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a message for the supernova modeling community

Neutrinos mass and flavor mixing is,
in some cases, laboratory-measured, settled physics,

not theoretical speculation.
Including it in models is not optional.

. . . and for the experimental particle physics

community. ..

The essential issue in supernova physics

(collapse to a neutron star with neutrinos carrying away

the gravitational binding energy) is observationally-verified fact.
Supernova neutrino burst detection can give insights
complementary to those gleaned from experiment,

extending the reach of those experiments.



Neutrino mass physics
iIs a theme common to both

Compact Objects (supernovae; neutron stars; holes; etc. ."

Cosmology (structure formation; dark matter, etc. . .)




Neutrino Flavor Transformation in
Core Collapse Supernovae and Early Universe

Coherent Limit
— neutrino elastic forward scattering

(above neutrino sphere/ post decoupling)
coherent evolution + fluctuation-induced flavor de-polarization

De-Coherent Limit
-neutrino inelastic scattering dominated
-(core, high density regimes in SN/ well above BBN scale )



Neutrino Mass: what we know and don’t know

om2 ~ 8 x 1077 eV?

We know the mass-squared differences:
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- dm2, ~3x 1073 eV?

We do not know the absolute masses or the mass hierarchy:
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Neutrinos Dominate the Energetics of

Core Collapse Supernovae Explosion

only ~1% of
neutrino energy

109% of star’s
rest mass!

mm) Total optical + kinetic energy, 10°! ergs

=) Total energy released in Neutrinos, 10> ergs
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Instability
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The Core Collapse Supernova Phenomenon
is Exquisitely Sensitive to Flavor Changing

Processes and New Neutrino Physics:

‘Gravitational collapse results in high electron and v,
Fermi Energies (representing ~ 10°7 units of e-lepton number);
u/t charged leptons are absent and the corresponding
neutrinos are pair-produced so they carry no net lepton number.

Any process that changes flavor v,— Vounls will open phase
space for electron capture as well as reducing e-lepton number.

‘ Later, energy (10% of the core’s rest mass) is in seas of active
neutrinos of all flavors. Entropy and lepton number transported

by neutrinos.

‘ Neutron/proton ratio (crucial for nucleosynthesis)
and energy deposition determined by:

Vet N—=p+e v.+p=n-+e"
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v self coupling — induced O — Ne — Mg Fe (iron)

collective oscillations, spectral swaps
e Core Collapse Core Collapse
at shock breakout, neutronization pulse,

L, ~ 10> ergs™! 8 —12Mg > 12 Mg

neutrino sphere

(= neutron star surface)

— UV

Shock Wave v self coupling — induced
moves through neutrino sphere

collective oscillations, spectral swaps
= neutronization pulse

at late times, ty, > 3s,
ve flux > v.,v,, v, v, v, fluxes L, ~ 10 ergs™!




The advent of supercomputers has allowed us in the last few years

to follow neutrino flavor transformation in core collapse supernovae,
including the first self-consistent treatment of nonlinearity stemming
from neutrino-neutrino forward scattering.

The results are startling. Despite the small measured
neutrino mass-squared differences, collective neutrino
flavor transformation can take place deep in the supernova envelope;

W does not work in some important regimes in supernovae.



Instead we discovered something very different . ..
H. Duan, G. Fuller, J. Carlson, Y.-Z. Qian, PRD D74, 105014 (2006)

A phenomenon which can occur in many different environments
in the different varieties of core collapse supernova :

The neutrino Spectral swap/split.

This phenomenon produces a distinctive signature
in a supernova neutrino burst signal which, if detected,
is usually a dead give away for the neutrino mass hierarchy.



Coherent Flavor Evolution for Neutrino
hys = amplitude to be v,
“* | amplitude to be v, ;
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now self-consistently couple flavor evolution

on all neutrino trajectories . ..
Anisotropic, nonlinear quantum coupling of
all neutrino flavor evolution histories

Must solve many millions of coupled, nonlinear partial differential equations!!
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cosine of neutrino emission angle

Ccos 1‘}0

The v, - v, Spectral Swap - a mass hierarchy signal ?

normal mass hierarchy

survival probability P,

I

inverted mass hierarchy

]
08 here spectral swap energy E. | % 108
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swap has its origin in nonlinear neutrino self-coupling



Multiple Spectiral Splits

Spectral Splits in
Inverted
Hierarchy

Spectral Splits in
Normal
Hierarchy
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Basudeb Dasgupta, ICHEP-2010 at Paris, France, 22 - 28 July 2010




Though core collapse supernovae are very complicated and have
various epochs/environments with vastly different values of
neutrino energy spectra/fluxes and matter densities/distributions,
we find this swap phenomenon in many of them.

Think of the earth’s atmosphere: very complicated, with water vapor
and solar heating, and radiation transport, and the ocean,

all played out on the surface of a rotating sphere. Nevertheless,

there are phenomena like thunderstorms which occur and which
have a life and characteristics of their own, independent of the model
for the atmosphere . ..

The neutrino spectral swap may be like this.
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But...

there are three neutrinos, not two,
and the world of neutrinos is fundamentally
3X3 I



First multi-angle 3X3 Simulation

J. Cherry, G. Fuller, J. Carlson, H. Duan, Y.-Z. Qian arXiv:1006.2175 [astro-ph.HE]
Phys. Rev. D 82, 085025 (2010)

H. Duan, A. Friedland, arXiv:1006.2359 [hep-ph],
Phys.Rev.Lett. 106, 091101 (2011).



Normal Mass Hierarchy

3X3 multi-angle
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N.H. =

Pair of flavor swaps
corresponding to solar & atmospheric mass splitting scales

l.H. =

Single swap
corresponding to solar mass splitting scale

N.H. =
913 — 10_3 Single swap

at solar scale; identical to |.H.

Observing this swap wont distinguish between hierarchies



Single-angle (S.A.) reproduces the full multi-angle (M.A.) results well for the I.H.
- Not so for the N.H., where swap energies decrease significantly with M.A.

v3 /vy swap E, = 12.5MeV in S.A., = 10MeV in M.A.

vy /vy swap E, = 15MeV in S.A., = 13.5MeV in M.A.
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The region above the neutron star can be quite inhomogeneous

Entropy — 15 Solor mass model
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turbulence: (see, e.g., Friedland; Volpe & Kneller 2011)



The Standing Accretion Shock Instability model for the
supernova explosion (Mezzacappa, Blondin)

neutrinos




We find spectral swaps even in some regimes
in these complicated inhomogeneous environments
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Emission angle averaged spectra exhibiting a swap (the swap emerges at ~ 1500 km and persists out to the end of the simulation
at 5000km). The swap is in the neutrino sector (left panel). The anti-neutrinos are affected by bi-polar collective oscillation.

J. J. Cherry, G.M.F,, J. Carlson, H. Duan, Y.-Z. Qian, preliminary 2011



Cherry et al. 2011: swap along outflow line of sight



So, do we know what neutrino flavor transformation does?

Shock re-heating

B. Dasgupta, W. O’Connor, C.D. Ott astro-ph/1106:1167
J. Cherry et al. 2011

neutrino-affected nucleosynthesis (e.g., r-Process)

P. Banerjee, W. C. Haxton, Y.-Z. Qian, astro-ph/1103.1193



Quantum Kinetic Equations

ipuaﬂf (95715) o

Z.p,ua'uf ($7ﬁ) o

Schroedinger-like

@ low density where

A. Vlasenko, G.M.F., V. Cirigliano (2011)

m?, f (z,p).

neutrinos propagate coherently

—pu:zlé(x)»f(%ﬁ): = ILal(/f, f)
_puzﬁ/(x)af(x7p_’) — COl(f7 f)

Boltzmann equation

@ high density where
inelastic scattering dominates



Poor Man’s QKE’s

At a scattering event the neutrino’s flavor is “measured”

Subsequently, as the neutrino propagates freely toward the next
scattering event, it accumulates phase in neutrino flavor oscillation

By the time it gets to the next scattering event it will be in
a coherent superposition of flavor states

The inelastic scattering event, mediated by the weak interaction,
“asks” the question “what flavor are you?”
— wave function reduction/collapse



Detecting a Classic Swap



—

o 9
© ©

"o o o
g O® ~
Aniqeqoid [eAlaIns

.y
o
IS

0 < ;W
Ayouesaly ssew jewriou

o 9
Noow

osine of v trajectory angle wrt. normal to n.s. surface
S

0> g
Ayoueualy ssew pajidAul

o 1
0 20 80

E, MeV
Spectral Swap (
g seeed Of neutrino mass and quantum coherence in s £ernovae
H Duan,G M. Fuller, J. Carlson, Y.-Z. Qian, Phys. Rev. Lett. 97, 241101 (2006) astro-ph/060



swap
normal mass hierarchy
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Probably now need to re-think strategy for
detecting the neutrino signal from a future
Galactic supernova.

Swap features that could fell us the neutrino mass hierarchy
and 0,5 are at relatively low energy, like solar neutrinos,
at least for Fe-core collapse supernovae.

Swap features might occur at late times post-core-bounce,
when neutrino fluxes are low.

Perhaps consider liquid scintillator and
liquid noble gas detectors for DUSEL.
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Charged current capture Gamow-Teller resonance

gives final state electron
and lots of nuclear de-excitation photons
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10 kT Liquid Argon Detector
Supernova at 10 kpc

Total number of electron events = 233
8 in first 10 ms

150 between 10 ms and 2 s

75 after 2 s

D. Cline, G.M.F,, K. Lee, T. Skelton (2011)
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CONCLUSIONS

@ The experimental neutrino physics has given us some of

the mass/mixing properties of the neutrinos.
We must include this physics in models of core collapse supernovae
and in the early universe.

@ Neutrino self coupling can alter neutrino flavor evolution in SN, ultimately
causing large-scale flavor conversion deep in the supernova envelope,
despite the small measured neutrino mass-squared differences.
MSW-based analyses are inadequate.

This could affect neutrino-heated nucleosynthesis and the neutrino signal.

@ Neutrino self coupling-induced flavor collective modes

may produce distinctive signatures

which could allow a supernova neutrino signal to give us the

neutrino mass hierarchy and 0,5

as well as give us an observational window on the deep interior of the core
and distinguish between Fe-core collapse and O-Ne-Mg core collapse.



