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Flavor Oscillations %
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Equation of motion:

ip = |H, p] + coll.
Density matrices:
| P pyeyu>
IO p—
(/01];61/“ Pv,v,

0°(p — k) pij <a; (p)ai(k))
Sigl, Raffelt (1993)
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Helicity Oscillations



Effect of A

Helicity Flips

Dirac Majorana
Flips the helicity Converts particle
of a particle/antiparticle into antiparticle
e.g. changes opacity e.g. changes
proton-to-neutron ratio
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Helicity Oscillations .- &

Max Pl ck-In tttf Phy

Helicity density matrix:
5% (p = k)pijisn o< {af,(p)ais (k)

Matter currents Magnetic fields
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Helicity part of Hamiltonian
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Helicity part of Hamiltonian Vi; Grn,
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Helicity part of Hamiltonian Vi; Grn,
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In equilibrium:
s = (H7 = HY ) poy — HYY (pee — pay) =
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Order of Magnitude%iZ

In equilibrium:
ip-+ = (R = HZ)p+ — HE (p-- — pas) =

| %

TN
p— _+ —_ N —
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Adiabatic %
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i 1 Hamiltonian (Majorana):
3

~ | 0 _ m

s 2 H = (Vm Yi 2@‘@ >

o : eVl VY

Y .

S af "

3 Resonance condition
_35

' o 4 i\ 1
0.28 0.32 0.36 0.40 Y. + = (Y,/ | ) = —
Yo 3 2n B 3

Vlasenko et al. (2014)
\ .

Hendrik Vogel, MPP

9th September 2015, TAUP 2015



Pair Correlations



Pair Correlations %
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(2m)°6°(p+ k)r(k) = 'b(p)a(k)"
(27m)°6% (p + k)K" (k) = (a' (p)b' (k))

Volpe,Vaananen, Espinoza (201 3)
Serreau,Volpe (2014)

Extended equation of motion:
iR=[H,R]

_'H!! H' 92 D s
= pp pew R_(M 1—p>
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® What is the physical interpretation?

® VWhat is the size of the effect!?
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Pair Correlations %
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P (p + k)" oc (b(p)a(k))

Volpe,Vaananen, Espinoza (201 3)
Serreau,Volpe (2014)

vl v opair
7 e LA 11!
—

AN
n, B
N

00
Vacuum
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Weyl Neutrino A

Serreau,Volpe (2014), Kartavtsey, Raffelt, HV (2015)

Rate equations of densities:
p = —2Im (/{HD”) p = —2Im (/{HW)

p — p = const. p + p # const.
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Serreau,Volpe (2014), Kartavtsey, Raffelt, HV (2015)

Rate equations of densities:

p = —2Im (/{HD”) p = —2Im (/{HW)

p — p = const. p + p # const.

For pair correlations:
ik = (H" —=H")k+ H" (1 — p — p)
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Serreau,Volpe (2014), Kartavtsey, Raffelt, HV (2015)

Rate equations of densities:

p = —2Im (/{HD”) p = —2Im (/{HW)

p — p = const. p + p # const.

r_pair correlations:
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Weyl Neutrino A
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Serreau,Volpe (2014), Kartavtsey, Raffelt, HV (2015)

Rate equations of densities:

p = —2Im (/{HD”) 0= —2Im (/{HDV)

p — p = const. p + p # const.
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Decomposition of state:
) = A00|7QO> + Aq1|11) + A1|10) + Ap1|01)
~
v(p) v(—p)

Hamiltonian:

H =H""a a+H"%a b +H”ba —H"?b b
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IIII IIl (Werner-Heisenberg-Institut )

Decomposition of state:
) = A00|7QO> + Aq1|11) + A1|10) + Ap1|01)
~
v(p) v(—p)

Schrodinger equation:

09 A()() _ O_ H¥V o A()()
t All Hvv Hvv _ HvP All

10y Ao = H”" Aqg
10t Agr = —H"" Apq
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Pair Creation &
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09 A()() _ O_ H¥V o A()()
t All Hvv Hvv _ HvP All

Initial condition: |¥)o = |00)

4 )

_ Creation of pairs
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Schrodinger formalism

Aro
Ao

=

~_—

&
Kk = AggAi1

Density matrix formalism
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What is the size
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Order of Magnitude_+-- %
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In equilibrium
Hl/l? )
A= HVI/_HDD(]'_’O_’O)
H'2(p) = —AB — 4V2GF € (p) / Re|ek|
| |7

anisotropy kappa
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Order of Magnitude_+-- %

Max-Planck-Ins

In equilibrium
Hl/l?

p— __1_ — N
K== s L~ P~ P)

H'P(p) = —AB - 4@(@%[&]
| q

}

anisotropy kappa
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Order of Magnitude -

s A7> “

Max Pl kI tttf Pl

In equilibrium

Hl/l?

— (1 —0p—7
K== s L~ P~ P)

H ®(5) = ~ A — 4V2CF e Telen]
| q

}

anisotropy kappa

W|thout V- u-mteractlon
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Self-Consistency %

Hl/l/ Hl/l/
p— — ]_ — — ) ~
K o (L=p=p)~ =

Including neutrinos:

H 9 () = —AB — V3G & (F) / Relék]
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Self-Consistency %
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Hw? Hw?
p— — ]_ — — ) ~
ST A A 2R T

Including neutrinos: \
H B(7) = —AB — 426 r & (7) - | Reléi

Iq
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Self-Consistency %

Max Pl kItttf Pl sik

Hl/l/ B Hl/l/
ST VA A T
Including neutrinos: \
H' B (5) = —AB — 4V32Gr & (5) / Re[éx]
q

The integral diverges

> 1
/ dqq2— — 00
0 q
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Using a cut-off Vo
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Integration to infinity leads beyond our assumptions:

11

a M2
H? ~ —Ap 1—\/§GF W ~ —Ap
372

W|th - u-lnteractlon
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Resonant A
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Kartavtsev, Raffelt, HV (2015)

Hamiltonian for Weyl

neutrinos:
L (E-Vi -V
"\ B
i ) Typical
Resonance!? 7P
supernova
4 4 9
MY 10"
E E
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Typical

/P Resonance!

magnitude
HeI'C'FY o~ 1071 Possible

corre I atl ons Vlasenko, Fuller, Cirigliano (2014)

Pair _
. R4 ~ 10 1 NO
correlations
Kartavtsev, Raffelt, HV (2015)
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How to use
the equations!



Lorentz Invariance %

(2m)70%(p + k) = (b(p)a(k))

N
— 00— > O
1% 1% bocat 1% 1%
back — to — back EO; not back — to — back
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ik ~ 2Kk — Gpe ™ - J ik’ ~ 2K

boost ®

neutron flux no neutron flux
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—

1P-4 = 2V><—|— Gpﬁe J(p-- — pi+)

U__ —r > V_|_ >

boost ®

neutron flux no neutron flux
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. m _ N\
1p-+ = 2V py + GFEE ’XP—- — Pi+)

U__ —r > V_|_ >

boost ®

neutron flux no neutron flux
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. m _, 2
1p-+ = 2V py + GFEE - J(p-- — pr+)
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neutron flux no neutron flux
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1p-+ =2V py + GF ><p-- — Pt )

® 6 & ¢
__ —r > 1/ ’»‘ ® o >
i V-t e e e e Vi
boost ¢ o090
neutron flux no neutron flux
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?
K — K
7 . 1 >
\ L
neutron flux no neutron flux
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|. Use propagation eigenbasis
2. Equations only work in one frame

3. Go beyond forward-scattering formalism
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Reason for flavor oscillations:

% timescale
neutron® > r~1/E
energy E
T A Tee 2T
2F
‘OO> > |11> Tpair S T
energy 2F
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