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Density matrix formalism

In the mean field approximation:
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Similarly for the Hamiltonian:
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Equation of motion (in absence of collisions):

ip=[H,p & P=VxP
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Homogeneous and isotropic environ-
ment

Include effect of damping, D:

P=V x P - DPr.

For large V, and D and P, =~ 1:

p o WV _ =VD
T v24p2 Y7 vz D2

Bell et al. 1998, Hannestad et al. 2012
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& Extended source Hansen and Smirnov 2019

Rough estimates:

@ Neutrino sphere: ~ 10km.
@ Width of neutrino sphere: ~ 1km.

o Oscillation length: ~ ﬁ ~ 1078 — 10~ "km.

Average over emission region suppresses oscillatory terms by
107 — 108.
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Changing background - only matter

Eigenstate basis p':

,
Pllz(fy re) = p,12,initial exp (’/ Wm(rl)df/) .
re

Average over emission point:

(o) = [ ptr. )5 sin2)exp (i [ oo ) e

where F )
_ ryre
P(r, re) - Fo(r) .
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Changing background - only matter
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p(r)=poe™ /™, T =T,
r

where pg = 3 x 10%%g/cm3,
rop = 4km, To = 50MeV.

r[km)]

()~ SN2 G
<p12(r)> ~ 2 I‘o Ve /3b87

neglecting Boltzmann suppression
of ne.
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& Changing background - only matter

o A suppression of ~ 1077 is seen when neglecting neutrino-neutrino
interactions.
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& Changing background - only matter

o A suppression of ~ 1077 is seen when neglecting neutrino-neutrino
interactions.

o Does this hold when collective oscillations are introduced?
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% A very simple model with an extended
emission region
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%% A very simple model with an extended
emission region

o Single energy.
o Single angle.

o Multiple
emission points
in z.

o Solve

ip=1[H,p.




Extended emission region
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Linear stability analysis ganeriee, Dighe, Raffelt 2011

Linear analysis demonstrate stability or instability.

fue + fux fue - fllx S S
-T2 T <5* —s)

S| =|Pc+iP)| <1, $*4+S*=1=s=P,=1.

Linearised equation:

iSz(w—l—)\—i—,u)S—u/dF'(l—v-v’)S’,
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% Linear stability analysis

In Fourier space: S = e~ 2tQ
QQ = (w+A+u)Q—u/dr’(1— v-v)Q

o Unstable if Im(Q) # 0. (See also Capozzi et al. 2017)
@ Discrete modes: solve matrix equation.
@ Continious modes: Decompose in independent functions.

@ Can also be formulated as a dispersion relation. (lzaguirre, Raffelt and
Tamborra, 2016) ect.

@ The basis where the equation is derived should be such that S =0
is a “fixed point”.
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A comment on the 3-neutrino case

Déring, Hansen and Lindner, 2019

A+ wi(shefs +ns53) 0 0
0 0 wi(siysiz +ncis)

where n = Am3;/Am3;.

The vacuum part of the linearized equations become:

Q2 —Ciy + cl38ty + 15T 0 0 Q@2
Q| Qi3 | =wi 0 Ciz(s%, — ) 0 Q13
Q3 0 0 Cy = S1a573 — N3 Q3
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A comment on the 3-neutrino case

Déring, Hansen and Lindner, 2019

A+ wi(shefs +ns53) 0 0
Hig = 0 wicd , 20 NE
0 0 wi(siysis + nci3)

where n = Am3;/Am3;.

The vacuum part of the linearized equations become:

Q12 _5122 + C123552 + "7553 0 0 Q12
Q| Qi3 | =wj 0 Ciz(s%, — ) 0 Q13
Q3 0 0 Cy = S1a573 — N3 Q3

—c2, + c&s2, 4+ ns?; > 0 for the measured mixing parameters.

This corresponds to an effective inverted hierarchy!
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% Extended emission region

@ Take into account that p changes inside the emission region.

o ji(z) = pz; is so small for small z that no instability exists.

The fastest possible growth that
one can expect is:

int __sinfBsin20p,
5 (2)| = G2
|w[(2p — |w])
exp T(Z — AZ)
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Extended emission region

@ Take into account that p changes inside the emission region.

o ji(z) = pz; is so small for small z that no instability exists.
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Larger Az

sin Bsin 20,

Az=0

int

_ 16insing
o Ve

— 24lwsing
Az = ipng

321msin §
Ve

30
Rasmus S. L. Hansen



Summary

The non-negligible width of the neutrino sphere affects the neutrino
state due to averaging over different emission points.

The angle between the neutrino state and the Hamiltonian in
polarization space is reduced by a factor ~ 108 at the neutrino
sphere by the averaging.

A “fixed point” has to be used for the linear stability analysis. For
three-neutrino oscillations this reveals an effective inverted hierarchy.

The onset of neutrino conversion can be analysed using linear
stability analysis, and for a given model, it can be calculated if
conversion has the potentially to occur.
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Summary

@ The non-negligible width of the neutrino sphere affects the neutrino
state due to averaging over different emission points.

@ The angle between the neutrino state and the Hamiltonian in
polarization space is reduced by a factor ~ 108 at the neutrino
sphere by the averaging.

o A “fixed point” has to be used for the linear stability analysis. For
three-neutrino oscillations this reveals an effective inverted hierarchy.

@ The onset of neutrino conversion can be analysed using linear
stability analysis, and for a given model, it can be calculated if
conversion has the potentially to occur.

Thank you for your attention!
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Very large Az
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Backup Slides

Collective oscillations

Can collective oscillations still occur? YES!
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Multiple angles, in-homogeneous

Linear stability analysis of a more realistic model:
(Q+v-k)Q= (w+A+u(e—v-¢))Q—u/dr’(1 —vv)g'Q

o u and A functions of r. pkm™h
10*  10% 102 10"  10° 10’

o Multi angle matter effect. S
v
%,

@ Homogeneous mode: k =0 %,
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Chakraborty, RSLH, Izaguirre and Raffelt, 2015
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Very fast flavour conversion r. r. sawyer
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Chakraborty, RSLH, lzaguirre and Raffelt, 2016
Conversion on meter-scale.
Can also occur in a supernova. Dasgupta, Mirizzi and Sen, 2016
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Very fast flavour conversion
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