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Neutrino in SNe

νe + n → p + e-   

WFO
T≈0.9MeV

T≈0.75MeV

T≈0.25MeV
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nucleosynthesis

2n + 2p → α   

4He(αn,γ)9Be   
4He(αα,γ)12C   

…

seed nuclei

n’s + seed → heavy elements
r-process

neutron
star

heating
region

νe + p ⇌ n + e+   
_νe + n ⇌ p + e-   

cooling
region

• ~1053 ergs, 1058 
neutrinos in ~10 
seconds

• All neutrino species, 
10~30 MeV

• Dominate energetics  

• Influence 
nucleosynthesis

• Probe into SNe



Oscillations in Dense Media
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Oscillations in Dense Media



7D Problem

Coherent forward 
scattering outside neutrino 
sphere

⇢(t; r,⇥,�;E,#,')



Bulb Model

Azimuthal symmetry around 
any radial direction

⇢(r;E,#)



Bulb Model

cos#0 = 1
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single-angle

HD, Fuller, Carlson, Qian (2006)

combination of mu and tau flavor neutrinos assuming these
species are maximally mixed in vacuum and in the super-
nova medium [16]. In our example numerical calculations
we have taken the initial neutrino and antineutrino energy
spectra to be of Fermi-Dirac form, with degeneracy pa-
rameter !" ! 3 and average energies hE"ei ! 11 MeV,
hE !"ei ! 16 MeV, and hE"#; !"#i ! 25 MeV and we take

the energy luminosity for each neutrino species to be L" !
1051 erg s"1.

Though neutrinos and antineutrinos are emitted from the
neutrino sphere (radius r ! 11 km) in a thermal, incoher-
ent manner, our simulations show that large-scale coherent
and collective flavor transformation develops with increas-
ing radius r. This behavior is driven in part by progressive
forward scattering-induced coupling of flavor evolution on
intersecting neutrino and antineutrino world lines. Very far
from the neutron star surface, where neutrino densities are
low, B and Be# are negligible, and ordinary Mikheyev-
Smirnov-Wolfenstein (MSW) [17 – 19 ] flavor evolution or
vacuum oscillations obtain. However, at smaller r, B and
Be# can dominate and flavor evolution can be very different
from MSW. For the normal mass hierarchy, our simulations
show that the more tangentially propagating neutrinos and
antineutrinos, which experience the largest B and Be#
potentials because of the intersection angle dependence
in the weak current [2,3 ], are the first to experience sig-

 

50 100 150 2000

0.2

0.4

0.6

0.8

1

(a)

P
eν ν

e

r (km)
50 100 150 2000

0.2

0.4

0.6

0.8

1

(b)

P ν̄
ν e¯
e

r (km)

50 100 150 2000

0.2

0.4

0.6

0.8

1

(c)

P
ν

ν e
e

r (km)
50 100 150 2000

0.2

0.4

0.6

0.8

1

(d)

P ν̄
ν e¯

e

r (km)

FIG. 2 (color online). Plots of energy-averaged survival probabilities hP""i for "e (left panels) and !"e (right panels) as functions of
radius r for the normal (upper panels) and inverted (lower panels) neutrino mass hierarchies, respectively. The solid and dashed lines
give average survival probabilities along the trajectories with cos#0 ! 1 and cos#0 ! 0, respectively, as computed in the multiangle
simulations. The dotted lines give the average survival probabilities computed in the single-angle simulations.

 Star
Neutron

Q

ν

ϑ0

ϑ0

ν

FIG. 1. Flavor evolution of neutrino " on a trajectory desig-
nated by angle #0, relative to the neutron star surface normal, is
coupled with the flavor development of all neutrinos "0 on
intersecting trajectories.

PRL 97, 241101 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
15 DECEMBER 2006

241101-2

�m2 < 0
<latexit sha1_base64="5lA/WGGt3gRNeW8+UHUT5ej5HW0=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjJT+wIXRTcuK9gHtGPJpJk2NPMwyahl6He4EhTErR/jyr8x01ZQ0QMXDufcy733uBFnUiH0YWSWlldW17LruY3Nre2d/O5eS4axILRJQh6Kjosl5SygTcUUp51IUOy7nLbd8Xnqt2+pkCwMrtQkoo6PhwHzGMFKS05vQLnC0L+24Snq5wvIROVSrYggMkvIqtRqmiBUrhZtaGmSogAWaPTz771BSGKfBopwLGXXQpFyEiwUI5xOc71Y0giTMR7SrqYB9ql0kvvZ1VN4pKUB9EKhK1Bwpn4fSbAv5cR3daeP1Uj+9lLxL68bK6/qJCyIYkUDMl/kxRyqEKYRwAETlCg+0QQTwfSxkIywwETpoHI6ha9X4f+kZZtW0bQvTwr1s0UeWXAADsExsEAF1MEFaIAmIOAGPIAn8GzcGY/Gi/E6b80Yi5l98APG2ydlKpHW</latexit>



Bulb Model

HD, Fuller, Carlson, Qian (2006)

nificant flavor transformation for a broad range of energies.
This sets in, e.g., at r ! 80 km if the entropy-per-baryon in
the hot bubble is S " 140 in units of Boltzmann’s constant
kB. This simultaneous conversion of !" and !!" quickly
spreads to all neutrino and antineutrino trajectories, lead-
ing to coherent, collective flavor oscillations of the entire
neutrino and antineutrino field. For the inverted mass
hierarchy, the opposite is true: radially propagating neu-
trinos and antineutrinos transform first.

These features of flavor development can be seen in
Fig. 2. The survival probability at location t along a given
neutrino’s world line is, e.g., for a neutrino which is
initially electron flavor, P!e!e#t; #0; E!$ " jaee#t$j2. In
Fig. 2 we show the energy-spectrum-averaged survival
probabilities hP!!i for !e and !!e as functions of r for
both the normal and the inverted neutrino mass hierarchy
cases. Here the energy averages are over the initial energy
spectra for each flavor. It is clear that flavor evolution along
different trajectories can be different, yet it is also evident

that neutrinos and antineutrinos can undergo simultaneous,
significant medium-enhanced flavor conversion. Our simu-
lations show that this conversion can take place over broad
ranges of neutrino and antineutrino energy. We have also
performed simulations using the single-angle approxima-
tion widely adopted in the literature. These give results
qualitatively similar to our multiangle calculations, as
shown in Fig. 2. The collective neutrino flavor transforma-
tion observed in our simulations is not the ‘‘synchronized’’
mode described in Ref. [7 ]. In the normal mass hierarchy
case, neutrinos or antineutrinos in the synchronized mode
undergo one-time transformation in the same way as does a
neutrino with energy psync [7 ]. There would be little syn-
chronized flavor transformation in the inverted neutrino
mass hierarchy.

The collective neutrino flavor transformation evident in
Fig. 2 is likely of the ‘‘bipolar’’ type as described in
Ref. [20]. In this mode, neutrinos and antineutrinos expe-
rience in-phase, collective, semiperiodic flavor oscilla-
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FIG. 3 (color online). Plots of survival probabilities P!! for neutrinos (left panels) and antineutrinos (right panels) as functions of
both neutrino energy E! and emission angle #0 at radius r " 225 km. The upper panels employ a normal neutrino mass hierarchy, and
the lower panels employ an inverted neutrino mass hierarchy.
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kB. This simultaneous conversion of !" and !!" quickly
spreads to all neutrino and antineutrino trajectories, lead-
ing to coherent, collective flavor oscillations of the entire
neutrino and antineutrino field. For the inverted mass
hierarchy, the opposite is true: radially propagating neu-
trinos and antineutrinos transform first.

These features of flavor development can be seen in
Fig. 2. The survival probability at location t along a given
neutrino’s world line is, e.g., for a neutrino which is
initially electron flavor, P!e!e#t; #0; E!$ " jaee#t$j2. In
Fig. 2 we show the energy-spectrum-averaged survival
probabilities hP!!i for !e and !!e as functions of r for
both the normal and the inverted neutrino mass hierarchy
cases. Here the energy averages are over the initial energy
spectra for each flavor. It is clear that flavor evolution along
different trajectories can be different, yet it is also evident

that neutrinos and antineutrinos can undergo simultaneous,
significant medium-enhanced flavor conversion. Our simu-
lations show that this conversion can take place over broad
ranges of neutrino and antineutrino energy. We have also
performed simulations using the single-angle approxima-
tion widely adopted in the literature. These give results
qualitatively similar to our multiangle calculations, as
shown in Fig. 2. The collective neutrino flavor transforma-
tion observed in our simulations is not the ‘‘synchronized’’
mode described in Ref. [7 ]. In the normal mass hierarchy
case, neutrinos or antineutrinos in the synchronized mode
undergo one-time transformation in the same way as does a
neutrino with energy psync [7 ]. There would be little syn-
chronized flavor transformation in the inverted neutrino
mass hierarchy.

The collective neutrino flavor transformation evident in
Fig. 2 is likely of the ‘‘bipolar’’ type as described in
Ref. [20]. In this mode, neutrinos and antineutrinos expe-
rience in-phase, collective, semiperiodic flavor oscilla-
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FIG. 3 (color online). Plots of survival probabilities P!! for neutrinos (left panels) and antineutrinos (right panels) as functions of
both neutrino energy E! and emission angle #0 at radius r " 225 km. The upper panels employ a normal neutrino mass hierarchy, and
the lower panels employ an inverted neutrino mass hierarchy.
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Fast Oscillations

• “Slow” oscillations occur on the distance scale 
of 1 km (~10 MeV / δmatm2). 

• “Fast” oscillations can occur on the distance 
scale of 1 cm (~GF nν), independent of the 
neutrino energies (Sawyer, 2016). 

• Requires crossed electron lepton number 
(ELN) distribution (Dasgupta et al, 2016).



ELN Crossing
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FIG. 2. The neutrino angular distributions f⌫e(✓⌫) and f⌫̄e(✓⌫) (left) and the ELN distribution G(✓⌫) (middle) solved in two
angular resolutions, N✓⌫ = 6 and 36, respectively, and the corresponding exponential growth rates ⌦i as functions of the real
wave number K of the fast neutrino oscillation modes propagating in the radial direction. The results are for the spatial zone
centered at r = 65.6 km and cos ⇥ = 0.96 in the 2D model shown in Fig. 1.
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FIG. 3. The Mollweide projection of the ⌫̄e-to-⌫e density ratio ↵ at r = 65.6 km (left) and the electron fractions Ye at r = 65.6
km and 30.5 km (middle and right), respectively, in the tpb = 200 ms snapshot of the 3D supernova model. The white crosses
in the left panel mark the spatial zones where ELN crossings occur.

We calculate the exponential growth rates ⌦i of the
unstable fast oscillation modes as functions of the real
wave number K for the (interpolated) ELN distributions
plotted in Fig. 2, and the results are shown in the right
panel in the same figure. We assume the axial symme-
try about the radial direction in calculating ⌦i. We also
assume that the wave vector of the collective flavor os-
cillation wave is along the radial direction. In this par-
ticular example, Sv can grow by an e-fold within ⇠ 1
nanosecond which is indeed much faster than the typi-
cal changing rates of the physical conditions inside the
supernova.

We also find ELN crossings in the 3D model which
seem to be more common than in the 2D model. They
appear in all the three snapshots that we have studied.
In the tpb = 200 ms snapshot, ELN crossings begin to
occur at r = 46 km in the neutrino decoupling region.
We show ↵ in this snapshot at r = 65.6 km in the left
panel of Fig. 3 and mark with crosses the spatial zones
where ELN crossings occur. As in the 2D model, ELN
crossings are more likely to appear in the regions with ↵
close to 1. The asymmetry pattern in the emissions of ⌫e

and ⌫̄e is associated with a similar pattern in Ye which is

present even well below the neutrino sphere (middle and
right panels of Fig. 3). The region with lower Ye and more
neutron-rich matter emits more ⌫̄e’s and absorbs more
⌫e’s through the reactions in Eq. (1). This pattern of Ye

and ↵ is likely caused by the active matter convection
inside the PNS as in the LESA phenomenon, although
the latter manifests a di↵erent asymmetry pattern [40].

Our study highlights the need of more multi-D super-
nova simulations with the neutrino Boltzmann transport
like those performed in Ref. [43]. Our results show that
the neutrino distributions with even a very coarse angu-
lar resolution can be used to identify the ELN crossings
in the neutrino decoupling region, although a better res-
olution in the radial direction is needed to accurately de-
scribe the crossings especially at large radii. Although we
have found fast growing neutrino oscillations in the multi-
D models that we have studied, it remains to be seen if
the conditions for the ELN crossing will be met in the
more self-consistent multi-D supernova simulations with
accurate neutrino transport, and if the amplitudes of the
fast neutrino oscillation modes can continue to grow into
the nonlinear regime and cause significant flavor conver-
sions deep inside the supernova. If fast neutrino flavor

11.2 M⊙, tpb=200ms, 3D ν transport (post-proc.) 

Abbar, HD, Sumiyoshi,  
Takiwaki & Volpe (2018)

Fast oscillation growth rate dominates the collision rate 
(Capozzi et al, 2018)

n⌫̄e

n⌫e
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Figure 2: The perpendicular components P? of the neutrino polarization vectors of u = �0.5 as functions of the position z at various times t (as labeled). The
neutrino gases are confined within a periodic box of size L = 1200 with similar initial perturbations as specified in Eqs. (8) and (9) but with di↵erent magnitudes:
✏0 = 10�6 for the gas with the G3a distribution (left panel) and 10�7 for G4b (right panel).

Figure 3: The polarization vectors (P1 as solid curves and P2 as dotted curves in the top panels, and P3 in the middle panels) of the neutrino gases for the right
going beams and the ELN density hP3i (bottom panels) as functions of position z at various times t (as labeled). The curves are o↵set from each other (by 2 units in
the top and middle panels, 0.03 in the bottom left panel, and 0.1 in the bottom right panel) for clarity. The setups of the calculations are similar to those in Fig. 2
except with a larger box size L = 2400 and a larger initial perturbation (✏0 = 0.1 for both G3a and G4b).

forward direction where G(u) < 0, while in the dip the flavor
conversion occurs across the entire angular distribution.

In Fig. 5 we show the components of P for all neutrino
beams at t = 900. Unlike in the stationary 2D models which
are plagued with small-scale flavor structures [33, 36, 37], a co-
herent flavor oscillation pattern is clearly seen in both neutrino
gases.

5. Discussion and conclusions

In this work we studied the fast flavor oscillation waves in
two 1D neutrino gases with the ELN distributions that are sim-
ilar to what have been found in the neutrino decoupling region
of some supernova models [23]. By solving the EoM numeri-
cally that governs the fast oscillations, we demonstrated that the
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Figure 2: The perpendicular components P? of the neutrino polarization vectors of u = �0.5 as functions of the position z at various times t (as labeled). The
neutrino gases are confined within a periodic box of size L = 1200 with similar initial perturbations as specified in Eqs. (8) and (9) but with di↵erent magnitudes:
✏0 = 10�6 for the gas with the G3a distribution (left panel) and 10�7 for G4b (right panel).

Figure 3: The polarization vectors (P1 as solid curves and P2 as dotted curves in the top panels, and P3 in the middle panels) of the neutrino gases for the right
going beams and the ELN density hP3i (bottom panels) as functions of position z at various times t (as labeled). The curves are o↵set from each other (by 2 units in
the top and middle panels, 0.03 in the bottom left panel, and 0.1 in the bottom right panel) for clarity. The setups of the calculations are similar to those in Fig. 2
except with a larger box size L = 2400 and a larger initial perturbation (✏0 = 0.1 for both G3a and G4b).
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gases.
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Summary
• Flavor oscillation waves can propagate through 

the dense neutrino gases in core-collapse 
supernovae (SNe) and binary neutron mergers. 

• “Fast” oscillations can occur on very short 
distance scales where ELN crossing occurs. 
(Need SN simulation inputs). 

• Redistribution and transportation of ELN can have 
ramifications in SN physics (dynamics, 
nucleosynthesis, signals, … ). 


