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Neutrino oscillations Vacuum oscillations
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Neutrino oscillations Solar neutrinos
MSW (Mikheev-Smirnov-Wolfenstein) potential:
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Density matri

aiTP - creation operator for neutrino with flavor i and momentum p.

a;p - annihilation operator for neutrino with flavor i and momentum p.

The density matrices are
Pij = <“j“i> ) pij = <51ijli>
P P

Neutrino oscillations described by

dp(p, x)

_ ap(p,x) .- _
dt =1 [H(pyp) X)) p(P)X)] ) dt =1 [ (p)p» X)) (P)X)]
Hamiltonians for vacuum oscillations
UMUT - UMPUT
H(p,p,x) = T H(p,p,X) S

2p 2p
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Polarization vector - two flavor oscillations

1 1 (Ps+ P, P,—IiP 1 1 v, Ve —1iV.
2 (py+B- )—f y H1Te(H) = = . y
b= z<°+ 2<Px+1Py Py — Pz>’ 2 ) Z(Vx+lVy -V,
d BB VAN = Am? o
—P =V XxP, V= B, V=— B.
d 2p 2p
z z
B B
-l b C 5
20, 26,
y y
Neutrinos Anti-Neutrinos

Raffelt and de Sousa Seixas: 1307.7625



Slmple collective oscillations Simple: homogeneous, isotropic

Neutrino-neutrino potential:

= d3p/ Bt / / D D =
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Slmple collective oscillations Simple: homogeneous, isotropic

Neutrino-neutrino potential:

d3 = d_, — =g
vv—fGFJ p) (P/)_P(P/))(I_V/'V) = %POC(P_P)XP

Synchronized oscillations:

Vacuum oscillations: o o
prop(ve — Vv,) =1 — sin® 20 sin* A”;EL mixing angle U = 0.46.

mixing angle 0 = 7t/4 ~ 0.79. 1
-
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Pastor, Raffelt, Semikoz: hep-ph/0109035



Slmple collective oscillations Simple: homogeneous, isotropic

Polarization vector:

1 =1 d- = =
o= <PO—|—PZ P, zpy>) 4 _Gyp

~ 2 \Px+iP, Po—P, at
Foo = V2Gs | C2S (B BB~V v) = ZPxDxP.
(27)? dt
Bipolar oscillations: mixing angle 6
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Inverted Hierarchy: Bimodal Instability t

Raffelt and de Sousa Seixas: 1307.7625 Hannestad, Raffelt, Sigl, Wong: astro-ph/0608695
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Collective oscillations can:

- Synchronize oscillations.

- Lead to large conversion for small 6.



Treating neutrino oscillations in the early Universe

Quantum kinetic equations

d d .
(at — Hpap> p(p,x) = —i[H(p,p, %), p(p,x)] +C(p,p,%),
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Treating neutrino oscillations in the early Universe

Quantum kinetic equations

) ) .
(at pap> p(p,x) = —i[H(p,p,x), p(p,x)] +C(p, p, %),
Hamiltonian:
UMUT Pp’
H(p, p,x) = fGFJ (ol ) — Blp', x)) 1 =" -)
vacuum term asymmetric neutrino — neutrino term
B 8\/2(;1:10 &+ %,Pl
4 ms,

symmetric matter term



Neutrino oscillations in the early Universe 1arge lepron asymmetry

Dolgov, Hansen, Pastor, Petcov, Raffelt and Semikoz: hep-ph/0201287

Synchronized oscillations and large chemical potentials:

0

N - Fermi-Dirac distribution:
0.04 - _ , 1

it ....... ( _ .
-0.06 ] f P) eXp(p/T — E,) + -
-0.08

LMA In equilibrium, & = —&.
No Self

-0.1 Self

T (MeV)
Conclusion: Bounds on &, apply to all flavors.

see also Wong: hep-ph/0203180 and Abazajian, Beacom and Bell: astro-ph/0203442




Neutrino oscillations in the early Universe 1arge lepron asymmetry

Dolgov, Hansen, Pastor, Petcov, Raffelt and Semikoz: hep-ph/0201287

Synchronized oscillations and large chemical potentials: (measured tan(6,;)* = 0.02)

0

LMA

-0.02
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-0.06

-0.08

-0.1

T (MeV) T (MeV)
Conclusion: Bounds on &,, apply to all flavors.

see also Wong: hep-ph/0203180 and Abazajian, Beacom and Bell: astro-ph/0203442
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Neutrino oscillations in the early Universe Diversity

Asymmetric MSW Minimal transformation Large synch. oscillations
Paint (<107) Py int (x10°8) Py (x1074)
15 4 — 4 -
1.0 \JM_ 2 . M
00 10 5 T(MeV) o 5 2 g TMev) o 5 2 : 02 | Mev)
-05 R |
B — 4 - .
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Pyt (x1077) Pjint (x1076)
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Johns, Mina, Cirigliano, Paris and Fuller: 1608.01336
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Neutrino oscillations equilibrate flavors in general.

12
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Neutrino oscillations equilibrate flavors in general.

Details depend on initial conditions.

12
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Breaking isotropy

Neutrino-neutrino term

1 (P,+P, Py—iP &p’ -
2 (P:+iPy Po_Pj> w—prJ ) (B(p")—P(p"))(1—v'-v)
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Breaking isotropy

1 (Po+P,
T 2 \Py+1P,

Neutrino-neutrino term

P, —1P 3 -
P, —lpf> Vv = V2 GFJ - P (Bp)—F(p")1—v"v)

Bipolar oscillations - Inverted mass ordering

r4 z
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Inverted Hierarchy: Bimodal Instability

Raffelt and de Sousa Seixas: 1307.7625
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Breaking isotropy

1 (Po+P, Py —iP ; _
T2 ( —le> Vyy = \[GFJ l (P(p')—P(p")) (1—v'-v)

P, +iP, P,

— P, xD, x P,
dt
“B B, x P
== (08

dtl 1 2

Neutrino-neutrino term

)

Two bin model - Normal mass ordering

Normal Hierarchy: New Instability

Raffelt and de Sousa Seixas: 1307.7625
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Breaking isotropy
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Mirizzi: 1506.06805
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Breaking homogeneity A simple line model

Linear stability analysis: Growthrate w0 Vi / \ Vi

a=0.8 K™%
4 T
16

100 200 300 400
plw

Duan and Shalgar: 1412.7097

Mirizzi, Mangano and Saviano: 1503.03485
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Collective oscillations can break
isotropy and homogeneity.

16
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Collective oscillations can break
isotropy and homogeneity.

The breaking can make conversion in NO possible.

16
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Collective oscillations in the early Universe
Homogeneous universe model with two angle bins

RSLH, Shalgar and Tamborra: 2012.03948

Assumptions:
e Universe is homogeneous.

e Angular dependence approximated with two angle
bins. (left moving L and right moving R not to be v v
confused with chirality of the particles) -

e Two neutrino oscillation framework.

e Relaxation-time-like approximation for the collision
term.
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Expansion of the Universe 2012.03948
1.4
Friedmann equation: |
1.3 n _
g et t+e Y + Y
V 3 mpy’ E ’ fo o e BTy~ gmmel T
1.11
Continuity equation:
5 — 3H(p 1 P) 1.0 1 . . :
b= PR 10! 107 10!

T, [MeV]
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Collision term - approximations 2012.03948

Divide into four different types of reactions each with a rate:
1. Scattering with electrons and positrons, I «
2. Annihilations to electrons and positrons, I «
3. Neutrino-neutrino scatterings, Iy
4. Neutrino-antineutrino collisions, I3
Equilibrium distributions are assumed when calculating the rates.

Functional form: One equilibrium distribution in each gain term.

1
exp(p/Teq - H/Teq) +1’

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

f(Teq> u =
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Collision term - approximations 2012.03948

Divide into four different types of reactions each with a rate:
1. Scattering with electrons and positrons, I «, Teq = Ty, L = Ty
2. Annihilations to electrons and positrons, I, «, Teq = Ty, L = M«
3. Neutrino-neutrino scatterings, I'vy, Teq = Ty, L = Tly,,
4. Neutrino-antineutrino collisions, Iy, Teq = Tv,, L = Ty,
Equilibrium distributions are assumed when calculating the rates.

Functional form: One equilibrium distribution in each gain term.

1
exp(p/Teq - H/Teq) +1’

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

f(Teq> u =
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Collision term

For electron neutrinos:

Cee = Tape [<%>4f(Tv» He) — pee}

= s e 05wl — o

— TGRe (#expyy)

+ Ty (2 + Ux) (fve Pee)
+ Ty (4lee + tay) (fr, — Pee)
+ vy (txfv, — eePee)

+ Re [(rvvu:x + 4rvw7ﬁ:x) (ﬁ?x -

pex)] )

x10°%

Annihilations to e*e

2012.03948

e, Grohs et al. (2015)
., Grohs et al. (2015)

x10°%
2




COLLECTIVE NEUTRINO OSCILLATIONS IN THE EARLY UNIVERSE
0000000000000 000000e0000000000000

Linear stability analysis 2012.03948

Write density matrix:

1 1 (SR €R
= —Tr = .
Pr 2 (pR) 2 <€E _SR>

e Assume € = (€g, €, €1, €1)! = (0,0,0,0)" is a fixed point (zero time derivative).

Linearize the equations for small e:

—e = 1Me

dt

Assume collective solution € = exp(—iQt)Q.

Determine Q) such that (M — 1)Q = o has solutions (determine eigenvalues).




Linear stability analysis 2012.03948

i - Neutrino term.

wj, - Matter and vacuum term.

S = Pee — Pxx - Difference between v, and v, densities.
Eigenvalues: (e = exp(—iQt)Q)

1 _ Z N
QIjE = <3p(s—s) & \/—4w>\p(s +5) + 403 + ul(s—s)z) ,

1 _ _ _
Q= 2 (H(s—s) + \/4ww(s+sJ +4w3 + HZ(S*S)Z) '

Eigenvectors:

T
+T _ ((uls—28)+wr—0F s—25)+wr—QF P
W = (M, —1, —w, 1) , (asymmetricin R < L)

T
+T [ ustwr—QF s+ wy—QF .
w, = < = 1, A=, 1) . (symmetric in R < L)

Recall: € = (eg, €g, €1, €1)7.
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Linear stability analysis 2012.03948

se7tt () Tem + Va2t Am?® 1
S = Pee — Pxx Slim = P) Lem
) 270((3)m%, 60(3)Gr (p) Tem
4 x10°
10 1'6 4
10" 4
1.2
i 1064 - 1.0 ------ NO, anisotropic
5 = 0.81 — 10, anisotropic
10-74 0.6 -— 10, isotropic
(_\ — 5= Sn,,,N()(G I\IGV)
105 0.4 £ s\\”.” ------------------------ N — = 281im N0 (6 MeV)
021 § 7%y \— s = 5stmno(6 MeV)
1079 L 0.0 —t—ti—Fo, e , ,
10° 10! 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0

Tl:m [l\lev] 71(7!11 [l\lev]
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Isotropic initial conditions, NO

1.006
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x10~3

1.002{"

Pee, DO OSC.
Pz, NO OSC.
Pee.Rs aNi.
Pee.R, ANi.
Pee.L ani.
Pee.L, ani.
Paz.R, aNi.
Pra.ks ali.
Paa.L, aNi.

Pra,L, ANi.

r=FE/Ten

2012.03948
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Isotropic initial conditions, I0 2012.03948

-3
1.006 x10
1,005 ———  Pee, NO OSC.
""" Pz, NO OSC.
< 1.004 .
£ ———  Pee.R, ANi.
'»; 1.003 Pee.R, ANi.
= 1.002 ——— pee.r,, ani.
1.001 ———  Pee.l, ani.
1.000 FE N\ Paz.R, aNi.
10-12 i v Prx.R> AN
= = Purr.L, ANi.
= 1078 7NN N p— P, ani.
107 4
[
=107
=
510710
<
10717 T T T T T T T
5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

r=E/Ten
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Anisotropic initial conditions, 10

-3
1.006 x10
1.005 ——  Pee; NO OSC.
""" Pz, NO OSC.
< 1.004 .
£ ———  Pee,R, ani.
'»; 1.003 Pee.R, ANi.
= 1.002 ——— pee.r,, ani.
1.001 ———  Pee.l, ani.
oo e 1 S064 [N\ Pra.R, AN
10-12 Prx.R> AN
= I b Paa.L, aNi.
2 10713 ’," ‘\\ 777777 Prr.L, ani.
T 104} A
[ i
1070 /
=
3 10716
<
10-17 0.0 . . . : - : 7
0.0 25 50 7.5 10.0 12.5 15.0 17.5 20.0

r=FE/Ten
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Anisotropic initial condition, NO
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1.003
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1.000

10712

10~13
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5 10716

A
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— Ve, X =R
0.8 Ve, X =R
’ — vy, X =1L
— Uy X =1L
50& ,,,,,, Ve, X =R
e Uy X =R
2 [~ o X =1L
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vV—V asymmetry Homogeneous, isotropic and single energy

Linearize:

= wsin20(Im(e) + Im(€))
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vV—V asymmetry Homogeneous, isotropic and single energy

d(d— o)

=W sin 20(Im(e) + Im(€))

Symmetric initial conditions (€, =
€o) gives

Im(€) = —Im(e).

Antisymmetric initial conditions
(Ec = —€,) gives

Im(€) = Im(e).
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vV — v asymmetry Homogeneous, isotropic and single energy

Re(pex(0)) = Re(pe-(0)) =0 Re(pez(0)) = —Re(pe:(0)) = 1075
0.50 A 0.50 \ N
< ”‘» \ / ‘\ N
d(6 _ 6) 0.25 // \ I\ . | 02 ,/ \ PYA
. _ ) | — Re(per) /e Pl Re(per)
22— wiin26(Im(e) + Im(&)) ¢ omf L ] L o
d \ ‘I (pex) ! . pez) |
t —0.25 \ /" \ | Re(fer) ~0.25 5\ / ‘\ f Re(pez) |
i \ \/ T(fex) 3 \/ \/ Im(pez)
—0.50 Y —0.50 hd
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0
e e e 0.0 — 1.00 F—— — S 1.00 F—— e < p— -
Symmetric initial conditions (€, = \ \ \ \ / \
0.75 \ |/ \ 0.75 \ |/ \
g | | | ~ ~
€o) gives £ 050 '\ ! V\ (’ 0.50 '\ / ‘\ (‘
_ | | [ - \ | | |
0.25 \ \ | Pec 0.25 \ \/ Pee
_ \/ \/ r | e
Im( €) = —Im ( e) . 0.00 v v " 0.00 lx‘ l) ’
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
-
10~
Antisymmetric initial conditions = 10
(€0 = —€o) gives 10°e
0.0 0.5 1.0 1.5 2.0 10 \l'l.()

Im(€) = Im(e).
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Enhancement of v — v asymmetry:
- Found numerically for early Universe conditions.
- Confirmed in simple model.

- Similar effect known from active-sterile oscillations.

29
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Effect on Neff 2012.03948

x10°% Annihilations to e*e

Collective oscillations enhance v, and supress v,.

Collision term from e* ¢~ annihilation:

Caee = Tae [(%)4f(TY> He) — pee} )

Cagee = Tae [ (£2) F(Tyy 1) — ]

Ve, Grohs et al. (2015)
—== v, Grohs et al. (2015)

x10°%
2

rue > ra,x . 1.0

)

Oscillations are expected to enhance Ng-. 02




Change in N4 in the two angle bin model 2012.03948
py (1)’
Neg = =
=) 8py ( 7 )
- J'di’ 1*(Pee + Pee + Prx + Pox) (11/7)*
- 2 [dmf, (Ty/Tem)*

For no neutrino oscillations, Nog = 3.04596 (not very accurate).

The cases with oscillations give:

NO, isotropic  NO, anisotropic NO, anisotropic (ij; =10 °) 10, both
ANeg 0.9 x107* 5.0 X 10 * 4.9 x 104 5.8 x 10 *

These are only indications from a simple model with an approximated collision term!
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Summary

e Collective oscillations in the early Universe can enhance Neff.
e They can break isotropy and we expect them to break homogeneity.

e They might amplify a small neutrino-antineutrino asymmetry by several orders of
magnitude.
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Future perspectives

Full angular distributions.

Breaking homogeneity.

Full collision term.

Three neutrino effects.
Beyond Standard Model physics.

o Large lepton asymmetry.
o Low temperature reheating.
o Sterile neutrinos.

Going beyond meanfield.
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Thank you for your attention!

34
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L Je]

Homogeneous universe model with
two angle bins

dpr(p) H dpr(p) _

ot — p ap *i[HR(meL»P)»PR] +CR(pR) pL)p)>
0 0 )
pL(p) - Hp pL(p) - _1[HL(pR) pL»l")» pL} + CL(pR) pL>p) )
ot op
Hamiltonian:
Z/IMZUT ’ .
Halor, 01,7) = /26 j ou(p') — B1(p"))

~ SﬁGFPﬁ

2 )
3 myy




Effects of collisions and potentials

dr
P intx = prz,X(r) for X e{R,L}

x10~4 NO, isotropic 10, isotropic
_____ --- Anmni.
Lo======o__ Scattering
— Allefe™

—— All terms

No osc.

0.5
0.0
x10~*
— H,=0
L5 == A=0

107! 10° 10! 10! 100 10"
T, [MeV) 7,[MeV]
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