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Expansion of the Universe
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Neutrino oscillations

Equation of motion:

dp(p,x) _

o —i[’H(P,PaX)’P(va)] +C(pv p,X) )
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Neutrino oscillations

Equation of motion:

dp(p, x)

d =— [’H(p, P,X),P(pax)] + C(pv p,X) )

Hamiltonian:
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vacuum term asymmetric neutrino term
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symmetric matter term
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Homogeneous universe model with
two angle bins

Assumptions:

@ Universe is homogeneous.
@ Angular dependence approximated with two angle bins.
@ Two neutrino oscillation framework.

o Relaxation time like approximation for the collision term.
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Linear stability analysis

w - Neutrino term.
wy - Matter and vacuum term.

S = pee — Pxx - Difference between v, and v, densities.
Eigenvalues:

05 = 5 (3n(s = 9) & \/“donnls - 9) g 42— 97
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Qf = (u(s -5+ \/4ww(s +5) 4 4w? + (s — §)2) :
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l Linear stability analysis

w - Neutrino term.
wy - Matter and vacuum term.
S = pee — Pxx - Difference between v, and v, densities.

Eigenvalues:
+_ 1 3 5 2 2 )2
Qf = 2 (3uls = 5) & \/—dwrnu(s + 5) + 4w} + 2(s — 52
+_ 1 5 3 2 42 )2
QG=3 M(S—S)ﬂ:\/4w>\/~t(5+s)+4w,\+u(s—s) .

Eigenvectors:
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In the basis: (GR, €R, €L, EL)T.
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Linear stability analysis
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Isotropic initial conditions, NO
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Isotropic

initial conditions, NO
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Anisotropic initial condition, NO
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Anisotropic initial condition,

NO
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Change in Ny

3
P 11
Negr = -
! 7/8py ( 7 )
o (LA P pee + Pee 4 poct ) ) (1L/7)
2fdrr3f0 (T'y/Tcm)4 .

For no neutrino oscillations, N.g = 3.04596.

The cases with oscillations give:

NO, iso NO, ani NO, ani (pini = 107°) 10, iso/ani
AN.g 0.9 x 10* 50x10* 49 x10°* 5.8 x 10~*
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Summary

@ Neutrino-neutrino forward scattering cannot be neglected for neutrino
oscillations in the early Universe even when n, ~ ng,_.

@ Our model with two angle bins show substantial anisotropy for NO, and we
find a correction to Neg comparable to higher order QED corrections.

@ A small neutrino-antineutrino asymmetry is amplified by many orders of
magnitude through non-linear neutrino flavor evolution.
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Backup Slides

Homogeneous universe model with
two angle bins
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Backup Slides

| Collision term - approximations
Divide into four different types of reactions each with a rate:
@ Scattering with electrons and positrons, I's o
@ Annihilations to electrons and positrons, I';
© Neutrino-neutrino scatterings, I,

@ Neutrino-antineutrino collisions, I,;

Equilibrium distributions are assumed when calculating the rates.

Functional form: One equilibrium distribution in each gain term.
e :
U exp(p/ Teq — 1/ Tea) + 1

All other distribution functions are represented by normalized energy
densities, uqg3.

Breaking isotropy in the early Universe with v oscillations



Backup Slides

| Collision term - approximations

Divide into four different types of reactions each with a rate:
@ Scattering with electrons and positrons, I's o, Teq = Ty, it = Tq
@ Annihilations to electrons and positrons, [, Teq = T, it = pia
© Neutrino-neutrino scatterings, ., Teq = Ty, = my,
O Neutrino-antineutrino collisions, [z, Teq = Ty, 1t = Ty,

Equilibrium distributions are assumed when calculating the rates.

Functional form: One equilibrium distribution in each gain term.
e :
U exp(p/ Teq — 1/ Tea) + 1

All other distribution functions are represented by normalized energy
densities, uqg3.
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Collision term

For electron neutrinos:

4
Cee =Tae (%) f( T’Y’Me) — Pee
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Collision term

For the off-diagonal:

fex = (ax + bep)fo + i(ay + byp)fy ,
ax, bx, a, and by, conserve the first and second moments of pey.
Off-diagonal:

Cex = —Dpex + d fox — CEex(Pee + pxx)
+ rr/ﬁ([’ee + Uxx)(2fex - 3pex) + ruﬂgex((fﬂe + fo) - 2(pee + Pxx))
+ %ruu(uee + Usx)(fex — pex) + %r’/”u‘*x((fye ) = (Pee + i)
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Effects of collisions and potentials
d
Pz,int,X = /Ter,X(r) for X e {R, L}
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Isotropic initial conditions
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Isotropic initial conditions - spectrum
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Anisotropic initial conditions
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Anisotropic initial conditions - spectrum
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