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SN and new physics: vast subject

• Numerous scenarios of new 
particles physics can impact SN 
neutrino signals

• Axions, Majorons, Extra-dim KK 
modes, “Unparticles”, Dark 
Photons, Dark Matter, Sterile 
Neutrinos, Nonstandard 
Interactions, Neutrino Magnetic 
moments, etc, etc

• Can create energy losses, modify 
transport, composition, EOS, affect 
each explosion stage

• Flavor oscillations in SN

• Extremely rich physics: MSW, 
shocks and turbulence, 
collective oscillations, and their 
interplays

• Many questions still unanswered

• Signal detection

• Argon presents a great 
opportunity, but also challenges
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What could be done in such a short talk?

• A few points, hopefully complementary to other talks

• A few things experts could simulate/provide data for

•  Neutrino signals up to 10 sec in consistent 2D simulations

• Neutrino-Argon interactions (better nuclear physics)

1.Detailed matter distributions behind the expanding shock

2.Detailed distributions of streaming neutrinos (energies, impact parameters)

3.Explosion simulations with modified neutrino-neutrino scattering
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Inés Gil Botella - Low Energy @DUNE

DUNE: 40 kton LAr (SN @10 kpc)
28

Time-dependent signal
Expected event spectrum 

integrated over time

A lot of neutrinos come 
after 1 second Disclaimers: perfect detection, 

no oscillations

See talk by Kate for more
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Neutronization burst
23

FIG. 6.— Lνe (thick solid line), Lν̄e (thin solid line), and Lνµ
(dotted line) measured at the outer edge of the grid in erg s−1 as a function of time for the fiducial

M= 11 M⊙ progenitor. Time is measured relative to bounce. Note that we define t = 0 as the time of hydrodynamical bounce. The finite light travel-time to the
edge of the grid creates a ∼ 7ms offset between hydrodynamical bounce and the initial dip before the large νe breakout pulse.

Thompson, Burrows, Pinto, astro-ph/0211194 

41

FIG. 24.— Integrated number of νe events as a function of time via absorption on Argon (labeled ‘νeAr→ K∗ + e−’, solid line), including the Fermi and Gamow-
Teller transitions to 40K∗ (see §8.3), and via νe-electron scattering, labeled ‘νee− → νee−’ (solid line). The total number of νe neutrinos detected via these channels
is the thick solid line. The thick dashed line (labeled ‘All Others’) shows the contribution to the total neutrino signal from ν̄e, νµ, ν̄µ, ντ , and ν̄τ neutrinos via
scattering on free electrons. For reference, we also show the νe detection frequency (dN/dt, dotted line) during νe breakout and the first 100ms after bounce.
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Update from Bronson
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Messer, Devotie, et al. In prep.
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$large$enough$to$make$MSW$resonances$adiabaLc,$small$enough$to$ignore$mixing$$

$channels$

Or maybe the signal is very bright and suddenly 
stops, a black hole forms (from Evan O’Connor)
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Detection
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The interaction physics of SN 
neutrinos in Ar is nontrivial

The reaction 
νe+40Ar-> e+40K* 
creates 40K in 
an excited state

De-excitation 
gammas, plus at 
high energies n 
or p emission
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Simulation by UC Davis group 
(Gardener, Grant, Svoboda, et al)

�ǆĂŵƉůĞ ŶĞƵƚƌŽŶ ĞǀĞŶƚ ;ƚƌƵĞ ƚƌĂũĞĐƚŽƌŝĞƐͿ

ͻ � с ϭϲ͘ϯ DĞs

ͻ Ğʹ ĚĞƉŽƐŝƚĞĚ ϰ͘ϱ DĞs

ͻ EŽ ƉƌŝŵĂƌǇ Ɛ ĨƌŽŵ
ǀĞƌƚĞǆ

ͻ ϯϵ< ĚĞƉŽƐŝƚĞĚ ϲϴ ŬĞs

ͻ Ŷ ĚĞƉŽƐŝƚĞĚ ϳ͘ϲ DĞs
;ŵŽƐƚůǇ ĨƌŽŵ ĐĂƉƚƵƌĞ
ƐͿ

ͻ dŽƚĂů ǀŝƐŝďůĞ ĞŶĞƌŐǇ͗
ϭϮ͘Ϯ DĞs

ͻ sŝƐŝďůĞ ĞŶĞƌŐǇ ƐƉŚĞƌĞ
ƌĂĚŝƵƐ͗
ϭ͘ϰϰ ŵ

ͻ EĞƵƚƌŽŶƐ ďŽƵŶĐĞ
ĂƌŽƵŶĚ ĨŽƌ Ă ůŽŶŐ ƚŝŵĞ͊

ϭϮ

10



Spectral distortion, esp. at high 
energy. (Not collective oscillations!)
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SN ν oscillations: very rich physics 

ν-sphere Collective

turbulence
front shock

“regular MSW”

νe νμ ντ

νe νμ ντ
_ _ _
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Trivial part: MSW transformations

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

➡the adiabaticity of the 
atmospheric resonance is 
controlled by theta13 

➡For NH, the nue flux during 
the neutronization burst 
swept into the nu3 state, 
largely disappears (and nux 
give the final nue signal)

sin2 ��

cos2 ��

sin2 �13

F (�µ,⇥ )
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F (�µ,⇥ )

sin2 ��
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Dynamical density profile, modulated MSW

• 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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Multi-d simulations show extensive turbulence 
behind the expanding shock

Blondin, Mezzacappa, & DeMarino (2002)
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Multi-d simulations show extensive turbulence 
behind the expanding shock

Foglizzo, Masset, Guilet, Durand (2012)
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Neutrino signal at a few seconds

• Neutrino transformations depend on the how densities 
behind and in front of the shock compare.

• Can be even different for different directions in the 
same simulations.

• Please simulate the explosion to several seconds!

• High-resolution simulations preferred (to check 
turbulent cascade)

julyjuly 6  2007, INFO 07, Santa Fe6  2007, INFO 07, Santa Fe Alexander Friedland, LANLAlexander Friedland, LANL 3434

Step IV: Use simulations

z Simulations see order one density 
variations on large scales r0 -> use to 
fix C0

z The noise amplitude on small scales 
turns out to be more than enough to 
insure complete depolarization by 
turbulence

so long as the oscillation length stays 
below the scale height of the smooth 
component in the bubble (i.e. 
adiabaticity)
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Neutrino oscillations in turbulent matter

• In 3D, energy is pumped on large scales, dissipated on small scales

• Between these two scales (in the “inertial range”), a turbulent cascade is formed, 
carrying energy from large to small scales

• Fluctuations scale as a power law of their size

• The relevant turbulent scales for neutrinos are tens of km (neutrino osc. length) 
and shorter

• These are not going to be resolved directly, but the existence of the cascade 
could be verified in a good simulation

• Given the cascade the problem can be treated analytically, see Friedland & 
Gruzinov, astro-ph/0607244
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What are we looking for?

• Time-varying modulation of the signal, neutrinos vs antineutrinos

Modeling
multiangle 
collective + 
shock and 
turbulence

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

LBNE Science document,
arXiv: 1307.7335v3 (April 22, 2014)
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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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Any flavor conversion that takes place in the system is
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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 =
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2GF n2
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. (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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Instabilities: adding a tiny parameter 
(additional d.o.f.) has a large effect

• Example where the solar 
mass splitting is turned on 
gradually

• 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

• 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-
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⇤e at 500 km, different ⇥m�
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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 A. F., Phys. Rev. Lett.104, 191102 (2010);
cf Dasgupta, Dighe, Raffelt, Smirnov,  PRL (2009)
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What happens during 
the first second?

• Scattered “halo” 
neutrinos dominate 
oscillation Hamiltonian

• When the matter is 
inhomogeneous, multi-
D, extremely tough

• Need “super-
supercomputing”?
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We argue that the small fraction of neutrinos that undergo direction-changing scattering outside of
the neutrinosphere could have significant influence on neutrino flavor transformation in core-collapse
supernova environments. We show that the standard treatment for collective neutrino flavor trans-
formation is adequate at late times, but could be inadequate in the crucial shock revival/explosion
epoch of core-collapse supernovae, where the potentials that govern neutrino flavor evolution are
a�ected by the scattered neutrinos. Taking account of this e�ect, and the way it couples to entropy
and composition, will require a new paradigm in supernova modeling.

PACS numbers: 05.60.Gg,13.15.+g,14.60.Pq,26.30Hj,26.30Jk,26.50+x,97.60.Bw

In this letter we point out a surprising feature of neu-
trino flavor transformation in core-collapse supernovae.
These supernovae have massive star progenitors which
form cores which collapse to nuclear density and pro-
duce proto-neutron stars. The gravitational binding en-
ergy released, eventually some ⇥ 10% of the rest mass
of the neutron star, is emitted as neutrinos of all fla-
vors in a time window of a few seconds. Diverting a
small fraction of this neutrino energy into heating can
drive revival of the stalled core bounce shock [1–7] creat-
ing a supernova explosion and setting the conditions for
the synthesis of heavy elements [4, 6–9]. However, the
way neutrinos interact in this environment depends on
their flavors, necessitating calculations of neutrino flavor
transformation. These calculations show that neutrino
flavor transformation has a rich phenomenology, includ-
ing collective oscillations [10–38], which can a�ect im-
portant aspects of supernova physics [15, 16, 19–23, 27–
29, 31, 32, 39–43]. For example, neutrino-heated heavy
element r-process nucleosynthesis [44–48] and potentially
supernova energy transport above the core and the ex-
plosion itself [11, 37, 49] could be a�ected.

All collective neutrino flavor transformation calcula-
tions employ the “Neutrino Bulb” model, where neutrino
emission is sourced from a “neutrinosphere”, taken to be
a hard spherical shell from which neutrinos freely stream.
This seems like a reasonable approximation because well
above the neutrinosphere scattered neutrinos comprise
only a relatively small fraction of the overall neutrino
number density. However, this optically thin “halo” of
scattered neutrinos nonetheless may influence the way
flavor transformation proceeds. This result stems from a
combination of the geometry of supernova neutrino emis-
sion, as depicted in Fig. 1, and the neutrino intersection
angle dependence of neutrino-neutrino coupling.

Neutrinos are emitted in all directions from a neutri-
nosphere of radius R� , but those that arrive at a loca-
tion at radius r, and su�er only forward scattering, will
be confined to a narrow cone of directions (dashed lines
in Fig. 1) when r ⇤ R� . In contrast, a neutrino which
su�ers one or more direction-changing scattering events

R�

r
�ik

�k�k�

�i

�j

�ij

�ia

FIG. 1: Supernova neutrino emission geometry.

could arrive at the same location via a trajectory that
lies well outside this cone.
Following neutrino flavor evolution in the presence of

scattering, in general, requires a solution of the quan-
tum kinetic equations [50–52]. However, the rare na-
ture of the scattering that generates the halo suggests
a separation between the scattering-induced and coher-
ent aspects of neutrino flavor evolution. In the coherent
limit the neutrino-neutrino Hamiltonian, Ĥ�� , couples
the flavor histories for neutrinos on intersecting trajec-
tories [33, 44, 50, 53]. As shown in Fig. 1, a neutrino
⇥i leaving the neutrinosphere will experience a potential
given by a sum over neutrinos and antineutrinos located
at the same point as neutrino ⇥i:

Ĥ�� =
⌥
2GF

�

a

(1� cos �ia)n�,a |⇤�,a⇧ ⌅⇤�,a|

�
⌥
2GF

�

a

(1� cos �ia)n�̄,a |⇤�̄,a⇧ ⌅⇤�̄,a|, (1)

where the flavor state of neutrino ⇥a is represented by
|⇤�,a⇧, and �ia is the angle of intersection between ⇥i
and neutrino or antineutrino ⇥a/⇥̄a. Here n�,a is the lo-
cal number density of neutrinos in state a, and the 1 �
cos �ia factor disfavors small intersection angles, thereby
suppressing the potential contribution of the forward-
scattered-only neutrinos [10, 11]. Direction-altered scat-
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FIG. 3: Left: Color scale indicates the density within the shock front in a 15M� progenitor core-collapse supernova 500ms
after core bounce, during the shock revival epoch [57]. Right: E�ect of the scattered neutrino halo for the matter distribution
at Left. Color scale indicates the ratio of the sum of the maximum (no phase averaging) magnitudes of the constituents of the
neutrino-neutrino Hamiltonian, |Ĥbulb

⌫⌫ |+ |Ĥhalo
⌫⌫ |, to the contribution from the neutrinosphere |Ĥbulb

⌫⌫ |.

(e.g., the red curve in Fig. 2), in general, exhibit an av-
erage density profile that is ⇥ r�(2 to 3), which means
that |Ĥhalo

�� |/|Ĥbulb
�� | is expected to increase with radius.

Note, however, that though the relative contribution of
the halo may grow with radius, at su⌅ciently large dis-
tance from the proto-neutron star the neutrino-neutrino
potential ceases to be physically important.

Matter inhomogeneity, an essential feature of super-
nova explosion models [4–7, 57, 62, 63], adds complexity
to this issue. To study this e�ect we use the 2D mat-
ter density distribution, Fig. 3, taken from a supernova
model derived from a 15M⇥ progenitor [57]. This snap-
shot corresponds to 500ms after core bounce, during the
shock revival epoch, after the onset of the SASI [4, 5].
We mock up a full 3D density profile by cloning the 2D
profile into a 3D data cube. Starting with an initial flux
of neutrinos from the neutrinosphere [64], and taking all
baryons to be free nucleons, we use the full energy de-
pendent neutral current neutrino-nucleon scattering cross
sections [65] to calculate the number flux of neutrinos
scattered out of each spatial zone and into every other
spatial zone (retaining the necessary information about
relative neutrino trajectories between zones). We com-
pute the magnitude of |Ĥhalo

�� | at each location in the 2D
slice that comprises the original density distribution.

In this example calculation the scattered halo is taken
to be composed of neutrinos which have su�ered only a
single direction-changing scattering. Because the halo re-

gion is optically thin for neutrinos, multiple scatterings
become increasingly rare with radius and do not have a
geometric advantage in their contribution to |Ĥhalo

�� | rel-
ative to singly-scattered neutrinos. Neutrinos which ex-
perience direction-changing scattering that takes them
into the same cone of directions as neutrinos forward
scattering from the neutrinosphere are counted as con-
tributing to the halo (these neutrinos contribute � 10�6

of the halo potential). As before, we neglect the e�ects
of neutrino flavor oscillations. Fig. 3 shows the results
of this calculation out to a radius of r = 2000 km. Dis-
turbingly, neutrinos from the scattered halo in this 2D
model nowhere contribute a maximum magnitude less
than 14% of the neutrino-neutrino potential magnitude,
and in many places contribute 90% or more of the total.
Fig. 3 shows that matter inhomogeneities generate large
corresponding scattered halo inhomogeneities.

The inhomogeneity of the scattered halo is increased
by several scattering processes which have been omitted
from this illustrative calculation. We did not include
neutrino-electron scattering. This scattering process has
smaller cross sections and relatively forward peaked an-
gular distributions and therefore produces a subdominant
contribution to |Ĥhalo

�� |. What is more important is that
our calculation leaves out what is likely the dominant
source of neutrino direction-changing scattering in the
low entropy regions of the supernova envelope: coherent
neutrino-nucleus neutral current scattering.

Cherry, Carlson,  Friedland, Fuller,  
Vlasenko, arXiv:1203.1607
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Early in the explosion, 
computable

• Early in the 
explosion, large-scale 
density  fluctuations 
haven’t developed yet

• The problem can be 
modeled numerically 
and the halo can be 
shown to have an 
effect

• Simulations with halo 
neutrinos wanted! 

6

FIG. 5: A comparison of the emission angle averaged results of flavor transformation calculations with the halo neutrinos
included and with halo scattering neglected. Left panel: the calculation including the halo, mass basis (key top right, inset)
neutrino energy distribution functions versus neutrino energy. The dashed curve gives the initial ⌫ energy spectrum. Right
panel: the calculation neglecting halo scattering, mass basis (key top right, inset) neutrino energy distribution functions versus
neutrino energy. The dashed curve gives the initial ⌫ energy spectrum. Both panels show the final state of neutrino flavor
transformation at a radius of r = 12000 km.

FIG. 6: A comparison of the modeled event rate for detected
⌫e captures in a 17 kt liquid Argon detector between calcu-
lations with and without the scattered neutrino halo. The
spectral distortions created by the halo produce a clear swap
signature between 20 � 30 MeV, which constitute ⇠ 15 ad-
ditional ⌫e events in this 20 ms time slice of the supernova
signal.

IV. THEORY

The spectral distortions found in our calculations raise
a question: Do the halo neutrinos, though few in number,
nevertheless alter the qualitative and quantitative char-
acter of collective neutrino oscillations? The answer: At
7ms in our model the halo primarily a↵ects the collec-
tive oscillations of neutrinos propagating at large impact
parameters; but 8ms later the halo neutrinos completely

re-determine the course of neutrino flavor oscillation for
all emission trajectories. This result underscores the ne-
cessity for a self-consistent numerical treatment of this
nonlinear system.

The twisting of one of the swap surfaces through the
trajectory space has several direct consequences. The
first is the shift in the swap energies. When the halo
e↵ect is included in the 7ms post bounce case, a high en-
ergy tail of ⌫3 remains unswapped in the neutrino sector.
Figure 11 shows this feature in the total angle-averaged
energy spectra for electron neutrinos projected into the
three mass states for our simulation with and without the
halo. The total number of neutrinos in each mass state
for both the halo and no-halo cases are nearly identical
(there are small di↵erences on the order of ⇠ 0.1%, owing
to slight increases in the adiabaticity of flavor evolution
when the halo is included). With the halo the number
of neutrinos that remain in mass state 3 at high energy
causes the swap between ⌫3/⌫2 to form at lower energy.
Consequently, this also lowers the swap energy for mass
states ⌫2/⌫1.

This can be understood simply from the equations of
motion. The collective flavor oscillation which creates the
swaps (called the Regular Precession Mode) in this ex-
ample posseses two conserved constants of the motion,
e↵ective lepton numbers for each of the mass-squared
splittings [20]. Because the scattering of neutrinos into
the halo does not change the spectral shape of the entire
ensemble of neutrinos, one might reasonably expect that
the conserved lepton numbers that describe the flavor
evolution of the neutrinos to remain unchanged by the
presence of the halo. Indeed, this is what is found in our
calculations. Following the convention of Reference [20],

Cherry, Carlson,  Friedland, Fuller,  
Vlasenko, arXiv:1302.1159
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Neutrino-neutrino interactions?

• The preceding discussion assumed that neutrinos interact only via the SM Z-
exchange

• How do we know this is true? Impossible to measure in the lab

• Who would want to modify neutrino-neutrino interactions?!

• Dasgupta and Kopp; Hannestad, Hansen, and Tram; Mirizzi, Mangano, 
Pianti, and Saviano; Archidiacono, Hannestad, Hansen, and Tram; Chu, 
Dasgupta, Kopp; Cherry, Friedland, Shoemaker

• Why would we do this?

24



Experimental evidence? Sterile neutrinos at 
oscillation experiments

VOLUME 77, NUMBER 15 P HY S I CA L REV I EW LE T T ER S 7 OCTOBER 1996

Evidence for nm ! ne Oscillations from the LSND Experiment
at the Los Alamos Meson Physics Facility
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A search for nm ! ne oscillations has been conducted at the Los Alamos Meson Physics Facility by
using nm from m1 decay at rest. The ne are detected via the reaction ne p ! e1 n, correlated with a
g from np ! dg (2.2 MeV). The use of tight cuts to identify e1 events with correlated g rays yields
22 events with e1 energy between 36 and 60 MeV and only 4.6 6 0.6 background events. A fit to
the e1 events between 20 and 60 MeV yields a total excess of 51.0120.2

219.5 6 8.0 events. If attributed
to nm ! ne oscillations, this corresponds to an oscillation probability of (0.31 6 0.12 6 0.05)%.
[S0031-9007(96)01375-0]

PACS numbers: 14.60.Pq, 13.15.+g

We present the results from a search for neutrino os-
cillations using the Liquid Scintillator Neutrino Detector
(LSND) apparatus described in Ref. [1]. The existence of
neutrino oscillations would imply that neutrinos have mass
and that there is mixing among the different flavors of neu-
trinos. Candidate events in a search for the transformation
nm ! ne from neutrino oscillations with the LSND de-
tector have previously been reported [2] for data taken in
1993 and 1994. Data taken in 1995 have been included in
this paper, and the analysis has been made more efficient.
Protons are accelerated by the Los Alamos Meson

Physics Facility (LAMPF) linac to 800MeV kinetic energy
and pass through a series of targets, culminating with the
A6 beam stop. The primary neutrino flux comes from p1

produced in a 30-cm-long water target in the A6 beam stop
[1]. The total charge delivered to the beam stop while
the detector recorded data was 1787 C in 1993, 5904 C
in 1994, and 7081 C in 1995. Neutrino fluxes used in our
calculations include upstream targets and changes in target
configuration during these three years of data taking.
Most of the p1 come to rest and decay through

the sequence p1 ! m1nm, followed by m1 ! e1nenm,
supplying nm with a maximum energy of 52.8 MeV. The
energy dependence of the nm flux from decay at rest

(DAR) is very well known, and the absolute value is
known to 7% [1,3]. The open space around the target
is short compared to the pion decay length, so only 3% of
the p1 decay in flight (DIF). A much smaller fraction
(approximately 0.001%) of the muons DIF, due to the
difference in lifetimes and that a p1 must first DIF. The
total nm flux averaged over the detector volume, including
contributions from upstream targets and all elements of
the beam stop, was 7.6 3 10210nmycm2yprotony.
A ne component in the beam comes from the sym-

metrical decay chain starting with a p2. This back-
ground is suppressed by three factors in this experiment.
First, p1 production is about 8 times the p2 produc-
tion in the beam stop. Second, 95% of p2 come to rest
and are absorbed before decay in the beam stop. Third,
88% of m2 from p2 DIF are captured from atomic or-
bit, a process which does not give a ne. Thus the rela-
tive yield, compared to the positive channel, is estimated
to be , s1y8d 3 0.05 3 0.12 ≠ 7.5 3 1024. A detailed
Monte Carlo simulation [3] gives a value of 7.8 3 1024

for the flux ratio of ne to nm.
The detector is a tank filled with 167 metric tons of dilute

liquid scintillator, located about 30 m from the neutrino
source and surrounded on all sides except the bottom

3082 0031-9007y96y77(15)y3082(4)$10.00 © 1996 The American Physical Society
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A ne component in the beam comes from the sym-
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ground is suppressed by three factors in this experiment.
First, p1 production is about 8 times the p2 produc-
tion in the beam stop. Second, 95% of p2 come to rest
and are absorbed before decay in the beam stop. Third,
88% of m2 from p2 DIF are captured from atomic or-
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Since then, MiniBOONE, Reactor flux anomaly, gallium source 
anomaly. See, e.g., C. Giunti, arXiv:1609.04688 for review
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Sterile neutrinos: cosmological problems?

• Recent results from Planck measure relativistic energy density in the 
universe at matter/rad equality -> CMB decoupling

• Planck 2015 [arXiv:1502.01589] reports Neff=3.15±0.23 and for the 
mass mν < 0.23 eV

• Are sterile neutrinos that the SBN program plans to search for 
already ruled out by cosmology?
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Hidden interactions to the rescue?

• What if sterile neutrinos were actually not sterile, but interacting through their 
own force?

• Once there is some population of hidden neutrinos, this would induce an 
MSW potential that would suppress mixing between νa and νh . Would that 

shut off νa -> νh thermalization?

• This is the Babu-Rothstein framework 

• Babu & Rothstein, Phys.Lett. B275 (1992) 112-118
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Why is suppression of mixing not enough?

• New interactions, while solving one problem, introduce another

• While they suppress collisions due to Weak Interactions, they themselves 
mediate collisions

• Can flavor recoupling due to the new force can be delayed until T ~ 1 MeV?

• Quantitative question: compare rates
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Let’s do an example calculation

• Light mediator, recoupling at temperatures above the mediator mass

sin 2✓m ' �m2 sin 2✓v
E|Vm| .
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Careful analysis required, many effects

Cherry, A. F., Shoemaker, arXiv:1605.06506

• Heavy mediator, Light mediator, Resonant, Oscillation dominated, Collision 
dominated, Non-freestreaming at CMB epoch ...

• We find that for the oscillation parameters suggested by the oscillation 
“anomalies” the thermalization temperature has a fundamental lower limit

• This is close to 1 MeV of weak decoupling. The BR mechanism is thus only 
marginally successful. 

T0 ⇠ (sin2 2✓(�m2)2Mpl)
1/5 ⇠ 200 keV
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Recoupling isocontours

arXiv:1605.06506 for details
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Neutrino-neutrino collider?

• We need to collide neutrino mass eigenstates, which have admixture of the 
“sterile” component that gives them new interactions

• Not feasible in the lab, but we can use the universe as the experimental setup

• Icecube has observed neutrinos in the PeV energy range, that likely originate 
from cosmological distances. These neutrinos on their way to us travel 
through the relic neutrino background. 

• Inside a core-collapse supernova? It would be good to understand what 
this does to the explosion/ neutrino signal
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Example calculation
See talk at Miami 2014:
https://cgc.physics.miami.edu/
Miami2014/Friedland2014.pdf
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Final thoughts

• A number of requests

• Neutrino signals up to 10 sec in consistent 2D simulations

• Neutrino-Argon interactions (better nuclear physics)

• Detailed matter distributions behind the expanding shock

• Detailed distributions of streaming neutrinos (energies, impact parameters)

• Explosion simulations with modified neutrino-neutrino scattering

• “Supernovae are very complicated systems, nonlinear and with a lot of 
feedbacks. When you put your favorite effect in, the answer comes out 10 
times smaller than what you thought. And with the opposite sign.” 
Paraphrasing Georg Raffelt
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