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MSWVV effect

Wolfenstein (1978), Mikheyev & Smirnov (1986)

Vacuum:
% 1 1
2 Am~L 1 — 5stze > 5

P(v. — v.) =1 — sin”20 sin
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MSWVV effect
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MSWVV effect

Wolfenstein (1978), Mikheyev & Smirnov (1986)

Vacuum:
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Adiabatic conversion

Start
v, = cosl,, 1 — sinf,,, o ~ 1y

End

Vo = sinfv, + costy,,

Dispersion
Relation

1 2 3 4 P(Ve — Ve) — Sin2(9 < 5

21/2G.N, 2w/ (m& — m?)

|

Raffelt (1996)
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Supernova
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Time scale stretch
factor applied
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Observed light curves

SNla
70.6 + 3.3 km/s/Mpc

Efstathiou (2014)
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Template light curve
for determining

absolute magnitude
of Type la supernova

Scaled magnitude

Planck

Hy = 67.8 -

- 0.96 km /s/Mpc

arXiv:1502.01589
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Dark radiation

Number of light degrees
of freedom

HO%p%Neff

e.g. massless
hidden photon
+ minicharged

fermion

8 12 14
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HV, Redondo JCAP 2014
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nuclear matter .
nuclear matter nuclei nuclei
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Shock Stagnation and v Heating, Neutrino Cooling and Neutrino-
Explosion (t~ 0.2s) -

v Y

eunrx® et

15 MI(r) [Mg
cooling layer

Janka et al. (2006)
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Shock Stagnation and v Heating, Neutrino Cooling and Neutrino-

/ / / Explosion (t~0.2s)

cooling layer

Janka et al. (2006)

* Why does a supernova explode?
e How are the elements formed?
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State of the Art

g, = —0.2
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Melson et al. arXiv:1504.0763 |
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Neutrino Signal
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Formalism

Equation of motion (mean-field approximation)

ip = |H, p| + coll.

Sigl, Raffelt (1993)

Density matrices:

__ Pe pe,u
P (pl,u IOM >

(27)%0%(p — k)pij = (al(p)ai(k))
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MSWV Hamiltonian

Vacuum oscillations Matter effect

N7

1 (—Am%os%’ +2FV Am?sin26 )

H = AE Am?sin20 Am?cos20 — 2BV

Resonant enhancement when
diagonals vanish.

Potential contains neutrinos!
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Beyond Flavor
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Helicity oscillations

Weak interaction is chiral
L = Gr [vy" Pry| [y, Pry]
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Helicity oscillations
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Helicity oscillations

Weak interaction is chiral
L = Gr [vy" Pry| [y, Pry]
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What does helicity do!

Dirac Majorana
Flips the helicity Converts particle
of a particle/antiparticle into antiparticle
Changes opacit)/ Changes proton to

neutron ratio
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Helicity oscillations

= (a! , (p)ais (k)

Magnetic fields
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Helicity oscillations
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Magnetic fields
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Order of magnitude

Helicity part of Hamiltonian
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Order of magnitude

O ~ Gan

Helicity part of Hamlltonlﬂ

o (M 1) = (LK )
H’_/|_V_ Hiﬂ_ \ Ln:VJ_ 0
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Order of magnitude
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Resonant enhancement
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Resonant enhancement

Vo_y, my 4 BJT\ 1
I — | ok VL Y.+ - Y, .
(' ) s (i) =

~~
>
)
=
@
@)
N
I
)
C
)
=
O
o

Vlasenko et al. arXiv:1406.6724
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Pair correlations

(2m)70%(p + k)r(k) = (b(p)a(k))
(2m)°6° (p + k)&' (k) = (a' (p)b" (K))

Serreau,Volpe (2014)
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Pair correlations

(2m)70%(p + k)r(k) = (b(p)a(k))
(2m)°6° (p + k)&' (k) = (a' (p)b" (K))

Serreau,Volpe (2014)

iR = [H, R]
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Pair correlations
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Goals

® What is the meaning of the pair
correlations!?

® VWhat is the size of the effect!?

® How to use the equations!?
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Weyl neutrino

Kartavtsey, Raffelt, HV (2015)

Densities:
0 = —2Im (mHDV) 0= —2Im (RHDV)
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Weyl neutrino
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Weyl neutrino

Kartavtsey, Raffelt, HV (2015)

Densities:
0 = —2Im (mHDV) 0= —2Im (RHDV)

p — p = const. p + p # const.
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Weyl neutrino

Kartavtsey, Raffelt, HV (2015)

Densities:
0 = —2Im (mHDV) 0= —2Im (RHDV)

p — p = const. p + p # const.
Kappa:
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Weyl neutrino

Kartavtsey, Raffelt, HV (2015)
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Weyl neutrino

Kartavtsey, Raffelt, HV (2015)

Densities:
p = —2Im (mHDV) p = —2Im (RHDV)

p — p = const. p + p # const.
Kappa:
ik =((H" — H"" )k HH"")(1 — p — p)

~ 25 ~ GHe ) J

e =1/2 o(—p)v* (1 — ~5)u(p)
~ (0 1 i 0)
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Schrodinger formalism

1) = Agp|00) + Aq1|11) + A10]|10) + Ap1|01)
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Schrédinger formalism
A}_
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Schrédinger formalism
A}_

‘¢> AOO‘OO -+ A11|11> -+ A10‘10> + A01|01>

H = a (F)H"a(p) + a' (F)H""b' (—p)
+b(=p)H" a(p) — b (—=p)H"b(~F)
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Schrédinger formalism
A}_

) = AOO\OO + Aq11|11) + A10]10) + Ap1|01)

09 A()() _ O_ H¥v B AQQ
t All Hvv Hvv — HPV All

10 A9 = H" Ay
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Pair creation

09 A()() _ O_ H¥v N AQ()
t All Hvv Hvv — HPV All

Initial condition: [¥)o = |00)
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Equivalence

Schrodinger formalism

Density matrix formalism
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Pair correlations

(2m)°0%(p + k) = (b(p)a(k))

Serreau,Volpe (2014)

—U pair

1Y
p
=S

V_ 111)
Ins

00)
Vacuum
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Order of magnitude

In equilibrium
Hl/l?
Hvy — HDD(

K= 1 —p—p)

—

q

H = V3~ 2V2Gr & [ [ 1p(a) ~ p(-0)] + & + €]
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Order of magnitude

In equilibrium

Hw/ (
Hw/ _ HDD

K= 1 —p—p)

—

q

H = V3~ 2V2Gr & [ [ 1p(a) ~ p(-0)] + & + €]

without v-v-interaction:
k~ Gpnp/2E ~ 107
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Self-consistency

B Hl/17 (1 _) Hl/l?
YT THw g PP 2F

| |

H'Y (p) = =V B — 4V2Gr €*(p) -[Re[éﬁ]

q

The integral diverges

> 1
/ dqu— — 00
0 q
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Using a cut-off

Integration to infinity leads beyond our assumptions:

2 —1
H"Y ~ —Vﬁ(l = \/§GFMW) ~ -V J3

372
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Using a cut-off

Integration to infinity leads beyond our assumptions:

372

] M2\ !
H””s—Vﬁ(l—\@GF W) ~ -V J3

with rv-v-interaction:
k~ Gpnp/2E ~ 107
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Resonant enhancement

S\ —E4Y

Kartavtsey, Raffelt, HV (2015)

Resonance!?
v

_—NN\J

b

Typical supernova

VII 9
— ~ 10
E
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Initial conditions

Reason for flavor oscillations:

o 1% X timescale

B energyE T~ 1/E

Ve AmZ > Vi Tosc = T
2F
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Initial conditions

Reason for flavor oscillations:

o 1% X timescale
B energyE T~ 1/E
Ve AmZ > Vi Tosc = T
2F
00 > |11 Toair ,S T
00) energy 2E 1) g
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How to use the
equations’
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|l orentz invariance

(2m)°0%(p + k) = (b(p)a(k))

back — to — back bOOSt not back — to — back
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Ny

Ik~ 2F K — Gpg

A

neutron flux

A

A

A

A

Particle number?

A

A

A
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Lorentz boosts and
helicity

.. m _, =
ZIO__|_ — 2Vp+ —|_ GFEG y J(,O__ — ,0_|._|_)

A A A AAAAA

neutron flux
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Lorentz boosts and
helicity

. m
LP-+ — 2VP+ -+ GF—

A A A AAAAA

neutron flux

Hendrik Vogel, MPP

2F

-

boost

37
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Lorentz boosts and

A A A A A

neutron flux

helicity

10-+ = 2V p4g + GF—€ (/0—— — P++)

A

A
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boost
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Lorentz boosts and

A A A A A

neutron flux

helicity

10-+ = 2V py + GF—€ (/0—— — P++)

A

A
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Lorentz boosts and
helicity

. nm N\
10-+ = 2V py + GFEG K- — pr+)

N
_I_
>
1
©o o0 o
© 00 o

neutron flux no neutron flux

Hendrik Vogel, MPP 38 21st July 2015, IFIC Valencia



Ny
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neutron flux
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Particle number?
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A
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r
K — K

H" o |J]

no neutron flux
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Possible solutions

|. Use propagation eigenbasis
2. Equations only work in one frame

3. Go beyond forward-scattering formalism
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Oscillations

IDOOOO:
099995;
0999902
099985;
0999802
099975;

0.99970F

0.00020 |

0.00015

0.00010

0.00005 |

0.00000
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Conclusion

We need to understand neutrinos transport
to understand supernovae

Typical
)’P. Resonance!?
maghitude
H?I'C!ty p_y ~ 107 Possible
oscillations Vlasenko, Fuller, Cirigliano (2014)
Pair
. K~ 10—11 No
correlations
Kartavtsey, Raffelt, HV (2015)
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— <Rshock>
— <Rgain>
— (Rns)

3.0
2.5
2.0
< 1.5
1.0
0.5
0.0

0.4 0.5 0.6 0.0 01 02 03 04 05 0.6
Melson et al. arXiv:1504.07631  t,, [s]
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