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Standard neutrino cooling

3 4 5 6 7 8 9
Log10Ρ

7

7.5

8

8.5

9

9.5

10
Lo
g 1

0T 105 erg
g s

100 erg
g s

1010 erg
g s

10�5 erg
g s

3Wednesday, May 10, 17



Standard neutrino cooling

3 4 5 6 7 8 9
Log10Ρ

7

7.5

8

8.5

9

9.5

10
Lo
g 1

0T 105 erg
g s

100 erg
g s

1010 erg
g s

10�5 erg
g s

e�e+ � ��̄

pair annihilation

Neutrino Magnetic Moment in Massive Stars 5

3 4 5 6 7 8 9
Log10Ρ

7

7.5

8

8.5

9

9.5

10

L
o
g
1
0
T

3 4 5 6 7 8 9
Log10Ρ

7

7.5

8

8.5

9

9.5

10

L
o
g
1
0
T

3 4 5 6 7 8 9
Log10Ρ

7

7.5

8

8.5

9

9.5

10

L
o
g
1
0
T

Fig. 3.— Neutrino energy loss. From above a): Standard
energy loss, µν = 0; b): Energy loss for µν = 10−11µB ; c):
Energy loss for µν = 5 × 10−11µB . The different colors show
the regions where the relevant process is 90% or more of the to-
tal neutrino cooling: Turquoise (top) neutrino pair production
e+ e− → ν ν; Orange (middle left) neutrino photo production
γ e− → e ν ν; Green (middle low) neutrino production by plas-
mon decay γ → ν ν; Purple (bottom right corner) bremsstrahlung
production e−(Ze) → (Ze) e− ν ν. For comparison, see Fig. C.4
in Raffelt (43).

GF

γ ν

ν

e e

Photo

ν

ν

γ

e−

e+

GF

Plasma

ν

ν

e+

e−
GF

Pair

1

Fig. 4.— Feynman diagrams for the standard model neutrino
production processes relevant for our discussion. From the top
to the bottom panel: photo process, γ e− → e ν ν; pair process,
e+ e− → ν ν; plasma process, γ → ν ν.

a typical “onion structure” with iron in the center and
several layers around, in which fusion of lighter elements
occurs. No energy can be gained by fusion reactions in
the iron core, and once its mass exceeds ∼ 1.4M⊙ the star
collapses producing a core collapse supernova (CCSN).

Stars less massive than about 9M⊙ have a different des-
tiny. Stars whose initial mass is less than about 7.5M⊙

never reach the stage of carbon-burning and end their
life as Carbon-Oxygen white dwarfs (CO-WDs, see the
bottom row of Fig. 7). Stars whose initial mass is in the
range 7.5 ! M/M⊙ ! 9, do ignite carbon but not neon,
and end their lives as Neon-Oxygen-Magnesium White
Dwarfs (NeOMg-WD). These numbers are important to
us because, as we shall see, they will be shifted by the
presence of the additional cooling. Moreover, a new evo-
lution possibility will be opened up.

3.2. Effects of the extra cooling

If neutrinos have a non-vanishing magnetic moment,
than the production mechanisms described above would
receive an electromagnetic contribution from the inter-
action term (1), as shown in Fig. 5. With the exception
of the plasmon decay, a very simple estimate (assuming
T ≪ me) shows that the amplitudes for the electromag-
netic and the electroweak production of neutrinos are
comparable for µν/µB ∼ GF m2

e/(2πα) ≃ 10−10, that
is at about the experimental bound on µν . However, a
similar simple estimate does not apply for the plasma
process. In this case, in fact, we expect a non trivial
dependence on the density (see Eq. 13 below). This can
be understood on a dimensional ground. The matrix el-
ement for the standard plasma process is proportional to 3Wednesday, May 10, 17
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a typical “onion structure” with iron in the center and
several layers around, in which fusion of lighter elements
occurs. No energy can be gained by fusion reactions in
the iron core, and once its mass exceeds ∼ 1.4M⊙ the star
collapses producing a core collapse supernova (CCSN).

Stars less massive than about 9M⊙ have a different des-
tiny. Stars whose initial mass is less than about 7.5M⊙

never reach the stage of carbon-burning and end their
life as Carbon-Oxygen white dwarfs (CO-WDs, see the
bottom row of Fig. 7). Stars whose initial mass is in the
range 7.5 ! M/M⊙ ! 9, do ignite carbon but not neon,
and end their lives as Neon-Oxygen-Magnesium White
Dwarfs (NeOMg-WD). These numbers are important to
us because, as we shall see, they will be shifted by the
presence of the additional cooling. Moreover, a new evo-
lution possibility will be opened up.

3.2. Effects of the extra cooling

If neutrinos have a non-vanishing magnetic moment,
than the production mechanisms described above would
receive an electromagnetic contribution from the inter-
action term (1), as shown in Fig. 5. With the exception
of the plasmon decay, a very simple estimate (assuming
T ≪ me) shows that the amplitudes for the electromag-
netic and the electroweak production of neutrinos are
comparable for µν/µB ∼ GF m2

e/(2πα) ≃ 10−10, that
is at about the experimental bound on µν . However, a
similar simple estimate does not apply for the plasma
process. In this case, in fact, we expect a non trivial
dependence on the density (see Eq. 13 below). This can
be understood on a dimensional ground. The matrix el-
ement for the standard plasma process is proportional to
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Example: Massive stars
Table 1 Evolution of a 15-solar-mass star.
Stage Timescale Fuel or Ash or Temperature Density Luminosity Neutrino

product product (109 K) (gm cm−3) (solar units) losses
(solar units)

Hydrogen 11 Myr H He 0.035 5.8 28,000 1,800
Helium 2.0 Myr He C, O 0.18 1,390 44,000 1,900
Carbon 2000 yr C Ne, Mg 0.81 2.8×105 72,000 3.7×105

Neon 0.7 yr Ne O, Mg 1.6 1.2×107 75,000 1.4×108

Oxygen 2.6 yr O, Mg Si, S, Ar, Ca 1.9 8.8×106 75,000 9.1×108

Silicon 18 d Si, S, Ar, Ca Fe, Ni, Cr, Ti, . . . 3.3 4.8×107 75,000 1.3×1011

Iron core ∼1 s Fe, Ni, Cr, Ti, . . . Neutron star >7.1 >7.3×109 75,000 >3.6×1015
collapse∗

∗ The pre-supernova star is defined by the time at which the contraction speed anywhere in the iron core reaches 1,000 km s−1 .

Woosley, 
Janka,

Nature Physics
V. 1, p. 147 (2005)
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Stars are extremely 
hermetic detectors

The branching ratio for e+e- -> neutrino pair is 

~ 10-18 for ~ 1 MeV energies

Dominant mode is e+e- -> γγ

Plasmon decay γ -> neutrino pair probability 
between collisions is ~ 10-26

Yet, neutrino energy losses are crucial for 
stellar evolution
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64 G.G. Raffelt. Astrophysical methods to constrain axions and other novel particle phenomena

These considerations lead to some of the most powerful bounds on axion couplings and neutrino

electromagnetic properties.

8.1. The general agenda

One of the most sensitive tests of stellar evolution theory is provided by the color—magnitude

diagrams of stellar clusters, notably of globular clusters, an example of which is shown in fig. 8.1. In our

galaxy, 131 globular clusters are known [4251, each of which consists of many stars, in some cases tens

of thousands, providing a rich sample of coeval stars with approximately equal chemical composition.

Globular clusters are the oldest objects in the galaxy and hence formed at least 10 Gyr ago, with age

estimates derived from their intrinsic properties varying between about 12 and 18 Gyr. The lifetime of

stars depends mostly on their mass with lower-mass stars living longer, a crude scaling being ~ o~M
3

[4261. Therefore the stars in globular clusters which are still actively burning have masses M ~ 0.80M®

where M® = 2 x i0~g is the solar mass unit. In other words, we have detailed and statistically

significant information on the evolution of low-mass stars, which are therefore ideal to test variations of

stellar evolution theory that would be caused by “exotic” particle emission.
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Fig. 8.1. Color—magnitude diagram of the globular cluster M3 according to ref. [460],based on the photometric data of 10637 stars. According to

ref. [427],the following classification has been adopted for the various evolutionary stages. MS (main sequence): core hydrogen burning. B5 (blue

stragglers). TO (main sequence turn-off): central hydrogen is exhausted. SGB (subgiant branch): hydrogen burning in a thick shell. RGB (red giant

branch): hydrogen burning in a thin shell with a growing core until helium ignites. HB (horizontal branch): helium burning in the core and hydrogen
burning in a shell. AGB (asymptotic giant branch): helium and hydrogen shell burning. P-AGB (post-asymptotic giant branch): final evolution from

the AGB to the white dwarf stage. Note that on the horizontal axis, the color, the surface temperature increases to the left. The brightness measure
on the vertical axis are “visual magnitudes”. i.e., they measure the logarithmic luminosity in the visual spectrum. The HB bends down toward the

left, i.e., towards hotter stars. This decrease in visual brightness of hotter HB stars reflects that more and more energy is emitted in the ultraviolet

spectrum. In “bolometric magnitudes”, i.e., after correcting for the finitewindow of the photographically observed spectrum, the HB turns out to

be truly horizontal: all stars have the same total luminosity within a narrow range. (1 thank A. Renzini for providing me with an original for this

figure.)
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Larger losses require 
more burning (shorter HB 

stage) or else greater 
core size before He flash
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In stellar cooling, axions 
are also neutrinos!
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Primakoff process

In stars, photons would 
convert into axions in the 
background fields of nuclei

Soft process, regulated by 
plasma screening (Raffelt 
1986)

SNIC, 3SNIC, 3--6 April 2006, SLAC6 April 2006, SLAC Igor G. Irastorza / CEA, SaclayIgor G. Irastorza / CEA, Saclay 55

AXION phenomenologyAXION phenomenology
 The axion isThe axion is……

pseudoscalarpseudoscalar
neutralneutral
practicallypractically stablestable
phenomenology phenomenology 
driven by the driven by the 
breaking scale breaking scale ffaa and and 
the specific axion the specific axion 
modelmodel
Couples to photon:Couples to photon:

axion-photon coupling
present in almost every
axion model
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CAST axion telescope
LHC dipole magnet, mounted to point at the Sun

SNIC, 3SNIC, 3--6 April 2006, SLAC6 April 2006, SLAC Igor G. Irastorza / CEA, SaclayIgor G. Irastorza / CEA, Saclay 1111

Platform & magnet

Picture taken on mar 2002

First test platform movement with magnet

Magnet 
pointing up 

+8ºMagnet 
pointing down 

-8º
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Helium burning
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http://physics.aps.org/articles/large_image/f1/10.1103/Physics.6.14
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Surface temperature, 
with axion cooling
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No need to count stars!

No Cepheid variables in a range of periods

Details in AF, Giannotti, Wise PRL (2013)
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Short-baseline, Planck and IceCube
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Sterile neutrinos at oscillation experiments
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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
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Short-baseline oscillations?

• Hints for Δm2 ~ 1-3 eV2

• Accumulated by a number of 
experiments: LSND, MiniBOONE, 
reactor data

• While a number of other 
oscillation searches have 
obtained valuable constraints 
(ICARUS, IceCube, etc), no 
conclusive resolution after two 
decades

• 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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Window into new physics?

• If the new neutrinos are truly sterile, they will fully thermalize with the SM 

• However, if they have interactions of their own, these interactions could 
induce a MSW potential that would suppress mixing in the early universe 

• BUT thermalization cannot be delayed below                                                     
close to weak freezeout (1 MeV) -> fractional N_eff will be produced

• This may help to fit the data better. (Local measurements of the Hubble 
constant are higher than what is preferred by Planck in standard cosmology
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Will be conclusively tested by 
CMB-Stage4 experiment

• Babu & Rothstein, Phys.Lett. (1992) + many since
T0 ⇠ (sin2 2✓(�m2)2Mpl)

1/5 ⇠ 200 keV

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

see talk by Joel Meyers
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Window into new physics?

• Also, hidden interactions will 
make neutrino mass eigenstates 
scatter on each other

• The universe is filled with relic 
neutrinos. May no longer be 
transparent to neutrinos of ultra 
high energies

• Recently, IceCube has observed 
such neutrinos! Next generation 
upgrade in the works. It will have 
10 times statistics, tell us if there 
are indeed absorption features in 
the spectrum (presently, there 
are hints)
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Detail in arXiv:1605.06506
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Light mediators: excluded by free-streaming

• For sufficiently large coupling, 
neutrinos, even the ones 
predominantly active, scatter 
even at the CMB epoch

• In conflict with PLANCK 

Friedland, Zurek, Bashinsky, 
0704.3271

Here, geff is effective coupling, g sin𝜭 ! !

geff < (Trec/Mpl)
1/4(m�/Trec)

geff < 10�7(m�/1 eV)
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Supernova neutrinos
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What is our beam for 
this measurement?

A massive star that runs out of fuel 
to support itself against gravity

The core can be supported by the 
electron degeneracy pressure only 
while electrons are non-relativistic

M❊
 ~ (MPl/MN)2 MPl ~ 1.4 M⊙!! 

Chandrasekhar mass. (We live in 
an amazing universe!)

The Fe core collapses in free fall, at v 
~c/4, until reaching (supra)nuclear 
densities, 1010 g/cm3  → 1014 g/cm3

Central   
“white dwarf”
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Gravity-powered neutrino bomb

The gravitational binding energy GNM2/R ~ 3*1053 ergs 
(~10% of rest mass!) and trapped lepton number are 
carried out by diffusing neutrinos. The weak interactions 
mean free path: λ~(GF2 E2 n)-1 ~ a few cm 

t ~ R2/cλ ~ 1012 cm2/(3 cm 3*1010cm/s) ~ 10 s

For comparison, solar luminosity is 3.8*1033 ergs/s. A core-
collapse supernova in neutrinos instantaneously outshines 
the visible universe.

The visible explosion is <1% of energy. 
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SN ν: the most complicated 
known oscillation problem 

ν-sphere Collective

turbulence

front shock

“regular MSW”

νe νμ ντ

νe νμ ντ
_ _ _
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Neutrino self-refraction

• 10% of the rest mass of the collapsed core (~ 
1.4 M⊙) is emitted in 1058 neutrinos in a 
burst lasting δt ~ seconds

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

• ~ 1058/4πr2cδt ~1032 cm-3

• Comparable to the number density of 
matter
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Neutrino “self-refraction”

• Above the neutrino-sphere, 
streaming neutrinos are so 
dense that their flavor 
evolutions become coupled 

• A given neutrino scatters on 
an ensemble of the 
“background” neutrinos

• One has to evolve an 
ensemble of neutrinos 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
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"Background"
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νx = cos ανe + sin ανµ

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

"Beam"

"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 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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Fuller et al, 1988;
Pantaleone 1992;

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

Figure from
Friedland & Lunardini,

  Phys. Rev.  D 68, 013007 (2003)
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• Known physics: Z-mediated coherent 
neutrino scattering

• Not optional!
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Multiangle, multienergy 
problem
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• Typical calculations: 103 energy bins and 104 angle bins

• Rapid oscillations in all bins

• Computer intensive

• Moore’s Law caught up with this problem in 2005

Figure from Qian & Fuller, astro-ph/9406073
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Energy bins
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 * See LBNE science document, 1307.7335
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Conclusions

Neutrinos are one of the key players in the Universe

Astrophysical environments offer amazing laboratories 
for probing neutrinos and light hypothetical particles

In supernova, in particular, we expect collective flavor 
oscillations, a phenomenon not reproducible on Earth

If a “sterile” neutrino is confirmed in the lab, a 
combination of future IceCube and CMB-S4 data may 
open portal into the Dark Sector

Stay tuned!
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