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The effect of coherent forward scattering must be taken into account when considering the oscillations of
neutrinos traveling through matter. In particular, for the case of massless neutrinos for which vacuum
oscillations cannot occur, oscillations can occur in matter if the neutral current has an off-diagonal piece
connecting different neutrino ‘types. Applications discussed are solar neutrinos and a proposed experiment
involving transmission of neutrinos through 1000 km of rock.
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Neutrino Oscillations in Matter

2-flavor neutrino evolution as an effectivel@vel problem
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Masssquared matrix, rotated by
mixing angley relative to interaction
basis, drives oscillations

Am? { 4 peV for 12 mass splitting
2E 120 peV for 13 mass splitting

Solar, reactor and supernova neutrinos:
E~ 10 MeV

Weak potential difference
AViyear = V2GgN, ~ 0.2 peV

for normal Earth matter, but
large effect in SN core
(nuclear density 3x1014

AVyenr ~ 10 eV

g/cm3)
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Suppression of Oscillations in Supernova Core

Effective mixing angle in matter
sin 260
cos 20 — N,2E\2Gg/Am?

tan 260,, =

Supernova core

p=3x10"*gcm™3
Y, = 0.35

N, =6 x 103" cm™3
E ~ 100 MeV

Solar mixing W ¢ NJ -||.E]1’@B] IZ_IQ é

2 2
Am* ~ 75 meV Aumber can-only

sin 260 ~ 0.94 : :
escape by diffusion
Matter suppression effect

N,2E\2Gr/Am? ~ 2 x 1013
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Snap Shots of Supernova Density Profiles

astro-ph/040713
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Mikheewv-Smirnov+Wolfenstein (MSW) effect

Eigenvalue diagram of 2 Hamiltonian matrix for 2lavor oscillations

Antineutrinos A Neutrinos

Propagation through
density gradient:
adiabatic conversion
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represents antineutrinos
in the same diagram
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ThreeFlavor Neutrino Parameters

Three mixing angles 61,, 613, 0,3 (Euler angles for 3D rotation), ¢;; = cos8;;,
a CP-violating “Dirac phase” §, and two “Majorana phases” a, and a5

Ve 1 0 0 C13 0 e_i5313 C12 S12 0 1 2{2 0 V1
Vu =10 C23 S23 0 1 0 —S12 €12 0 0 BIT 0 V>
Ve 0 —Sp3 €3/ \—e¥s;3 0 C13 0 0 1 i% V3

0O 0 e
39° < §,, < 53° 6,5 < 11° 33° < §,, <37° Relevant for
Atmospheric/LBIBeams Reactor Solar/KamLAND 0On2b decay
Normal Inverted .
Tasks and Open Questions
] m Am? o
2 Sun e — wPrecision f(_)lq12 andg,s
1 wHow large 1%},3?
1 wCRviolating phasel?
ATOSLIEE wMass orderin@
Atmosphere 21802640 meV (normal vs inverted)
5 wADbsolute masse3
Sun (hierarchical vs degenerate)

1 d m  t | wDirac or Majoran&
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Three Phases of Neutrino Emission

Prompt n, burst

Luminosity [10°2 erg/s]
S
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wShock breakout
wDe-leptonization of
outer core layers

Accretion

Luminosity [10°2 erg/s]

100 200 300 400 500 600
Time [ms]

e Shock stalls ~ 150 km
e Neutrinos powered by
infalling matter

Cooling

Luminosity [10% erg/s]

Time [s]

Cooling on neutrino
diffusion time scale

wSpherically symmetric model (10.8 WMwith Boltzmann neutrino transport
wEXxplosion manually triggered by enhanced CC interaction rate
Fischer et al. (Basel group), A&A 517:A80, 2010 [arxiv:0908.1871]
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Three Phases of Neutrino Emission

Prompt n, burst
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No large v, detector

available

Accretion Cooling

Luminosity [10°2 erg/s]
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Large fluxes and large Smaller fluxes and small

V.-V, flux differences V-V, flux differences

wSpherically symmetric model (10.8 WMwith Boltzmann neutrino transport
wEXxplosion manually triggered by enhanced CC interaction rate
Fischer et al. (Basel group), A&A 517:A80, 2010 [arxiv:0908.1871]
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LevelCrossing Diagram in a Supernova Envelop

Normal mass hierarchy Inverted mass hierarchy

n n I b - ne
e e c e S
Vacuum Vacuum

Dighe & Smirnov, ldentifying the neutrino mass spectrum from a supernova
neutrino burst, astregph/9907423
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Oscillation of Supernova AriNeutrinos
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Oscillation of Supernova AriNeutrinos

2'5: | | (.)rlig.ir;ai - s.p;ec;tr.ulml "] Basel accretion phase
E 20 - (no osciIIaetions) _ model (10.8 Mg)
5 | ] Detection spectrum
S 15} Partial swap 1 byve+p-on+e®
= | (Normal hierarchy) (water Cherenkov or
g 1.0 : eI 1 scintillator detectors)
— Full swap Ve € Vi ]
% 0.5k (Inverted Hier.) 1
T 8000 km path length
0.0 A P S B 1 in Earth assumed
0 10 20 30 40 50

Detected Positron Energy [MeV]

Detecting Earth effects requires good energy resolution
(Large scintillator detector, e.g. LENA, or megaton water Cherenk
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Signature of Flavor Osclillations (Accretion Phase

1-3-mixing scenarios

B
EENeI(e[Slflale]l Normal (NH)| Inverted (IH)| Any (NH/IH)

sin? 0,3 = 1073 < 10°°

MSW conversio adiabatic non-adiabatic

vV, survival prob. 0 sin® 0, ~ 0.3 | sin? 8,5, = 0.3

V, survival prob. KOG N/ 0 cos? 0, =~ 0.7

NO

V. Earth effects Yes Yes

May distinguish mass ordering

Assuming collective effects are not important during accretion pha
(Chakraborty et al., arXiv:1105.1130v1)
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Snap Shots of Supernova Density Profiles
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SeltInduced Flavor Oscillations of SN Neutrinos

Survival probability v,

Survival probability v,
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SeltInduced Flavor Oscillations of SN Neutrinos

Survival probability v,

Survival probability v,
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Spectral Split

Initial
fluxes at
neutrino

sphere

After
collective
trans-
formation
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Initial neutrino and antineutrino fluxes

Figures from
Fogli, Lisi,
Marrone & Mirizzi,
arXiv:0707.1998

Explanations in

Raffelt & Smirnov
arXiv:0705.1830
and 0709.4641
Duan, Fuller,
Carlson & Qian

arXiv:0706.4293
and 0707.0290
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Collective Supernovd®u Oscillationssince 2006

Two seminal papers in 2006 triggered a torrent of activities
Duan, Fuller, Qian, astrph/0511275, Duan et al. astiph/0606616

Balantekin, Gava & Volpe, arXiv:0710.3112. Balantekin & Pehlivanpag@07527. Blennow,
Mirizzi & Serpico, arXiv:0810.2297. Cherry, Fuller, Carlson, Duan & Qian, arXiv:1006.217¢
Chakraborty, Choubey, Dasgupta & Kar, arXiv:0805.3131. Chakraborty, Fischer, Mirizzi, S:
Tomas, arXiv:1104.4031, 1105.1130. Choubey, Dasgupta, Dighe & Mirizzi, arXiv:1008.03(
Dasgupta & Dighe, arXiv:0712.3798. Dasgupta, Dighe & Mirizzi, arXiv:0802.1481. Dasqguy
Dighe, Mirizzi & Raffelt, arXiv:0801.1660, 0805.3300. Dasgupta, Mirizzi, Tamborra & Tomz
arXiv:1002.2943. Dasgupta, Dighe, Raffelt & Smirnov, 0904.3542. Dasgupta, Raffelt, Tam
arXiv:1001.5396. Duan, Fuller, Carlson & Qian, qstf0608050, 0703776, arXiv:0707.0290,
0710.1271. Duan, Fuller & Qian, arXiv:0706.4293, 0801.1363, 0808.2046, 1001.2799. Du
Fuller & Carlson, arXiv:0803.3650. Duan & Kneller, arXiv:0904.0974. Duan & Friedland,
arXiv:1006.2359. Duan, Friedland, McLaughlin & Surman, arXiv:1012.0532. Hatetedn
Pastor, Tomas, Raffelt & Sigl, arXiv:0706.2498, 0712.1137. ERedtah Mirizzi, Pastor, Tomas
Raffelt, Serpico & Sigl, arXiv:0807.0659. Fogli, Lisi, Marrone & Mirizzi, arXiv:0707.1998. F
Marrone & Tamborra, arXiv:0812.3031. Friedland, arXiv:1001.0996. Gava-&alean
arXiv:0907.3947. Gava & Volpe, arXiv:0807.3418. Galais, Kneller & Volpe, arXiv:1102.14
Galais & Volpe, arXiv:1103.5302. Gava, Kneller, Volpe & McLaughlin, arXiv:0902.0317.
Hannestad, Raffelt, Sigl & Wong, agit/'0608695. Wei Liao, arXiv:0904.0075, 0904.2855.
Lunardini, Miller & Janka, arXiv:0712.3000. Mirizzi, Pozzorini, Raffelt & Serpico,
arXiv:0907.3674. Mirizzi & Tomas, arXiv:1012.1888livan, Balantekin, Kajino, Yoshida,
arXiv:1105.1182. Raffelt, arXiv:0810.1407, 1103.2891. Raffelt & Tamborra, arXiv:1006.00(
Raffelt & Sigl, heph/0701182. Raffelt & Smirnov, arXiv:0705.1830, 0709.4641. Sawyer, he
ph/0408265, 0503013, arXiv:0803.4319, 1011.4585. Wu & Qian, arXiv:1105.2068.
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FlavorOff-Diagonal Refractive Index

2-flavor neutrino evolution as an effectivel@vel problem

ain) =4 ) ©)

Effective mixing Hamiltonian N v S
N, -
M2 e T Ny, N, v,0)
H=—+V2G +26 ek
2T, ) (N walve) My,

] [ !

Masstermin 2 2f FSy a (i S A Flavaroffedagonal potential,

flavor basis: potential, causes MSWcaused by flavor oscillations.
causesvacuum a NB a 2 y | v U € (JO&hlebhaREBR87128,1992
oscillations together with vacuum

term

Flavor oscillations feed back on the Hamiltonian: Nonlinear effects
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Synchronizing Osclillations by Neutrino Interaction

e Vacuum oscillation frequency depends on energy w = Am?/2E
e Ensemble with broad spectrum quickly decoheres kinematically
* v-v interactions “synchronize” the oscillations: wgyne = (Am?/2E)

1 7,
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Pastor, Raffelt & Semikoz, hep/0109035
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Three Ways to Describe Flavor Oscillations

Schrodinger equation in terms of “flavor spinor”

i0 ( ) H (Ve) = Am* (cos 20 sin26 ) (Ve)
v Vu 2E \sin20 —cos26/ \Vu
Neutrino flavor density matrix

((velve) (Velvu))
p pu—

(Vulve) (Vul"u)
Equivalent commutator form of Schrodinger equation

Expand 2x2 Hermitean matrices in terms of Pauli matrices

Am?

p = Tr(p)+ P-6 and H=-——-B-o with B=(sin26,0,cos20)

Equivalent spin-precession form of equation of motion

. 2
P=wB XP with a)=Al
2F

P is “polarization vector” or “Bloch vector”
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Flavor Oscillation as Spin Precession

Flavor
direction Mass
7 direction

B

I Spin up Ve
J Spin down Vy

Twice the vacuu
mixing angle

Flavor polarization vector
precesses around the
mass direction with
frequency w = Am?/2E

> X
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Schrodinger equation including matter

2E

Vu sin260 — cos 26

Corresponding spin-precession equation

v 2 : N,—2 0 v
lat( e) Am (c(_)SZB sin 26 )+\/§GF e . (VZ)

Nn

0 ——

P= (wB + L) X P with @ = Am?/2E and 1 =+/2GgN,

Hefr
B unit vector in mass direction
L = e, unit vector in flavor direction

YA

\

Hpatter = \/EGFNeL

2 91’!1 atter

| Heff = wB + AL
Am?
Hy,. = E B
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MSW Effect

Adiabatically decreasing density: Precession cone follows Hg¢s

HmatterA\‘ Large initial matter density:
e v begins as flavor eigenstate
\ e Ends as mass eigenstate
T Heff
—

HVEIC

Matter Density >
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Adding NeutrineNeutrino Interactions

Precession equation for each v mode with energy E, i.e. w = Am?/2E
P, = (wB + AL + uP) X P,, with A =+2GgN, and p=+2GgN,
Heff
Total flavor spin of entire ensemble

P=),P, normalize |Po|=1
Individual spins do not remain aligned — feel “internal” field H,,,, = uP

Z B Synchronized oscillations for large
neutrino density u > dw

P precesses with wgyy for large v density

Individual P, “trapped” on precession cones

Precess around P with frequency ~ u
> X
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Synchronized Oscillations by NJu Interactions

For large neutrino density, individual modes precess around large comir
dipole moment

z
0.9 i

08
0.6
04
0.2

-02-8.

Pastor, Raffelt & Semikoz, hep/0109035
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Two Spins Interacting with a Dipole Force

Simplest system showing v-v effects:
Isotropic neutrino gas with 2 energies E; and E,, no ordinary matter

P, = (wyB+puP) xP;y with P=P; +P, and w;, = Am?/2E
P, = (w;B + uP) X P,

Go to “co-rotating frame” around B direction
P; = (wB — wB + uP) X Py
P, = (w:B + wB + uP) X Py

Mass
direction

with w, = %(wz + w{)and w = %(wz — wq)

No interaction (u = 0)

P; » precess in opposite directions
Strong interactions (4 — o)

P; » stuck to each other
(no motion in co-rotating frame, perfectly
synchronized in lab frame)
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Two Spins with Opposite Initial Orientation

No interaction (u = 0) Even for very small mixing angle
Free precession in large-amplitude flavor oscillations
opposite directions
B | | |
P B
2 Pl zd
P, P, °r ]
Zd'
4 -05 - U U U —
-l | | 3+ 5 ¢ 1 -
0 2 4 6 8
Time

Strong interaction

(U — o)
Pendular motion

Georg Raffelt, MPI Physics, Munich 3d Schodinger Lecture University Vienna, 19 May 201



Instability in Flavor Space

Two-mode example in co-rotating frame, initially P; =1, P, =T (flavor basis)

P; = [~wB +pu (P + P)] X Py
PZ = [+(1)B + U gPI + Pzz] X PZ

0 initially

P=P,+P,

P, Matter effect transverse to
mass and flavor directions
Both P;and P,tilt around P
if uislarge

>

e |nitially aligned in flavor  After a short time,
directionand P = 0 transverse P develops
e Free precession Tw by free precession
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Collective Pair Annihilation

Gas of equal abundances of v, and v,, inverted mass hierarchy
Small effective mixing angle (e.g. made small by ordinary matter)

1

0.75

Survival probability
o
o1
|IIIIIIIIIIIIII|IIII

0.25
0 Uvﬂ?ﬂ IUVMVH | UV“T/I'_&
0 o 4 6 8
Time

Dense neutrino gas unstable in flavor space: v,v, © v,v,
Complete pair conversion even for a small mixing angle

Georg Raffelt, MPI Physics, Munich

3d Schodinger Lecture University Vienna, 19 May 201



Flavor Matrices of Occupation Numbers

Neutrinos described by Dirac field
Y(t,x) = [— ( )3

in terms of the spinors in flavor space, providing spinor of flavor amplitudes

lIJl aq bl V1 (t, p) aI (t' p)
Y = ('Pz), a= (az), b=|{by| and |v2(t,p)) =] al(t,p) | 0)
V3 as b3 v3(t, p) a;f (t,p)

P [ap®uy + BT, () v_p] e'PX

Measurable quantities are expectation values of field bi-linears (PTy),
therefore use “occupation number matrices” to describe the ensemble and
its kinetic evolution (Boltzmann egn for oscillations and collisions)

v)  piy={aa)
(V) B = (bbl) =1—(blby)
Drops out in commutators

Describe v with negative occupation numbers, reversed order of flavor indices
(holes in Dirac sea)
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Flavor Pendulum

Classical Hamiltonian for two spins
interacting with a dipole force u

H = wB - (P, —P1)+gP2
Angular-momentum Poisson brackets
(P, P} = €ijicPy
Total angular momentum
P —_ P1 + Pz
Precession equations of motion
Pl,z — ($Q)B + MP) X P1,2

Lagrangian top (spherical pendulum

with spin), moment of inertia |
P2

H = wB - —
0 Q+21

Total angular momentum P, radius
vector Q, fulfilling

(PP} = €ijkP {QuQj}=0
{P;,Q;} = €1 Qx

Pendulum EoMs
Q=I7""PxQ and P=wBxQ

EoMs and Hamiltonians identical (up to a constant) with the identification
Q=P2—P1—%B and u=1"1
Constants of motion: PZ, P2, B-P,P-Q, Q2 and H
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Pendulum in Flavor Space

‘ - Polarization vector
for neutrinos plus
antineutrinos

Precessiorf~ —
(synchronized oscillation

Nutation
(pendular
oscillation)
wVery asymmetric system

- Large spin

- Almost pure precession

- Fully synchronized oscillation

Spin
(Lepton asymmetry)

wPerfectly symmetric system
- No spin
- Plane pendulum

Mass direction
In flavor space

Hannestad, Raffelt, Sigl, Wong: aghtt'0608695]
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Relative fluxes

m/

Flavor Conversion in a Toy Supernova

— e —

astro-ph/0608695
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e Two modes with w = +0.3 km™1

e Assume 80% anti-neutrinos

wSharp onset radius

wOscillation amplitude declining

e Neutrino-neutrino interaction

energy at nu sphere (r = 10
u=03x10°km?!

e Falls off approximatelyas r~

km)

4

(geometric flux dilution and nus

become more co-linear)

3d Schodinger Lecture University Vienna, 19 May 201



Neutrino Conversion and Flavor Pendulum

0.98-
0.8 r
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anti-nu-e
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0.3
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0 50 100 150 200
Radius [km]
Sleeping| | Precession Ground
top and nutation state

Georg Raffelt, MPI Physics, Munich
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FermiDirac Spectrum

Same spectrum in terms of ® = T/E

e AntineutrinosE — —E

e and dN/dE negative
(flavor isospin convention)
w>0:v,=T and v, =1
w<0:v,=1 and v, =1

Fermi-Dirac energy spectrum

N E?
dE — eE/T-m41

n degeneracy parameter, —n for v

030 [ ¢ % & r T &% & r Tt F & 3 [ T r ' trrr g vry o norogt
: Vv = 0.2 ] ; Ve
0.25F e n=u. g 2F -
g 0.20F . g 1 — - . —
s E = C INfrare ]
S 0.15F . S Of . ;
o _ ke o $ mfraredE
® 0.10F Ve : @ Ak — HighE tail :
A E v€ ]
0.05F . -2F .
O-OO : X | " 1 L _3 : PR [N ST SN T TR T TN T TR SN [T ST S U U N S T TH T ' :

0 4 6 8 -1.0 -05 0.0 0.5 1.0

Energy E/T Frequency w =T/E

Georg Raffelt, MPI Physics, Munich

3d Schodinger Lecture University Vienna, 19 May 201



Flavor Pendulum

{AYy3tS GLRaAGADSE

(potential energy at a maximum)

Dighe, Dasgupta, Raffelt, Smirnov, arXiv-0904.3542
1 I U

Spectrum

Swap factor

0 0.5 1 1.5 2
Mode frequency w

| :. /T\
1\

ONFABGS YyAY STl GADSE
(potential energy at a minimum)

Dighe, Dasgupta, Raifelt, Smirnov, arXiv-0904.3542
1 1 L

17
| \l/

Spectrum

Swap factor
L=
!

0 0.5 1 1.5 2
Mode frequency

Dasgupta, Dighe, Raffelt & Smirnov, arXiv:0904.3542
For movies see http://www.mppmu.mpg.de/supernova/multisplits

Georg Raffelt, MPI Physics, Munich
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General Stability Condition

Spin-precession equations of motion for modes with w = Am?/2E

P, =wBXP,

Small-amplitude expansion: x-y-component described as complex number S
(off-diagnonal p element), linearized EoMs

—igw — wa — ufdw’ gwISwl
Fourier transform S, = F,,e**, with Q = y + ik a complex frequency
(w—-DFE,=pfdw' g, S,

Eigenfunctionis F, o< (w — Q)™ ! and eigenvalue Q = y + ik is solution of

_ Jw
1 _ d
a f ww—Q

Instability occurs for
k=ImQ+0

Exponential run-away solutions become pendulum for large amplitude.
Banerjee, Dighe & Raffelt, work in progress

Georg Raffelt, MPI Physics, Munich
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Stablility of FermiDirac Spectrum

Spectrum
o

Swap factor

_12',.Ll1,,1l|JL.,ILLLLJ.L.J'
0 10 20 30 40 50

-0.5 0.0 0.5
Frequency w = T/E u

Banerjee, Dighe & Raffelt, work in progress

3d Schodinger Lecture University Vienna, 19 May 201
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Stability of Schematic Double Peak

0 —

25k
2.0k

<« 150

Spectrum

_of ] 0.5

_3:.1...-l----|'"'l""l': 00
-1.0 -05 0.0 0.5 1.0

Frequency w = T/E _
ol ]

Spectrum is unstable in the range f

1 1 -4
<u< [ ]
vary F S Gay " el :
where a = N5/N,,. i '
With a = 0.7, system is unstable for ) | ]
0-296 < ﬂ < 37-5 _100. - .1IO. - .2IO. - .3I0. - I4IO. .

Otherwise the system is stuck. 1

Banerjee, Dighe & Raffelt, work in progress

Georg Raffelt, MPI Physics, Munich 3d Schodinger Lecture University Vienna, 19 May 201



Spectrum

Swap factor

Decreasing Neutrino Density

Certain initial neutrino density

Dighe, Dasgupta, Raffelt, Smirnov, arXiv-0904.3542
1 I U

0.5 1 1.5 2

Mode frequency w

—

a2k

I

Neutrino density

Spectrum

Swap factor

Four times smaller
Initial neutrino density

Dighe, Dasgupta, Raifelt, Smirnov, arXiv-0904.3542
1 1 U

0 0.5 1 1.5 2

Mode frequency w

—

a2k

I

Neutrino density

Dasgupta, Dighe, Raffelt & Smirnov, arXiv:0904.3542
For movies see http://www.mppmu.mpg.de/supernova/multisplits

Georg Raffelt, MPI Physics, Munich
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Spectral Split

Initial
fluxes at
neutrino

sphere

After
collective
trans-
formation

Georg Raffelt, MPI Physics, Munich

Initial neutrino and antineutrino fluxes

Figures from
Fogli, Lisi,
Marrone & Mirizzi,
arXiv:0707.1998

Explanations in

Raffelt & Smirnov
arXiv:0705.1830
and 0709.4641
Duan, Fuller,
Carlson & Qian

arXiv:0706.4293
and 0707.0290

3d Schodinger Lecture University Vienna, 19 May 201



Multiple Spectral Splits

Antineutrinos

Neutrinos

0 10

20 30

Energy [MeV]

40

Energy [MeV]

Inverted
Hierarchy

Normal
Hierarchy

Dasgupta, Dighe, Raffelt & Smirnov, arXiv:0904.3542
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Multiple Spectral Splits in thev Variable

Spectrum

Swap factor (IH)

[ anti-neutrinos

Swap factor (NH)
o
I

neutrinos

4 3 2 1 0
o [km]

1

2

3

e Given is the flux spectrum f(E) for
each flavor

e Use w = Am?/2E to label modes

e Label anti-neutrinos with —w

e Define “spectrum” as

(w) o {fve(E) _ fvx(E)
P 3, (B) - f5,(E)
e Swaps develop around every

“postive” spectral crossing
e Each swap flanked by two splits

Dasgupta, Dighe, Raffelt & Smirna
arXiv:0904.3542

Georg Raffelt, MPI Physics, Munich
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01 F

Supernova CoolingPhase Example

Normal Hierarchy

01 L 30.0 km

Digrm, Dasgupta, Raffelt and Srmirngv, arXiv:0904.3542
4 I § LI I -~

Spectrum
&

Swap factor
[ ]

i
Swap factor
o

:l I L I 3] -1E

-2 -1 0 1 2 3
Mode frequency o

Inverted Hierarchy

01 L 30.0 km

Di?m, D-BSEl,lpIEIl Ratfalt aanSmimmr. ar:-clw:aam.am

Spectrum
[ ]

01

i

-2 -1 0 1 2 3
Mode frequency ®

Dasgupta, Dighe, Raffelt & Smirnov, arXiv:0904.3542
For movies see http://www.mppmu.mpg.de/supernova/multisplits

Georg Raffelt, MPI Physics, Munich
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Multi-Angle Decoherence

Precession eqns for modes with vacuum oscillation frequency w = Am?/2E
(negative for v), and velocity v (direction of motion), homogeneous system

Pov=wBXPyy+ud i (1=cosb, )Py X Py,

Axial symmetry around some direction (e.g. SN radial direction), measure
velocities against that direction: v = cos 6

Pov =wBX Py +uX Pyt X Py =X i 0" Py X 0P,
P F (Flux)

e Flux term vanishes in isotropic gas
e Can grow exponentially even with only a small initial seed fluctuation

e Symmetric vv system decoheres in both hierarchies

Raffelt & Sigl, Selhduced decoherence in dense neutrino gases,-pef701182

Georg Raffelt, MPI Physics, Munich 3d Schodinger Lecture University Vienna, 19 May 201



Multi-Angle Decoherence

Homogeneous ensemble of v,v, (symmetric distribution)

Normal hierarchy

Inverted hierarchy

1 ................................................................ -
Isotropic
.. 08¢
%
©
S 06¢f
&
©
2 047 : .
5 half-isotropic
0.2 r
0 1 1
0 1 2 3 4 5 6 7 8 9
Time

Survival Probability

Raffelt & Sigl, Selhduced decoherence in dense neutrino gases,-pef701182
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Multi-Angle Decoherence of Supernova Neutrino

Small
asymmetry

Large
asymmetry

Georg Raffelt, MPI Physics, Munich
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