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Flavor transformations

By now, we know that neutrinos oscillate between flavors

Oscillations are seen at solar, atmospheric, reactor, and 
beam neutrino experiments

Supernova neutrinos must also transform flavors

no longer optional!

Initial spectra of νe, anti-νe, and νμτ are permuted by 
oscillations in a nontrivial way

What’s observed on Earth as νe, anti-νe, is not the original   
νe, anti-νe spectra

To extract physics from the supernova signal, these 
transformations must be understood!
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Why now?

People are used to thinking about supernova 
neutrinos as a problem that can always be 
postponed to next year 

After all, we are talking about SN2027!

It turns out we need answers very soon

Example: a large detector for the LBNE in the US. 
People would like to make design decisions over 
the next several years. What characteristics would 
be optimal for supernova neutrino detection?

But why should this be difficult?

!"#$%&
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The supernova case is MUCH 
trickier!
Relevant physical processes (a cartoon)

ν-sphere Collective

turbulence

“regular MSW”

νe νμ ντ

νe νμ ντ_ _ _ front shock
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Let’s review these physics ingredients

As of now, these ingredients haven’t yet been put 
together in a satisfactory manner
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Collective neutrino effects
Close to the protoneutron star, the neutrino background 
itself becomes important in the oscillation Hamiltonian

The neutrino induced contribution is proportional to the 
density matrix of the background neutrinos

Pantaleone, 1992; Sigl & Raffelt, 1993; ...

Fuller et al, 1987; Notzold & Raffelt, 1988; ....nν(r) ∼ Lν

4πr2c�Eν�

∼ 1052 erg/s

4π(107 cm )2 × 3 ∗ 1010 cm/s 107 eV

∼ 1031 cm−3

√
2GF

�

p̂,Eν

np̂,Eν (1− cosΘk̂,p̂)|ψp̂,Eν ��ψp̂,Eν |
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Properties of the Neutrino 
Hamiltonian

Neutrinos of different energies and directions are now coupled

The evolving states of neutrinos are feeding back into the 
Hamiltonian

If the background is in a flavor superposition state, the 
Hamiltonian has nonzero off-diagonal terms -> further flavor 
conversion

Even if initially neutrinos are almost in flavor states, since the 
evolution is nonlinear, the off-diagonal terms could, in 
principle, grow 

|ψ��ψ| ≡
�
|ψe|2 ψeψ†

µ

ψ†
eψµ |ψµ|2

�
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Neutrino “self-refraction”
Seemingly bizarre behavior

Example: Neutrino in the 
“beam” scatters on an 
ensemble of the 
“background” neutrinos

Maximum flavor 
conversion not when the 
beam is made of νμ but 
when it’s made of 

(νe + νμ)/sqrt(2)

A oscillation Hamiltonian 
emerges as the coherent 
part of the scattering.

3

Hamiltonian,

HFCNC =

!
2GF n2

2

!

const +
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!! !
! "!!

#$

, (4)

where GF is the Fermi constant and n2 is the number
density of scatterers in the medium.

As a toy example, consider a beam of electron neutri-
nos incident on a thin slab of matter of thickness L made
of FCNC interacting particles, as illustrated in Fig. 1.
Assume that the neutrino masses are su!ciently small so
that the e"ects of vacuum oscillation can be neglected.
The flavor conversion rate in the slab can then be found
using the following straightforward physical argument.
Let f be the amplitude for an electron neutrino to scat-
ter as a muon neutrino in a given direction on a particle in
the target. If the scattering amplitudes for di"erent tar-
get particles add up incoherently, the flux of muon neutri-
nos in that direction is # Ns|f |2, where Ns is the number
of scatterers. In the case of forward scattering, however,
the scattering amplitudes add up coherently and, hence,
the forward flux of muon neutrinos is # N2

s |f |2. Indeed,
in the small L limit Eq. (4) gives

PFCNC
!e"!µ

$ !2(GF n2L)2/2 , (5)

which has the form PFCNC
!e"!µ

# N2
s |f |2, since ! # f . No-

tice that by choosing a small L limit we were able to
ignore the secondary conversion e"ects in the slab, i.e.,
to assume that for all elementary scattering events the
incident neutrinos are in the "e state.

To summarize, for small enough L, the flavor conver-
sion rate due to coherent FC scattering in the forward
direction is proportional to the square of the modulus of
the product of the elementary scattering amplitude and
number of scatterers. This quadratic dependence on Ns

is what makes the coherent forward scattering important
even when the incoherent scattering can be neglected.

Notice that exactly the same arguments apply if one
considers the usual flavor-diagonal matter term due to
the electron background in a rotated basis, for instance,
in the basis of vacuum mass eigenstates. In this basis,
the matter Hamiltonian has o"-diagonal terms, resulting
in transitions between the vacuum mass eigenstates.

B. Neutrino background: physical introduction

We seek the same description for the case of neutrino
background. Let us therefore modify the setup in Fig. 1
and replace the slab by a second neutrino beam, such
that the neutrino momenta in the two beams are orthog-
onal (see Fig. 2). To keep the parallel between this case
and the FCNC case, we will continue to refer to the orig-
inal beam as “the beam” and to the second beam as “the
background”. The neutrinos in each beam can be taken
to be approximately monoenergetic [31]. We again as-
sume that the neutrino masses are su!ciently small so
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!x = cos "!e + sin "!µ

FIG. 2: Toy problem to illustrate neutrino flavor conversion
in the neutrino background.
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FIG. 3: Elementary scattering event that causes a change of
the flavor composition of the beam

that, although flavor superposition states could be cre-
ated outside the intersection region, the e"ects of vacuum
oscillation inside the intersection region can be neglected.
Any flavor conversion that takes place in the system is
therefore due to neutrino-neutrino interactions in the in-
tersection region.

Let us first compute the amount of flavor conversion
in the beam using Eqs. (1,3). The conversion is expected
because of the presence of the o"-diagonal terms in these
equations. The result depends on the flavor composition
of the background. If the background neutrinos are all
in the same flavor state

"x = cos#"e + sin#"µ (6)

and their density is n2, the Hamiltonian for the evolution
of a beam neutrino takes the form

H =

!
2GF n2

2

!

const +

"

cos 2# sin 2#
sin 2# " cos 2#

#$

. (7)

From Friedland & Lunardini,
  Phys. Rev.  D 68, 013007 (2003)
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that, although flavor superposition states could be cre-
ated outside the intersection region, the e"ects of vacuum
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Any flavor conversion that takes place in the system is
therefore due to neutrino-neutrino interactions in the in-
tersection region.
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“Multiangle” evolution

In principle, a complicated numerical problem: coupled 
neutrinos with different energies and emission angles

Not enough computing power in 1994

R !

Fig. 8
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Figure from Qian & Fuller, astro-ph/9406073
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First supercomputer modeling by Duan, Fuller, Carlson, 
Qian, 2005, 2006, major breakthrough!

Convergence achieved when 105 - 106 angle * 
energy bins, each of which is quickly oscillating: 
supercomputing required!

In the calculations found large flavor transformations at 
~ 100-300 km from the collapsed core
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Remarkable early work

Early universe, no anisotropy (no angular bins). Simple, (but 
fruitful!) modeling

“However, the nonlinearity of the system creates an instability ... The situation is analogous 
to a rigid pendulum positioned [...] suddenly inverted.” 

Kostelecky & Samuel, Neutrino oscillations in the early universe with an inverted neutrino mass 
hierarchy, PLB 318, 127 (1993).

Neutrino oscillations in the early universe with nonequilibrium neutrino distributions, PRD 3184 
(1995)

In fact, a simple neutrino-antineutrino (spin-up, spin-down) 
system is not just “like” an inverted pendulum, it is exactly it!

Hannestad, Raffelt, Sigl, Wong, Self-induced conversion in dense neutrino gases: Pendulum 
in flavour space, PRD74, 105010 (2006)
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Spectral splits: simplest toy problem 
(after Raffelt & Smirnov, 2007)

• Start with 40 neutrinos of different energies, all initially in the same flavor 
superposition state cosθ0 |νe> + sinθ0 |νμ>. Take small vacuum mixing.

• Let the self-coupling be large initially (much larger than the vacuum oscillation 
terms for these neutrinos).

• Relax the self-coupling gradually to zero. What is the final state of this 
system? (This can also describe initial flavor eigenstate and large mixing)
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Electron neutrinos and antineutrinos 

• Electron and anti-electron neutrinos in the initial state, but no mu, tau 
neutrinos (rough toy model of the accretion regime)

• Electron anti-neutrinos are entirely converted into anti-mu; neutrinos are split: 
low-energy part of the spectrum remains nu_e  
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Multiple spectral splits

Calculations with the late-time 
spectra of the type we are 
interested in seem to give very 
curious results, including 
multiple spectral splits

This can be potentially very 
significant: high energy 
features are easier to 
observe
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Collective oscillations of supernova neutrinos swap the spectra f!e
(E) and f!̄e

(E) with those of
another flavor in certain energy intervals bounded by sharp spectral splits. This phenomenon is far
more general than previously appreciated: typically one finds one or more swaps and accompanying
splits in the ! and !̄ channels for both inverted and normal neutrino mass hierarchies. Depending
on an instability condition, swaps develop around spectral crossings (energies where f!e

= f!x
,

f!̄e
= f!̄x

as well as E ! " where all fluxes vanish), and the widths of swaps are determined by
the spectra and fluxes. Wash-out by multi-angle decoherence varies across the spectrum and splits
can survive as sharp spectral features.

PACS numbers: 14.60.Pq, 97.60.Bw

Introduction.—The neutrino flux from a core-collapse
supernova (SN) is a powerful probe of particle physics
and astrophysics [1]. SN neutrinos interact not only with
the stellar medium, producing the Mikheyev-Smirnov-
Wolfenstein (MSW) flavor conversion, but also with other
neutrinos and antineutrinos. The latter interactions
modify the flavor evolution in a non-linear fashion and
give rise to collective forms of oscillation [2, 3, 4, 5, 6, 7],
a subject of intense recent investigation [8, 9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27,
28, 29, 30, 31].

The most important observational consequence of the
collective e!ects is an exchange of the !e (!̄e) spec-
trum with the !x (!̄x) spectrum in certain energy inter-
vals. We call such a flavor exchange a “swap”, whereas
“splits” are sharp boundary features at the edges of each
swap interval. Spectral splits may become observable in
the high-statistics neutrino signal from the next galac-
tic SN, leading to valuable clues about the underlying
physics [19, 23, 26].

The well-understood “classic swap” covers the entire
!̄ spectrum and that of ! above an energy fixed by the
approximate conservation of the !e deleptonization flux
[16, 17, 18]. In this paper we show that spectral swaps
and concomitant splits are more ubiquitous than has
been appreciated in the past. One example is the puz-
zling low-energy split in the !̄ spectrum that was noted
for the inverted neutrino mass hierarchy [20, 21]. How-
ever, with flavor spectra typical for SN neutrinos one
should expect multiple splits in either hierarchy.

We focus on neutrino-neutrino interactions alone and
study two-flavor oscillations driven by the atmospheric
mass di!erence and 1–3 mixing. As has been established
before [14], the usual matter e!ect in the region of collec-
tive oscillations (up to a few 100 km) can be accounted for
by choosing a small (matter suppressed) e!ective mixing
angle which we take to be "e! = 10!5. MSW conver-

Antineutrinos

IH

Neutrinos

IH

0 10 20 30 40

Energy [MeV]

NH

0 10 20 30 40 50

Energy [MeV]

NH

FIG. 1: SN neutrino spectra before (dashed lines) and after
(solid lines) collective oscillations, but before possible MSW
conversions. The panels are for ! and !̄, each time for IH and
NH. Red lines e–flavor, blue x–flavor. Shaded regions mark
swap intervals.

sions occur typically at larger distances. Their e!ects
then factorize and can be included separately [24].

Spectral crossings and spectral swaps.—Consider first
the SN cooling phase where plausible choices are [32]
F!e

: F!̄e
: F!x

= 0.85 : 0.75 : 1.00 for the neutrino
fluxes, Ē!e

= 12, Ē!̄e
= 15 and Ē!x

= Ē!̄x
= 18 MeV

for the average energies, and f!(E) ! E3e!4E/Ē for the
spectral shape. Based on the single-angle approximation
for neutrino propagation [11, 14, 20, 28], Fig. 1 shows the
flavor spectra before and after collective oscillations. For
the inverted mass hierarchy (IH) we find a swap for both
! and !̄ and thus a total of four splits. For the normal
hierarchy (NH) the swaps extend to infinite E, providing
one split in the ! and !̄ spectrum each.

Flavor oscillations leave f!e
(E) + f!x

(E) unchanged,

Dasgupta, Dighe, Raffelt, 
Smirnov,  arXiv:0904.3542 

[hep-ph] -> PRL (2009)
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High energy splits are much 
easier to see!

Example: from Choubey, Dasgupta, Dighe, Mirizzi, arXiv:1008.0308
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FIG. 4: The same as Fig. 3, but for the benchmark flux model C1.

simply a question of identifying the oscillations in the
final spectra, if they exist. As can be seen in Figs. 3
and 4, scintillation detectors and LAr TPCs can allow
us to detect these spectral modulations. The following
statements can be made from Table I and II and from
Figures 3 and 4:

• For the phase A, oscillations are expected in the
!e spectrum for NH with sin2 "13 <! 10!5. These
oscillations should be clearly detectable in LAr
TPC. For NH with sin2 "13 >! 10!3, as well as for
IH, there are no expected Earth e!ects in the !e
spectrum.

• For the phase A, oscillations are expected in the
!̄e spectrum for IH with sin2 "13 >! 10!3 and in
NH. However in this case, the small flux di!erences
between original antineutrino species leads to the
presence of Earth induced oscillations at high ener-
gies being barely visible, as can be seen from Fig. 3.
The mixing scenarios IH with sin2 "13 <! 10!5 will
not produce any Earth e!ects.

• For C1, Earth e!ects in !e spectrum are expected
in all mixing scenarios (See Table I). In particular,

for NH with sin2 "13 <! 10!5, the Earth e!ects are
only at intermediate energies (10–25 MeV), while
for the other mixing scenarios, they are prominent
at high energies (E > 25 MeV). The sign of these
e!ects is negative in NH and positive in IH. In
particular, as one can see from Fig. 4, that the
Earth matter modulations are clearly visible in the
electron spectrum at high energies. This is due to
the fact that in this case the spectral di!erences
between F 0

!e and F 0
!x are relatively large at high

energies.

• For the case C1, Earth e!ects in !e are prominent
at high energies if the hierarchy is IH. For NH,
the e!ects are expected at intermediate energies.
However, due to the smaller spectral di!erences
between F 0

!e

and F 0
!x

these features are di"cult to
be observed, as can be seen from the Figure.

• For C2, C3 and C4 – not shown in Figs. 3 and
4 – the Earth matter e!ects are in general less
pronounced than in C1. This is a result of some of
the swaps being absent or only partially adiabatic.
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More fun: 3-flavor effects
adding solar Δm⊙2 can 
drastically change the 
evolutions

At first glance, this result is 
extremely weird:

At Δm⊙2=0, 2-flavor result 
is reproduced

As soon as Δm⊙2!0, the 
answer is closer to the 
realistic Δm⊙2 than to 
Δm⊙2=0

3
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FIG. 2: Investigating the role of the solar mass splitting, by
decreasing it, on the neutrino spectra at 1000 km.

For the matter profile at r ∼ 100 − 1000 km we assume
a neutrino driven wind with ρ = ρ0(10 km/r)3. We take
ρ0 = 2× 106 g/cm−3, and Ye = 0.5.

Our three-flavor calculation is carried out with the fol-
lowing parameters: ∆m2

atm = −2.7× 10−3 eV2 (inverted
mass hierarchy), ∆m2

⊙ = 7.7×10−5 eV2, θ13 = 0.01, and
sin2 θ12 = 0.31. In the two-flavor calculation, we set the
solar mixing angle θ12 to zero and drop the state that
in vacuum is separated from the predominately νe (ν̄e)
state by the solar splitting.

We perform a multi-energy, single-angle calculations of
the evolution, starting at 40 km and ending at 1000 km.

4. Results: comparison of two- and three-flavor runs. –
The resulting spectra at 1000 km are presented in Fig. 1.
The top panels show the two-flavor calculations, the bot-
tom ones, the corresponding three-flavor runs. The νe
spectra are on the left, and those for ν̄e are on the right.
The dashed and dotted curves show the corresponding
initial spectra (see legend). The animations showing the
complete evolution of the spectra as a function of the
distance from the center are available at [51].

The results of the two-flavor calculations appear to be
in very good agreement with the inverted hierarchy cal-
culations of [48]. Since we and [48] use similar initial
spectra, this agreement can be used to validate our code.

The important point is that the three-flavor calculation
results are significantly different: (i) the high-energy split
in the neutrino channel is gone; (ii) in the antineutrino
channel, the flavor swap probability is neither zero, nor
one, but increases gradually with neutrino energy.

5. Discussion. – Both of these results appear surpris-
ing. How can the presence of the solar splitting, which
is only ∼ 3% of the atmospheric splitting, completely re-
verse the effect of the latter at high energies? And what
explains the spectrum of the antineutrinos, which does
not follow either of the dashed curves (i.e., initial ν̄e or
ν̄x spectra)? While split spectra seem to be ubiquitous
in self-refraction calculations, the flavor swap probabil-
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FIG. 3: Investigating the role of the solar mass splitting, by
varying it, on the antineutrino spectra at 500 km.

ity is usually zero or one. Instead, we find a “mixed”
spectrum, which means the swap is incomplete.
First of all, we can rule out any important role of the

conventional MSW effect. The atmospheric level cross-
ing does occur here, but for the chosen parameters it is
strongly non-adiabatic (flavor preserving). Moreover, it
occurs when r � 600 km, by which point the neutrino
self-refraction effects have ceased. The small MSW ef-
fects are seen in the ν̄e channel as small wiggles.
As a next step, we can investigate what happens if

we artificially turn down the value of the solar splitting.
The results are shown in Fig. 2. These at first may be
even more surprising: when ∆m2

⊙ is exactly zero, the
two-flavor spectrum is reproduced, but as soon as it is
nonzero, even very small, the high-energy split disap-
pears. Since for ∆m2

⊙ = 7.7 × 10−7 eV2 (1% of its true
value) the corresponding oscillation length is 104 km –
much longer than the scales in the problem – one might
think the two-flavor limit should be reached. Instead, the
spectrum in this case is closer to the realistic three-flavor
one than to the two-flavor one.
To understand what is going on, let us consider the

evolution as a function of radius [49, 51]. Neutrinos,
initially in the flavor eigenstates, develop an instability
which leads to large collective oscillations. This insta-
bility is in fact well-known, first observed by Kostelecky
and Samuel in 1993 [27] and elaborated on recently in
[37] and [38]. The initial configuration is unstable, like
an inverted pendulum [27], in fact, in the simplest bi-
polar model [29, 30, 37] it is exactly like it [38]. What
is interesting in our case is that, shortly after the oscil-
lations develop between the “atmospheric” eigenstates,
the third state joins in. Just like the initial configuration
is unstable, the two-flavor trajectory is also unstable. A
small nonzero∆m2

⊙ is enough to displace the system from
the “two-flavor ridge” and let it run away into the three-
flavor space (driven primarily by ∆m2

atm). The outcome
of the oscillations there (the final resting point of the pen-

For details, see A. Friedland, Phys. Rev. Lett.104, 191102 (2010)
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3-flavor pattern of transitions
Eν < 6 MeV: 

no permulations

6 MeV < Eν < 10 MeV

ν1 ��ν1, ν2 ⇆�ν3,

10 MeV < Eν < 20 MeV

ν2 ��ν3, ν3 ��ν1, ν1 ��ν2

Eν > 20 MeV

ν1 ⇆�ν2, ν3 ��ν3

For details, see A. Friedland, 
Phys. Rev. Lett.104, 191102 (2010)

Saturday, June 18, 2011



Look where oscillations startStarting radius for oscillations -- single-angle code

� q = 3.5, Inverted Hierarchy, vary luminosity of Νx  (and Νx )

Lx � 0.60
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Varying luminosity of the nonelectron flavors

Single-angle calculations
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This is potentially dangerous

Calculations of collective transformations assume the 
free-streaming regime

i.e., oscillations and collisions are separated

at the very least, results have to pass a consistency 
check

If oscillations start close to the neutrino-sphere, they 
could affect transport/decoupling

Implications for the SN transport paragidm?
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The collective regime: neutrino-neutrino coupling 
stronger than the vacuum term

Yet, flavor conversion is only observed when they 
become comparable

to those of the neutrino-matter interactions and the vacuum oscillation term. This gives (e.g.,

[61]), |N! !N!̄ | ! |Ne! !Ne+ | and GF |N! !N!̄ | ! !m2/E! , correspondingly.

The next step is to account for the angular factors in Eq. (4.1), which are important

for the conditions specific to the supernova. Indeed, at su"ciently large distances from the

neutrinosphere neutrino rays becomes nearly collinear and therefore the geometric factors

(1!cos#) become parametrically small. Comparing the neutrino self-interaction term to the

vacuum oscillation term, on gets

GF |N! !N!̄ |"1! cos#(r!!)# ! !m2/E! . (4.3)

Here, the brackets denote an appropriate averaging over angles. The l.h.s. falls rapidly with

radius, as $ N!(r)(1 ! cos#) $ r!4 [49], suggesting that any transformations have to occur

close to the neutrinosphere. Indeed, given the late-time emission rate of% 1051 erg/s/10 MeV %
1056 neutrinos per second, the radius of the neutrinosphere R! & 10 km, and the atmospheric

!m2 = 2.7 ' 10!3 eV2, Eq. (4.3) gives r!! % O(100 km).

Importantly, a similar geometric correction does not apply when comparing the neutrino

self-interaction term to the background matter term (which would suppress collective oscil-

lations). This is because the overall e$ect of the background matter can be “rotated away”,

as explained in [62]. This important physical result is the reason why large collective flavor

transformations do occur under realistic supernova conditions [47, 53]. The residual disper-

sion of the matter phase on di$erent trajectories, however, cannot be rotated away, so that

very dense matter does suppress collective oscillations [63]. The comparison of this dispersion

to neutrino self-interaction strength shows the inequality

|N! !N!̄ | ! |Ne! !Ne+| (4.4)

is unmodified [63].

Note that the same argument applies to the vacuum oscillation term, but in this case

the dispersion with energy is of the same size as !m2/E! . Still, strictly speaking, it should

be understood that the r.h.s. of Eq. (4.3) contains the dispersion of the vacuum term (with

antineutrinos counting as negative energies).

Lastly, one should also consider the dispersion of the neutrino self-interaction on di$erent

trajectories. It can be easily shown that, similarly to the matter term, this dispersion is

comparable to the average strength of the interaction [66]. In the frequently used single-

angle approximation, this dispersion is neglected by fiat (and the calculation considerably

simplifies as a result). The justification for this approximation came not from any first

principles argument, but rather from comparing the results of single-angle and multiangle

calculations in certain setups. On the other hand, as shown in [66], single-angle calculations

do not always reproduce full multiangle results. In cases when they disagree, the dispersion

in neutrino self-interaction term can lead to the suppression of the oscillations close to the

neutrinosphere. The condition for the oscillations is

|N! !N!̄ |"1! cos#(r!!)# % !m2/(GFE!), (4.5)

– 7 –

to those of the neutrino-matter interactions and the vacuum oscillation term. This gives (e.g.,

[61]), |N! !N!̄ | ! |Ne! !Ne+ | and GF |N! !N!̄ | ! !m2/E! , correspondingly.

The next step is to account for the angular factors in Eq. (4.1), which are important

for the conditions specific to the supernova. Indeed, at su"ciently large distances from the

neutrinosphere neutrino rays becomes nearly collinear and therefore the geometric factors

(1!cos#) become parametrically small. Comparing the neutrino self-interaction term to the

vacuum oscillation term, on gets

GF |N! !N!̄ |"1! cos#(r!!)# ! !m2/E! . (4.3)

Here, the brackets denote an appropriate averaging over angles. The l.h.s. falls rapidly with

radius, as $ N!(r)(1 ! cos#) $ r!4 [49], suggesting that any transformations have to occur

close to the neutrinosphere. Indeed, given the late-time emission rate of% 1051 erg/s/10 MeV %
1056 neutrinos per second, the radius of the neutrinosphere R! & 10 km, and the atmospheric

!m2 = 2.7 ' 10!3 eV2, Eq. (4.3) gives r!! % O(100 km).

Importantly, a similar geometric correction does not apply when comparing the neutrino

self-interaction term to the background matter term (which would suppress collective oscil-

lations). This is because the overall e$ect of the background matter can be “rotated away”,

as explained in [62]. This important physical result is the reason why large collective flavor

transformations do occur under realistic supernova conditions [47, 53]. The residual disper-

sion of the matter phase on di$erent trajectories, however, cannot be rotated away, so that

very dense matter does suppress collective oscillations [63]. The comparison of this dispersion

to neutrino self-interaction strength shows the inequality

|N! !N!̄ | ! |Ne! !Ne+| (4.4)

is unmodified [63].

Note that the same argument applies to the vacuum oscillation term, but in this case

the dispersion with energy is of the same size as !m2/E! . Still, strictly speaking, it should

be understood that the r.h.s. of Eq. (4.3) contains the dispersion of the vacuum term (with

antineutrinos counting as negative energies).

Lastly, one should also consider the dispersion of the neutrino self-interaction on di$erent

trajectories. It can be easily shown that, similarly to the matter term, this dispersion is

comparable to the average strength of the interaction [66]. In the frequently used single-

angle approximation, this dispersion is neglected by fiat (and the calculation considerably

simplifies as a result). The justification for this approximation came not from any first
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Onset depends on Lx, Le fluxes
implications for nucleosynthesis 
see, e.g., Duan, Friedland, McLaughlin, Surman, The influence of collective 
neutrino oscillations on a supernova r-process, J. Phys. G G38, 035201 (2011)
always suppressed at small r
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Code validation?

The original results by Duan, Carlson, Fuller, Qian (2006) were 
computed with two different codes

Also, the Bari group (Fogli at al) presented a multiangle calculation in 
2007, which agreed with Duan et al and was a major step toward 
the acceptance of the results

More examples: Recent work by Mirizzi &Tomas, arXiv:1012.1339, is 
in agreement with Duan & Friedland, arXiv:1006.2359

I did some comparisons between my and Duan’s code

Codes by different people who haven’t seen each other’s codes

Run the same test problem 

Compare results without tweaking

!

!

!
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Duan & Friedland, PRL (2011)

Complicated multiangle evolution!
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r = 140 km
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r = 150 km
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r = 180 km
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r = 1000 km

YOU GET THE IDEA

Saturday, June 18, 2011



Osc. pattern at the start
the correlation between energy and angle can be 
explained analytically
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Keil, Janka, Raffelt 
q=3.0 spectra, 

vary Lx
Value of theta13 

suggested by T2K 
this week

Lx=0.7 Lx=1.1

Lx=0.9

Scanning the phase 
space, inverted 

hierarchy
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Incomplete roadmap
At this point, many directions to pursue:

Physics of coupled spin systems with long-ranged forces. Connections 
to other physical systems

Very similar phenomena in superconductor physics (Pehlivan, Balantekin, 
Kajino, Yoshida, arXiv:1105.1182). Thanks to Georg Raffelt for discussions!

Physics of the multiangle transformations in the supernova setup (not 
yet fully understood)

Connection to neutrino experiments: modeling various conditions to 
predict what can be seen on Earth and how to optimize detectors

Studying particle physics implications: Adding physics beyond the 
Standard Model -- potential for powerful constraints 

Implications for the nucleosynthesis and other astrophysics?
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Summary
The physics of supernova neutrino oscillations is extremely rich, much 
more interesting than thought 10 years ago!

Collective modes, changing density profile, stochastic fluctuations ...

The ingredients are all known physics → not optional

Needed: more manpower (brainpower!) -- both numerics and analytics 

Needed: combine large-scale SN simulations (with good spectra) and 
neutrino oscillations to predict time-dependent signals for various 
models

Needed: good detectors for both nue and nue-bar.

The supernova has been very kind to us, patiently waiting for the 
right detectors to be built
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