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Flavor Conversions
Neutrinos oscillate into each other by flavor mixing, because of their tiny non-vanishing mass.  

• Neutrino flavor ratio give us information about neutrino properties.  

• Flavor conversions are affected by fermion background distribution. 

• In turn, flavor conversions can affect source dynamics.   
          Study of flavor evolution allows to learn about source properties.  
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Linear phenomenon.

Reviews: Tamborra & Shalgar, Ann. Rev., arXiv: 2011.01948. Mirizzi, Tamborra et al., (2016). Duan et al., (2010).
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Non-linear phenomenon, trajectory is crucial! 

Neutrinos interact among themselves.



Matter term  
[MSW resonant conversion] [neutrino self-interactions]

interaction term⌫ � ⌫

Georg Raffelt, MPI Physics, Munich Neutrino Astrophysics and Fundamental Properties, INT, Seattle, June 2015 

Symmetry Assumptions 
Neutrino transport and flavor oscillations: 7D problem 
 

     𝜕𝑡 + 𝑣 ⋅ 𝛻𝑥 + 𝐹 ⋅ 𝛻𝑝  𝜌 𝑡, 𝑥 , 𝑝 = −𝑖 𝐻 𝑡, 𝑥 , 𝑝 , 𝜌 𝑡, 𝑥 , 𝑝 + 𝒞[𝜌 𝑡, 𝑥 , 𝑝 ] 

Ignore collision term: 
Free streaming 

Ignore external forces 
(e.g. no grav. deflection) 

Includes vacuum, matter, 
nu-nu refraction 

• Homogeneous, isotropic system evolving in time (“early universe”) 
   or 1D homogeneous evolving in time (“colliding beams”) 
 

      𝜕𝑡𝜌 𝑡, 𝐸 = −𝑖 𝐻 𝑡, 𝐸 , 𝜌 𝑡, 𝐸  

• Stationary, spherically symmetric, evolving with radius (“supernova”) 
 

     𝑣𝑟𝜕𝑟𝜌 𝑟, 𝐸, 𝜃 = −𝑖 𝐻 𝑟, 𝐸, 𝜃 , 𝜌 𝑟, 𝐸, 𝜃  

Zenith angle of nu momentum 𝑝  
Radial velocity depends on 𝜃, leads to multi-angle matter effect  

• Ordinary differential equations in “time” or “radius” with maximal symmetries 
 

• Misses dominant solutions (spontaneous symmetry breaking) 

Collision term 
External forces 

(negligible)
Vacuum term 

Full neutrino transport + flavor oscillations = 7D problem!

Neutrino Equations of Motion
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 Review: Mirizzi, Tamborra et al. (2016).
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Simplified Picture of Flavor Conversions 
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Figure from: Fogli, Lisi, Marrone, Mirizzi, Tamborra, PRD (2008). Reviews: Mirizzi, Tamborra et al., (2016). Duan et al., (2010). 

“Spectral splits”: For energies above a critical value, a full flavor swap occurs.

Collective neutrino flavor transitions in supernovae and the role of trajectory averaging 5
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Initial neutrino and antineutrino fluxes

Figure 1. Initial fluxes (at r = 10 km, in arbitrary units) for different neutrino species
as a function of energy. The fluxes are all proportional to φi(E)/⟨E⟩.

Rν being the neutrino-sphere radius, while Lν is the total emission power for a given

neutrino species. In numerical calculations, we assume reference values Rν = 10 km and

Lν = 1051 erg/s for each species ν = νe, νe, νx, νx.

Figure 1 shows the initial neutrino number fluxes per unit energy in arbitrary units
(all fluxes being proportional to φi(E)/⟨E⟩ through the same normalization constant).

Notice the significant difference (asymmetry) between neutrinos and antineutrinos, and

between different neutrino flavors. However, the νe and νx fluxes happen to coincide

at an energy Eeq ≃ 19 MeV, while for the νe and νx fluxes the equality occurs at

Eeq ≃ 24 MeV. Flavor transformations of any kind are not operative for neutrinos at

E = Eeq, and for antineutrinos at E = Eeq.
The spherical symmetry of emission reduces to a cylindrical symmetry along the

radial line-of-sight (polar axis). At any radius r > Rν along the polar axis, neutrinos will

arrive with different momenta p characterized by |p| = E, incident polar angle ϑ, and

azimuthal angle ϕ. In the calculation of self-interaction effects, the effective differential

neutrino number density dnp with momentum between p and p + dp is then [17]

dnp = jν(E)dΩ = jν(E) dϕd cosϑ , (9)

within the cone of sight of the neutrino-sphere, with ϑ ∈ [0, ϑmax], being

ϑmax = arcsin(Rν/r) . (10)

In general, angular coordinates are important, since the interaction strength

between two neutrinos of momenta p and q depends on their relative angle ϑpq through

the factor (1−cos ϑpq). Calculations embedding the full angular coordinates are dubbed

“multi-angle.” The often used “single-angle” approximation consists in averaging the

angular factor along the polar axis, which is assumed to encode the same flavor history

of any other neutrino direction. In this case, the effective neutrino number density n
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Final fluxes in inverted hierarchy (multi-angle)

Figure 8. Multi-angle simulation in inverted hierarchy: Final fluxes (at r = 200 km,
in arbitrary units) for different neutrino species as a function of energy. Initial fluxes
are shown as dotted lines to guide the eye.

Figure 8 shows the final (r = 200 km) ν and ν fluxes as a function of energy. The

neutrino spectral swap at E > Ec ≃ 7 MeV is rather evident in the left panel, although

it is less sharp with respect to the single-angle case in Fig. 5. In the right panel of Fig. 8,

the minor feature associated to the “antineutrino spectral split” is largely smeared out

(see the same panel in Fig. 5), and survives as a small excess of νe at low energy.

The spectra in Figure 8 are largely independent from the specific mixing value
chosen for the simulations (sin2 θ13 = 10−4), as far as θ13 > 0 (as we have also

checked numerically). Variations of sin2 θ13 only lead to logarithmic variations in

the (unobservable) synchronized-bipolar transition radius, and in the depth of bipolar

oscillations [43, 44], which are anyway smeared out in multi-angle simulations, as we

have just seen. Therefore, the spectra in Figure 8 may be taken as rather general

“initial conditions” for possible later (ordinary or stochastic) matter effects, occurring
when ω ∼ λ(r) at r ≫ 200 km. These later, ordinary matter effects are instead strongly

dependent on θ13, and vanish for, say, sin2 θ13 ∼< 10−5 (see, e.g., [7]). If θ13 is indeed that

small (but nonzero), neutrino self-interaction effects could be the only source of flavor

transformations in (anti)neutrino spectra.

In conclusion, for 0 < sin2 θ13 ∼< 10−5, the observable spectra at the SN exit

would be similar to those in Fig. 1 for the normal hierarchy case (no significant flavor
transformations of any kind), and to those in Fig. 8 for the inverted hierarchy case (large

self-interaction effects). For sin2 θ13 ∼> 10−5, the same spectra should be taken as “initial

conditions” for the calculation of subsequent MSW effects. Once more, we remark that

the decoupling of self-interaction and MSW effects is a characteristic of our adopted

SN model, inspired by shock-wave simulations [7]. The phenomenology becomes more

complicated in alternative models with shallow matter profiles, when both effects can
occur in the same region, as in the simulations performed in [17, 47].

After neutrino self-interactions

Before neutrino self-interactions

Stationary & Spherically Symmetric SN



Spontaneous symmetry breaking may occur when releasing symmetry assumptions.  
Caveats: Studies only within 1D/2D toy-models.

• Breaking of axial symmetry.  
[Raffelt, Sarikas, de Sousa Seixas, PRL (2013)] 
  

• Spatial and directional symmetry breaking (inhomogeneity).  
[Mirizzi et al., PRD (2015); Mangano et al., PRD (2014); Duan&Shalgar, PLB (2015); Hansen&Hannestad, PRD (2014), 
Chakraborty et al., JCAP (2016), Martin et al., PRD (2020)].  
  

• Temporal instability (non-stationarity).  
[Abbar & Duan, PLB (2015), Dasgupta & Mirizzi, PRD (2015), Capozzi et al., JCAP (2016)].

• Neutrino momentum distribution not limited to outward direction (nu halo).  
[Cherry et al., PRL (2012). Sarikas, Tamborra et al., PRD (2012), Cherry et al., PRD (2020)].  

• Large-scale 3D effects (SASI, LESA). 
[Tamborra et al., PRL (2013) & ApJ (2014), Chakraborty et al., PRD (2015)].

Real SN Is Space-Time Dependent



Izaguirre, Raffelt, Tamborra, PRL (2017). Tamborra et al., ApJ (2017). Shalgar & Tamborra, ApJ (2019). Capozzi et al., PRD 
(2017). Dasgupta et al., PRD 2018. Sawyer, PRD (2005), Sawyer, PRL (2016). Azari et al., PRD (2019). Dasgupta et al., 
JCAP (2017). Abbar et al., PRD (2019), PRD (2020). Morinaga et al., PRR (2020). Glas et al., PRD (2020). Nagakura et al., 
ApJ (2019). Martin et al., PLB (2020). Yi et al., PRD (2019). Shalgar & Tamborra, arXiv: 2007.07926. …

Flavor conversion may occur close to neutrino decoupling region.

No net lepton flavor change.

⌫e(p) + ⌫̄e(k) ! ⌫µ(p) + ⌫̄µ(k)
⌫e(p) + ⌫µ(k) ! ⌫µ(p) + ⌫e(k)

Pairwise flavor exchange by          scattering: ⌫ � ⌫

Growth rate:                                                vs.                            .  
p
2GF (n⌫e � n⌫̄e) ' 6.42 m�1 � �m2

2E
' 0.5 km�1

“Fast” conversions

Flavor conversion (vacuum or MSW):                       .
Lepton flavor violation by mass and mixing.

⌫e(p) ! ⌫µ(p)

Fast Pairwise Neutrino Conversions
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 Recent review: Tamborra & Shalgar, Ann. Rev., arXiv: 2011.01948.
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Simplified Picture of Flavor Conversions 

ne ' 1037 cm�3 ne ' 1032 cm�3

n⌫ ' 1036 cm�3 n⌫ ' 1032 cm�3 n⌫ ' 1030 cm�3
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Glas et al., PRD (2020). Abbar et al., PRD (2019), PRD (2020). Azari et al., PRD (2019, 2020). Nagakura et al., ApJ (2019). 
Morinaga et  al., PRD (2020). Shalgar & Tamborra, ApJ (2019). Tamborra et al., ApJ (2017). Dasgupta et al., PRD (2018). 
Abbar, JCAP (2020)…
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LESA

FIG. 8. 3D volume renderings of� n⌫ in the 9 M
�

model at 300 ms after bounce (left) and 600 ms after bounce (right). Red
hues indicate excess of ⌫e and thus positive� n⌫ , blue hues excess of ⌫̄e and therefore negative values of� n⌫ . Flavor-unstable
locations are in between near� n⌫ = 0 (whitish). First “raisins” with flavor-unstable skins become visible at about 300 ms,
whereas at 600 ms flavor-unstable locations can be found near a radius of 14 km in the whole convective layer of the PNS. Note
the pronounced hemispheric asymmetry of the flavor-unstable 2D surface, which is connected in the anti-LESA direction and
more perforated in the hemisphere which the LESA dipole vector points to (namely the +y direction, as indicated by the white
arrow next to the tripod).

Figure 2 confirms that indeed it does not matter
whether the analysis is performed with lab-frame or
comoving-frame moments for the neutrinos. The figure
shows, in both reference frames, radial profiles of the
number densities n

⌫

of ⌫
e

and ⌫̄
e

individually and their
di↵erence for the 9M

�

model at a post-bounce time of
300ms (four upper left panels), the corresponding second
angular moments P rr

⌫

and their di↵erence (four upper
right panels), the radial neutrino-flux densities F r

⌫

and
their di↵erence (four lower left panels) and the “flavor-
instability functional” F of Eqs. (13) and (18) (four lower
right panels). The angular direction (✓, �) for the radial
ray was chosen such that one of the instability points vis-
ible in the top plot of Fig. 1 was crossed. This can be
seen in the four panels on the lower right of Fig. 2, where
at r ⇡ 14 km the flavor-instability condition is fulfilled.
The four upper left panels demonstrate that at this lo-
cation n

⌫e and n
⌫̄e are approximately equal. Lab-frame

and comoving-frame quantities exhibit exactly the same
behavior.

A comparison of the four upper left and four upper
right panels shows that the same conclusion can be drawn
from inspection of P rr

⌫

, because in the di↵usion region
P rr

⌫

= 1
3 n⌫

is very well fulfilled. This relation does not
hold any longer when neutrinos begin to decouple from
the stellar medium near the neutrinosphere and undergo
the transition to free streaming outside. In this case
P rr

⌫

! n
⌫

asymptotically for r ! 1, and therefore our
flavor-instability conditions of Eqs. (13) and (18) are not
valid any more. In the displayed model this is the case
for radii r & 30 km, for which reason the negative values

of the flavor-instability functional for r & 40 km do not

signal flavor instability in this region exterior to the PNS.
The two lower right bottom panels of Fig. 2 also dis-

play the term 16
9 (�n

⌫

)2 as part of the flavor-instability
functional for comparison with the full expression. One
can see that this term usually dominates the second one,
4
c

2 (�F r

⌫

)2, by several (typically by 2–3) orders of mag-
nitude. This can also be directly verified by comparing
�n

⌫

in the upper left panels with 1
c

�F r

⌫

displayed in
the lower left panels. We remark in passing that strongly
negative values of the ⌫̄

e

flux in the comoving frame oc-
cur because of a local temperature maximum that drives
the di↵usion flux of ⌫̄

e

inward while the more degeneracy-
driven di↵usion flux of ⌫

e

can still be outward directed.
Although the lab-frame and comoving-frame fluxes are
considerably di↵erent (because the advective component
v
r

n
⌫

can dominate the di↵usive component in the con-
vection layer of the PNS), the radial profiles of� F r

⌫

are
more similar for lab-frame and comoving-frame fluxes,
and the instability functional F in the lower right panels
does not exhibit any visible frame dependence.

There are severe consequences of this huge imbalance
between the first and the second term in the flavor-
instability functional F when searching for ELN cross-
ing points by evaluating the functional with discretized
numerical results. In order to detect such points, i.e.
in order to find grid locations where F < 0, the term
16
9 (�n

⌫

)2 must be very close to zero at exactly such grid
positions, because only then the small second term can
lead to a negative value of F . If, however, the discrete
grid points are too far away from the root of F , the val-

Regions of flavor instability diagnosed inside and outside the newly formed neutron star. 

Does this mean that flavor conversion is not negligible in the decoupling region?

Fast Falvor Instabilities in SN Simulations



Flavor Conversions in Multi-D 
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Flavor instabilities are damped by neutrino advection (not predicted by analytical methods!). 

Shalgar, Padilla-Gay, Tamborra, JCAP (2020). 



The Role of Collisions 

Flavor conversions are enhanced by collisions. 

Shalgar & Tamborra, arXiv: 2011.00004. See also Capozzi et al., PRL (2019).
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Signal independent on SN  
mass and EoS.  

• Mostly linear conversions.

Figure 4-1: Three phases of neutrino emission from a core-collapse SN, from left to right: (1) Infall,
bounce and initial shock-wave propagation, including prompt νe burst. (2) Accretion phase with
significant flavor differences of fluxes and spectra and time variations of the signal. (3) Cooling of
the newly formed neutron star, only small flavor differences between fluxes and spectra. (Based on a
spherically symmetric Garching model with explosion triggered by hand during 0.5–0.6 ms [168,169].
See text for details.) We show the flavor-dependent luminosities and average energies as well as
the IBD rate in JUNO assuming either no flavor conversion (curves ν̄e) or complete flavor swap
(curves ν̄x). The elastic proton (electron) scattering rate uses all six species and assumes a detection
threshold of 0.2 MeV of visible proton (electron) recoil energy. For the electron scattering, two
extreme cases of no flavor conversion (curves no osc.) and flavor conversion with a normal neutrino
mass ordering (curves NH) are presented.
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EoS and mass dependence. 

• Flavor conversions are not 
crucial. 
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Signal has strong variations  
(mass, EoS, SN dynamics).  

• Linear & non-linear 
conversions.
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Figure: 1D spherically symmetric SN simulation (M=27 M    ), Garching group. sun

Phases of Neutrino Emission
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Figure from Moller, Suliga, Tamborra, Denton, JCAP (2018). Tabrizi & Horiuchi, arXiv: 2011.10933.  Lunardini & Tamborra, 
JCAP (2012). Priya & Lunardini, JCAP (2017). 

⌫e

⌫̄e

Detectors employing different 
technologies provide 
complementary information.                 

DSNB & Neutrino Flavors



Conclusions

Neutrinos are fundamental in core-collapse supernovae.

Neutrino conversions are relevant.

Not yet complete understanding of non-linear flavor evolution.

More work needed for reliable forecast of neutrino signal.

Thanks!


