of ν̄e events. Therefore, the solar neutrinos are an avoidable background, not as critical

as other events. At the same energy range corresponding to Eν ! 19 MeV, there is
another serious background that becomes an obstacle also for solar neutrino detection,

i.e., spallation products induced by cosmic ray muons. The event rate of the spallation

background is several hundred per day per 22.5 kton, and it is extremely difficult to

reject all of these events. Therefore the solar neutrino range (Eν ! 19 MeV), cannot be

used as an energy window.

The third background which we must consider is anti-neutrinos from nuclear
reactors. In each nuclear reactor, almost all the power comes from the fissions of the

four isotopes, 235U (∼ 75%), 238U (∼ 7%), 239Pu (∼ 15%) and 241Pu (∼ 3%) [77].
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the time dependence. We also assume spherically sym-
metric emission, but no longer enforce local axial sym-
metry of the solution. We still assume that variations in
the transverse direction are small so that % depends only
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terms receive a factor v�1, and the ⌫–⌫ part is

H
⌫⌫

=
p
2G

F

Z
d�0 F0 1� vv

0 � �·�0
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0 , (3)

where
R
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R
+1
�1 dE

0 R 1

0

du

0 R 2⇡

0

d'

0. In addition, we

find �·�0 =
p
uu

0 (R2

/r

2) cos(' � '

0). Enforcing axial
symmetry would remove the �·�0 term, and this is what
was done in the previous literature.

Two flavors.—Henceforth we consider only two flavors
e and x = µ or ⌧ and describe energy modes by ! =
�m

2

/2E. We write the 2⇥2 flux matrices in the form

F =
TrF

2
+

F

R

e

� F

R

x

2

✓
s S

S

⇤ �s

◆
, (4)

where F

R

e,x

(!, u,') are the flavor fluxes at the inner
boundary radius R. All other quantities depend on r,
!, u and '. The flux summed over all flavors, TrF, is
conserved and can be ignored in commutators. The ⌫

e

survival probability, 1

2

(1 + s), is given in terms of what
we call the swap factor �1  s  1. The o↵ diagonal
element S is complex and s

2 + |S|2 = 1.

We introduce the dimensionless spectrum g(!, u,'),
representing F

R

e

� F

R

x

. It is negative for antineutri-
nos where ! < 0, and normalized to the ⌫̄ flux, i.e.,R
0

�1 d!

R
1

0

du

R
2⇡

0

d' g(!, u,') = �1. The ⌫–⌫̄ asymme-

try is ✏ =
R
d� g where

R
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R
+1
�1 d!

R
1

0

du

R
2⇡

0

d'.

Refractive e↵ects are provided by the r-dependent pa-

rameters [17]

� =
p
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F

[n
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ē

(r)]
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2r2
,

µ =

p
2G

F

[F
⌫̄

e

(R)� F

⌫̄
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(R)]

4⇡r2
R

2

2r2
. (5)

In analogy to g, we normalize the e↵ective ⌫–⌫ interaction
energy µ to the ⌫̄

e

–⌫̄
x

flux di↵erence at R. The factor
R

2

/2r2 highlights that only the multi-angle impact of
refraction is relevant [17].
So finally the stability analysis uses the spectrum

g(!, u,'), the e↵ective ⌫–⌫ interaction energy µ / r

�4,
and the total matter e↵ect parameterized by �̄ = �+ ✏µ.
For �m

2

> 0, our equations correspond to IH, whereas
NH can be implemented with �m

2 ! ��m

2 or equiva-
lently via ! ! �! in the vacuum term of H.
Linearized stability analysis.—At high density, neutri-

nos are produced in flavor eigenstates and propagate as
such until the initially small o↵ diagonal elements of F
grow large. This can happen by an MSW resonance,
which in SNe typically occurs at much larger distances
than self-induced conversions. In the latter case, which
we study here, the sudden growth is caused by an expo-
nential run-away solution. We assume that no such insta-
bility occurs out to r � R, so we use the large-distance
approximation where the transverse neutrino velocity is
small. To linear order in S, we have s = 1 and find

i@

r

S = (! + u�̄)S (6)

� µ
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h
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0 � 2
p
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0 cos('� '

0)
i
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0
S

0
.

We write solutions as S(r,!, u,') = Q

⌦

(!, u,') e�i⌦r

with complex eigenfrequency ⌦ = � + i and eigenvector
Q

⌦

(!, u,'), which satisfy the eigenvalue equation

(! + u�̄� ⌦)Q
⌦

=

µ

Z
d�0

h
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0 � 2
p
uu
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i
g

0
Q
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⌦

. (7)

The rhs has the form a+ bu+
p
u (c cos'+ d sin') with

complex numbers a, b, c and d, so the eigenvectors are

Q

⌦

=
a+ bu+

p
u(c cos'+ d sin')

! + u�̄� ⌦
. (8)

After inserting Eq. (8) into (7), self-consistency requires
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where
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FIG. 4.— As for Figure 2 but assuming a piecewise linear SFH model. (a) Assumes SalA IMF. (b) Assumes BG IMF. As before, solid lines assume a νe

temperature of T = 4MeV or T = 6MeV, and dotted T = 8MeV.

FIG. 5.— Evolution of stellar mass density buildup inferred from the SFH. (a) Assumes SalA IMF (with R = 0.40). (b) Assumes BG IMF (with R = 0.56). The
grey shaded and hatched regions come from the 1 σ and 3 σ confidence regions around the SFH T = 4MeV fits respectively. The details of scaling the data points
to our assumed IMFs are given in the text. The open circle is the local stellar density from Cole et al. (2001); the filled circle and filled squares represent the SDSS
and FIRES data, respectively, from Rudnick et al. (2003), scaled such that the SDSS measurement is consistent with that from Cole et al. (2001); the open stars are
from Brinchmann & Ellis (2000); and the open squares are from Dickinson et al. (2003).

FIG. 6.— Evolution of metal mass density buildup inferred from the SFH. (a) Assumes SalA IMF. (b) Assumes BG IMF. The grey shaded and hatched regions
come from the 1 σ and 3 σ confidence regions around the SFH T = 4MeV fits respectively. The triangles at z = 0 are from Calura & Matteucci (2004), and the
open circles at z = 0 and z ≈ 2.5 are from Dunne et al. (2003).
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FIG. 34 ⌫e CC events in liquid argon above a certain neutrino energy Eth, as a function of Eth for the two extreme values of p.
The solid, long dashed and short dashed curves are from the Lawrence Livermore (LL), Arizona (TBP) and Garching (KRJ)
models (see Table I). All other parameters are as in fig. 33.
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FIG. 35 From Keehn and Lunardini (2010): events in LAr from black hole-forming collapses (solid thick), from neutron star-
forming collapses (dashed) and the total of the two (thin line) for the best case scenario in fig. 19 (largest failed supernova
flux, with S EoS, p = 0.32 and fNS = 0.78). Events are plotted in bins of neutrino energy.
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FIG. 29 From Lunardini (2009): events in water from direct black hole-forming collapses (solid thick), from neutron star-
forming collapses (dashed) and the total of the two (thin line) for the best case scenario in fig. 18 (largest failed supernova
flux, with the S EoS, p̄ = 0.68 and fNS = 0.78). A 2 Mt·yr exposure is used; Ee is the positron energy. The inset gives the
number of events above selected thresholds.

FIG. 30 DUSEL conceptual design: placement of 3 100 kt water Cherenkov chambers at 4850 ft (Diwan et al., 2006) (Courtesy
of D. Plate, LBNL).
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