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FUTURE SN NEUTRINO 
OBSERVATIONS



What have we learnt? What can we learn?

No unexpected energy-loss channel:

Restrictive limits on axions, large extra

dimensions, right-handed neutrinos

(couplings, mixings, dipole moments),

Majorons, light SUSY particles, …

Should be generally confirmed

(low-statistics signal enough),

but uncertainty dominated by theory

(processes in a dense nuclear medium)

Nothing useful about absolute mn Short time variation of signal

• Nothing useful about oscillations

• Hints that flavor dependence of

spectra indeed is not large

Neutrino mass hierarchy (with luck)

General confirmation of core-collapse

paradigm 

(total energy, spectra, time scale)

• Detailed test by high-statistics signal

• Detection of unexpected features

SN 1987A Future supernova



NEUTRINO DETECTION METHODS

Milky-Way SN

Excellent statistics (104 events for 10 kpc)
High-sensitivity to explosion scenario

1 SN ~ 40 years

SNe in nearby galaxies

Few to 10 neutrinos per SN, but requires a Mton-
class detector 

1 SN ~ year

Diffuse Supernova Neutrino Background (DSNB)

Neutrinos from all past core-collapse SNe; emission 
is averaged, no timing or direction

(faint) signal is always there 



What could we see “tomorrow”?

SN 20XXA !



PROBABILITY OF MILKY-WAY SN
[Kistler, Yuksel, Ando, Beacom & Suzuki, 0810.1959]



GALACTIC SUPERNOVA DISTANCE DISTRIBUTION

Average distance 10.7 kpc, rms dispersion 4.9 kpc
(11.9 kpc and 6.0 kpc for SN Ia distribution)

[A.M., Raffelt, Serpico, astro-ph/ 0604300]



Large Detectors for Supernova Neutrinos

In brackets events  for a “fiducial SN”  at distance 10 kpc

HALO (tens) LVD (400)
Borexino (80)

Super-Kamiokande
(104)

KamLAND (330)

IceCube (106)
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SUPERNOVA EARLY WARNING SYSTEM (SNEWS)
[P.Antonioli et al., astro-ph/0406214]

Neutrino observations can alert
astronomers several hours in advance
to a SN. To avoid false alarms,
require alarm from at least two
experiments

Daya-Bay

Super-K

Kamland

Icecube

LVD

Borexino

Server 

@ Brookhaven

ALERT

Neutrinos several hours before light

HALO



SUPER-KAMIOKANDE DETECTOR

SK is a cylindrical tank containing 50000 ton of light water surrounded
by photomultipliers, located underground in the Kamioka mine in Japan.



Accretion phase

Cooling phase

Simulation for Super-Kamiokande SN signal at 10 kpc,
based on a numerical Livermore model
[Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216]

Simulated Supernova Signal at Super-Kamiokande
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A REAPPRISAL OF AXION EMISSION WITH STATE OF 
ART SIMULATIONS

[Fischer, Chakraborty, Giannotti A.M. , Payez & Ringwald, 1605.08780] 
18  Msun progenitor mass 

(spherically symmetric with Boltzmnann n transport)

KSVZ hadronic axion model (gan =0)



IMPACT ON NEUTRINO SIGNAL

@ Super-Kamiokande

(~ GC)

(Betelgeuse)



ICECUBE NEUTRINO TELESCOPE AT SOUTH POLE



SN NU SIGNAL IN ICECUBE

High statistics reconstruction of the nu light curve. Possible to distinguish
the different post-bounce phases.

[A.M., Tamborra, Janka, Saviano, Scholberg et al., arXiv:1508.00785 [astro-ph.HE]]



MILLISECOND BOUNCE TIME RECONSTRUCTION

Onset of neutrino
emission

ICECUBE

[Halzen & Raffelt, arXiv:0908.2317]

External trigger for GW search

Possible also in Super-K 
[see Pagliaroli, Vissani, Coccia & Fulgione arXiv:0903.1191]



SHORT TIME VARIATIONS IN SN n SIGNAL

Convective motions lead to
large-amplitude oscillations of
the stalled shock with a
period of ~ 10 ms

Necessary high statistics and high time resolution
Icecube is ok!



NEXT-GENERATION DETECTORS

Mton scale water Cherenkov detectors

HYPER-
KAMIOKANDE

DUNE

40 kton Liquid Argon TPC

20 kton scintillator

JUNO 

(3000 events)

(6000 events)

(105 events)

Dark matter detectors

DARWIN
40 tons

(700 events)



0.4 Mton WATER CHERENKOV DETECTOR

Interactions # of events @ 10 kpc

ne+ p → n + e+ 2×105

ne + O →X + e± 104

n + e- → n + e- 103

(    )

Golden channel:

Inverse beta   
decay (IBD) of ne

HYPER-KAMIOKANDE



JUNO: 20 kton LIQUID SCINTILLATOR

Interactions # of events at 10 kpc

ne+ p → n + e+ 4.5×103

ne + 12C→ e++12B 250

ne + 12C→ e-+12N 40

n + 12C→ n +12C* 1.5×103

n + e-→n + e-
300 

Golden channel:

Inverse beta  
decay (IBD) of 
ne

Better energy 
resolution than a 
water Cherenkov

JUNO



DUNE: 40 kton LIQUID ARGON TPC

Interactions # of events @ 10 kpc

ne + 40Ar→e- + 40K* 1×104

ne + 40Ar→e+ + 40Cl* 400

n +40Ar→n + 40Ar* 1.2×104

n + e-→n + e- 0.4×103

Golden channel:

ne Ar CC

Complementary to previous 
techniques

DUNE



SN NU SIGNAL IN FUTURE DETECTORS

[A.M., Tamborra, Janka, Saviano, Scholberg et al., arXiv:1508.00785 [astro-ph.HE]]



SN NU SIGNAL IN FUTURE DETECTORS

[A.M., Tamborra, Janka, Saviano, Scholberg et al., arXiv:1508.00785 [astro-ph.HE]]



SN NU SIGNAL IN DM DETECTORS
[Lang,McCabe, Reichard, Selvi & Tamborra, arXiv:1606.09243 [astro-ph.HE]]



• Robust feature of SN simulations

• Possibility to probe oscillation physics during early stages of a SN

• SN distance measurement (with a precision of ~5 %): N~ 1/d2. Useful in
case of dust oscuration.

I.H.

N.H.

sin2q13 =    N=110

N=182

NEUTRONIZATION BURST

70 kton

ne,x e- ne,x e-

WC

[M.Kachelriess & R. Tomas, hep-ph/0412082] [I.Gil-Botella & A.Rubbia, hep-ph/0307244]

Lar TPC

1 Mton 



[Chakraborty, Mirizzi & 
Sigl, 1211.7069]



[A. Odrzywolek, M. Misiaszek, and M. Kutschera, astro-ph/0311012]

The detection of e+ is very difficult

(because of the threshold ETH = 7 MeV),

however ….

Silicon burning: SN self-alert

Betelgeuse

d= 0.2kpc

For Betelgeuse (d=0.2kpc) will be ~104

e+ in NH (~2.5  103 in IH, PH=0)

…. Adding gadolinium [J.F.Beacom, and M.R.Vagins, “GADZOOKS! Antineutrino Spectroscopy with

Large Water Cerenkov Detectors”, hep-ph/0309300], it would be possible to detect the

associated neutron, but only for very close stars (d ≲ 2 kpc) because of the high

neutron background (~2500 ev/day).

Possibility to “foresee” the SN collapse (for close by Supernovae)

Detection reaction: nep n e+

0.4 Mton Cherenkov

During the last stage of a pre-supernova star, while the Silicon core ignites, n’s

are produced copiously by e+ e- n n.



NEUTRINOS FROM 
ALL COSMIC SUPERNAVAE



Local Group of Galaxies

Current best neutrino detectors
sensitive out to few 100 kpc

With megatonne class (30 x SK)
60 events from Andromeda



Current best neutrino detectors
sensitive out to few 100 kpc

With megatonne class (30 x SK)
60 events from Andromeda

OBSERVED SUPERNOVAE IN THE LOCAL UNIVERSE

[Kistler, Yuksel, Ando, Beacom & Suzuki, 0810.1959]



Detection of Neutrinos from Supernovae in Nearby Galaxies
[S. Ando, J. Beacom, and Y. Yuksel, astro-ph/0503321]

Mton Cherenkov
Cumulative SN rate

Reconstruction of SN neutrino spectrum by the patient accumulation of ~1
neutrino per supernova from galaxies within 10 Mpc, in which one expects
at least 1(2) SN per year.



NEUTRINO EVENTS RATE FROM EXTRAGALACTIC SNe

[Kistler et al., 0810:1959]



22 Jan. 2014



A galactic SN explosion is a spectacular event which will produce an

enormous number of detectable n, but it is a rare event (~ 3/century) …



.... Conversly, there is a guaranteed n background produced by all the
past Supernovae in the Universe, but leading to much less detectable
events.

THE DIFFUSE SUPERNOVA NEUTRINO BACKGROUND (DSNB)

n n

n
n

n n

n

WHAT CAN WE LEARN FROM DSNB?

… not all at the same 
time, however!

(degeneracy of 
effects)

In principle, we can extract information on:

• Star formation rate
• Neutrino masses and mixing parameters
• SN neutrino energies



Below ~15–20 MeV, bkgd dominated

by spallation products (made by

atmospheric m) and by reactor ne.

For En  [20-30] MeV, the bkg of low-

energy atmospheric ne is relatively

small.

But, in this window, there is a large

background due to “invisible” m (i.e.

below Cherenkov emission threshold)

decay products, induced by low energy

atmospheric nm and nm.

[Beacom and Vagins, Phys. Rev. Lett., 
93:171101, 2004]

BACKGROUND IN SK FOR DSNB SIGNAL

DSNB signal should manifest as distortion of the bkg spectra.

No distortion            flux limit



DSNB signal should manifest as 

distortion of the bkg spectra.

No distortion            flux limit

-2  -13 cm  s
e

J
n



Super-Kamiokande collaboration recently investigated the DSNB flux using
2853 days of data [Bays et al., arXiV:1111:5031]. It fixed an upper bound on
DSNB signal:



SN NEUTRINO EMISSION LIMIT FROM DSNB
[Bays et al., arXiV:1111.5031, see also Vissani & Pagliaroli, 1102.0447] 

The SK limit is close to the most recent  theoretical predictions

… but
Super-K is background limited.



DSNB SIGNAL
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DSNB FLUX

[Lunardini & Tamborra., arXiV:1205.6292] 





Below ~15–20 MeV, bkgd dominated

by spallation products (made by

atmospheric m) and by reactor ne.

For En  [20-30] MeV, the bkg of low-

energy atmospheric ne is relatively

small.

But, in this window, there is a large

background due to “invisible” m (i.e.

below Cherenkov emission threshold)

decay products, induced by low energy

atmospheric nm and nm.

[Beacom and Vagins, Phys. Rev. Lett., 
93:171101, 2004]

BACKGROUND IN SK FOR DSNB SIGNAL



SK flux limit vs. DSNB flux predictions

Getting very close to some… but

Super-K is background limited.





Slide from Mark Vagins



ne can be identified by delayed coincidence.

ne

e+

2.2 MeV g-ray
p

n

Possibility 1: 10% or less

n+Gd →~8MeV g

DT = ~30 msec

Possibility 2: 90% or more

g

g

Positron and gamma ray 

vertices are within ~50cm.

n+p→d + g

p

Gd

Neutron tagging in Gd-enriched WC Detector

[reaction schematic by M. Nakahata]



[Beacom and Vagins, Phys. Rev. Lett., 
93:171101, 2004]









Below ~15–20 MeV, bkgd dominated

by spallation products (made by

atmospheric m) and by reactor ne.

For En  [20-30] MeV, the bkg of low-

energy atmospheric ne is relatively

small.

But, in this window, there is a large

background due to “invisible” m (i.e.

below Cherenkov emission threshold)

decay products, induced by low energy

atmospheric nm and nm.

A 2-3 signal could emerge after

an exposure of 4 years in a 0.4

Mton detector

Adding Gd [J.F.Beacom, and M.R.Vagins, hep-ph/0309300],

spallation ~eliminated, invisible m reduced by ~5.

The analysis threshold lowered. In the window

Epos  [10,20] MeV, after 1 year, the DSNB signal

detectable at 6 level

Mton Cherenkov[G.L.Fogli, E.Lisi, A.M., and D.Montanino, hep-ph/0412046]



DSNB IN LARGE FUTURE DETECTORS 

[A.M., Tamborra, Janka, Saviano, Scholberg et al., arXiv:1508.00785 [astro-ph.HE]]



CONSTRAINT OF NU INVISIBLE DECAY FROM DSNB

'n n  +

Nu decay in Majoron

DSNB can probe lifetimes of cosmological 
interest 

01/i

i

E
H

m




DSNB spectrum larger, comparable or 
smaller than the standard one

[Fogli, Lisi, A.M., Montanino, hep-ph/0401227]



SN NEUTRINO 
FLAVOR CONVERSIONS



C
o

r
e
 
C

o
l
l
a
p

s
e

EARTH

TYPICAL PROBLEMS IN SUPERNOVA NEUTRINOS

|

i exp( )iHt f| || |

Production  (flavor) Propagation  (mass,mixing) Detection (flavor)

- Decays

- Matter effects: shock  
wave,turbulences, Earth 
crossing, …

- Dense neutrino bkg
- New interactions

- ………

Theory

- CC & NC interactions

- Different detectors

- Energy spectra

- Angular spectra

- Time spectra

- Simulations of SN explosion 

- Initial energy spectra

- Initial time spectra

Phenomenology

http://www.solarviews.com/cap/earth/earthx.htm
http://www.solarviews.com/cap/earth/earthx.htm


SN n FLAVOR TRANSITIONS

The flavor evolution in matter is described by the non-linear MSW
equations:

In the standard 3n framework

Kinematical  mass-mixing term

Dynamical MSW term (in matter)

 vac e

d
i H H H
dx

n nn n  + +

 2 (1 cos )  F pq q qH G dqnn q    

2 ?  

2
vac

U M U
H

E


2 diag( ,0,0)e F eH G N

Neutrino-neutrino interactions term 
(non-linear)



VACUUM OSCILLATIONS
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Two flavor mixing

Each mass eigenstates propagates as eipz with 

Bruno Pontecorvo (1967)
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Mixing parameters: U = U (q12, q13, q23, d as for CKM matrix

Mass-gap parameters: M2 =     - ,  +          ,  ± Dm2dm2

2
dm2

2

“solar” “atmospheric” 

normal hierarchy

inverted hierarchy

+dm2/2

-dm2/2
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n1 n1
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c12= cos q12, etc., d CP phase 



STATUS OF NEUTRINO OSCILLATIONS



GLOBAL OSCILLATION ANALYSIS (2017)

[Capozzi et al., arXiv:1703.0447]



MATTER POTENTIAL

[Wolfenstein, PRD 17, 2369 (1978)]

When neutrinos propagate in a medium they will experience a shift of their energy,

similar to photon refraction, due to their coherent interaction with the medium

constituents

W± Z0

ne e±

e± ne

ne,m,
ne,m,

f f 

Charged current Neutral current

The difference of the interaction energy of different flavors gives an effective

potential for electron (anti)neutrinos

( ) 2 F eV x G N
net electron density



MIKHEYEV-SMIRNOV-WOLFENSTEIN (MSW)  EFFECT
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Matter dominance 

Resonance 

ADIABATIC EVOLUTION
n mass eingenstates remains the same for all
the propagation

Resonant flavor conversions

Resonances in matter occur either for n or for anti-n





CORRECTIONS TO ADIABATIC APPROXIMATION

At the resonance there can be a violation of the adiabaticity. The corrections
take form of ‘’level crossing’’ where the state n1 can cross over n2 and vice-
versa





=0 always adiabatic

THREE-FLAVOR EFFECTS



SN NU FLUXES AFTER MSW EFFECT

NH

IH



NEUTRONIZATION BURST

ne,x e- ne,x e-

560 kton Water Cherenkov 40 kton LAr

Robust feature of SN simulations

[Kachelriess et al., astro-ph/0412082, Gil-Botella & Rubbia, hep-ph0307244]

[A.M., Tamborra, Janka, Saviano, Scholberg et al., arXiv:1508.00785 [astro-ph.HE]]



RISE TIME OF SN NEUTRINO SIGNAL

The production of ne is more strongly
suppressed than that of nx during the
first tens of ms after bounce because of
the high degeneracy of e and ne .

The high degeneracy allows only for a low
abundance of e+, the production of ne by
pair annihilation and e+ capture on
neutrons is not very efficient. Moreover,
since in the optical tick regime ne are in
chemical equilibrium with the matter,
their degeneracy also blocks the phase
space for the creation of ne via nucleon-
nucleon bremmstrahlung (which however
is operative also for nx ).

ne are produced more gradually via cc
processes (e captures on free nucleons)
in the accreting matter; nx come fastly
from a deeper region

The lightcurves of the two species in the
first O(100) ms are quite different.



RISE TIME ANALYSIS: HIERARCHY DETERMINATION

SN n signal in Icecube
In accretion phase one has

NH

IH

A high-statistics measurment of the
rise time shape may distinguish the two
scenarios

Are the rise time shapes enough robustly
predicted to be useful?

Models with state-of-the art 
treatment of weak physics (Garching 
simulations) suggest so: one could 
attribute a ‘’shape’’ to NH and  IH. 

[see Serpico, Chakraborty, Fischer, Hudepohl, Janka & A.M., 1111.4483]

Cumulative distribution



RISE TIME ANALYSIS IN LENA



RISE TIME ANALYSIS IN LENA







Resonance

density for

2
atmmD

Resonance

density for

2
sol

mD

MSW MATTER EFFECT IN SN

Shock front

[Tomas et al., astro-ph/0407132]
A few second after the core

bounce, shock wave(s) can

induce time-dependent matter

effects in neutrino oscillations

[R.Schirato, and G. Fuller, astro-

ph/0205390]

Neutrino oscillations as a “camera”  for shock-wave propagation 

Always 

adiabatic

Not adiabatic 

along the 

shock front for 

large q13



CROSSING PROBABILITY ALONG THE SHOCK FRONT

The crossing probability has a typical top-hat structure, jumping from PH~0 
(adiabatic regime) to PH~1 (extreme non-adiabatic regime) when resonance 
condition is satisfied along the shock-front



PROBING SHOCK WAVES
ev

en
ts

/b
in sin2q13=10-2

IH fwd shock 

0.4 Mton WC Icecube

[Fogli et al., hep-ph/0412046] [Choubey et al, hep-ph/0605255]

In inverted hierarchy flavor conversions along the shock-waves induce
non-monotonic time spectra.

ne + p → n + e+

[see, e.g., G.L. Fogli, E.Lisi, A.M., and D. Montanino, hep-ph/0304056; G.L. Fogli, E. Lisi, A.M.,

and D. Montanino, hep-ph/0412046, Tomas et al., astro-ph/0407132]



STOCHASTIC DENSITY FLUCTUATIONS

Turbulent convective motions behind the
shock front create a fluctuating density
field in the post-shock region. A SN
neutrino “beam” might thus experience
stochastic matter effects while
traversing the stellar envelope.

[Fogli, Lisi, A.M. , Montanino, hep-ph/0603033; Friedland,
astro-ph/0607244; Choubey, Harries, Ross, hep-
ph/0703092, Kneller, 1004.1288, Kneller & Volpe,
1006.0913]

GARCHING 2D simulation

Depolarization (<Pee> ½ ) would replace
the shock-signature when turbulence is
relevant



n FLAVOR CONVERSIONS IN A TURBULENT SN

MSW  multiple H-resonances
Probability distribution over many 
realizations of the random noise

[Volpe & Kneller, 1006.0913]

Strong fluctuations: Complete flavor 
depolarization : <Pee>     1/2 

(Both resonant & off-resonant effects)

Depolarization would replace the shock-
signature: SHADOW EFFECT

[Friedland & Gruzinov,
astro-ph/0607244]



n FLAVOR CONVERSIONS IN A 2D  SN MODEL

Neutrino crossing probabilities

Three representative lines of sight

modest damping effect

[Borriello, Chakraborty, Janka, Lisi, A.M., 1310.7488]



NEUTRINO-NEUTRINO INTERACTIONS

In the region just above the neutrino-sphere the neutrino density exceeds the
ordinary electron background. Neutrinos themeselves form a background medium

nn NC interactions important!

• Matter bkg potential

• nn potential

2 F eV G N

V

)cos1(2 pqFnG qm n 

~ R-3

~ R-2 × R-2 = R-4

Multi-angle effects



Georg Raffelt, MPI Physics, Munich Neutrinos at the Forefront, Univ. de Lyon, 22–24 Oct 2012

Collective Supernova Nu Oscillations since 2006
Two seminal papers in 2006 triggered a torrent of activities
Duan, Fuller, Qian, astro-ph/0511275, Duan et al. astro-ph/0606616
Balantekin, Gava & Volpe [0710.3112]. Balantekin & Pehlivan [astro-ph/0607527]. Blennow, Mirizzi &
Serpico [0810.2297]. Cherry, Fuller, Carlson, Duan & Qian [1006.2175, 1108.4064]. Cherry, Wu, Fuller,
Carlson, Duan & Qian [1109.5195]. Cherry, Carlson, Friedland, Fuller & Vlasenko [1203.1607]. Chakraborty,
Choubey, Dasgupta & Kar [0805.3131]. Chakraborty, Fischer, Mirizzi, Saviano, Tomàs [1104.4031,
1105.1130]. Choubey, Dasgupta, Dighe & Mirizzi [1008.0308]. Dasgupta & Dighe [0712.3798]. Dasgupta,
Dighe & Mirizzi [0802.1481]. Dasgupta, Dighe, Raffelt & Smirnov [0904.3542]. Dasgupta, Dighe, Mirizzi &
Raffelt [0801.1660, 0805.3300]. Dasgupta, Mirizzi, Tamborra & Tomàs [1002.2943]. Dasgupta, Raffelt &
Tamborra [1001.5396]. Dasgupta, O'Connor & Ott [1106.1167]. Duan, Fuller, Carlson & Qian [astro-
ph/0608050, 0703776, 0707.0290, 0710.1271]. Duan, Fuller & Qian [0706.4293, 0801.1363, 0808.2046,
1001.2799]. Duan, Fuller & Carlson [0803.3650]. Duan & Kneller [0904.0974]. Duan & Friedland
[1006.2359]. Duan, Friedland, McLaughlin & Surman [1012.0532]. Esteban-Pretel, Mirizzi, Pastor, Tomàs,
Raffelt, Serpico & Sigl [0807.0659]. Esteban-Pretel, Pastor, Tomàs, Raffelt & Sigl [0706.2498, 0712.1137].
Fogli, Lisi, Marrone & Mirizzi [0707.1998]. Fogli, Lisi, Marrone & Tamborra [0812.3031]. Friedland
[1001.0996]. Gava & Jean-Louis [0907.3947]. Gava & Volpe [0807.3418]. Galais, Kneller & Volpe
[1102.1471]. Galais & Volpe [1103.5302]. Gava, Kneller, Volpe & McLaughlin [0902.0317]. Hannestad,
Raffelt, Sigl & Wong [astro-ph/0608695]. Wei Liao [0904.0075, 0904.2855]. Lunardini, Müller & Janka
[0712.3000]. Mirizzi, Pozzorini, Raffelt & Serpico [0907.3674]. Mirizzi & Serpico [1111.4483]. Mirizzi &
Tomàs [1012.1339]. Pehlivan, Balantekin, Kajino & Yoshida [1105.1182]. Pejcha, Dasgupta & Thompson
[1106.5718]. Raffelt [0810.1407, 1103.2891]. Raffelt & Sigl [hep-ph/0701182]. Raffelt & Smirnov
[0705.1830, 0709.4641]. Raffelt & Tamborra [1006.0002]. Sawyer [hep-ph/0408265, 0503013, 0803.4319,
1011.4585]. Sarikas, Raffelt, Hüdepohl & Janka [1109.3601]. Sarikas, Tamborra, Raffelt, Hüdepohl & Janka
[1204.0971]. Saviano, Chakraborty, Fischer, Mirizzi [1203.1484]. Wu & Qian [1105.2068]………………………..
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In early studies the neutrino-neutrino Hamiltonian was assumed diagonal in flavor

basis: No contribution to flavor evolution!

Critical examination of this assumption by J.Pantaleone [PLB 287, 128 (1992)]

Low-energy neutral current Hamiltonian for n-n interactions possesses an U(N)

symmetry. A diagonal Hnn doesn’t respect this symmetry.
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Pantaleone proposed a modified form of Hnn which contains non-zero off-diagonal

terms

NEUTRINO-NEUTRINO HAMILTONIAN

It respects U(N) 

symmetry

 2 1 cosF ijA G q 



Since Hnn cannot change the total flavor of the system, n-n interactions do contribute 

to the flavor evolution only when the “propagating” and “background” neutrinos do 

exchange momenta
Momentum exchange  

Flavor exchange 

NEUTRINO FLAVOR CONVERSIONS IN A NEUTRINO 

BACKGROUND

If all the n in the bkg are in the same flavor state  mnnn sincos + ex


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









nn
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[Friedland & Lunardini, hep-ph/0304055]

However, one cannot distinguish btw beam and bkg. Instrinsic non-linear problem !
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DENSITY MATRIX FOR THE NEUTRINO ENSEMBLE

Diagonal elements 
related to flavor 
content 

Off-diagonal elements
responsible for flavor
conversions
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The EOMs for the time evolution in a homogeneous medium are the
Liouville equations (e.g. Early Universe)

In 2n scenario Dm2
atm, q13. Decompose density matrix over Pauli matrices to

get the “polarization” (Bloch) vector P. Survival probability Pee =1/2(1+Pz) .
Pz = -1 -> Pee =0 ; Pz = 0 -> Pee =1/2 (flavor decoherence)



GENERAL EQUATIONS OF MOTION
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vacuum oscillations usual matter effects neutrino-neutrino interactions 

Vacuum oscillations

- M2 is the neutrino mass matrix 

- Note the opposite sign between neutrinos and antineutrinos

Matter effects

In normal matter, L=diag(Ne--Ne+,0,0)

Non-linear neutrino-neutrino effects

Relevant when n-n interaction energy

exceeds typical vacuum oscillation

frequency

2

2 1 cos
2

osc F pq

m
G n

E
n m q

D
   

[Sigl & Raffelt, Nucl.Phys.B406:423-451,1993]



EQUATIONS OF MOTION FOR TWO FLAVOR CASE

n

n

Polarization vectors

vacuum matter n-n interactions
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“Magnetic field”

Vacuum frequency

Matter potential
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VACUUM OSCILLATIONS: SPIN PRECESSION ANALOGY

t p pP B P  + 

Neutrinos with a broad distribution precess

with different frequencies around the external

magnetic field B (in flavor space)

Kinematical decoherence in flavor space 





n-n INTERACTIONS: SINGLE-ANGLE APPROXIMATION

The structure of neutrino-neutrino interactions contains an angular modulation

 

3

3
2 (1 cos )( )

2
F pq q q

d q
H G P Pnn q


  

This makes very challenging the solution of the equations.

If averaged: single angle approximation

“multi angle case”

( ) ( )q qH dq P P P Pnn m m   



SYNCHRONIZED OSCILLATIONS BY NEUTRINO-

NEUTRINO INTERACTIONS

tP B P P P   m   + 

m 

LARGE NEUTRINO DENSITY

All the modes lock to each other and spin-precess 

together, in analogy to spin-coupling in atoms

Synchronized oscillation frequency:

2

2
sync

m

E


D


[Pastor, Raffelt, Semikoz, hep-ph/0109033]



OSCILLATIONS OF NEUTRINOS PLUS ANTINEUTRINOS IN 

A BOX

( )tP B P P P P m  +  +  

( )tP B P P P P m    +  

n

n

In inverted hierarchy: coherent “pair conversion”   nene nmnm

Equal densities of ne and ne , only one neutrino energy, m  

With constant m: periodic behaviour



PENDULUM IN FLAVOR SPACE

Normal hierarchy

Inverted hierarchy

Neutrino mass hierarchy (and q13) set initial condition and fate

• Normal hierarchy

Pendulum starts in ~ downard (stable)
positions and stays nearby. No significant
flavor change.

• Inverted hierarchy

Pendulum starts in ~ upward (unstable)
positions and eventually falls down.
Significant flavor changes.

q13 sets initial misalignment with vertical. Specific value not much relevant.

[Hannestad, Raffelt, Sigl, Wong, astro-ph/0608695, Duan, Carlson, Fuller, Qian, astro-ph/0703776]

With only initial ne and ne : 

Which mass hierarchy? 

With only initial nm and nm large flavor conversions in NH. The unstable case
is when the initial ensemble consists of that flavor which is dominated by the
heavier mass eigenstate.



SUPERNOVA CASE

• In SN m decreases ad r-4 (geometric flux 

diluition and n’s become more co-linear)

• Momentum of inertia of the pendulum          

I= m-1 increases

• Conservation of angular momentum D:

- kinetic energy (D2/2I) decreases

- amplitude decreases as m1/2
Complete flavor conversions!

[Hannestad, Raffelt, Sigl, Wong, astro-ph/0608695]



GYROSCOPIC PENDULUM IN FLAVOR SPACE

Polarization vector for 

neutrinos plus antineutrinos

Nutation (pendular 

oscillations)

[Hannestad, Raffelt, Sigl, Wong, astro-ph/0608695]

Spin (lepton 

asymmerty)

Precession (synchronized 

oscillations)

Roughly speaking:

mass-1: (anti)neutrino density

spin: #neutrinos - #antineutrinos  

Mass direction in 

flavor basis

• Very asymmetric system

(nne>>nne)

- Large spin

- Almost pure precession

- Synchronized oscillations

• Perfecly symmetric system

(nne=nne)

- No spin

- Fully pendular oscillations



SYNCHRONIZED VS PENDULAR OSCILLATIONS

P

P

Synchronized oscillations

P

P

Pendular oscillations

P

P

Vacuum oscillations

2

1

(1 )


 m



+


 2

1

(1 )


 m 




 

+

m 

+ 

 

Asymmetric system,

Initially consisting of unequal numbers nne=nne

with equal energies and 2 FG nnm 



FLAVOR CONVERSIONS IN A TOY-SUPERNOVA

Pendular 

oscillations

z z zD P P const  

Conservation of the flavor-lepton number

Pendular conversions are pair 

conversions

• Assume 80% anti-neutrinos

• Vacuum oscillation frequency 

= 0.3 km-1

• Neutrino-neutrino interaction 

energy at nu sphere (r=10 km)         

m=0.3×105 km-1
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log10 q13

Collective flavor conversions in inverted hierarchy are expected also for q13→0,
when further MSW matter effects are negligible

[Duan, Fuller, Carlson & Qian, arXiv:0707.0290 (astro-ph)]

Effect logarithmically delayed when q13→0

COLLECTIVE OSCILLATIONS IN IH @ q13→ 0



Accretion phase Cooling phase

xee FFF nnn  eex FFF nnn 

NEUTRINO FLUX NUMBERS

Excess of ne due to
deleponization

Moderate flavor hierarchy, 

possible excess of nx

[Raffelt et al. (Garching group), astro-ph/0303226]

ne

ne

nx



SPECTRAL SPLITS IN THE ACCRETION  PHASE
[Fogli, Lisi, Marrone, A.M. , arXiV: 0707.1998 [hep-ph], Duan, Carlson, Fuller, Qian, astro-
ph/0703776, Raffelt and Smirnov, 0705.1830 [hep-ph]]

Initial fluxes at 
neutrinosphere (r ~10 km)

Fluxes at the end of collective 
effects (r ~200 km)

Nothing happens in NH
In
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: : 2.4 :1.6 :1.0e e xF F Fn n n 

(ratio typical of accretion phase)

2n Dm2, q13 



MULTIPLE SPECTRAL SPLITS IN THE COOLING PHASE
[Dasgupta, Dighe, Raffelt & Smirnov, arXiv:0904.3542 [hep-ph]]

: : 0.85:0.75:1.00e e xF F Fn n n 

e (possible during the cooling phase)

Splits possible  in both normal and 
inverted hierarchy, for n & n !!

x

0)()(  cxce EFEF nn

Splits develops around the crossing
points of the spectra (expect at E=0)

2n Dm2, q13 

THREE FLAVOR EFFECTS RELEVANT IN IH
[Friedland, 1001.0996;  Dasgupta, A.M., Tamborra, Tomas, 1002.2943]



MULTI-ANGLE (M.A.)  EOMs FOR SN NEUTRINOS

 xpxpxpx Hi ,,',p ),,,(v  


Evolution in space for n’s streaming from a SN core in quasi-stationary situation

Liouville operator for free  streaming n 

    xqxqqF qdGH ,,p  vv1 2 nn


MULTI-ANGLE nn HAMILTONIAN



BULB MODEL

[see, e.g., Duan et al., astro-ph/0606616]

Neutrinos are emitted uniformly and (half)-isotropically from the surface 
of a sphere (n-sphere), like in a blackbody. 

Physical conditions depend only on the the distance r from the center of 
the star (azimuthal symmetry)

Only multi-zenith-angle (MZA) effects in terms of u = sin2 qR

RqRq

Rq

First large-scale multi-angle simulations

rxp drvv 


Project evolution along radial direction (ODE problem) 

Azimuthal angle

zenith angle



MULTI-ANGLE LARGE SCALE SIMULATIONS

First multi-angle simulations in 2006 by Duan, Fuller, Qian (2006). Major
breakthrough!

Convergence required > 103 angular bins           Large scale numerical simulations 

Normal hierarchy

Inverted hierarchy

Neutrino Anti-neutrino
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Significant angular dependence  on the Pee



MULTI-ZENITH-ANGLE DECOHERENCE

   , ,2  1 cos  F pq q x q xH G dqnn q    

Flux term

Is the MZA decoherence relevant for SN neutrinos?



MZA EFFECTS FOR SN NEUTRINOS

( ) ( )

( ) ( )

e e

e x

F F

F F

n n


n n





Flavor asymmetry

Quasi single-angle 
behaviour

Nothing occurs in NH 
(stable configuration)

Complete conversions in 
IH (bimodal instability)

Flavor equilibration 
in both NH & IH



NEUTRINO FLAVOR PENDULUM IN BOTH HIERARCHIES
[Raffelt & Seixas, 1307.7625]

n

n

n

n

Two beams

If one breaks 1 -2 symmetry, 
flavor conversions also in NH 

1 2
IH
1-2 symm

IH
no 1-2 symm

NH
no 1-2 symm Just a seed is enough, self-

interacting nu’s would induce 
spontaneous symmetry 
breaking (SSB)



MULTI-AZIMUTHAL-ANGLE (MAA) INSTABILITY

Self-induced flavor conversions are associated to an instability in the 
flavor space

Instability required to get started  (exponential growth of the off-
diagonal density matrix part)

[Sawyer,0803.4319; Banerjee, Dighe & Raffelt, 1107.2308]

The onset of the conversions can be found through a stability analysis 
of the linearized EOMs. 

In [Raffelt, Sarikas, Seixas, 1305.7140] a stability analysis of the EOMs
has been performed including the azimuthal angle  of the n

propagation and without enforcing axial symmetry also starting with
an intial axial symmetric n emission.

A new multi-azimuthal-angle (MAA) instability has been found!!

In the unstable case, numerical simulations are mandatory.



SPECTRAL SPLITS FOR SN NEUTRINO FLUXES

Nu fluxes present a spectral split at E= 12 MeV (fixed by 
lepton number conservation)
Antinu fluxes are swapped

ne

nx

[Chakraborty, A.M., 1308.5255] 



Symmetries have been used to reduce the complexity of the SN n flavor 
evolution (e.g. the bulb model).

SPONTANEOUS SYMMETRY BREAKING IN SELF-
INDUCED OSCILLATIONS

However, n can lead to a spontaneous symmetry breaking (SSB) of the
symmetry inherent to the initial conditions [Raffelt, Sarikas, Seixas,

1305.7140] .

Small deviations from the space/time symmetries of the bulb model have to
be expected. Can these act as seed for new instabilities?

By a stability analysis in [Duan & Shalgar, 1412.7097] is has been found
that self-interacting n can break the spatial symmetries of a 2D model.

With a simple toy model in [Mangano, A.M. & Saviano, 1403.1892] it has
been shown that self-interacting n can break translational symmetries in
space and time.

FIRST  INVESTIGATIONS WITH TOY MODELS



2D MODEL FOR SELF-INTERACTING n

Nu evolving in the plane (x,z)
emitted from an infinite
boundary at z=0, in only two
directions (L and R). Excess
of ne over ne .

[Duan & Shalgar, 1412.7097]

Large variations in the x direction 
at smaller and smaller scales.

Planes of common phase broken.

Coherent behavior of oscillation 
lost.

TRANSLATIONAL

L-R 

A. M.,  Mangano and Saviano, 
[arXiv:1503.03485 [hep-ph]]. 
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FLAVOR CONVERSIONS NEAR SN CORE?

Most of the studies assume no flavor conversion at r
< 50 km (only synchronized oscillations). After self-
induced conversions develop with a rate ~ √m [see,
e.g., Hannestad et al, astro-ph/0608695]

However, since more than a decade Ray Sawyer is
pointing out that close to nu-sphere nu angular
distributions of different species are rather
different. This would lead to a new flavor instability
(absent assuming equal angular distributions). The
outcome would be a possible complete flavor mixing
of the outgoing stream just above the nu-sphere.
Fast rate ~m



FAST FLAVOR CONVERSIONS NEAR SN CORE





NEUTRINO ANGULAR DISTRIBUTIONS AT DECOUPLING

Electron flavors remain in equilibrium with matter for a longer period than 
the non-electron flavors, due to the largest cross-sections of CC interactions

Non-electron flavors decouple deeper in the star (more fwd-peaked
distributions)

Neutron-richness enhances CC interactions for ne keeping them more coupled
to matter (more isotropic distribution) than ne .

[Dasgupta, A.M., Sen, arXiV:1609.00528]



FAST FLAVOR CONVERSIONS

Nu angular distributions ne – ne difference

Growth rate of instability ne survival probability



Observing SN neutrinos is the next frontiers of low-energy neutrino
astronomy

The physics potential of current and next-generation detectors in
this context is enormous, both for particle physics and
astrophysics.

CONCLUSIONS

Further investigations needed to better understand neutrino
flavor conversions during a stellar collapse….

SN provide very extreme conditions, where the shock-wave,
matter turbulence, neutrino-neutrino interactions prove to be
surprisingly important in the n oscillations.



LOOKING FORWARD TO THE NEXT 
GALACTIC SN ! 
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