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Imagine designing a wild 
intensity frontier experiment 

Let’s dream! What if we could:

Take ~3 x 1029 kg of matter and convert it to pure 
energy, in the form of 1058 neutrinos with energies of 
107 eV.

Create a ball of matter so dense (1014 g/cm3, nuclear 
densities) that it would be opaque even for neutrinos. 
Measure its cooling properties as a function of time.

Create a dense neutrino gas (108-1010 moles of 
neutrinos/cm3). Let this system expand. Measure the 
resulting collective flavor oscillation dynamics.
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This experiment is carried out 
in a core-collapse supernova!

Inner ~ 1.4 M� of material collapses to a super-dense 
object a few tens of km across 

10% of the rest mass of the collapsed core is emitted in 
1058 neutrinos in a burst lasting �t ~ seconds

Neutrino diffusion time scale

At ~ 100 km, the number density of streaming neutrinos is 

~ 1058/4πr2c�t ~1032 cm-3

Comparable to the number density of matter
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Evolution of the explosion 
is reflected in neutrinos
Neutronization burst, accretion and cooling phases can 
all be seen in neutrinos

Importantly, different for different progenitor masses
after 350 ms post bounce for the 10.8 and 18 M� progenitor models are due to the shock propagation over the position
of 500 km, where the observables are measured in a co-moving reference frame.
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Figure 2: Neutrino luminosities and energies with respect to time after bounce for the 8.8 M� O-Ne-Mg-core progen-
itor model from Nomoto (1983,1984,1987) (left panel) and the 10.8 M� and 18 M� Fe-core progenitor models from
Woosley et al. (2002) (middle and right panels respectively), measured in a co-moving frame at 500 km distance.

3.2 The O-Ne-Mg-core
A special star is the 8.8 M� progenitor model from Nomoto (1983,1984,1987). The central thermodynamic conditions
at the end of stellar evolution are such that only a tiny fraction of about 0.15 M� of Fe-group nuclei are produced, where
nuclear statistical equilibrium (NSE) applies (see Fig. 3 (a) top panel). Instead, the central composition is dominated
by 16O, 20Ne and 24Mg nuclei. Because temperature and density increase during the collapse, these nuclei are burned
into Fe-group nuclei and the NSE regime increases (see Fig. 3 middle panel). The core continues to deleptonize, which
can be identified at the decreasing Ye in Fig. 3. We use our nuclear reaction network as described in §2.2 to calculate
the dynamically changing composition, based on the abundances provided by the progenitor model. The size of the

Fig from Fischer, Whitehouse, Mezzacappa, Thielemann, Liebendörfer, arXiv:0908.1871
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Measure each of the 
phases

The Neutronization burst provides information about the onset 
of the explosion, shock breakout through the neutrinosphere; 
also, a useful sharp time structure

During the Accretion stage the shock stalls at a few hundred 
km; we need to know when and how it is reenergized

50-year question in SN theory!

Cooling stage ends with the formation of a neutron star or a 
black hole. The signal is sensitive to new physics contributions to 
cooling (light hidden sector!). Monitor how the shock travels out 
and the turbulent bubble behind expands. 

May be possible thanks to neutrino oscillations!
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The richest and most challenging 
neutrino oscillations problem known

Possible matter effect in the Earth

“Solar” MSW in the outer envelope of the progenitor

“Atmospheric” MSW in the outer envelope of the 
progenitor

Turbulent region behind the shock

Collective oscillations near the neutrino-sphere

This is schematic, the order of some of these 
ingredients could be interchanged, depending on the 
progenitor mass, stage of the explosion 
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Earth effect
The density of the Earth is close to resonant for the “solar” 
splitting and 20-40 MeV SN neutrinos

cf. the D/N effect in 8B solar neutrinos is expected at 
high energies

Can help to distinguish between different mixing scenarios

See, e.g., 

Smirnov, Spergel & Bahcall, PRD 1994

Lunardini & Smirnov, arXiv:hep-ph/0009356

Dighe, Kachelriess, Raffelt & Tomas, arXiv:hep-ph/0311172
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Sun: 2-state oscillations

The evolution is adiabatic (no level jumping), since losc << 
density scale height (|d ln�/dr|-1)

Hint: for most of the Sun, the density scale height is Rsun/
10, while losc is comparable to the width of Japan 
(KamLAND)

P2(⇥e � ⇥e) = sin2 � sin2 �� + cos2 � cos2 ��

cos2 ��

sin2 ��

cos2 �vac

sin2 �vac

VacuumCore
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SN � oscillations: 2 MSW 
densities 

�-sphere

“regular MSW”νe νμ ντ

νe νμ ντ
_ _ _
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SN MSW transformations, 
schematics

➡ Given the scale height in 
the progenitor, the 
evolution is very adiabatic

➡ the adiabaticity of the 
atmospheric resonance 
is controlled by theta13 

➡ Prediction for the nue 
signal during the 
neutronization burst is 
critically dependent on the 
sign of MH

For inverted hierarchy, the same happens in antineutrinos.

sin2 ��

cos2 ��

sin2 �13

F (�µ,⇥ )

F (�e)

F (�µ,⇥ )

sin2 ��

cos2 ��

sin2 �13
F (�µ,⇥ )

F (�e)

F (�µ,⇥ )

--
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Dynamical density profile

• Front shock reaches the regions where “atmospheric” and “solar” 
transformations happen, while neutrinos are being emitted

• See Schirato & Fuller (2002)       astro-ph/0205390 
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Moving shock and MSW 
transformations

➡  The shock is 
infinitely sharp from 
the neutrinos’ point 
of view (photon 
mean free path). 

➡ When it arrives at 
the resonance, the 
evolution becomes 
non-adiabatic.

For inverted hierarchy, the same happens in antineutrinos.

sin2 ��

cos2 ��

sin2 �13
F (�µ,⇥ )

F (�e)

F (�µ,⇥ )

sin2 ��
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F (�µ,⇥ )
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F (�µ,⇥ )
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3D simulations show 
turbulence

3d simulations of the 
accretion shock instability 
Blondin, Mezzacappa, & 
DeMarino (2002)

See http://
www.phy.ornl.gov/tsi/
pages/simulations.html

extensive, well-developed 
turbulence behind the 
shock
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Turbulence makes neutrinos 
diffuse in the flavor space

Need to estimate the rate of diffusion

Given large-scale fluctuations in published simulations 
(order 1) and the large measured value of theta13, 
observable signal expected a few seconds into the 
explosion
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Some technical details
The level-jumping probability depends on fluctuations

relevant scales are small, O(10 km)

take large-scale fluctuations from simulations, 
scale down with a Kolmogorov-like power law 

contributions of different scales to the level-
jumping probability are given by the following 
spectral integral 

P � GF⇥
2n�

0

⇤
dkC(k)G

�
k

2� sin 2�

⇥
, G(p) ⇥ �(p� 1)

p
�

p2 � 1
.

for details, see Friedland & Gruzinov, astro-ph/
0607244
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Neutrino “self-refraction”
Neutrinos undergo flavor 
conversion in the background 
of other neutrinos

The neutrino induced 
contribution depends on the 
flavor states of the 
background neutrinos

One has to evolve the 
neutrino ensemble as a whole

Rich many-body physics, with  
many regimes 

3

Hamiltonian,

HFCNC =

√
2GF n2

2

[

const +

(

ϵ′ ϵ
ϵ −ϵ′

)]

, (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 sufficiently small so
that the effects 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 different 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
νe→νµ

≃ ϵ2(GF n2L)2/2 , (5)

which has the form PFCNC
νe→νµ

∝ N2
s |f |2, since ϵ ∝ f . No-

tice that by choosing a small L limit we were able to
ignore the secondary conversion effects in the slab, i.e.,
to assume that for all elementary scattering events the
incident neutrinos are in the νe 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 off-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 sufficiently small so

"Beam"

"Background"

νe

νe νµ

νx = cos ανe + sin ανµ

FIG. 2: Toy problem to illustrate neutrino flavor conversion
in the neutrino background.

"Beam"

"Background"

νe

νe

νx

νx

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 effects 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 off-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

νx = cosανe + sinανµ (6)

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

H =

√
2GF n2

2

[

const +

(

cos 2α sin 2α
sin 2α − cos 2α

)]

. (7)
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that, although flavor superposition states could be cre-
ated outside the intersection region, the effects 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 off-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

νx = cosανe + sinανµ (6)

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

H =

√
2GF n2

2

[

const +

(

cos 2α sin 2α
sin 2α − cos 2α

)]

. (7)

Fuller et al, Notzold & Raffelt 1988; 
Pantaleone 1992; ...

Duan, Fuller, Qian, Carlson, 2006;
+ hundreds more

p
2GF

X

~p

ni(1� cos⇥~p~q)| ~pih ~p|

Figure from
Friedland & Lunardini,

  Phys. Rev.  D 68, 013007 (2003)
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SN �: summary physics 
cartoon 

�-sphere Collective

turbulence
front shock

“regular MSW”

νe νμ ντ

νe νμ ντ
_ _ _

17Thursday, January 22, 15



 * spectra by Duan & Friedland, PRL 2011 
 * detector modeling by Kate Scholberg & co

WC

LAr
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Collective oscillations 
must be done in 3 flavors

Example where the solar 
mass splitting is turned on 
gradually

At �m⊙
2=0, 2-flavor 

result is reproduced

As soon as �m⊙
2≠0, the 

answer is closer to the 
realistic �m⊙

2 than to 
�m⊙

2=0

2-flavor trajectory can be 
unstable in the 3-flavor space

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 ⇤ = ⇤0(10 km/r)3. We take
⇤0 = 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, �13 = 0.01, and
sin2 �12 = 0.31. In the two-flavor calculation, we set the
solar mixing angle �12 to zero and drop the state that
in vacuum is separated from the predominately ⇥e (⇥̄e)
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 ⇥e
spectra are on the left, and those for ⇥̄e 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 di⇥erent: (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 e⇥ect 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 ⇥̄e or
⇥̄x spectra)? While split spectra seem to be ubiquitous
in self-refraction calculations, the flavor swap probabil-

0 10 20 30 40 50 60
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0.5
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1.5

neutrino energy �MeV⇥

⇤e at 500 km, different ⇥m�
2
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initial ⇤e
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2 �5⇤std. val.⌅⇥m�
2 �⇤std. val.⌅

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 e⇥ect. 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 e⇥ects have ceased. The small MSW ef-
fects are seen in the ⇥̄e 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 Friedland, PRL (2010);
also Dasgupta, Dighe, Raffelt, Smirnov,  PRL (2009)
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What are we looking for? 
Smoking-gun features

The neutrino spectrum is modulated, but not 
antineutrinos (simultaneously observed by SK/HK) 

Modeling
multiangle 
collective + 

moving 
shock
by A. F.

Detector 
model by K. 
Scholberg

Figure 7–5: Observed spectra in 34 kton of LAr for a 10 kpc core collapse, representing
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Accretion phase: neutrinos 
scattering above �-sphere?

�-sphere

νe νμ ντ

νe νμ ντ
_ _ _

0.5s

Cherry, Carlson,  
Friedland, Fuller,  
Vlasenko, PRL 

(2012); PRD (2013)
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Much work is still to be 
done!

The role of matter in collective oscillations

Do they always factorize?

Dependence of collective transformations on luminosities and 
temperatures of different components

Transition from sharp spectral splits to decoherence

Breaking of spherical symmetry

e.g., Raffelt, Sarikas de Sousa Seixas, PRL 111, 091101 (2013)

Effects of nonstandard physics

e.g., de Gouvea and Shalgar, JCAP (2012, 2013)
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