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Fig. 2. Snapshots of the density distribution of model b23a for several times. From top left to bottom right a) t = 4 s, b) t = 10 s, c) t = 20 s, d)
t = 50 s, e) t = 99 s, and f) t = 299 s. Note the change of the radial scale. The supernova shock is the outermost discontinuity which becomes
progressively spherical with time. Note also the growth and outward propagation of the Rayleigh-Taylor mushrooms from the former Si/O and
O/He interfaces of the star, and the onset of the Richtmyer-Meshkov instability at the He/H interface (the deformed discontinuity just behind the
supernova shock in the plots for t = 99 s and t = 299 s).

Observable effect

• To achieve complete 
depolarization, density 
fluctuations on large scales 
need to satisfy

• Simulations show order one 
fluctuations ➙ criterion 
satisfied and by a large margin
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Some comments



The result is quite robust to variations in the 
turbulent spectrum

• For the general noise exponent α in 

• the depolarization criterion is

• where the coefficient f varies from 0.04 to 0.25 as α varies from -1.5 to -2

C(k) ≡
∫

dx〈δn(0)δn(x)〉e−ikx = C0k
α.

δnr/nr > fθ−(α+1)/2
13



Adiabaticity assumption?

• What if the evolution without fluctuations is non-adiabatic?

• If the neutrino oscillation length, λosc~(Δm2/(2E) sin2θ)-1, is comparable or 

greater than than the outer scale of the turbulence (the radius of the shock) -> 
the effect of the turbulence comes in the power-law tail of G(p). Statistical 
averaging not guaranteed.

• If λosc is much greater than the radius of the shock the evolution non-
adiabatic with or without turbulent fluctuations.

• For the H resonance, this would be the case for small sin2θ13. For the L 
resonance, the adiabaticity condition is satisfied -- the solar parameters are 
known.



Off-resonance depolarization

• Since on resonance the effect is strongly oversaturated, by continuity 
depolarization must become important before the density in the turbulence is 
diluted down to the resonance value 

• -> The depolarization effect on the H-resonance starts setting in earlier, 
possibly at ~3 seconds 

• Turns on gradually (more so than the shock effect)

• See astro-ph/0607244 + in prep. for details



Turbulent “shadow”

• Turbulence produces 50/50 incoherent mixture of 
the two states 

• This density matrix commutes with any Hamiltonian 
-> any other features neutrino encounters, before or 
after turbulence, have no effect for transitions 
between the states involved in the H-resonance

• Sensitivity to front shock in the range of densities 
covered by the turbulence is lost, replaced by the 
distinct signal from turbulence 

• For δ-corr. noise this is noted by Fogli, Lisi, Mirizzi, 
hep-ph/0603033

• Remember this assumes adiabaticity the absence of 
the turbulent fluctuations, i.e. for H-resonance  
sin22θ13 ≳ 10-3 - 10-4

ρ =
(
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)
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L-resonance

• The discussion concentrated on the H-resonance

• As the shock expands and the density behind drops, the L-resonance also 
becomes depolarized. Given the solar oscillation parameters, the 
depolarization is guaranteed in this case. 

• Because the solar mixing angle is large, the L-resonance depolarization 
occurs both in neutrinos and antineutrinos. In contrast, the depolarization of 
the H-resonance occurs only in one channel -- which one depends on the 
sign of mass hierarchy

• When the L-resonance is depolarized, any matter effect in the Earth 
disappears -- turbulence again casts a shadow.



Summary and conclusions

• Turbulence is ubiquitous in all modern multi-dimensional simulations. 

• The density fluctuations in the turbulence are large enough to cause flavor 
depolarization of both H and L resonances as the shock expands

• This leads to a time-dependent signature with certain characteristic features. 
For H-resonance, either in neutrinos or antineutrinos, for L-resonance in both. 
Can be used to test the key ingredient in the explosion paradigm and also 
learn about θ13 and the sign of the hierarchy.

• A “standard model” of the supernova neutrino signal is incomplete without 
the effects of turbulence. What is needed is a “global” calculation that puts 
together everything we know at the moment: best initial spectra, collective 
effects, turbulence, front shock, earth effect. Fun continues!




