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Inside a supernova

 Within 1000km, neutrino-neutrino interaction dominates

H Duan & GM Fuller & YZ Qian, PRD 74 (2006); H Duan & A Friedland, PRL (2011);
S Hannestad & G Raffelt et al. PRD 74 (2006).

« Beyond that, matter effects take over

Dighe & Smirnov arXiv (2001); Schirato & Fuller arXiv (2002); R Tomas et al. JCAP
(2004)

« Stimulated neutrino transformations caused by

turbulence

Balentekin & Fetter PRD 54 (1996); Friedland & Gruzinov arXiv (2006); Kneller &
Volpe PRD 82 (2010); Patton et al. PRD 89 (2014).

* All effects should be taken in to account.
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Stimulated neutrino transformation

« Stimulated neutrino transformation is induced by an
oscillating potential (parametric resonance).

O <@

« Similar to the quantum transformation of a two-level
system between its two eigenstates.
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When we need 3-flavor mixing model

« With 3 mass eigenstates, neutrino will be responsive to
multiple frequencies.
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Am21 ~ Gy Am32 ~ qp; Am31 ~ 4.
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Time-dependent perturbation theory

« The evolution equation in flavor basis:

.dS(f)
)
dr

= s =1 + 55 ()| S,

 The eigenbasis of H\/:

idS(") — gUsH g — g s gy
d’]" ) >

s =ustut, K" = diag(k,k,...)
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Time-dependent perturbation theory

* |solating the interaction part

dr

— ks, " =g 4

0

* The equation for A-matrix is

dA

dfr'

(S U sH" >USO)A, A=e=B,

« Eliminating diagonal elements

z‘d—B: “[STU*(SH US, —d—“] e =BE HY)B.
dr dr
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Fourier-decomposable potential

* A Fourier-decomposable perturbation can be generally
expressed as

6H(f) (’I“) _ Z (Caez‘qar 1 Cae_iq“r),

a

* The perturbation can be both periodic or
aperiodic(turbulent), depending on the ratios between
wavenumbers of different modes.
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Jacobi-Anger expansion

For the N-flavor case, expanded H®) looks like (61%. =k — kj)

. i(5k12+2naqajr . i(§k13+2naqajr
0 —ZK'12’{na}6 “ _ZK13,{na}e “ fe
(B) L (§k12+2naan ' i(§k23+2naqajr
HY = Z ZSITR 0 ~Kyy 1, € ‘e
{na} o 5kl3+2naqa] o _{5]{723"'2%%}
7,/(13’{%}6 21(23’{%}6 0

» The kappa for channel i—j is determined by

Rofn) < {{”}{C}’ {a, }}
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Rotating Wave Approximation

« Take the 2-flavor case as an example,

i{5k12+2naqa}
.dB 0 —iK, € ‘

v} B =H
3, —i[%ﬁZnaqa]r
’LK{na}e

 All possible combinations of {n,} keep all the information
of the solution.
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Rotating Wave Approximation

« Keeping only the combination fulfilling the resonance
condition: 6k, +» n,q,~0

{5/612 +Znaqajr

« Define some quantities

K, =K, 2p =0k, +> ngq,, O°=p’ +‘K“2.
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2-flavor solution

» The analytical solution for B-matrix will be

et |:COS (QT) _ i£Sin (Qrp>:| —e'?" gsin (Q"f’)

e " %*Sin (Qr) e " {cos (Qr) + iésin (Qr)}

* The transition probability will be
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Numeric vs RWA

 The match between numeric and RWA results
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KM Patton et al. PRD (2014)
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Suppressed transition

« A matter potential with 2 Fourier modes:

oV (7“) =V [A1 COS <q17" -+ ¢1> + A, cos (q2r + ng)},

J,x)
J(x) =

08 \ 500
Ok, + g, + g, ~ 0, ¢, ~ ‘6k12" q, < ‘(%12" ’e ’K\\"‘
AR
= {mom} =110} HEA L Aed <L
0.0 ;'/ \ \\ “‘/ ,”,’ \l i B \.\'/ ,’/ .,\\‘\ \‘\/;
K = (conszﬁ.)(nlq1 + 77,2c12)J1 (zl)JU (z2>, s \ \\ -\.’;’ /,-’ \ \/_ N \)/;’y:_

z = (const.) % .(zl ~0, z, ~ 2.4) - : o
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Suppressed transition
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From 2 eigenstates to 3 eigenstates
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Competing modes

« 2 Fourier modes

SV (r)=V,| 4 cos(qr+ ¢ )+ 4y cos(q,r + ¢,)|, q,~|6kys|, g, ~ [0k
k) il wos(0r) Kk lcos(0r)—1] _"&sm(gr»

o O 0 0
4, Kyg ya s B = /'fzé’iw [cos(Qr) ] |Z3J2 + |IZ3J2 cos(Or) —%sin(Qr) ,

k . . .
‘k> ‘ 2> i sin(QOr) ——Z.sin(QOr) cos(Or)
_ sl \ o,
P, (r)=|Bs| =" sin® (Qr) = — 2 ——sin’ (Qr).
s+ [
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Pi3

Competing modes

« By turning on the 2—3 channel, 1—3 channel is
suppressed. (Dots/lines are numeric/analytical results.)
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Channel manipulation

3 Fourier modes:

oV (T) =V [A1 CoS <q1fr’ + ¢1) + A, cos (q2r + </52) + A, cos (q37“ + ¢3)], q, < ‘6161

2 ‘

Ry = () J (Z13,3)7 Ros = () J (223,3) -0,

)
25, = (const.) % [‘Ueir — ‘Uej 2]. gk, qumv\qga/ﬂ23

(z =24, 2 ~2.4> ‘k2>

13,3 ) 23,3
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Channel manipulation

Mode 3 turned on
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Turbulence

* High resolution spectrum
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* Power law spectrum (longer wavelengnth comes with
larger amplitude)
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Conclusion

« Stimulated neutrino transformation caused by turbulence may play
an important role.

« Rotating Wave Approximation (RWA) is good tool to investigate
stimulated transformations analytically.

« Some novel effects could take place in a 3-flavor-mixing model.

* Numeric study using real turbulence spectrum is needed.
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