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The Dynamic MSW EffectThe Dynamic MSW Effect

Neutrino oscillations in SN can be dichotomized:

o Within ~ 1000 km of the core the flavor oscillations are 

dominated  by neutrino self interactions. 

o Beyond ~ 1000 km the oscillations are dominated by the 

interaction with matter – the MSW effect.

As the star explodes the density profile of the SN changes.

The altered profile leads to variations of the neutrino flavor 

content of the signal with time. 

Schirato & Fuller, astro-ph/0205390 

A detector here on Earth - that can differentiate between 

flavors - will observe an evolving neutrino signal. 



We want to use density profiles taken from multi-dimensional 
SN simulations at times up to ~ 10 seconds post bounce.

Simulations of Iron core collapse SN do not currently explode  
(but may do soon): the shock stalls at r ~ 200 km.

Somehow the stalled shock is revived and the star explodes.

What we need from a simulation is the density profile 
between 103 km < r < 105 km.

For our purposes what is occurring in the core is irrelevant. 

We can employ a simplistic approach: we create an 
explosion by injecting energy Q ≈ 3 x 1051 erg into a 
simulation stripped of the complicated physics in the core.

Core Core -- collapse SNcollapse SN





t = 2.5 s

The simulation has many prominent features that will affect 

neutrino passage through the SN.

Forward shock

Reverse shock

“Fluctuations”

“Fluctuations”



1D models1D models

We supplement the 2D model with numerous 1D models.

These allow us to focus upon particular features.

Again, to make the star explode, we heated the material 

and tracked the amount of energy, Q, we inserted.



Q = 1.66 x 1051 erg

Weak explosions possess only a forward shock.



Stronger explosions posses a reverse shock.

The reverse shock eventually stalls as the wind abates and 
then retreats back to the core where it is reflected.
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Seen also by Thomas et al, JCAP, 9 (2004) 15 and 

Arcones, Janka & Scheck, A&A, 467 (2007) 1227.



In the presence of matter the νe gain a potential energy Ve
which is proportional to the density.

For neutrinos of a particular energy there is a density at 

which the flavor content varies most rapidly - resonances.

There are two resonances:

o the ‘H’ resonance with the atmospheric |δm2| ~ 3 x 10-3 eV2 but 

unknown sign, and the unknown, but small, θ13, 
o the ‘L’ resonance with the solar mixing parameters.

Because the hierarchy is uncertain, we do not know whether 

the H resonance affects ν or ν.

The adiabaticity of a resonances is governed by dρ / dr.
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We divide the profile so that S = SL x SH. 

Using the two flavor approximation

from which we define three crossing probabilities:
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The L resonance is always adiabatic so PL is always zero.

How we went about calculating PH (and PH) is described in 

Kneller & McLaughlin, PRD, 73 (2006) 056003.
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The wavefunction at some r is related to the wavefunction 

emitted by the proto-neutron star by a operator S.

)0()()()0()()( νννν rSrrSr ==



Schirato & Fuller, astro-ph/0205390, showed that the revived 
forward shock can reach the H resonance. 

This leads to the first change in the ν signal.

Q = 1.66 x 1051 erg

δm2 = 3 x 10-3 eV2

sin2 2θ13 = 4 x 10-4

The Forward ShockThe Forward Shock



At early times PH ≈ 0. 

The shock makes the H resonance non-adiabatic: PH ≈ 1.

Once the shock has passed through PH reverts to PH ≈ 0.

At any given moment we can measure the highest energy 

affected by the shock, ES, and the shock ‘width’, ∆E. 
These are related to the density jump across the shock by
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M is the Mach number and γ the ratio of specific heats.



If we know the progenitor we can determine the shock 

position, rS, from ES.

It may be possible to extrapolate the shock position back 
to the proto-neutron star. 

A noticeable time lag will indicate that the shock stalled 
and for how long.

∆t



Reverse ShockReverse Shock
Profiles with reverse shocks lead to multiple H resonances 

and phase effects.

Fogli et al., PRD, 68 (2003), 033005 showed that phase 

effects occur due to multiple H resonances in the profile. 

See also

o Kneller & McLaughlin, PRD, 73 (2006) 056003,

o Dasgupta & Dighe, PRD, 75 (2007) 093002. 

Phase effects are rapid oscillations of PH as a function of the 

neutrino energy.

They are analogous to multi-slit interference for light.

To calculate them we need a full phase-retaining integrator.



δm2 = 3 x 10-3 eV2 , 

sin2 2θ13 = 4 x 10-4

Q = 3.36 x 1051 erg

t=1.8 s

t=2.0 s

t=2.4 s



Eventually the reverse 

shock turns around.

It’s effects move down 

through the spectrum.

And then it was reflected.

Q = 4.51 x 1051 erg

t=4.0 s

t=4.5 s

t=4.9 s

δm2 = 3 x 10-3 eV2 , sin2 2θ13 = 4 x 10-4



In 2D phase effects are again present.

PH depends upon the line of sight.

δm2 = 3 x 10-3 eV2 , sin2 2θ13 = 4 x 10-4

25° radial slice



t=2.4 s

t=5.4 s

t=6.4 s

t=7.4 s

t=8.0 s

t=9.0 s

Between 2 – 7 s the phase effects seem to be stronger. 

At late times they are qualitatively different.



For intermediate times, 2 – 7 s, the distribution of PH over 

portions of the spectrum is consistent with turbulence.

25° radial slice, t = 5.4 s, E ≥ 30 MeV



In summaryIn summary
o If θ13 is not too small, the neutrino flavor content will vary 

with time due to changes in the density profile.

o The forward shock is the first feature to affect the 
neutrino signal. 
o Knowing the progenitor profile one can determine the shock 

speed and, possibly, the shock revival timescale.

o Phase effects indicate the presence of multiple 
resonances / shocks.
o Does the reverse shock turn around?

o Aspherical profiles lead to turbulence between ~ 2 – 7 s 
and then low frequency phase effects at late times.


