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Outline

This talk is based on work in progress with G.G. Raffelt and T.-H. Janka.

★ Why do we consider eV-mass sterile neutrinos in supernovae?

★ Neutrinos and electron fraction in electron-capture supernovae

★ Our results

★ Conclusions 



eV-mass sterile neutrinos

ν̄e★ Reactor     spectra suggest the existence of eV-mass     with mixing parameters 
                                                  .*

★ In a supernova, such parameters induce MSW            conversions sensitively 
affecting the neutrino energy spectra. 

★ A decrease of the     flux by            oscillations increases the neutron abundance 
and thus it can enable the r-nucleosynthesis (rapid neutron capture process generating 
elements with A >100).**

★ Using the new electron-capture supernova hydrodynamical simulations, we analyze 
(2 active+1 sterile) scenario with the anti-reactor mixing parameters.
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νe − νs

νe − νs

*  Mention et al., arXiv: 1101.2755, Huber, arXiv: 1106.0687.
** See Fetter et al., Astrop. Phys. 18 (2003) 433, PRC 59 (1999) 2873 and references therein. 



(2 active + 1 sterile) neutrino pattern
We neglect  the solar mass difference with respect to the other two and we discuss the 
evolution  of 2 active + 1 sterile families.     is the linear combination of     and    .νx νµ ντ

“atmospheric” mass difference

“sterile” mass difference
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Mass and mixing 
parameters

sin2 2θ14 = 0.165
sin2 θ13 = 10−2

δm2
atm = 2× 10−3 eV2

δm2
ste = 2.35 eV2
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Neutrino flavor evolution

The Hamiltonian for each mode is made up by three terms
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E +H
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vacuum term

matter term

collective term

i ρ̇E = [HE ,ρE ]

i ρ̇E = [HE ,ρE ]

with initial conditions                                 and                                .ρE = diag(ne, nx, 0) ρE = diag(n̄e, n̄x, 0)

We solve the evolution equation for each energy mode    of neutrinos and antineutrinosE

*  Raffelt & Sigl, Nucl. Phys. B 406 (1993) 423.  

* 



Which is the impact of active-sterile 
oscillations on the electron abundance? 

Electron fraction
A hot problem in astrophysics is the location of the r-process nucleosynthesis. 

Is the neutrino-driven matter outflow a good candidate site for the r-process nucleosynthesis 
in an electron-capture supernova?

To answer to this question, let’s consider the evolution of  the electron abundance:

Ye(r) =
Ne(r)

Ne(r) +Nn(r)

with          and          the 
effective electron and neutron 
densities.
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Electron fraction evolution

νe + n → p+ e−

ν̄e + p → n+ e+

dYe

dt
= v(r)

dYe

dr
� (λνe + λe+)Y

f
n − (λν̄e + λe−)Y

f
p

and the associated reversed processes.

The electron abundance rate of change in an outflowing mass element may be written as

The electron abundance is set by the competition between the rates of the following neutrino 
and antineutrino capture on free nucleons

The neutrino scattering rates are functions of the neutrino fluxes and then flavor oscillations 
cannot be neglected.      is a function of the electron temperature and of the electron 
chemical potential.

λe

where        is the velocity of the outflowing mass element,   is the time parameter,     is the 
forward rate of each process, and          is the fraction of unbounded neutrons (protons).

v(r) t λα

Y f
n (p)



with     is the baryon density,      is the effective neutrino density.nb Nν

The feedback mechanism
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√
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NC+CC matter contribution
neutrino contribution

Neutrino oscillations are affected by     and, at the same time,     is affected by flavor 
oscillations.  

YeYe

The effective energy difference between two flavors is relevant for the oscillation of one 
flavor into the other one. In particular, for            oscillations, we have to consider the 
NC+CC matter contribution (as a function of      and     ) and the neutrino background one

νe − νs
Ne Nn



We discuss two representative times of the cooling phase extracted by an exploding 1D 
electron-capture supernova simulation.*

2

drodynamics code with an implicit multi-flavor, multi-
energy-group two-moment closure scheme for neutrino
transport. The variable Eddington-factor closure is ob-
tained from a model Boltzmann equation [23]. We ac-
count for general relativistic (GR) corrections with an
effective gravitational potential (case A of Ref. [24]) and
the transport includes GR redshift and time dilation.
Tests showed good overall agreement until several 100 ms
after core bounce [24, 25] with fully relativistic simula-
tions of the Basel group’s Agile-Boltztran code. A
more recent comparison with a GR program [26] that
combines the CoCoNut hydro solver [27] with the Ver-
tex neutrino transport, reveals almost perfect agreement
except for a few quantities with deviations of at most
7–10% until several seconds. The total neutrino loss of
the PNS agrees with the relativistic binding energy of the
NS to roughly 1%, defining the accuracy of global energy
and lepton-number conservation in our simulations.
Our primary case (Model Sf) includes the full set of

neutrino reactions described in Appendix A of Ref. [28]
with the original sources. In particular, we account for
nucleon recoils and thermal motions, nucleon-nucleon
(NN) correlations, weak magnetism, a reduced effective
nucleon mass and quenching of the axial-vector coupling
at high densities, NN bremsstrahlung, νν scattering, and
νeν̄e → νµ,τ ν̄µ,τ . In addition, we include electron capture
and inelastic neutrino scattering on nuclei [29].
To compare with previous simulations and the Basel

work [20] we also consider in Model Sr a reduced set
of opacities, omitting pure neutrino interactions and all
mentioned improvements of the neutrino-nucleon inter-
actions relative to the treatment of [30].
Long-term simulations.—In Fig. 1 we show the evolu-

tion of the νe, ν̄e and νx luminosities and of the average
energies, defined as the ratio of energy to number fluxes.
The dynamical evolution, development of the explosion,
and shock propagation were previously described [18, 19].
The characteristic phases of neutrino emission are clearly
visible: (i) Luminosity rise during collapse. (ii) Shock
breakout burst. (iii) Accretion phase, ending already at
∼0.2 s post bounce when neutrino heating reverses the in-
fall. (iv) Kelvin-Helmholtz cooling of the hot PNS with
a duration of 10 s or more, accompanied by mass outflow
in the neutrino-driven wind.
The PNS evolves in the familiar way [13, 16] through

deleptonization and energy loss. It contracts, initially
heating up by compression and down-scattering of ener-
getic νe produced in captures of highly degenerate elec-
trons. With progressing neutronization the PNS cools,
approaching a state of β-equilibrium with vanishing νe
chemical potential µνe and minimal electron content.
In Model Sf, deleptonization and cooling take ∼10 s

until ν transparency is approached. For t > 8.9 s we find
T <∼ 6 MeV and µνe ∼ 0 throughout, and ṄL # 1053 s−1.
The final baryon mass is Mb = 1.366M" with radius
∼15 km. Neutrinos have carried away lepton number
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FIG. 1: Neutrino luminosities and mean energies observed
at infinity. Top: Full set of neutrino opacities (Model Sf).
Bottom: Reduced set (Model Sr).

of 6.57 × 1056 and energy Eν = 1.66 × 1053 erg, so the
gravitational mass is M = Mb − Eν/c2 = 1.273M".
The evolution is faster than in previous works [16] or in
Model Sr because the high-density ν opacities are sup-
pressed, where NN correlations [31] probably dominate.
In Model Sr, deleptonization continues at 25 s on the low
level of ṄL

<∼ 1053 s−1, Tcenter ∼ 11.5MeV, and only 97%
of the gravitational binding energy have been lost.
Differences are also conspicuous in the luminosities.

Until 5.5 s they are higher (up to 60% at t ∼ 2 s) in
Model Sf, whereas afterwards they drop much faster com-
pared to Model Sr. On the other hand, for t >∼ 0.2 s, after
the end of accretion, the luminosities in both models be-
come independent of flavor within 10% or better. The
total radiated Eν shows nearly equipartition: 20% are
carried away by νe, 16% by ν̄e, and 4×16% by νx.
Spectra.—The mean neutrino energies evolve very dif-

ferently in the two cases. While they increase over 1–1.5 s
for νe and ν̄e in Model Sf, they increase only until ∼0.2 s
in Model Sr. The opacities are lower and thus the neu-
trino spheres at higher T , so Model Sf has larger 〈ενe〉 and
〈εν̄e〉 for several seconds before dropping below Model Sr

t = 0.5 s 
(early cooling phase)

t = 7 s 
(late cooling phase)

Reference electron-capture supernova

t Rν Le Le Lx 〈Ee〉 〈Ee〉 〈Ex〉 αe αe αx

0.5 25 9.5 10.06 10.8 16.8 18.14 18.3 2.9 3. 2.8
7 14.5 1 0.99 1.04 12.4 11.9 11.8 2.6 2.3 2.4

Table 1. Reference neutrino-sphere radii Rν in km (assumed equal for all the different flavors for
sake of simplicity), luminosities Lβ (in units of 1051 erg/s), average energies 〈Eβ〉 (in MeV), and the
factor αβ for two different post-bounce times t (in seconds) and for each flavor νβ (with β = e, ē, x).

2.2 Neutrino mixing parameters and flavor evolution equations

Assuming the existence of one sterile family, the usual parametrization of the mixing ma-
trix [36] becomes
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




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





, (2.3)

where the matrix U = U(θ12, θ13, θ14, θ23, θ24, θ34) is a function of the mixing angles among
the sterile and the active species.

Motivated by cosmological data, we assume that the hierarchy of neutrino masses mi

is normal in the sterile sector (m4 > m1,2,3). We neglect the solar mass difference (δm2
sol #

δm2
ste, δm

2
atm) considering two active flavors (νe, νx) only. For sake of simplicity, we neglect

the mixing in the νx-νs sector and we set the mixing parameters in the 1 − 4 sector to the
best fit values coming from the combination of reactor neutrino experiments, Gallex and Sage
calibration sources experiments, MiniBooNE and ILL-energy spectrum distortion fitted in a
3 + 1 scenario as in [9]. The other squared mass splitting at the representative values [36]

δm2
atm = 2× 10−3 eV2 , (2.4)

δm2
ste = 2.35 eV2 . (2.5)

The associated “high” (H) and “low” (L) vacuum oscillation frequencies are then

ωH =
δm2

ste

2E
=

5.96 × 103

E(MeV)
km−1 , (2.6)

ωL =
δm2

atm

2E
=

5.07

E(MeV)
km−1 . (2.7)

In our discussion we focus on the three-flavor system (νe, νx, νs) and we consider θ23 =
θ24 = 0 for sake of simplicity. We fix a tiny reference value for θ13

sin2 θ13 = 10−4 . (2.8)

while we set [9]
sin2 2θ14 = 0.165 . (2.9)

Concerning the supernova geometry, we adopt the spherically-symmetric bulb model [37],
with the neutrino-sphere radii assumed equal for all the active flavors and defined as in Ta-
ble 1 for t = 0.5, 7 s. Within this model, the initial conditions for the neutrino fluxes define
the effective density of νβ

Nνβ =

∫

dE nβ(E) , (2.10)
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Figure 1. Electron temperature as a function of the radius from hydrodynamical simulations for the
Model Sf 21 [18] for t = 0.5, 7 s.

t Rν Ye

0.5 25 5.47 ×10−2

7 14.5 2.33 ×10−2

Table 2. Initial electron abundance at the neutrino-sphere Rν (in km) for t = 0.5, 7 s.

4 Results

In order to study the impact of sterile neutrinos on Ye and on neutrino fluxes, we discretize
the coupled evolution Eqs. (2.11) and (2.12) in the energy range E ∈ [0, 60] MeV and we
solve them by numerical integration together with Eq. (3.4). The initial conditions for Ye are
reported in Table 2 as given by hydrodynamical simulations. The un-oscillated neutrino fluxes
are fixed by the supernova model described in Sec. 2 for t = 0.5 and 7 s. We consider two
possible scenarios: one “with neutrino oscillations” where we include the dynamical feedback
on Ye due to neutrino oscillations and the other one “without neutrino oscillations.”

– 7 –

t Rν Le Le Lx 〈Ee〉 〈Ee〉 〈Ex〉 αe αe αx

0.5 25 9.5 10.06 10.8 16.8 18.14 18.3 2.9 3. 2.8
7 14.5 1 0.99 1.04 12.4 11.9 11.8 2.6 2.3 2.4

Table 1. Reference neutrino-sphere radii Rν in km (assumed equal for all the different flavors for
sake of simplicity), luminosities Lβ (in units of 1051 erg/s), average energies 〈Eβ〉 (in MeV), and the
factor αβ for two different post-bounce times t (in seconds) and for each flavor νβ (with β = e, ē, x).

2.2 Neutrino mixing parameters and flavor evolution equations

Assuming the existence of one sterile family, the usual parametrization of the mixing ma-
trix [36] becomes
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where the matrix U = U(θ12, θ13, θ14, θ23, θ24, θ34) is a function of the mixing angles among
the sterile and the active species.

Motivated by cosmological data, we assume that the hierarchy of neutrino masses mi

is normal in the sterile sector (m4 > m1,2,3). We neglect the solar mass difference (δm2
sol #

δm2
ste, δm

2
atm) considering two active flavors (νe, νx) only. For sake of simplicity, we neglect

the mixing in the νx-νs sector and we set the mixing parameters in the 1 − 4 sector to the
best fit values coming from the combination of reactor neutrino experiments, Gallex and Sage
calibration sources experiments, MiniBooNE and ILL-energy spectrum distortion fitted in a
3 + 1 scenario as in [9]. The other squared mass splitting at the representative values [36]

δm2
atm = 2× 10−3 eV2 , (2.4)

δm2
ste = 2.35 eV2 . (2.5)

The associated “high” (H) and “low” (L) vacuum oscillation frequencies are then
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km−1 , (2.6)
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=

5.07
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km−1 . (2.7)

In our discussion we focus on the three-flavor system (νe, νx, νs) and we consider θ23 =
θ24 = 0 for sake of simplicity. We fix a tiny reference value for θ13

sin2 θ13 = 10−4 . (2.8)

while we set [9]
sin2 2θ14 = 0.165 . (2.9)

Concerning the supernova geometry, we adopt the spherically-symmetric bulb model [37],
with the neutrino-sphere radii assumed equal for all the active flavors and defined as in Ta-
ble 1 for t = 0.5, 7 s. Within this model, the initial conditions for the neutrino fluxes define
the effective density of νβ

Nνβ =

∫

dE nβ(E) , (2.10)
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*  Huedepohl et al., PRL 104 (2010) 251101.



Our results: early cooling (t = 0.5 s)
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The matter potential dominates on the              
          potential. Self-interactions play 
a sub-leading role.
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Our results: early cooling (t = 0.5 s)
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The MSW flavor conversion is 
responsible for the disappearance 
of     in favor of    . 
Antineutrinos are almost unchanged.

The neutrino background is not 
responsible for any further flavor
conversion.
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Our results: early cooling (t = 0.5 s)
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Our results: late cooling (t = 7 s)
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A non-adiabatic MSW resonance for 
both neutrinos and antineutrinos is 
occurring close to the neutrino-sphere. 
At large radii, neutrinos go towards a 
second adiabatic resonance and only 
few antineutrino energy modes.

The matter potential is of the same 
order of the          potential. Therefore 
self-interactions play an important role.
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The neutrino background is 
responsible for repopulating the    
flux and averaging     and     fluxes. νe νx

νe

Energy spectra

no oscillations

oscillations
(matter background)
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(matter+neutrino background)
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Our results: late cooling (t = 7 s)

The oscillating potential induces a 
parametric resonance and wiggles in 
the energy spectra (work in progress).

Preliminary!

The MSW flavor conversion is 
responsible for the disappearance 
of     in favor of    . 
Antineutrinos are almost unchanged.

νe νs



Our results: late cooling (t = 7 s)

Electron abundance
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The MSW resonance is 
responsible for inducing an 
environment rich in neutrons that 
might enable the r-process. 

The neutrino background raises 
up the active neutrino abundance 
and it is responsible for an higher 
value of the electron abundance. 
Sterile neutrinos cannot be 
responsible for enabling the 
r-process.



Conclusions

★ Active-sterile conversions affect the neutrino fluxes and the electron abundance.

★ Early cooling phase: MSW conversions are responsible for the disappearance of    
    in favor of    . 

★ Late cooling phase: neutrino background significantly contributes and it is responsible 
for a suppression of the            MSW conversion.

★ The next supernova explosion could be a benchmark for testing the existence of sterile 
neutrinos.

★ The presence of sterile neutrinos lowers the value of     although not enough to enable 
the r-process. Sterile neutrinos could also affect other aspects of nucleosynthesis physics.

Ye

νe νs

νe − νs



Waiting for the 
next supernova 

explosion...thank you 
for your attention!
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Forward rates

Neutrino forward rates*
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Electron forward rates*

The neutrino scattering rates are functions of the 
neutrino fluxes and then flavor oscillations 
cannot be neglected.

*   Mc Laughlin, Fuller, Wilson, Astrophys. J. 472 (1996) 440 (and references therein). 



r (km)
200 400 600 800 1000

)
-1

 (M
eV

eT

-210

-110

1

10

t = 7 s

t = 0.5

14.5

    is a function of the electron temperature     and of the electron chemical potential.λe Te

Forward rates

Electron chemical potential*

Ye =
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*   Bludman, Van Riper, Astrophys. J. 224 (1978) 631.


