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ν̄µ = Uµ1ν̄1 + Uµ2ν̄2 + Uµ3ν̄3
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Neutrino density matrix

ψ(x) =
∫
dp(ap(t)up + b†-p(t)v-p)e ip·x

Neutrino density matrix

ρ =

(
ρii ρij
ρji ρjj

)
Where: ρij =< a†j (p)ai (p

′) >

We neglect the following bilinears

< b†j (p)ai (p
′) > ∝

(
m
E

)
∝ 10−8

< a†j (p)b†i (p′) >
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Neutrino density matrix

ρ =
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ρii ρij
ρji ρjj
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Where: ρij =< a†j (p)ai (p

′) >

We neglect the following bilinears

< b†j (p)ai (p
′) > ∝

(
m
E

)
∝ 10−8 → B , Anisotropies

< a†j (p)b†i (p′) > −→ Inhomogeneus enviroment
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Neutrino density matrix EoM

Density matrix evolution equation

ρ̇p = −i [Hp, ρp]

Where H = Hvac + Hmatter + Hself

Hvac = ∆m2

2E

(
−cos(2θvac) sin(2θvac)
sin(2θvac) cos(2θvac)

)
Hmatter=

√
2GFne

(
−1 0
0 1

)
Hself =

√
2GF

∫
d3p′(1− p · p′)(ρp′ − ρ̄p′)
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Neutrino density matrix EoM

Density matrix evolution equation

i

(
ρ̇ 0
0 ˙̄ρ

)
=

[(
ρ 0
0 ρ̄

)
,

(
H 0
0 −H∗

)]
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Neutrino µB
Weak interaction spin coherence

The form factor for the µB is proportional to fM(q)σij −→
chirality changing operators

Dirac spinor Majorana spinor
(
νR = νCL

)
ν =

(
χL

χR

)
ν =

(
χL

χC
L

)
µij µi ,j (i 6= j)

Active 
 sterile neutrino Neutrino 
 antineutrino
µD = 10−19µB µM = 10−24µB
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Supernova core colapse (arXiv:astro-ph/0601261)

Figure: Supernova Core. From top left to bottom right: structure at 0.1,
0.2, 0.3, and 0.5 seconds after the shock is born. The shock has an
average radius of about 200, 300, 500, and 2,000 kilometers, respectively
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B w 1012 ·
(

50km
r(km)

)
(G )

Hamiltonian H =

(
0 µBT

−µBT 0
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Neutrino µB
Weak interaction spin coherence

Neutrino density matrix: a generalization

Density matrix evolution equation

i

(
ρ̇ σ̇
˙̄σ ˙̄ρ

)
=

[(
ρ σ
σ̇ ρ̄

)
,

(
H µBT

−µBT −H∗
)]

Where: σij =< b†j (p)ai (p
′) > , (i 6= j)
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Neutrino magnetic moment µB

(a) No µB effects included (b) µB effects included
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Neutrino µB
Weak interaction spin coherence

Anisotropy as spin coherence inducer

I Weak interaction spin flip transitions

Also introduces σij =< b†j (p)ai (p
′) >

The effects are suppressed by a factor
(
mν
E

)
w 10−8

However, due to nonlinear feedback effects, they might have
an non negligible impact in the final result
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Neutrino µB
Weak interaction spin coherence

Anisotropy as spin-flip transition inducer

Figure: arXiv:1406.6724 (25 June 2014)
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Next SN event?
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Conclusions

Supernovas are the perfect neutrino laboratories.

Effects initially neglected ( µB , Spin-flip transitions, wave
packet decoherence, non stationary solutions...) might have a
strong impact

Are we using the right equations?

Collective neutrino oscillations theory must be re-examined

I The new models have to be tested numerically

We should be prepared for the next SN!
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