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Neutrino-neutrino interactions in dense neutrino streams, like those emitted by a core-collapse su-
pernova, can lead to self-induced neutrino flavor conversions. While this is a nonlinear phenomenon,
the onset of these conversions can be examined through a standard stability analysis of the linearized
equations of motion. The problem is reduced to a linear eigenvalue equation that involves the neu-
trino density, energy spectrum, angular distribution, and matter density. In the single-angle case,
we reproduce previous results and use them to identify two generic instabilities: The system is sta-
ble above a cutoff density (“cutoff mode”), or can approach an asymptotic instability for increasing
density (“saturation mode”). We analyze multi-angle effects on these generic types of instabilities
and find that even the saturation mode is suppressed at large densities. For both types of modes,
a given multi-angle spectrum typically i1s unstable when the neutrino and electron densities are
comparable, but stable when the neutrino density is much smaller or much larger than the electron
density. The role of an instability in the SN context depends on the available growth time and on
the range of affected modes. At large matter density, most modes are off-resonance even when the
system Is unstable.

PACS numbers: 14.60.Pq, 97.60.Bw

I. INTRODUCTION dynamics. Recent studies dedicated to the SN accretion
phase, under simplifying assumptions, once more confirm

o U
Neutrino flavor oscillations in a supernova (SN) are this picture [24, 25].
strongly suppressed by matter effects [1] until the neutri- However, what is missing is a systematic approach to
nos pass through the usual MSW region [2-5] far out in  decide, without solving the equations of motion, if self-
the envelope of the collapsing star. However, neutrino-  induced flavor conversions occur for given neutrino spec-
neutrino interactions |6, 7], through a flavor off-diagonal ~ tra (flavor-dependent energy and angular distribution),
refractive index, can trigger self-induced flavor conver-  overall neutrino density, and matter density. Formal sta-
sions [8-13]. This collective effect tends to occur between  bility criteria exist only in the “single-angle approxima-
the neutrino sphere and the MSW region and can lead  tion” where it is assumed that all neutrinos feel the same
to strongly modified neutrino spectra, showing features ~ neutrino-neutrino refractive effect. In this case the ana-
such as spectral swaps and splits [14-10]; for areview see  lytic pendulum solution has been found and its existence

Ref. [20]. The overall scenario, supported by heuristic ar- ~ and parameters can be calculated from the neutrino spec-
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Linearized System

Liouville like equations

'vﬂaﬁp = —i|Hp, p,] P = (1,v)

iP5y = (W12 + VP \1p)SiEy — V2GR 0P / dI'" vy g1p/ v S1E/ v

fl/e,p - fv P for £ > Oa T B2dE [ dv
Spectrum: NEy = ’ / dr' = /_oo o2 / an’
Joup — fo.p for £ <O,



LINEARIZED STABILITY ANALYSIS
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S.C & Mirizzi, PRD, 2014



NEUTRINO TRANSPORT & FLAVOR OSCILLATIONS:
7D PROBLEM

(1+3+3)D (0+3+3)D (0+2+3)D

A4

Coherent forward Stationary emission T~ Axial symmetry around the
%}’ g scattering outside neutrino % &) Z axis
sphere
3 : . A p(t;r,©,P; E 0, 0) }% p(r,0; E 0, ¢)
K - “\\i /§‘
~ ~ 9~ ™~

(0+1+2)D
Multi-Angle/Bulb Model

Azimuthal symmetry around
any radial direction
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(0+1+3)D Single-Angle Model

Trajectory independent
neutrino flavor evolution

Spherical symmetry about
the center

p(r; E)

Equivalent to an
homogeneous and isotropic
neutrino gas evolving with
time.
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shdes from H. Duan

Duan & Shalgar, PLLB 2015
Mirizzi, Mangano & Saviano, PRD 2015



LINEARIZED STABILITY ANALYSIS (0+3+3)

Growth rate in 2D parameter space of effective matter and neutrino density

(“Butterfly diagram”)
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LINEARIZED STABILITY ANALYSIS:
INHOMOGENEITY IN TRANSVERSE PLANE (0+3+3)

Largest-scale mode is
“most dangerous” to
cross SN density profile

! 10°
Small-scale modes 10 <
“fill in” the stability _ “. _ I _ Jd
footprint for large 50 100 200 500 1000
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S.C, Hansen, Izagunre & Ratfelt, JCAP 2015



FAST
INSTABILITY (0+1+3

PHYSXCAL REVIEW D 72, 045003 (2005)
Speed-up of neutrin® transformations ina supernova env'n'onment
R.E. Sawyef
Department of Physics, Universtty of California @ anta Barba™® Santa Barbard California 03106, USA
(Rece'wed g April 2005; pub\'\shed 5 August 05)
When the neutral current neutr'mo—neumno interactio s treated completely: rather than as an
interaction & ong angle-2 eraged distributions. or as a S€ flavor-dia al effective potem'\a\s, the
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of neutrinos € erging from a Sup va are nearly identical-
-0 \\03IPhysRevD.72.045003 PACS pumbers: 0530.Ca; 97.60.BW
oscillation {ength of the order of {lometer fora 20 MeV
peutrin®, and un'mteresting in any cas py virtue of the near
.. af their spectr® and angular distributions The Ve
- wacuum 15 longer by 2 factor of 40 or
cenn density ensures that
cwng there 1S

week endin

PRL
11
6, 08110] 2016)
26
FEBRUARYgz()M

COHSequcnc
es fo
I ex

plosi
o On d
'Ynamj
1CS a:
S W
el .
I as for the n,
eutrj
no p
U]ge .
se in th
€ out
er reoj
g1ons

DOI:

210 110
-1103/Ph
YsRevLett.11

. 6~081

101



SN v FLAVOR TRANSITIONS: COLLECTIVE OSCILLATION

Different Neutrino-Sphere for different flavors :
Flavor dependent
Angular distribution / spectra

V-sphere

Neutrino flux




FAST INSTABILITY: ORDER p GROWTH

ivP95S1Ey = (w12 + vP\ig)SiEy — V2GFv /drl Vg G1E v S1E! v

e Unstable modes grow with rates of order Ml instead of W (KL >> W)

e This requires different angle distribution for different flavors.

* The difference spectrum g  1s flavor dependent

S.C, Hansen, Izaguirre & Raffelt, JCAP 2016
S.C, Hansen, Izaguirre & Raffelt, Nucl.Phys.B 2016



FAST INSTABILITY (0+1+3)
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Fast Oscillations: Three Flavor

i1°051py = (wig +v°\15)S1Ey — V2GF 0P / " v g1 v S1Er v

—i(K{t-Kjr)

Izaguirre, Raffelt and

a
Sirr = @1,k € |
Tamborra, PRL 2016

In the fast oscillation limit, w -0,

2P i=1
UW(K} - /\’Jy)

dv
Haﬁ — naf | G
K =1 4 Y

However, 1n the three flavor case: two more such tensors,

af Dispersion relations:
det II; K 0 Connecting K & K

1= 1,23

Three decoupled dispersion relations!
S.C & M. Chakrabotry,
JCAP, (2019)



Fast Oscillations: Three Flavor

dv &P
H?,?c =0 + . Gj v o (KT — \T) S.C & M. Chakrabotry,
LA A JCAP, (2019)

There are three effective ‘lepton numbers’ not only ELLN

T B24F > E2dFE
Gl,v = / o2 J1,Ev = \/§GF/O W (fue,p - fDe,p - fuﬁ,p + fﬁy,p) s

—00

too B24F * E2dE
Gz,v — / WQQ,E,V — \/§GF/0 Ta_9 (fVe,p - fﬂmp - fl/-,-,p + fﬁ-,—,p) ’

e 272
T B20F > F24F
G3v — / W 93.E~v = \/§GF W (fu,i,p — fD#,p - fVT,p + fr?,-,p) s
—00 0

Neglecting the three flavor effect 1s
non-trivial than simply assuming that
fluxes of the mu and tau neutrinos are equal.



Full flavor analysis:

the rise of mu-tau neutrinos

L(v,) [B/s]

<e>(v,) [MeV]
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Asymmetry between
Muon neutrinos R. Bollig, H.-T. Janka, A. Lohs,
and Muon antineutrinos, G. Martinez-Pinedo, C.J. Horowitz,

and T. Melson,

mith Muon creation from pair
PRL 119, 242702 (2017)

production



Fast oscillations: Three flavor effects

Nonlinear Results: SN like toy problems



Full flavor Test: Set Up

* Both axial and zenith angle breaking instabilities are allowed

e The angular information of the ‘muon’ simulations were not sufficient

Probe by toy examples

F. Capozzi, M. Chakraborty, S.C and M. Sen, PRI, 2020

F. Capozzi, S. Abbar, R. Bollig, H. -T. Janka PRD 2021




Full flavor Test: Set Up

Probe by toy examples

o JEE? _
ELN Gy = \/EGF./(; 2712 [pee(Ea V) —pee(Ea V)]
o dEE? _
Mul.N G’\‘ — \/zGFA W[PW(E’V) _p;m(E’ V)],
o JEE?
TaulLN Gy = \/iGF,/O 7[pﬂ(E’ V) _prt(E’ V)]
Gsﬂ — G$ - G,Vla
Eftective lepton G = G¢ — G*
numbers Y ' v
G = Gl — G,

F. Capozzi, M. Chakraborty, S.C and M. Sen, PRI. 2020



Full flavor Test: Results
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F. Capozzi, M. Chakraborty, S.C and M. Sen, PRI, 2020



Full flavor Test: Results
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Full flavor Test: Results

Case II:

Fast Conversion
In 2 flavor
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Though, p-t sector
has no crossing
It participates 1n the
flavor conversion
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F. Capozzi, M. Chakraborty, S.C and M. Sen, PRD 2022
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Beyond 3 Flavors: Sterile Neutrinos

( P py pff\

pp = | P P pp |- 2 active + 1 sterile, 1 eV? mass squared difference

\og Al o
Linearized system: The off diagonals nvolving sterile evolve trivially in linear order
Z'I}Ba/BS?)E,V = [wg _|_ 'U’B )\/BJ/] S3E,V — \/§GF SQE,V 6_1 /UB / dr/ ’Ulﬁ gE,’v,SlEl’v/

Non linear results found no influence of
sterile on evolution on Fast Oscillation.



Active-Sterile MSW & Fast Oscillation

1) Fast Oscillation driven by, S.C & M. Chakraborty,

In preparation

w JEE? _
Gy = ﬁGFL 272 [pee(E’ V) _pee(Ea V)]

2) For a given mass ordering MSW either for neutrino or antineutrino

2p T e T T ]
e V., E |. Tamborra, G. Raffelt, L. Huedepohl &
H E H-T Janka, JCAP 2011
o) 03— =
Sos: = VG [N (3Y - 1) 2 - Na) (- )]
T HE = VEGE [N (Y- 5) + (N - M)+ 2N, — V)|
1.5 -

5I0 1(IJO 1é0 260 2;_)0 360 3é0 4;)0 . .
r {km) Oscillation between e-s sector, only.

3) ELN (hence Fast oscillaion) can be modified by Active-Sterile MSW



Beyond 3 Flavors: Sterile Neutrinos

S.C & M. Chakraborty,
In preparation
L] L] L] L} I L] L] L] | I 500
14000 = (a) case C1 - 200
12000 |- -
10000 |- . 300
o 8000 (- § lE 200
< 6000 [- 1| =< } )
s . 100 | E
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Inner resonance: few 10s km

Outer resonance: 50-100 km

7.. Xiong, Meng-Ru Wu & Y-Z. Qian, APJ 2019



Beyond 3 Flavors: Sterile Neutrinos

S.C & M. Chakraborty,

In preparation

Scenario I: Fast oscillation before active-sterile MSW

Relatively straight forward implication
Possible effect on nucleosynthesis or neutrino spectra at earth

Scenario II: Fast oscillation after active-sterile MSW

Crossings in D1: 20.0M; with muons
T T 1 | | I I ) I | L | | R R R | | T T T
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200
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F. Capozz, S. Abbar, R. Bollig, H. -T". Janka PRD 2021




Beyond 3 Flavors: Sterile Neutrinos

Toy Model : Oscillation 1 e-s sector, only + NO 1n e-s. S.C & M. Chakraborty

In preparation
1.5¢
5
S,
<] B. Dasgupta, A. Mirizz
% & M. Sen, JCAP 2017
0.15f
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Beyond 3 Flavors: Sterile Neutrinos

Toy Model: " . : S.C & M. Chakraborty,
. ] In preparation
0.05¢
= 1
d 0.00 SN
“0050 Tmitial ELN :
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Beyond 3 Flavors: Sterile Neutrinos

1.0
| S.C & M. Chakraborty,
0.5: — 10% conversi.on lIl prepa_ration
— 40% conversion -
— 90% conversion |
35 00
m \_
’ ELN Post OR ‘
-1.0! : . : '
-1.0 -05 0.0 0.5 1.0
v
Fast oscillations are suppressed for R, ., .nce < Ryo

Possible influence on nucleosynthesis or neutrino spectra at earth
Active-sterile MSW mostly looked into late phase for nucleosynthesis.

Interesting to see what happens in LESA simulations!!



Thank You, Georg!

Wish you a galactic SN



Linearized System: 3 Flavor

Liouville like equations

’Uﬂaﬂp — —i[Hp,pp] P = (l,v)

Matrix of densities & Hamiltonian

P Pp  Pp A2

pp — p[;)e p;[i p;;)'r & Hp — ﬁ + Hmatter

TEe T TT
Py PR Pp

Taking into account the off-diagonals of p upto linear order,

2 2
. my — My ee € e
iv sy = YR s\ = Np) [ ff = V2Gr (pf — ot )o” / dp'vs (P — Pyl )

Simillar equations for e-T and p-t

S. Airen, F. Capozz, S.C, B. Dasgupta, G. Raffelt & T'. Stirner, JCAP 2018



Linearized System: 3 Flavor

Taking into account the off-diagonals of p upto linear order,

2 2
my —mg

L o\ - Aﬁ)]p;“ — V2Gr (- A / dp'vly (2% — 74

P 03 pf)“ =

Simillar equations for e-T and p-t

Evolution of the off-diagonal ‘S’ holds all flavor coherence information,

Sp Slp 0
fue,p + fup,p + fu.,-,p fue,p - fup,p .
Pp = 3 1+ 3 Sip —sp 0
0 0 0
Three Sp’s
(s, 0 Sy ) 0 0 0
fue,p - fuq—,p fV#ap o fVT:p

+ . 0 0 0 |+ . 0 s, S
\Sﬁ‘p 0 —sp/ 0 S3p —sp

M. Chakraborty & S.C, JCAP 2019



Linearized System: 3 Flavor

t° B24E [ dv
. . . /dF :/ 5 )
In the flavor 1sospin picture, o 202 | 4z

il)ﬂaBSIE, (w12 + U’B)\lﬂ SlEv \/_GF v /dF’ ’Ulﬂ glE’,v’SlE’,v’

i 1P 0589y = (w13 + 1" Xag)Sapy — V2Gpf / dT" v gopr v Sapr v

7 vﬂdBS;),EV = (w13 — w12 + U’B)\g,ﬂ S3E.v —V2Gpv /dF' v,’s G3E/ 1 S3E v

f,,e,p — f,,”,p for £ > 0,

Joup — Jop for E<O.

Spectra: 91y =

Simullar spectra for e-t and p-t

M. Chakraborty & S.C, JCAP 2019



Linearized System: 3 Flavor

t° B24E [ dv
. . . /dF :/ 2 D
In the flavor 1sospin picture, o 202 | 4z

ivP95S1Ey = (w12 + vP\1g)SiEy — V2 GFv /dP' Vg G1E v S1E! v

1 llﬂaﬁng,v = (w13 + U’B)\Qﬂ)SQE,V - \/§GF ’UB / dF’ ’023 QQE/’V’SQE',V/

i1P05S3py = (w13 — wia + 1P N\33)Sapy — V2GR / dl" vg g3pr v1S3E/ v

In the lineraized regime,
e Three off diagonal modes evolve independently!

e Three flavor evolution 1s equivalent to three two flavor evolution.

M. Chakraborty & S.C, JCAP 2019



FAST INSTABILITY

hy b - ]
74
hv - ]
N Ve _
oL v v v vy
0 uy
sin’g

SN:a>0,b>0

S.C, Hansen, Izaguirre & Raffelt, JCAP 2016
S.C, Hansen, Izaguirre & Raffelt, PLB 2016

1 o (u) = [/, dw g(w, u)

lta 1 for0<u<1+b,
X
0 otherwise,
Uniform but different distribution
For neutrinos and antineutrinos,
width parameter (b)

-1 < b < +1

The distribution also connected
to the lepton asymmetry of the system,
asymmetry parameter (a)

—1 < a < +1



Full flavor Test: Results

Case III: 1,5: ..... ._.e . _, u — .T ..... .
No Fast Conversion _ 10} ___--®& --®B - YT
= - , e
In 2 flavor < st S CET T T T YT T T T T T
N

. (]?_(5).‘.2::::::::::;::::-
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1.0k - ¥ - v R

. o
in e-T and e-LL. & osf Q _.
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'
: - oc '
instability X
2
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3 L
_7'
-8F .:
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Time [ns]

F. Capozzi, M. Chakraborty, S.C and M. Sen, PRI, 2020



Full flavor Test: Results

Case III: e
No Fast Conversion _ 10} i N B SE—
s f oo oo oo oo oo oo oo
In 2 flavor < st e 1
i . | :
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. @
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instability 1 + 1D results

F. Capozzi, M. Chakraborty, S.C and M. Sen, PRD 2022
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BREAKING OF STATIONARITY (' +3+3)

: . _ . Abbar & Duan, PLB 2015
Z(at TV Vr)Q - [H, Q] y 0= Q(t’ r,E, V)’ Dasgu]_:;atl;t & h}Ilia:'?zzi, PRD 2015

/_\,.V2 + ko —2V2 +k-v+w-— Qr) QQ,ko,k,w,v —

+o0
Hr / o / dv' (v — V,)2 Q0 ko k. w’ v*

— 00

ko from Fourier tfransform to the time part, i.e, frequency

ko can be both +ve and -ve, thus can nullify matter effect



BREAKING OF STATIONARITY ( +1+3)

e For simplicity assume spatial homogeneity, k = 0, K, # 0
p (km™)

1061o5 10* 10°® 10°> 10" 10° 10' 1072

Cascading between different

MAA
(Normal Ordering)

temporal modes would
change the picture

10*
However, that depends on the
< 10° Duration of instability
£
= 102 Capozzi, Dasgupta & Mirizzi,

JCAP 2016

10%

~50 100 200 500 1000
Radius (km)

S.C, Hansen, Izaguirre & Raffelt, PLB 2015.



MULTT ANGLE PROBLEM (0+1+2):

/Stationary, spherically symmetric, evolving with radius\
vrarp(rr E: 6) - _l‘ [H(r; E; 0)) P(r; E; 6)]

‘9’ Zenith angle of nu momentum p (F),
azimuthal symmetry in momentum: no ¢
k ‘v,i Radial velocity depends on 8, leads to multi-angle matter effect /

Ignore matter: Matter induced resonance happens
tar away from collective, however.......

Neutrino-sphere -

Esteban-Pretel, Mirizzi, Pastor, Tomas, Raftelt, Serpico & Sigl, PRD 2008



