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Implementation of PTOLEMY Filter

The implementation of this technique in PTOLEMY to study the tritium endpoint is described
in the following sections. We assume an estimate for the transverse kinetic energy from the
measurement of the cyclotron radiation emission of single electrons in gyromotion developed
by Project 8 [17]. This estimate is derived from the radio-frequency (RF) signal emitted by
the electron during the slow transport of the electron in a region of constant magnetic field
in advance of the filter, assuming low occupancy in the filter for electrons near the tritium
endpoint. Depending on the measured value of the transverse kinetic energy, the voltage levels
in the filter are adjusted in advance of the electron entering the filter so that for a given initial
transverse kinetic energy and a starting voltage level, the electron drifts along a fixed trajectory
through the filter to within the accuracy of the initial RF measurement and precision of the
voltage steps. We assume for the sake of this paper that the duration of the electron transport
through the RF antenna system, which can be adjusted by lowering the E⇥B drift velocity in
that region, is su�ciently long, on order a millisecond, to provide ample time for the voltages
in the filter to settle before the electron enters the filter. At the exit of the filter, the electron
is guided into a calorimeter to complete the precision energy measurement of the total initial
kinetic energy of the electron emitted from the tritium nuclei. The level of precision and
accuracy required from the RF estimate is set by the dynamic range of the calorimeter and is
assumed here to be a few eV. A diagram of the PTOLEMY layout is shown in Figure 1.
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Figure 1: Diagram of the PTOLEMY layout. Electrons originate in the tritium target, drift
through the RF antennas and enter the transverse drift filter. An example electron trajectory
is shown (red) in the lower right corner, computed with COMSOL software [18]. The transverse
drift filter consists of a set of configurable electrodes to setup the electric fields for E ⇥ B
drift and a set of planar geometry current coils (vertical planes) to provide a magnetic field
gradient in the drift region. The filter element is configured to transport electrons near the
tritium endpoint down the central axis of the filter, to within the accuracy of the estimate of
µ in advance of entering the filter. At the exit of the filter, the electron will be guided into a
calorimeter.

The precision energy measurement of electrons from the tritium endpoint is primarily a combi-
nation of two measurements, the reference electrical potential energy di↵erence from the tritium
target to the calorimeter and the calorimetric measurement of the total kinetic energy of the
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Raffelt, and Weiss, 1994; Giunti and Studenikin, 2015), decay
and annihilation into Majoron-like bosons (Schechter and
Valle, 1982; Gelmini and Valle, 1984; Beacom and Bell, 2002;
Beacom et al., 2003; Pakvasa, Joshipura, and Mohanty, 2013;
Pagliaroli et al., 2015; Bustamante, Beacom, and Murase,
2017; Denton and Tamborra, 2018b; Funcke, Raffelt, and
Vitagliano, 2020), for the CNB large primordial asymmetries
and other novel early-Universe phenomena (Pastor, Pinto, and
Raffelt, 2009; Arteaga et al., 2017), or entirely new sources
such as dark-matter decay (Barger et al., 2002; Halzen and
Klein, 2010; Esmaili and Serpico, 2013; Fan and Reece, 2013;

Feldstein et al., 2013; Agashe et al., 2014; Bhattacharya,
Reno, and Sarcevic, 2014; Higaki, Kitano, and Sato, 2014;
Boucenna et al., 2015; Fong et al., 2015; Kopp, Liu, and
Wang, 2015; Murase et al., 2015; Rott, Kohri, and Park, 2015;
Chianese et al., 2016; Cohen et al., 2017; Chianese et al.,
2019) and annihilation in the Sun or Earth (Silk, Olive, and
Srednicki, 1985; Srednicki, Olive, and Silk, 1987; Ritz and
Seckel, 1988; Kamionkowski, 1991; Cirelli et al., 2005). In
this review we do not explore such topics and instead stay
in a minimal framework, which includes normal flavor
conversion.
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FIG. 1. Grand unified neutrino spectrum (GUNS) at Earth, integrated over directions and summed over flavors.
Therefore, flavor conversion between source and detector does not affect this plot. Solid lines are displayed for neutrinos,
dashed or dotted lines are displayed for antineutrinos, and superimposed dashed and solid lines are displayed for sources of both ν
and ν̄. The fluxes from BBN, Earth, and reactors encompass only antineutrinos and the Sun emits only neutrinos, whereas all other
components include both. The CNB is shown for a minimal mass spectrum of m1 ¼ 0, m2 ¼ 8.6, and m3 ¼ 50 meV, producing a
blackbody spectrum plus two monochromatic lines of nonrelativistic neutrinos with energies corresponding to m2 and m3.
See Appendix D for an exact description of the individual curves. Top panel: neutrino flux ϕ as a function of energy. Line
sources are in units of cm−2 s−1. Bottom panel: neutrino energy flux E × ϕ as a function of energy. Line sources are in units of
eV cm−2 s−1.

Vitagliano, Tamborra, and Raffelt: Grand unified neutrino spectrum at Earth …

Rev. Mod. Phys., Vol. 92, No. 4, October–December 2020 045006-3

Vitagliano, Tamborra, & Raffelt, Rev. Mod. Phys. (2020)

Grand unified neutrino
spectrum at Earth
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Two quantum concepts will recur throughout this talk:

(non)adiabaticity  & (de)coherence
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The splitting has a minimum as a function of A pro-
vided that

A=m2 —mi ) 0 (9)
[A & 0 according to (6), and cos28 & 0 by assump-
tion]. The minimum occurs when

A = 5 cos2g. (10)

]i
m

P

Figure 1 shows the two eigenvalues (8) of m„as a
function of A. At low A, i.e., small matter density p,
the electron neutrino has the smaller mass, but when
A reaches the value (10), the two curves would cross if
it were not for the coupling term Asin20. The near-
crossing point (10) is the resonance of MS. At larger
A, beyond the crossing point, the electron neutrino
has larger mass than the p, neutrino.
For these statements to be true, it is essential that

the v, -e interaction has the positive sign, as indicated
in (3) and (4). This sign was given by Wolfenstein in
his first paper, but then unfortunately was reversed in
his second paper, and the incorrect sign was taken
over by MS. ' They therefore claimed that the crossing
of the curves in Fig. 1 (resonance) would occur only if
4 & 0, i.e., v, heavier than v„. I am grateful to Paul
Langacker for pointing out the correct sign to me. The
main features of the theory, however, are independent
of the sign, and it is the great contribution of MS to
have discovered the significance of the curve crossing
(resonance) .
Assume now that an electron neutrino is produced

in the sun at sufficiently high density that

Epz = 1.3 x 10 4m cos28 = A. (12)

There is a critical energy E, = A/p„where p, is the
density at the center of the sun (a definition to be
modified later). All neutrinos of energy E & E, have
to go through the resonance; they will emerge as v„
and hence be undetectable. The less energetic neutri-
nos, E ( E„will not go through the resonance and
will emerge unscathed as v, .
This means that Davis and his collaborators will ob-

serve only the solar neutrinos of energy below E„but
will observe these at full strength. On this assump-
tion, we shall now determine E, from experiment, us-
ing the data from Bahcall et al. Table I of that paper
gives the composition of the solar neutrino units
(SNU) of neutrinos detectable by "Cl as follows: (i)
from B, 4.3 SNU; (ii) from all other nuclear species
(pep, Be, ' N, and ' 0), 1.6+0.2 SNU. All these
other neutrinos have maximum energies of 2.8 MeV
or less, which will be found to lie below E„so that
they will be fully detectable. The B neutrinos have a
continuous spectrum extending to 14.0 Mev.
The number observed by Davis et al. is 2.1+0.3

SNU. Subtracting the expected number from other
species, we get for the "observed" neutrinos from B

)5 cos20. Then its m2 will clearly be given by the +
sign in (8). As the neutrino moves outward, A will
decrease, Eq. (6), and it will finally hit the resonance
(10). At that point, its mass will continue to follow
the upper curve in Fig. 1, and it will therefore emerge
from the sun as a p, neutrino (which cannot be detect-
ed). This is the result obtained by MS.
What happens in the resonance is that, for the upper

curve in Fig. 1, the state vector which was originally
almost in the direction of iv, ) turns slowly to the
direction iv„). Evaluating (6) for Y, = —,

' gives

A = 0.76 x 10 pE (11)
if p is in grams per cubic centimeter, E in megaelec-
tronvolts, and A in electronvolts squared.
So far the MS theory. Now I propose to take this

theory seriously; i.e., we assume that this conversion
of v, into v„ is indeed the cause of the depletion of
observable neutrinos from the sun. For any given
neutrino energy E, the resonance (10) occurs at a de-
finite density pE. From (10),

S( B, obs) =0.5+0.5. (13)
Therefore only a fraction of the B neutrinos are ob-
served, viz. ,

F (8B) (12 + 12)%. (13a)

FIG. 1. The masses of two flavors of neutrinos as a func-
tion of density. The curves nearly cross at one point. The
electron-antineutrino mass v, is also shown.
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According to our theory then, 12% of the neutrinos
emitted by B should be below the critical neutrino en-
ergy E, for the sun. This permits a determination of
E,.

Bethe, Phys. Rev. Lett. (1986)
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identical results. We obtain an upper limit of <8.1 counts per day per 
100 t (95% C.L.) for the CNO neutrino interaction rate, in agreement 
with the Borexino sensitivity to CNO studied with Monte Carlo.

For completeness, we also perform a search for the hep neutrinos, 
emitted by the proton capture reaction of 3He (Fig. 1). The expected 
flux is more than two orders of magnitude smaller than that of 8B neu-
trinos. Despite their higher end-point energy, this signal in Borexino 
is extremely small and covered by background, particularly cosmo-
genic 11Be decays (Q = 11.5 MeV, β−, τ = 19.9 s) and 8B neutrinos. 
We perform a dedicated analysis on the whole dataset (0.8 kt yr) and 
in the energy region 11–20 MeV we find 10 ± 3 events, consistent 
with the expected background. We obtain an upper limit for the hep 
neutrino flux of 2.2 × 105 cm−2 s−1 (90% C.L.) to be compared with 
the expected flux 7.98 × 103 cm−2 s−1 (8.25 × 103 cm−2 s−1) assuming 
the HZ (LZ) SSM.

Discussion and outlook
The measurements reported in this work represent a complete study of 
the solar pp chain and of its different terminations by means of neutrino 
detection in a single detector and with a uniform data analysis proce-
dure. These measurements can be used either to test the MSW-LMA 
paradigm assuming SSM flux predictions or, alternatively, to probe our 
understanding of solar physics assuming the validity of the neutrino 
oscillation mechanism.

The interaction rates of pp, 7Be, pep and 8B neutrinos reported  
in Table 2 can be used to infer the electron neutrino survival  
probability at different energies. Assuming the HZ-SSM fluxes18  
and standard neutrino-electron cross-sections27, we obtain the electron 
neutrino survival probabilities for each solar-neutrino component: 
Pee(pp, 0.267 MeV) = 0.57 ± 0.09, Pee(7Be, 0.862 MeV) = 0.53 ± 0.05, 
and Pee(pep, 1.44 MeV) = 0.43 ± 0.11. The quoted errors include the 
uncertainties on the SSM solar-neutrino flux predictions. The 8B elec-
tron neutrino survival probability is calculated in each HER range 
following the procedure described in ref. 24. We obtain Pee(8BHER, 
8.1 MeV) = 0.37 ± 0.08, Pee(8BHER-I, 7.4 MeV) = 0.39 ± 0.09, and 
Pee(8BHER-II, 9.7 MeV) = 0.35 ± 0.09. These results are summarized 
in Fig. 3. For non-monoenergetic components, that is, pp and 8B neu-
trinos, the Pee value is quoted for the average energy of neutrinos that 
produce scattered electrons in the given energy range.

Borexino provides the most precise measurement of the Pee in the 
LER, where flavour conversion is vacuum-dominated. At higher energy, 

where flavour conversion is dominated by matter effects in the Sun, 
the Borexino results are in agreement with the high-precision meas-
urements performed by SuperKamiokande31 and SNO32. Borexino is 
the only experiment that can simultaneously test neutrino flavour con-
version both in the vacuum and in the matter-dominated regime. We 
performed a likelihood ratio test to compare our data with the MSW-
LMA and the vacuum-LMA predictions (pink and grey bands in Fig. 3, 
respectively). Our data disfavour the vacuum-LMA hypothesis at 98.2% 
C.L. (see Methods). Overall, the results are in excellent agreement with 
the expectations from the MSW-LMA paradigm with the oscillation 
parameters indicated in ref. 19.

Since solar neutrinos are detected on Earth only about 8 min after 
being produced, they provide a real-time picture of the core of the Sun. 
In particular, the neutrino fluxes determined experimentally can be 
used to derive the total power generated by nuclear reactions in the 
Sun’s core33. By using exclusively the new Borexino results reported in 
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Fig. 3 | Electron neutrino survival probability Pee as a function of 
neutrino energy. The pink band is the ±1σ prediction of MSW-LMA 
with oscillation parameters determined from ref. 19. The grey band is the 
vacuum-LMA case with oscillation parameters determined from refs 38,39. 
Data points represent the Borexino results for pp (red), 7Be (blue), pep 
(cyan) and 8B (green for the HER range, and grey for the separate HER-I 
and HER-II sub-ranges), assuming HZ-SSM. 8B and pp data points are set 
at the mean energy of neutrinos that produce scattered electrons above the 
detection threshold. The error bars include experimental and theoretical 
uncertainties.

Table 2 | Borexino experimental solar-neutrino results
Solar neutrino Rate (counts per day per 100 t) Flux (cm−2 s−1) Flux–SSM predictions (cm−2 s−1)

pp ± −
+134 10 10

6 . ± . ×− .
+ .(6 1 0 5 ) 100 5

0 3 10 . . ± . ×5 98(1 0 0 006) 10 (HZ)10  
. . ± . ×6 03(1 0 0 005) 10 (LZ)10

7Be . ± . − .
+ .48 3 1 1 0 7

0 4 . ± . ×− .
+ .(4 99 0 11 ) 100 08

0 06 9 . . ± . ×4 93(1 0 0 06) 10 (HZ)9  
. . ± . ×4 50(1 0 0 06) 10 (LZ)9

pep (HZ) . ± . − .
+ .2 43 0 36 0 22

0 15 . ± . ×− .
+ .(1 27 0 19 ) 100 12

0 08 8 . . ± . ×1 44(1 0 0 01) 10 (HZ)8  
. . ± . ×1 46(1 0 0 009) 10 (LZ)8

pep (LZ) . ± . − .
+ .2 65 0 36 0 24

0 15 . ± . ×− .
+ .(1 39 0 19 ) 100 13

0 08 8 . . ± . ×1 44(1 0 0 01) 10 (HZ)8  
. . ± . ×1 46(1 0 0 009) 10 (LZ)8

8BHER-I . − . − .
+ . + .0 136 0 013 0 003

0 013 0 003 . ×− . − .
+ . + .(5 77 ) 100 56 0 15

0 56 0 15 6 . . ± . ×5 46(1 0 0 12) 10 (HZ)6  
. . ± . ×4 50(1 0 0 12) 10 (LZ)6

8BHER-II . − . − .
+ . + .0 087 0 010 0 005

0 080 0 005 . ×− . − .
+ . + .(5 56 ) 100 64 0 33

0 52 0 33 6 . . ± . ×5 46(1 0 0 12) 10 (HZ)6  
. . ± . ×4 50(1 0 0 12) 10 (LZ)6

8BHER . − . − .
+ . + .0 223 0 016 0 006

0 015 0 006 . ×− . − .
+ . + .(5 68 ) 100 41 0 03

0 39 0 03 6 . . ± . ×5 46(1 0 0 12) 10 (HZ)6  
. . ± . ×4 50(1 0 0 12) 10 (LZ)6

CNO <8.1 (95% C.L.) < . ×7 9 108 (95% C.L.) . . ± . ×4 88(1 0 0 11) 10 (HZ)8  
. . ± . ×3 51(1 0 0 10) 10 (LZ)8

hep <0.002 (90% C.L.) < . ×2 2 105 (90% C.L.) . . ± . ×7 98(1 0 0 30) 10 (HZ)3  
. . ± . ×8 25(1 0 0 12) 10 (LZ)3

Measured neutrino rates (second column): for pp, 7Be, pep and CNO neutrinos we quote the total counts without any threshold; for 8B and hep neutrinos we quote the counts above the corresponding 
analysis threshold. Neutrino "uxes (third column) are obtained from the measured rates assuming the MSW-LMA oscillation parameters19, standard neutrino–electron cross-sections27 and a density of 
electrons in the scintillator of . ± . ×(3 307 0 003) 1031 electrons per 100 t. All "uxes are integral values without any threshold. The result for pep neutrinos depends on whether we assume HZ or LZ SSM 
predictions to constrain the CNO neutrino "ux. The last column shows the "uxes predicted by the SSM for the HZ or LZ hypotheses18.
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© 2018 Springer Nature Limited. All rights reserved.

Borexino Collaboration, Nature (2018)

Survival probabilities of electron neutrinos 

High energies: Adiabatic passage
through an MSW resonance.
Low energies: Kinematic decoherence
en route to Earth.



VOLUME 56, NUMBER 12 PHYSICAL REVIEW LETTERS 24 MARCH 1986

The splitting has a minimum as a function of A pro-
vided that

A=m2 —mi ) 0 (9)
[A & 0 according to (6), and cos28 & 0 by assump-
tion]. The minimum occurs when

A = 5 cos2g. (10)

]i
m

P

Figure 1 shows the two eigenvalues (8) of m„as a
function of A. At low A, i.e., small matter density p,
the electron neutrino has the smaller mass, but when
A reaches the value (10), the two curves would cross if
it were not for the coupling term Asin20. The near-
crossing point (10) is the resonance of MS. At larger
A, beyond the crossing point, the electron neutrino
has larger mass than the p, neutrino.
For these statements to be true, it is essential that

the v, -e interaction has the positive sign, as indicated
in (3) and (4). This sign was given by Wolfenstein in
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continuous spectrum extending to 14.0 Mev.
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sign in (8). As the neutrino moves outward, A will
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identical results. We obtain an upper limit of <8.1 counts per day per 
100 t (95% C.L.) for the CNO neutrino interaction rate, in agreement 
with the Borexino sensitivity to CNO studied with Monte Carlo.

For completeness, we also perform a search for the hep neutrinos, 
emitted by the proton capture reaction of 3He (Fig. 1). The expected 
flux is more than two orders of magnitude smaller than that of 8B neu-
trinos. Despite their higher end-point energy, this signal in Borexino 
is extremely small and covered by background, particularly cosmo-
genic 11Be decays (Q = 11.5 MeV, β−, τ = 19.9 s) and 8B neutrinos. 
We perform a dedicated analysis on the whole dataset (0.8 kt yr) and 
in the energy region 11–20 MeV we find 10 ± 3 events, consistent 
with the expected background. We obtain an upper limit for the hep 
neutrino flux of 2.2 × 105 cm−2 s−1 (90% C.L.) to be compared with 
the expected flux 7.98 × 103 cm−2 s−1 (8.25 × 103 cm−2 s−1) assuming 
the HZ (LZ) SSM.

Discussion and outlook
The measurements reported in this work represent a complete study of 
the solar pp chain and of its different terminations by means of neutrino 
detection in a single detector and with a uniform data analysis proce-
dure. These measurements can be used either to test the MSW-LMA 
paradigm assuming SSM flux predictions or, alternatively, to probe our 
understanding of solar physics assuming the validity of the neutrino 
oscillation mechanism.

The interaction rates of pp, 7Be, pep and 8B neutrinos reported  
in Table 2 can be used to infer the electron neutrino survival  
probability at different energies. Assuming the HZ-SSM fluxes18  
and standard neutrino-electron cross-sections27, we obtain the electron 
neutrino survival probabilities for each solar-neutrino component: 
Pee(pp, 0.267 MeV) = 0.57 ± 0.09, Pee(7Be, 0.862 MeV) = 0.53 ± 0.05, 
and Pee(pep, 1.44 MeV) = 0.43 ± 0.11. The quoted errors include the 
uncertainties on the SSM solar-neutrino flux predictions. The 8B elec-
tron neutrino survival probability is calculated in each HER range 
following the procedure described in ref. 24. We obtain Pee(8BHER, 
8.1 MeV) = 0.37 ± 0.08, Pee(8BHER-I, 7.4 MeV) = 0.39 ± 0.09, and 
Pee(8BHER-II, 9.7 MeV) = 0.35 ± 0.09. These results are summarized 
in Fig. 3. For non-monoenergetic components, that is, pp and 8B neu-
trinos, the Pee value is quoted for the average energy of neutrinos that 
produce scattered electrons in the given energy range.

Borexino provides the most precise measurement of the Pee in the 
LER, where flavour conversion is vacuum-dominated. At higher energy, 

where flavour conversion is dominated by matter effects in the Sun, 
the Borexino results are in agreement with the high-precision meas-
urements performed by SuperKamiokande31 and SNO32. Borexino is 
the only experiment that can simultaneously test neutrino flavour con-
version both in the vacuum and in the matter-dominated regime. We 
performed a likelihood ratio test to compare our data with the MSW-
LMA and the vacuum-LMA predictions (pink and grey bands in Fig. 3, 
respectively). Our data disfavour the vacuum-LMA hypothesis at 98.2% 
C.L. (see Methods). Overall, the results are in excellent agreement with 
the expectations from the MSW-LMA paradigm with the oscillation 
parameters indicated in ref. 19.

Since solar neutrinos are detected on Earth only about 8 min after 
being produced, they provide a real-time picture of the core of the Sun. 
In particular, the neutrino fluxes determined experimentally can be 
used to derive the total power generated by nuclear reactions in the 
Sun’s core33. By using exclusively the new Borexino results reported in 
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Fig. 3 | Electron neutrino survival probability Pee as a function of 
neutrino energy. The pink band is the ±1σ prediction of MSW-LMA 
with oscillation parameters determined from ref. 19. The grey band is the 
vacuum-LMA case with oscillation parameters determined from refs 38,39. 
Data points represent the Borexino results for pp (red), 7Be (blue), pep 
(cyan) and 8B (green for the HER range, and grey for the separate HER-I 
and HER-II sub-ranges), assuming HZ-SSM. 8B and pp data points are set 
at the mean energy of neutrinos that produce scattered electrons above the 
detection threshold. The error bars include experimental and theoretical 
uncertainties.

Table 2 | Borexino experimental solar-neutrino results
Solar neutrino Rate (counts per day per 100 t) Flux (cm−2 s−1) Flux–SSM predictions (cm−2 s−1)

pp ± −
+134 10 10

6 . ± . ×− .
+ .(6 1 0 5 ) 100 5

0 3 10 . . ± . ×5 98(1 0 0 006) 10 (HZ)10  
. . ± . ×6 03(1 0 0 005) 10 (LZ)10

7Be . ± . − .
+ .48 3 1 1 0 7

0 4 . ± . ×− .
+ .(4 99 0 11 ) 100 08

0 06 9 . . ± . ×4 93(1 0 0 06) 10 (HZ)9  
. . ± . ×4 50(1 0 0 06) 10 (LZ)9

pep (HZ) . ± . − .
+ .2 43 0 36 0 22

0 15 . ± . ×− .
+ .(1 27 0 19 ) 100 12

0 08 8 . . ± . ×1 44(1 0 0 01) 10 (HZ)8  
. . ± . ×1 46(1 0 0 009) 10 (LZ)8

pep (LZ) . ± . − .
+ .2 65 0 36 0 24

0 15 . ± . ×− .
+ .(1 39 0 19 ) 100 13

0 08 8 . . ± . ×1 44(1 0 0 01) 10 (HZ)8  
. . ± . ×1 46(1 0 0 009) 10 (LZ)8

8BHER-I . − . − .
+ . + .0 136 0 013 0 003

0 013 0 003 . ×− . − .
+ . + .(5 77 ) 100 56 0 15

0 56 0 15 6 . . ± . ×5 46(1 0 0 12) 10 (HZ)6  
. . ± . ×4 50(1 0 0 12) 10 (LZ)6

8BHER-II . − . − .
+ . + .0 087 0 010 0 005

0 080 0 005 . ×− . − .
+ . + .(5 56 ) 100 64 0 33

0 52 0 33 6 . . ± . ×5 46(1 0 0 12) 10 (HZ)6  
. . ± . ×4 50(1 0 0 12) 10 (LZ)6

8BHER . − . − .
+ . + .0 223 0 016 0 006

0 015 0 006 . ×− . − .
+ . + .(5 68 ) 100 41 0 03

0 39 0 03 6 . . ± . ×5 46(1 0 0 12) 10 (HZ)6  
. . ± . ×4 50(1 0 0 12) 10 (LZ)6

CNO <8.1 (95% C.L.) < . ×7 9 108 (95% C.L.) . . ± . ×4 88(1 0 0 11) 10 (HZ)8  
. . ± . ×3 51(1 0 0 10) 10 (LZ)8

hep <0.002 (90% C.L.) < . ×2 2 105 (90% C.L.) . . ± . ×7 98(1 0 0 30) 10 (HZ)3  
. . ± . ×8 25(1 0 0 12) 10 (LZ)3

Measured neutrino rates (second column): for pp, 7Be, pep and CNO neutrinos we quote the total counts without any threshold; for 8B and hep neutrinos we quote the counts above the corresponding 
analysis threshold. Neutrino "uxes (third column) are obtained from the measured rates assuming the MSW-LMA oscillation parameters19, standard neutrino–electron cross-sections27 and a density of 
electrons in the scintillator of . ± . ×(3 307 0 003) 1031 electrons per 100 t. All "uxes are integral values without any threshold. The result for pep neutrinos depends on whether we assume HZ or LZ SSM 
predictions to constrain the CNO neutrino "ux. The last column shows the "uxes predicted by the SSM for the HZ or LZ hypotheses18.
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Survival probabilities of electron neutrinos 

High energies: Adiabatic passage
through an MSW resonance.
Low energies: Kinematic decoherence
en route to Earth.

The oscillation problem in the
Sun has essentially been solved.



High-energy neutrinos (𝑬𝝂 > GeV)

The astrophysical sources of IceCube
neutrinos are mysterious. Possible
associations include:

v Blazars (e.g., TXS 0506+056)

v The Seyfert II galaxy NGC 1068

v Tidal disruption events



High-energy neutrinos (𝑬𝝂 > GeV)

In most source models,
the medium doesn’t affect

oscillation outcomes.

The astrophysical sources of IceCube
neutrinos are mysterious. Possible
associations include:

v Blazars (e.g., TXS 0506+056)

v The Seyfert II galaxy NGC 1068

v Tidal disruption events



High-energy neutrinos (𝑬𝝂 > GeV)

2

FIG. 1. Flavor content of the three active mass eigenstates.
The regions are given by the best-fit values of the mixing pa-
rameters (light yellow), and their 1� (darker) and 3� (dark-
est) uncertainty regions [62], assuming a normal mass hierar-
chy (NH). The tilt of the tick marks indicates the orientation
with which to read the flavor content.

and detected with energy resolution & 10% (and binned
more coarsely). In this case, the neutrinos are, at least
e↵ectively, an incoherent mixture of mass eigenstates.
Even for the solar �m2

� ⇡ 8 · 10�5 eV2 and PeV ener-
gies, the vacuum oscillation length is only ⇠ 10�13 Gpc,
much smaller than the complete baseline. (Depending
on the physics in the production region, there can be
also wave packet decoherence in the source [58–60].) As
a consequence, the flavor composition at Earth [58] is
f�,� =

P
i,↵ |U�i|2 |U↵i|2 f↵,S, with U the PMNS matrix

[61], implying
P

� f�,� = 1. For a pion beam, the flavor
composition evolves roughly into flavor equipartition at
the detector, ( 13 : 1

3 : 1
3 )�.

New physics in neutrino propagation might modify the
flavor composition. We categorize classes of new-physics
models below.

Flavor content of the mass eigenstates.—
Figure 1 shows the flavor content |U↵i|2 of the mass

eigenstates, which is the fundamental input that deter-
mines flavor ratios at Earth without or with new physics.
It also illustrates the underlying three-flavor unitarity of
our analysis, i.e., |U↵1|2 + |U↵2|2 + |U↵3|2 = 1, which
allows the flavor content to be displayed in a ternary
plot [63]. This is appropriate because the mixing angles
to sterile neutrinos must be quite small [64, 65].

The long axis of each region is set by the uncertainty in
✓23 and �CP, while the short axis is set by the uncertainty
in ✓12. The e↵ect of the uncertainty in ✓13 is tiny. Even if
✓23 were to be precisely determined soon, it is less likely
that �CP will be, and the uncertainty in the latter will

FIG. 2. Allowed flavor ratios at Earth with no new physics.
The flavor ratios at the source are arbitrary (gray) or contain
no tau flavor (red). The IceCube results are from Ref. [37].

still span a large range in |U⌧1|2 and |U⌧2|2.
Standard flavor mixing.— Figure 2 shows the al-

lowed region for the flavor composition at Earth assum-
ing arbitrary flavor composition at the source and stan-
dard neutrino mixing (including parameter uncertain-
ties). The region is quite small: even at 3� it covers
only about 10% of the available space. There is little
di↵erence between f⌧,S = 0 and f⌧,S 6= 0.
There is a theoretical symmetry along the line (fe,� :

(1� fe,�)/2 : (1� fe,�)/2) coming from nearly-maximal
mixing. On the other hand, the experimental degener-
acy pulls towards (fe,� : fµ,� : 1 � fµ,� � fe,�), with
fe,�  1 � fµ,�, on account of the di�culty of distin-
guishing between electromagnetic and hadronic cascades.
Thus, theory and experiment are complementary, which
enhances the discriminating power of flavor ratios.
The region shown includes the possibility of energy-

dependent flavor composition at the source; see the Sup-
plemental Material for an example. It also includes the
possibility that the di↵use flux has contributions from
sources with di↵erent flavor compositions, because of the
linear mapping between those at the source and those at
Earth.
Whereas the first IceCube flavor ratio analysis [35]

used only three years of contained-vertex events, the up-
dated analysis [37], whose exclusion curves are shown in
Fig. 2, combines several di↵erent data sets collected over
four years, including through-going muons. The exclu-
sion curves of both analyses are compatible.
Figure 3 shows that if the flavor composition at the

source could be restricted from astrophysical arguments,
the allowed regions at Earth could become tiny (and will

Bustamante, Beacom, Winter, PRL (2015)

Allowed flavor ratios at Earth

Due to kinematic decoherence,
flavor ratios at Earth are
concentrated around !

"
: !
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: !
"
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The core-collapse of massive stars and merger of neutron star binaries are among the most promis-
ing candidate sites for the production of high-energy cosmic neutrinos. We demonstrate that the
high-energy neutrinos produced in such extreme environments can experience e�cient flavor con-
versions on scales much shorter than those expected in vacuum, due to their coherent forward
scatterings with the bath of decohered low-energy neutrinos emitted from the central engine. These
low-energy neutrinos, which exist as mass eigenstates, provide a very special and peculiar dominant
background for the propagation of the high-energy ones. We point out that the high-energy neu-
trino flavor ratio is modified to a value independent of neutrinos energies, which is distinct from the
conventional prediction with the matter e↵ect. We also suggest that the signals can be used as a
novel probe of new neutrino interactions beyond the Standard Model. This is yet another context
where neutrino-neutrino interactions can play a crucial role in their flavor evolution.

Introduction.— Core-collapse supernovae (CCSNe)
and neutron star mergers (NSMs) commonly lead to a
burst of thermal neutrinos in the MeV range, with the ac-
tive literature on the physics of their oscillations. These
are considered as the central engine of not only super-
novae but also gamma-ray bursts (GRBs), and other en-
ergetic or transrelativistic supernovae driven by outflows
such as jets and winds (i.e., engine-driven supernovae). It
has been suggested that GeV-TeV neutrinos can be pro-
duced in such environments if neutron-loaded outflows
are launched from a black hole with an accretion disk
and/or a newborn magnetar [1–5]. Even TeV-PeV neu-
trinos can be generated inside the outflows through shock
acceleration or magnetic reconnections [6–10].

The IceCube discovery of high-energy neutrinos
(HE⌫’s) has opened a new avenue to investigate the
physics of neutrino oscillations and related neutrino
physics (see Refs. [11–13] and references therein). In this
Letter, we investigate a novel e↵ect caused by the inter-
play between the HE⌫’s produced in outflows and low-
energy neutrinos (LE⌫’s) directly from the central engine
(see Fig. 1 for the schematic picture). Indeed, the deco-
hered LE⌫’s, which are in mass eigenstates, can provide
a dominant unusual background for the propagation of
the HE ones. In particular, we show that the resulting
neutrino self-interactions (⌫SI) leads to a very intrigu-
ing phenomenon, in which the HE⌫’s experience short-
scale flavor oscillations in such a way that on average,
they end up in the mass eigenstates. This phenomenon
is noncollective in spirit and di↵ers remarkably from the
well-known phenomenon of collective oscillations of MeV
neutrinos occurring in dense neutrino environments such
as CCSNe and NSM remnants [14–16].

HE neutrino interactions in jets or winds.— Vari-
ous scenarios for HE⌫ production in GRBs, CCSNe and
NSMs have been suggested. Quasithermal neutrinos
can naturally be produced through inelastic neutron-
proton collisions when neutrons decouple from pro-

stellar envelope
or

merger ejecta

HE neutrinos
jet or wind

central
engine

LE neutrinos

inelastic collisions

FIG. 1. Schematic picture of HE⌫ (GeV-PeV) production and
their immediate interactions with LE⌫’s (MeV-GeV) from the
central engine such as a black hole with an accretion disk or a
newborn magnetar. HE⌫ production occurs at Rdiss � Reng,
which may be beamed with the opening angle ⇠ 1/�. Note
that the opening angle of the LE⌫ beams is exaggerated for
illustration purposes.

tons or neutron-loaded outflows make collisions [1–3, 5].
Nonthermal neutrinos are expected in the TeV range
through the neutron-proton-converter acceleration mech-
anism [3, 4]. Protons could further be accelerated to high
energies via shock acceleration or magnetic reconnec-
tions, where nonthermal neutrinos can be e�ciently pro-
duced via inelastic pp collisions and p� interactions [6–
10]. The neutron decoupling may happen at the de-
coupling radius with ⇠ 108 � 1010 cm, depending on
the baryon loading [1, 5]. Internal shocks may occur at
Ris ⇡ 2�2c�t ⇠ 6 ⇥ 108 cm �2

0.5 �t�3. Inelastic collisions
may also occur in other shocked regions such as collima-
tion and termination shocks [5, 6, 9, 17, 18].

In this work, we are interested in the fate of HE⌫’s
so we assume that they are produced at the dissipation
radius Rdiss ⇠ 108 � 1010 cm, which is much larger than
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Introduction.— Core-collapse supernovae (CCSNe)
and neutron star mergers (NSMs) commonly lead to a
burst of thermal neutrinos in the MeV range, with the ac-
tive literature on the physics of their oscillations. These
are considered as the central engine of not only super-
novae but also gamma-ray bursts (GRBs), and other en-
ergetic or transrelativistic supernovae driven by outflows
such as jets and winds (i.e., engine-driven supernovae). It
has been suggested that GeV-TeV neutrinos can be pro-
duced in such environments if neutron-loaded outflows
are launched from a black hole with an accretion disk
and/or a newborn magnetar [1–5]. Even TeV-PeV neu-
trinos can be generated inside the outflows through shock
acceleration or magnetic reconnections [6–10].

The IceCube discovery of high-energy neutrinos
(HE⌫’s) has opened a new avenue to investigate the
physics of neutrino oscillations and related neutrino
physics (see Refs. [11–13] and references therein). In this
Letter, we investigate a novel e↵ect caused by the inter-
play between the HE⌫’s produced in outflows and low-
energy neutrinos (LE⌫’s) directly from the central engine
(see Fig. 1 for the schematic picture). Indeed, the deco-
hered LE⌫’s, which are in mass eigenstates, can provide
a dominant unusual background for the propagation of
the HE ones. In particular, we show that the resulting
neutrino self-interactions (⌫SI) leads to a very intrigu-
ing phenomenon, in which the HE⌫’s experience short-
scale flavor oscillations in such a way that on average,
they end up in the mass eigenstates. This phenomenon
is noncollective in spirit and di↵ers remarkably from the
well-known phenomenon of collective oscillations of MeV
neutrinos occurring in dense neutrino environments such
as CCSNe and NSM remnants [14–16].

HE neutrino interactions in jets or winds.— Vari-
ous scenarios for HE⌫ production in GRBs, CCSNe and
NSMs have been suggested. Quasithermal neutrinos
can naturally be produced through inelastic neutron-
proton collisions when neutrons decouple from pro-
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FIG. 1. Schematic picture of HE⌫ (GeV-PeV) production and
their immediate interactions with LE⌫’s (MeV-GeV) from the
central engine such as a black hole with an accretion disk or a
newborn magnetar. HE⌫ production occurs at Rdiss � Reng,
which may be beamed with the opening angle ⇠ 1/�. Note
that the opening angle of the LE⌫ beams is exaggerated for
illustration purposes.

tons or neutron-loaded outflows make collisions [1–3, 5].
Nonthermal neutrinos are expected in the TeV range
through the neutron-proton-converter acceleration mech-
anism [3, 4]. Protons could further be accelerated to high
energies via shock acceleration or magnetic reconnec-
tions, where nonthermal neutrinos can be e�ciently pro-
duced via inelastic pp collisions and p� interactions [6–
10]. The neutron decoupling may happen at the de-
coupling radius with ⇠ 108 � 1010 cm, depending on
the baryon loading [1, 5]. Internal shocks may occur at
Ris ⇡ 2�2c�t ⇠ 6 ⇥ 108 cm �2

0.5 �t�3. Inelastic collisions
may also occur in other shocked regions such as collima-
tion and termination shocks [5, 6, 9, 17, 18].

In this work, we are interested in the fate of HE⌫’s
so we assume that they are produced at the dissipation
radius Rdiss ⇠ 108 � 1010 cm, which is much larger than
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The modeling of these sites still
has a lot of room to grow.

Choked jets might be the exception:
a site where the matter density could
affect flavor mixing.
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|alive|dead

Quantum Interference

Quantum Interference

FIG. 1. The iconic textbook example of a Wigner function for
a Schrödinger cat state. The bell shapes represent the “alive” and
“dead” possible states for the “cat” and the oscillations between them
indicate the quantum coherence between these states (i.e., the classic
“both alive and dead” statement). A similar Wigner function without
these interference terms would represent a state with a classical coin
toss probability of being either alive or dead but not both. The presence
of the interference terms indicates that this Wigner function represents
a state that is in both states (“alive and dead”) at the same time (a
superposition).

These characteristic functions [27], by satisfying the
Stratonovich–Weyl correspondence [28], are informationally
complete SU(N )-symmetric, spin-j descriptions of finite-
dimensional quantum states (“qudits”) [29–32]. This work is
in contrast to that proposed by Wootters [33] and others for
generating characteristic functions of N -dimensional discrete
systems. There, the motivating mathematics are built around
analyzing “systems having only a finite number of orthogonal
states. The ‘phase space’ for such a system is taken to
be not continuous but discrete.” [33]. The phase space
generated by such generalized coherent states is continuous
in its parametrization (see Refs. [34,35]), allows for Wigner
functions to be generated by the methodology given in
Ref. [36] (the expectation value of an appropriately normalized
displaced general parity operator), can completely represent
product Hilbert spaces of qudits (thus producing phase-space
signatures of entanglement), and gives a method for visualizing
said functions that is equivalent to that done for symmetric sub-
space representations, which we now discuss in more detail.

II. BACKGROUND

While it has been known for a long time that parity
displacement could be done for continuous systems [16,37],
following much work on the use of Wigner functions of dis-
crete systems [17,18,23–27,30–33,38–44], it has only recently
been proposed that any quantum system’s Wigner function can
be written as the expectation value of a displaced and/or rotated
generalized parity operator [36]. Mathematically this can be
expressed as

Wρ(!) = 〈U (!)"U †(!)〉ρ
= Tr[ρ{U (!)"U †(!)}], (1)

where W is the Wigner function and ! is the set of parameters
over which displacement or rotations are defined (typically this
would be position and momentum), ρ is the density matrix,
U (!) is a general displacement or rotation operator or
collection of operators, and "’s definition is motivated by
the usual parity operator. The conventional Wigner function
in position and momentum space is obtained if U is set to the

displacement operator that defines coherent states |α〉 from the
vacuum state |0〉 according to D(α)|0〉 = |α〉, and the operator
" is defined to be twice the usual phase-space parity operator
so that "|α〉 = 2| − α〉 [45].

For a given system the choice of U (!) and " is not
unique, but in Ref. [36] it was stipulated that a distribution
Wρ($) over a phase space defined by the parameters $
is a Wigner function of ρ if there exists a kernel %($)
[which we show can be written as a similarity transform
with respect to a “displacement” of a parity-like operator,
i.e., %($) = U (!)"U †(!)—and the Wigner function is the
expectation value of this similarity-transformed operator]
satisfying the following restricted version of the Stratonovich–
Weyl correspondence (reproduced verbatim from Ref. [36]):

S-W.1 The mappings Wρ(!) = Tr [ρ %(!)] and ρ =∫
! Wρ(!)%(!)d! exist and are informationally complete.

Simply put, we can fully reconstruct ρ from Wρ(!) and vice
versa.1

S-W.2 Wρ(!) is always real valued which means that
%(!) must be Hermitian.

S-W.3 Wρ(!) is “standardized” so that the definite integral
over all space

∫
! Wρ(!)d! = Tr ρ exists and

∫
! %(!)d! =

1l.
S-W.4 Unique to Wigner functions, Wρ(!) is self-

conjugate; the definite integral
∫
! Wρ ′ (!)Wρ ′′ (!)d! =

Tr [ρ ′ρ ′′] exists. This is a restriction of the usual Stratonovich–
Weyl correspondence.

S-W.5 Covariance: Mathematically, any Wigner function
generated by “rotated” operators %(!′) (by some unitary trans-
formation V ) must be equivalent to rotated Wigner functions
generated from the original operator [%(!′) ≡ V %(!)V †]—
i.e., if ρ is invariant under global unitary operations then so is
Wρ(!).

If we define U (!) as an element of a special unitary (SU)
group that acts as a displacement or rotation and " as an
appropriately normalized identity plus a traceless diagonal
matrix (i.e., an element of the Cartan subalgebra of the
appropriate group) then, from Ref. [36], Eq. (1) is sufficient
to generate Wigner functions for any finite-dimensional,
continuous-variable, quantum system. We note that, beyond
satisfying the Stratonovich–Weyl correspondence, we have
yet to fully determine the level to which this definition is
constrained. Because " performs the same role as parity does
in the standard Wigner function, we refer to it as an extended
parity.

III. THE SCHEME

In this work we present a procedure for the measurement
and reconstruction of the quantum state for a series of qubits
from two different Wigner functions that both satisfy the
above restricted Stratonovich–Weyl correspondence. We start
by considering a Wigner function where the extended parity
operator is defined with respect to the underlying group
structure of the total system. We then proceed to investigate

1For the inverse condition, an intermediate linear transform may be
necessary.
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Schr�̈�dinger cat states

Rundle, Mills, Tilma, Samson, Everitt, PRA 2017

Fig. 13, can be interpreted as a classical probability distribu-
tion in phase space, with uncertainties in x and p reflecting
the photon number and phase fluctuations of the coherent
state. Figure 16(b) presents the experimental Wigner function
of the n ¼ 3 Fock state prepared by QND projective mea-
surement, then reconstructed by our cavity QED-adapted
tomographic procedure. It consists of a set of circular ripples
centered at phase space origin. Its interfering features,
displaying negative values, are distinctive of this field
state ‘‘quantumness.’’ The central symmetry of this Wigner
function reveals that a Fock state has a complete phase
indeterminacy.

VI. SCHRÖDINGER CAT STATES OF LIGHT AND
DECOHERENCE STUDIES

By describing how we count and manipulate photons in a
cavity, I have so far emphasized the ‘‘particle aspect’’ of light.
As recalled above, however, light is also a wave. Which of the
particle or the wave aspect manifests itself depends upon the
kind of experiment which is performed on the field. Let us
describe now experiments in which the wave features of
the field stored in the cavity is essential. This will lead to
the description of photonic Schrödinger cats and to decoher-
ence experiments.

At this stage, it is appropriate to recall Schrödinger’s
thought experiment (Schrödinger, 1935). The Austrian phys-
icist imagined that a large system, a cat for instance, was
coupled to a single atom, initially prepared in an excited state
spontaneously decaying into a ground state by emitting a
photon (or a radioactive particle). This emissionwas triggering
a lethal device killing the cat. After half the lifetime of the
excited state, the atom has evolved into a superposition of two
states, one of which would be associated with the dead cat and
the other to the live cat (Fig. 17). At this point, the atom and the
cat would be entangled and the cat suspended between life and
death. In our version of this experiment, we have a single atom
in a superposition of two states and this atom controls the fate
of a coherent field containing several photons (our Schrödinger
cat) which takes two different phases at once, one that we can
call ‘‘alive’’ and the other ‘‘dead.’’ The way to perform this
experiment was initially proposed in a paper written in 1991

together with our Brazilian colleagues Luiz Davidovich and
Nicim Zagury (Brune et al., 1992). A similar proposal for the
preparation of Schrödinger cat states of light in the optical
domain had been made earlier in another context (Savage,
Braunstein, and Walls, 1990).

Our method employs again the Ramsey interferometer. It
starts with the preparation of a coherent field in the cavity,
whose Wigner function is a Gaussian [Fig. 16(a)]. A single
nonresonant atom is then prepared in a coherent superposition
of two states, an atomic Schrödinger kitten, as I have already
called it. This atom crosses the cavity and each of its two
components shifts the phase of the field in opposite direction
by a simple dispersive index effect. Here again, we take
advantage of the huge coupling of Rydberg atoms to micro-
waves which makes a single atom index large enough to have
a macroscopic effect on the field phase. At the cavity exit, the
atom and the field are entangled, each atomic state being
correlated to a field state with a different phase (the phase
difference being close to 135" in a typical experiment). We
can consider that the field with its Gaussian Wigner distribu-
tion centered at a point in phase space is a meter used to
measure the atom’s energy. After the atom has been exposed
to the second Ramsey pulse and detected, there is no way to
know in which state the atom crossed the cavity and the field
collapses into a Schrödinger cat superposition. In other words,
the atomic Schrödinger kitten has produced a photonic
Schrödinger cat which contains several photons on average.

FIG. 16 (color). Experimental Wigner functions represented in 3D and 2D: (a) coherent state with hni ¼ 2:5; (b) n ¼ 3 Fock state. From
Haroche, Brune, and Raimond, 2013.

FIG. 17 (color). The Schrödinger cat thought experiment. From
‘‘Science et Vie Junior.’’

1094 Serge Haroche: Nobel Lecture: Controlling photons in a box . . .

Rev. Mod. Phys., Vol. 85, No. 3, July–September 2013

S. Haroche via Science et Vie Junior

Coordinate-space picture of kinematic decoherence:



e�

⌫e

⌫e

⌫xOscillation

The electron “measures” the flavor state,
causing decoherence.

Contrast with collisional / environmental
decoherence:



Neutrinos contribute to their own background. As a result,
forward scattering changes oscillations in a nonlinear way.

Collective
oscillations



Schr�̈�dinger’s
cat colony



Generally, the high densities in SNe & NSMs suppress
mixing because

interaction eigenstates  ≅  energy eigenstates.



Generally, the high densities in SNe & NSMs suppress
mixing because

interaction eigenstates  ≅  energy eigenstates.

The two main exceptions occur in regions with
u (avoided) level crossings or
u flavor instabilities.

MSW resonance is
the classic example

Wolfenstein, PRD (1978); Mikheyev & Smirnov, SJNP (1985)
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Fig. 22. – Snapshots of SN potentials for different post-bounce times (1.0–7.0 s) for a 27M! SN
progenitor (see sect. 2). The profile at 0.2 s is an illustrative case for a typical condition before
shock revival. The matter potential λr is drawn with thin curves, while the neutrino potential
µr with thick ones. The horizontal bands represent the vacuum oscillation frequencies relevant
for the MSW resonant conversions associated with ∆m2 (ωH) and δm2 (ωL), respectively (see
the text for details).

interaction potentials appearing in the r.h.s. of eq. (33) in fig. 22. We use the data from
a 27M! SN simulation for different post-bounce times (see sect. 2). As from eq. (34),
the neutrino-neutrino potential is

µr =
√

2GF
F (ν̄e) − F (ν̄x)

4πr2
=

1
4πr2

(
Lν̄e

〈Eν̄e〉
− Lν̄x

〈Eν̄x〉

)
(38)

= 7.0 × 105 km−1

(
Lν̄e

〈Eν̄e〉
− Lν̄x

〈Eν̄x〉

)
15MeV

1052 erg/s

(
10 km

r

)2

,

where the number fluxes of the different species να are expressed in terms of the neutrino
luminosities Lνα and of the average energies 〈Eνα〉. As shown in fig. 22, the ν-ν potential
decreases as the SN cools.

Matter effects on SN neutrinos (eq. (33)) depend on the potential

λr =
√

2GF ne(r) = 1.9 × 106 km−1 ×
(

Ye

0.5

) (
ρ

1010 g/cm3

)
,(39)

encoding the net electron density ne ≡ ne− − ne+ , where Ye = Ye− − Ye+ is the net
electron fraction and ρ is the matter density. The numerical values of µr and λr from
the previous two expressions are quoted in km−1.

Figure 22 shows that the SN electron density profile is non-monotonic, time-depend-
ent, and presents an abrupt discontinuity, corresponding to the position of the forward

Mirizzi et al., Riv. Nuovo Cimento (2016)
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Zhu et al., PRD (2016); Wu et al., PLB (2016); & many more
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Flavor instabilities can
occur just about anywhere

in or beyond the decoupling
region, as we’ll see…



“Symmetry is the enemy of instability.”
Nigel Goldenfeld

Rν

Rν = neutrinosphere radius

Emitted
neutrinos

We now know that symmetric
models omit crucial physics.

Sawyer, PRD (2005, 2009)
Banerjee, Dighe, Raffelt, PRD (2011)
Raffelt, Sarikas, de Sousa Seixas, PRL (2013)
Izaguirre, Raffelt, Tamborra, PRL (2017)
And many others



Three types of instabilities are known, each related to some
kind of asymmetry between neutrinos and antineutrinos.

Collective oscillations are sensitive
to physics that distinguishes between
neutrinos and antineutrinos because

Slow instabilities. Vacuum oscillation frequencies: 

Fast instabilities. Neutrino angular distributions:

Collisional instabilities. Interaction rates:  

!E⌫ 6= !E⌫̄

g⌫ 6= g⌫̄

�⌫ 6= �⌫̄
Johns, 2104.11369 

Sawyer, PRD (2005, 2008), PRL (2016)

Kostelecký & Samuel, PRD (1995)

Hp,⌫⌫ ⇠ GF

Z
d
3q (1� p̂ · q̂) (⇢q � ⇢̄q)
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Time

Any type of crossings (PNS convection)

Type II crossings
(neutrino absorption)

Type II crossings [Exp-only] 
(asymmetric ν emissions)

Type I crossings [Exp-only] 
(nucleon-scattering + α    1 + cold matter)

Shock wave

Space-time diagram of ELN-angular crossings in CCSNe

�

� 1 s

�200 km

FIG. 4. Space-time diagram for appearance of ELN crossings. The bold red line portrays a time
trajectory of shock wave for exploding models. The thin and dashed line represents the counterpart
of shock trajectory for non-exploding models. The color code for enclosed regions distinguishes types
of ELN crossing. The green, blue, and brown color denote Type I, Type II, and any type of crossings,
respectively. In each region, we provide some representative characteristics of ELN-crossings. In the
remark, ”Exp-only” denotes that the ELN-crossing appears only in exploding models. See the text
for more detail.

overall trends of crossings observed in our CCSN mod-
els. We note that crossings relevant to PNS convections
and pre-shock region drawn in Fig. 4 are not included in
Fig. 3. There is a technical reason why we do not in-
clude the case with PNS convection in Fig. 3; that will
be discussed later. To facilitate readers’ understanding,
the color in Fig. 4 distinguishes types of ELN-crossings.
Below, we turn our attention to the physical origin of
generating each ELN crossing.

B. Generation mechanism of ELN crossings

1. Type-II crossings at early post-bounce phase

Let us start with analyzing Type-II crossings appear-
ing at the early post-bounce phase (⇠ 100 ms) in all
CCSN models (see the top left panel in Fig. 3). We first
present the result of 12 solar mass model as a represen-
tative case; the progenitor-dependence is discussed later.
In Fig. 5, we show Mollweide projection of the ELN cross-
ing and some important quantities at 130 km for 12 solar
mass model. We find that the Type II crossing has a
rather scattered distribution (see the top left panel). To
see the trend more quantitatively, we show �Gout in the
left middle panel in Fig. 5, which corresponds to the ELN
at µ = 1. More precisely, �Gout (and incidentally �Gin)
is defined as follows. The energy-integrated number of

neutrinos at µ = 1 and �1 are written as

Gout =

Z
d(

"3

3
)fout("),

Gin =

Z
d(

"3

3
)fin("),

(2)

respectively, where " denotes the neutrino energy with
the unit of MeV. We stress that both fout and fin in
Eq. 2 are the basic output for computations of angular
reconstruction complemented by the ray-tracing method
(see Sec. II B). We obtain �G by the di↵erence of ⌫e and
⌫̄e;

�G = G⌫e �G⌫̄e , (3)

where we omit the subscript ”out” or ”in” in Eq. 3. As
shown in Fig. 5, we find that ⌫̄e dominates over ⌫e in some
regions (blue-colored area), and that they are one-to-one
correspondence to the region of Type-II crossings. The
one-to-one correspondence is attributed to the fact that
⌫e always overwhelms ⌫̄e in µ = �1 (incoming) direction.
We find some interesting correlations between the

Type-II crossing and other physical quantities. They
provide useful information to study the physical origin
of the crossing. To quantify the correlation, we define
the correlation function to �Gout by following [51–53],

X =
YAG

YA ⇥YG
, (4)

Sawyer, PRD (2005); Banerjee et al., PRD (2011); Chakraborty et al., JCAP (2016); Izaguirre et al., PRD (2017);
Capozzi et al., PRD (2017); Dasgupta et al., JCAP (2017); Delfan Azari et al., PRD (2019); Abbar et al., PRD (2020); 

Glas et al., PRD (2020); Morinaga et al., PRR (2020); Xiong et al., ApJ (2020); Johns & Nagakura, PRD (2021);
Nagakura & Johns, PRD (2021a); Nagakura & Johns, PRD (2021b); Capozzi et al., PRD (2021);

Shalgar & Tamborra, Annu. Rev. Nucl. Part. Sci. (2021); Morinaga, PRD (2022); Harada & Nagakura, ApJ (2022); & others

There’s strong evidence that fast instabilities occur in CCSNe & NSMs.

Nagakura, Burrows, Johns, & Fuller, PRD (2021)
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FIG. 6. Relative amounts of net ELN density integrated over
ELN positive and negative directions (Equation 27). A value
of 1 indicates that I+ = I� (i.e., complete flavor transforma-
tion is possible), while a value of 0 indicates that either I+
or I� is very small (i.e., little flavor transformation is possi-
ble). The ME test (bottom panel) qualitatively predicts the
locations of large crossing ratio in the Monte Carlo data (top
panel).

are much faster than the relevant advection or collisional
timescales. While it is in general possible to integrate
I+ and I� for ME distributions, we instead approximate
Equation 23 in a way that is more straightforward to
evaluate in the context of a global two-moment radiation
hydrodynamics simulation. We evaluate the ME distri-
bution in the direction of the net ELN flux (purple vector
in Figure 3) and in the opposite direction. Specifically, if
~I1 is oriented with angle ✓I1 , we evaluate

fME
⌫e,+ = fME(N,Z, ✓I1 � ✓F )

fME
⌫̄e,+ = fME(N̄ , Z̄, ✓I1 � ✓F̄ )

fME
⌫e,� = fME(N,Z, ✓I1 � ✓F + ⇡)

fME
⌫̄e,� = fME(N̄ , Z̄, ✓I1 � ✓F̄ + ⇡)

(25)

Using, �fME = fME
⌫e

� fME
⌫̄e

, We can then approximate
the crossing depth as

=(!)
p
2GF (n⌫e + n⌫̄e)

⇡

q
�(�fME

+ )(�fME
� )

fME
⌫e,+ + fME

⌫e,+ + fME
⌫̄e,� + fME

⌫̄e,�
(26)

This is plotted in the bottom panel of Figure 5. Once
again, the ME test reproduces the actual crossing depth
rather well within the accretion disk. However, the ME
test over-predicts the crossing depth in the polar regions,
which is again expected due to the known problems of an-
alytic closures in this region. However, since the growth
rate everywhere is faster than other timescales, the par-
ticular growth rate is not as important is the presence of
instability and the net flavor change it produces.

Finally, the total amount of eventual flavor change is
related to the relative amount of electron neutrino and
antineutrino excess (i.e. the relative sizes of I+ and I�).
That is, if either the blue or red shaded regions in Fig-
ure 3 is small, there is not significant freedom for the fast
flavor instability to transform overall flavor [22, 56, 57].

We evaluate the crossing ratio as

Rcrossing = min

✓
|I+|

|I�|
,
|I�|

|I+|

◆

⇡ min

✓
|�fME

+ |

|�fME
� |

,
|�fME

� |

|�fME
+ |

◆ (27)

These are plotted on the top and bottom panels, respec-
tively, in Figure 6. For the case of the direct MC data
(top panel), the ratio is close to unity (indicating pos-
sible significant flavor transformation) near the contour
of n⌫e � n⌫̄e = 0 (black curve). The ME test predicts a
large crossing ratio at similar locations, but at smaller
radii. This estimate would likely be improved by a full
angular integral of the ME test, but such an approach is
likely too expensive to implement in global simulations
of neutron star mergers.
Overall, the ME closure is quite good at predicting

where ELN crossings are present and o↵ers the ability
to estimate qualitative details of the crossings. These
details (crossing width, crossing depth, and crossing ra-
tio) are approximately correct within the disk out to
⇠ 200 km where most of the flavor transformation is ex-
pected to occur, but rather inaccurate in polar regions
and at large radii.

C. Polynomial Test

The polynomial test of [39] states that if two di↵erent
positive-weighted angular integrals of the ELN distribu-
tion G(⌦) have opposite sign, then the ELN itself must
carry positive and negative values. Specifically, for two
di↵erent positive semidefinite functions F±(⌦), the inte-
grals are

I± =

Z
d⌦F±G . (28)

Note that the definitions of I± are di↵erent from those
in Section II. The distribution is unstable if

I+I�  0 . (29)

The weighting functions can then be chosen such that
the integrals I± are combinations of the known moments
by using the form

F±(⌦) = a+ bi⌦
i + cij⌦

i⌦j + dijk⌦
i⌦j⌦k + ... (30)

resulting in corresponding integrals of the form

I± = aI0 + biI
i
1 + cijI

ij
2 + dijkI

ijk
3 + ... (31)

Following this process, one must search through all coef-
ficients a, bi, etc. that make F± positive for all ⌦ to see
if any two combinations yield I± of di↵erent signs. With
moments up to rank 3, this is a 40-dimensional param-
eter space that is not practical to fully search. Instead,

Richers, 2206.08444

Fast instabilities appear almost everywhere surrounding merger
remnants, largely due to protonization of neutron-rich matter.

Wu & Tamborra, PRD (2017); Wu et al., PRD (2017); George et al., PRD (2020); Li & Siegel, PRL (2021);
Padilla-Gay et al., JCAP (2021); Just et al., PRD (2022); Fernández et al., 2207.10680

Indicative of the
extent of flavor

conversion
(white = stable)



Collisional instabilities seem to be prevalent in CCSNe (left)
and mergers (right) as well.

Johns, 2104.11369; Johns & Nagakura, PRD (2022); Johns & Xiong, 2208.11059; Padilla-Gay, Tamborra, & Raffelt, 2209.11235;
Xiong, Wu, Martı́nez-Pinedo, Fischer, George, Lin, & Johns, 2210.08254 [left figure]; Lin & Duan, 2210.09218;

Xiong, Johns, Wu, & Duan, 2212.03750 [right figure]; Liu, Zaizen, & Yamada, 2302.06263
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FIG. 8. Profiles for the asymmetry factor ↵n (solid), |1 �
2Ye| ' ↵C (dashed) in the upper panel, and Ye in the lower
panel at four CCSN snapshots. An approximate condition for
collisional instability is ↵C > ↵n.

neutrinosphere in a later SN profile. Moreover, the colli-
sion rates also increases as the matter density around the
neutrinosphere increases over time. Combining all these
factors described above, it is clear that later SN stages
contain more favorable conditions for the collisional in-
stabilities to grow against advection, consistent with our
simulation results.

Our results obtained above in Models I–IV tend to
suggest that the collisional instability in spherically sym-
metric SN models can a↵ect the properties of heavy lep-
ton flavor neutrinos at and beyond their decoupling re-
gion, but does not lead to major impact on ⌫e and ⌫̄e

spectra above their neutrinospheres. Thus, the e↵ect
of collisional instability are more likely to manifest in
the CCSN dynamics and the emitted neutrino signals,
and may moderately a↵ect neutrino (induced) nucleosyn-
thetic processes that are sensitive to the spectra of heavy-
lepton neutrino flavors. For the condition of nucleosyn-
thesis in the neutrino driven wind, the impact of colli-
sional instability may be minor since the outcome depend
more on the properties of ⌫e and ⌫̄e.

V. EFFECTS OF OTHER TERMS ON
COLLISIONAL INSTABILITY

As mentioned earlier, the typical timescale for colli-
sional instability is in similar order as the inverse of colli-
sional rates. This makes this problem di↵erent from e.g.,
the fast flavor conversion for which e↵ects from the vac-

uum mixing, matter inhomogeneity, and collisions may
be ignored to a good approximation for local simulations
[29, 52, 53, 55, 57, 58]. In the previous section, we ignored
the vacuum term Hvac, the matter term Hmat, and the
impact of the NNS collision on the o↵-diagonal elements
of the neutrino density matrices, for the purpose of purely
investigating the outcome of collision instability. In this
section, we explore consequences of including these terms
each by each, as well as e↵ects due to the artificially en-
hanced decoherence in EA based on the SN background
used for Model II. These six additional models are listed
in the second part of Table II. The simulation results for
all of them are summarized in Figs. 9 and 10: The for-
mer shows the radial profile of |h%eµiE | for the angular
mode vr = 1 at di↵erent times, while the latter shows the
mean energies of ⌫µ as a function of radius at the same
simulation times. Below, we discuss the results of the
impact due to the NNS induced decoherence, the artifi-
cially enhanced EA decoherence, the matter term, and
the vacuum term in each of the subsections.

A. NNS decoherence

We investigate the decoherence e↵ect due to the NNS
by setting the parameter bNNS = 1 in Model IIn, which
allows nonzero o↵-diagonal elements in CNNS and C̄NNS

that were artificially suppressed in Model I–IV. Fig-
ure 9(a) shows that the evolution during the initial phase
of t . 0.16 ms is extremely insensitive to the decoher-
ence of NNS as the curves from Model II and Model IIn
overlap. Deviations start to appear at r & 36 km after
t & 0.04 ms when the flavor mixing propagate outwards.
The NNS decoherence e↵ect in Model IIn suppresses the
amount of flavor mixing by a factor of ⇠ 10 for all ve-
locity modes than the result obtained in Model II. The
main reason that the NNS decoherence e↵ect only shows
up at later times at larger radii is related to the angular
distribution of neutrinos at locations where flavor mixing
occurs. At r ⇠ 30 km (inside the neutrinosphere) where
initially the instability grows, %eµ are nearly isotropic (see
Fig. 2) such that the NNS does not a↵ect their evolution
(see Eq. 9). However, at larger radii where %eµ becomes
anisotropic in vr, the NNS decoherence term not only
isotropizes %eµ, but also leads to damping of %eµ due to
the interplay with H⌫⌫ . Since the NNS decoherence term
mainly a↵ects %eµ, including this term does not lead to
any changes to the averaged neutrino energy shown in
Fig. 10(a).

B. Enhanced EA decoherence

The next models IIe1 and IIe2 assume artificially en-
hanced o↵-diagonal elements in CEA and C̄EA to exam-
ine how the results depend on the size of these terms,
which are the major source of the collisional instabil-
ity. We take the enhancement factors bEA = 2 in Model

Unstable if dashed > solid:

A paradoxical phenomenon: decoherent
interactions drive the growth of coherence.2210.08254
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FIG. 3. The ⌫ELN excess parameter D = 1 � n⌫̄e/n⌫e (upper row) and the frequency ⌦ = !P + i� of the normal mode with
the maximum growth rate � > 10�3 µs�1 (middle and lower rows) at three snapshots (as labeled) in the BH accretion disk
model M3A8m3a5 of Ref. [15]. The solid and dashed curves are the contours with F⌫e = 1/3 and F⌫̄e = 1/3, respectively. [See
Eq. (19)]. The dot-dashed curves are the contours with D = 0.

model can be found in Refs. [15, 25].
For the neutrino gases with discrete energy groups,

Eq. (6) becomes

X

j

{[⌦a + !e↵(Ei)]�ij + µgj�Ej}Sa
j = 0, (18)

where Ej , gj , and �Ej are the energy, the ⌫ELN weight,
and the width of the neutrino in the jth energy group, re-
spectively. (The antineutrinos are counted as the neutri-
nos with negative energies.) There are N normal modes
for N discrete neutrino energy groups, and ⌦a and Sa

(a = 1, . . . , N) are the eigenvalues and eigenvectors of the
matrix with the elements ⇤ij = �[!e↵(Ei)�ij +µgj�Ej ],
respectively. We solve the frequencies of the normal
modes in M3A8m3a5 with �m2 = 2.5⇥ 10�3 eV2, ✓ =
8.6°, and the emission and absorption rates of ⌫e and ⌫̄e
in Eq. (1) [26]. In Fig. 3 we show both the real and imag-
inary components of the frequency of the normal mode
that has the largest growth rate in each spatial grid. One
can see that the growth rates of the flavor instabilities are
the largest where the net ⌫ELN is negligible which is ex-
pected from the previous analysis.

Strictly speaking, Eqs. (6) and (18) are valid only for
a homogeneous and isotropic neutrino gas. Following
Ref. [25], we plot

F⌫(t, r) =

��R v f⌫(t, r,p) d3p
��

R
f⌫(t, r,p) d3p

=
1

3
(19)

in Fig. 3 for ⌫ = ⌫e and ⌫̄e as the solid and dashed curves,
respectively. The condition of homogeneity and isotropy
is approximately satisfied in the inner part of the disk
where F⌫ is small.
Throughout the BH-torus system, one has �/�̄ > 1 be-

cause the collision rates are dominated by the neutrino
absorption rates and there are more neutrons than pro-
tons in this region. Although the entire accretion disk
tends to emit more ⌫̄e than ⌫e, the density of ⌫e in the
inner torus is actually larger where the chemical poten-
tial of the electron is significant. Therefore, we expect
only the CFI of the plus type (with !P/µ ⇡ 0) can ex-
ist in the inner torus. Earlier in Fig. 1 we have shown
the frequency ⌦ of the normal mode with the largest
growth rate in the equatorial plane of the accretion disk
at t = 20ms. It is clear from Figs. 1 and 3 that the CFI
in the inner torus is indeed of the plus type, while the
instability in the outer region of the torus is of the minus
type [!P / (n⌫e �n⌫̄e)] if our analysis can be generalized
to the anisotropic environment.
Discussion and conclusions We have shown that

there exist two types of CFI in a dense neutrino gas that
preserves the homogeneity and isotropy. The CFI tran-
sitions from one type to the other where the net ⌫ELN is
zero and has a resonance-like instability that grows at a

rate / n1/2
⌫ . But this is only part of the story. There can

exist the CFI that breaks these symmetries or even in
the inhomogeneous and anisotropic environment as one
maps out the full dispersion relation ⌦(K) of the col-
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z [km]

Instability
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[𝝁s-1]
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50
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Solving the neutrino quantum kinetic equations (QKEs)
as part of a radiation/hydrodynamics simulation is not
computationally feasible.
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of the possible effects of oscillations.



Solving the neutrino quantum kinetic equations (QKEs)
as part of a radiation/hydrodynamics simulation is not
computationally feasible.

But by using reasonable approximations we get a sense
of the possible effects of oscillations.

Approximations
² Enforce flavor equilibrium in

unstable regions:
o Flavor equipartition
o Other analytic prescription
o Local numerical solution

² Solve moments of the QKEs

Raffelt & Sigl, PRD (2007); Duan & Shalgar, JCAP (2014); Johns et al., PRD (2020a); Johns et al., PRD (2020b);
Padilla-Gay et al., JCAP (2021), Dasgupta & Bhattacharyya, PRL (2021); Xiong & Qian, PLB (2021);

Padilla-Gay et al., PRL (2022); Myers et al., PRD (2022); Just et al., PRD (2022); Nagakura & Zaizen, 2206.04097;
Nagakura, 2206.04098; Grohs et al., 2207.02214; Nagakura, 2301.10785; Ehring et al., 2301.11938; & others
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FIG. 2. Momentum-space angular power spectra of neutrino flavor for the same set of calculations presented in Fig. 1. The
power ⇧l in angular moment l is defined in Eq. (25). From darkest to lightest, the curves show log10 ⇧l at t = 0.2, 0.4, 0.6, 0.8,
and 1.0, in units of !�1. FFC enhances cascade and hastens relaxation. All cases show interesting features at angular scales
intermediate between the expanding front of nonzero power and the low-l scales directly involved in fast and bipolar collective
oscillations.

FIG. 3. Flavor composition Pv,z plotted as a function of propagation angle v = cos ✓, for the ↵ = 0.90, NH calculation of the
previous figures. The curves are color-coded by time, beginning at the top of a fast-oscillation dip (blue), lasting a duration of
⇠ 10�3, and ending at the bottom of the dip at time tf (red). As usual, times are given in units of !�1. Finite-! e↵ects—the
disruption of the fast pendulum and the cascade of power to smaller angular scales—become increasingly apparent at later
times.

monopole. C. Transfer at small angular scales

Further insight into the momentum-space dynamics is
gained by observing the evolution of an initially isolated
seed in the angular power spectrum. An experiment of
this kind allows us to focus in on transfer without the

Cascade of power to smaller angular scales

Early time Late time

Johns, Nagakura, Fuller, & Burrows, PRD (2020b)

Legendre
moment

in
momentum

space

Flavor equilibration occurs through
the development of small-scale features
in phase space.

Sawyer, PRD (2005)
Raffelt & Sigl, PRD (2007)
Mangano et al., PRD (2014)
Mirizzi et al., PRD (2015)
Johns et al., PRD (2020b)
Bhattacharyya & Dasgupta, PRL (2021)

Similar phenomena occur in other systems—violent relaxation in grav.
systems, filamentation in plasmas, turbulence in fluids—but we’re still

developing the theory for neutrino flavor fields.



Effects of neutrino mixing on CCSNe & NSMs 



Nucleo-
synthesis

≈0.2% of the total ejecta originate from within ≈26° of the
polar axis. For the same reason, νeν̄e annihilation in the
polar regions can be safely neglected, as done here. In
addition to angular dependence, we find a radially depen-
dent Ye profile, which translates into a radial lanthanide
gradient once the r-process proceeds [85] (Fig. 2). This is
the result of decreasing neutrino emission from the disk and
reabsorption of neutrinos in the outflows as the disk
viscously spreads and its midplane density drops over
time; the self-regulated inner disk injects increasingly
neutron-rich material into the outflows. The radial lantha-
nide gradient is more pronounced in the absence of fast
conversions (NFC run), as these suppress the νe and ν̄e
fluxes.
Once the disk reaches a quasistationary state, fast flavor

conversions emerge above the energy-dependent neutrino-
spheres in the disk-corona transition where neutrinos start
to decouple and stream freely (Fig. 1). Such conversions are
ubiquitous, rendering essentially all of the disk vicinity into
an unstable region with typical instability growth times up
to ω−1 ∼ 0.1 ns, in agreement with previous semianalytic
predictions [21,22]. At later times (∼300 ms), the insta-
bility region shrinks overall and expands into the disk as the
density in the disk and outflows decreases, with slower
growth rates on an increasing timescale 1–100 ns. Our
results do not depend on ωcrit as long as it is small enough

to allow an extended instability region to emerge. The
composition of outflows only weakly depends on the radial
size of the instability region, as the neutrino flux and the
composition are mostly set in the densest part deep in the
outflow, whereafter Ye starts to “freeze out.”
Outflow properties are recorded with 105 passive tracer

particles initially placed in the disk proportional to
conserved rest-mass density. Trajectories of tracers that
have reached a distance > 700 km by the end of the
simulations and that are unbound according to the
Bernoulli criterion (−hut > 1, where ut is the time
component of the four-velocity and h the specific
enthalpy) are employed as input to nuclear reaction
network calculations with SkyNet [86] to determine the
resulting r-process abundances (ignoring tracers ejected
during the initial relaxation phase). Network calculations
are performed accounting for neutrino absorption, starting
in nuclear statistical equilibrium at T ¼ 7 GK. The net-
work calculations consider 7843 nuclides and 140 000
nuclear reactions, using strong reaction rates from the
JINA REACLIB database [87], with inverse rates derived
from detailed balance, weak rates from Refs. [88–90]
where available and from REACLIB otherwise,

FIG. 2. Snapshots of the proton fraction in the meridional plane
at 300 ms for the FC run (top) and the NFC run (bottom), showing
the emergence of an angular and radially dependent composition
profile of the outflows. Fast flavor conversions lead to signifi-
cantly more neutron-rich outflows.
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FIG. 3. Top: Distribution of proton fraction for unbound tracer
particles at the onset of neutron-capture reactions at 5 GK,
normalized by total ejecta mass. Fast conversions truncate the
high-Ye tail. Bottom: Final nucleosynthetic abundances at 109 s
from reaction network calculations for the FC and NFC runs
compared to solar abundances [96]. Fast conversions boost
lanthanide abundances (atomic mass number 136≲ A≲ 176),
while keeping similar abundances for lighter elements.
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Accretion-disk winds: Enhanced r-process yields.
NS winds: Increased mass & Ye of ejected material.
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an unstable region with typical instability growth times up
to ω−1 ∼ 0.1 ns, in agreement with previous semianalytic
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network calculations with SkyNet [86] to determine the
resulting r-process abundances (ignoring tracers ejected
during the initial relaxation phase). Network calculations
are performed accounting for neutrino absorption, starting
in nuclear statistical equilibrium at T ¼ 7 GK. The net-
work calculations consider 7843 nuclides and 140 000
nuclear reactions, using strong reaction rates from the
JINA REACLIB database [87], with inverse rates derived
from detailed balance, weak rates from Refs. [88–90]
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FIG. 3. Top: Distribution of proton fraction for unbound tracer
particles at the onset of neutron-capture reactions at 5 GK,
normalized by total ejecta mass. Fast conversions truncate the
high-Ye tail. Bottom: Final nucleosynthetic abundances at 109 s
from reaction network calculations for the FC and NFC runs
compared to solar abundances [96]. Fast conversions boost
lanthanide abundances (atomic mass number 136≲ A≲ 176),
while keeping similar abundances for lighter elements.
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Neutrino signals
MSW: Imprinted in neutronization
burst from CCSN.
Collective effects: Presently unclear
whether there will be smoking guns.

Accretion-disk winds: Enhanced r-process yields.
NS winds: Increased mass & Ye of ejected material.
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polar axis. For the same reason, νeν̄e annihilation in the
polar regions can be safely neglected, as done here. In
addition to angular dependence, we find a radially depen-
dent Ye profile, which translates into a radial lanthanide
gradient once the r-process proceeds [85] (Fig. 2). This is
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FIG. 3. Top: Distribution of proton fraction for unbound tracer
particles at the onset of neutron-capture reactions at 5 GK,
normalized by total ejecta mass. Fast conversions truncate the
high-Ye tail. Bottom: Final nucleosynthetic abundances at 109 s
from reaction network calculations for the FC and NFC runs
compared to solar abundances [96]. Fast conversions boost
lanthanide abundances (atomic mass number 136≲ A≲ 176),
while keeping similar abundances for lighter elements.
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Neutrino signals
MSW: Imprinted in neutronization
burst from CCSN.
Collective effects: Presently unclear
whether there will be smoking guns.

Dynamics
Presently unclear, even qualitatively. 

Accretion-disk winds: Enhanced r-process yields.
NS winds: Increased mass & Ye of ejected material.

Effects of neutrino mixing on CCSNe & NSMs 

But see these recent studies:
Nagakura, 2301.10785

Ehring et al., 2301.11938
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u Neutrino oscillations raise fundamental questions not
only for particle physics (origin of neutrino mass?), but
also for statistical physics.



Summary

u Neutrino oscillations raise fundamental questions not
only for particle physics (origin of neutrino mass?), but
also for statistical physics.

◆ High-energy neutrinos. Better source modeling
might involve in-medium oscillation effects.
Upcoming: IceCube-Gen2, KM3NeT, POEMMA, …

◆ The C𝝂B. Chiral oscillations, gravitational deflection,
& clustering all need to be considered together.
Upcoming: PTOLEMY.

◆ CCSNe, NSMs, the DSNB. The oscillation problem
remains open. Once it’s solved, many calculations will
need to be done to connect to observables.
Upcoming: DUNE, Super-K+Gd, Hyper-K, JUNO, …


