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Neutrinos in Equilibrium
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Neutrino decoupling

As the Universe expands, particle densities are diluted and
temperatures fall. Weak interactions become ineffective to
keep neutrinos in good thermal contact with the e.m. plasma

Rough, but quite accurate estimate of the decoupling temperature

Rate of weak processes ~ Hubble expansion rate
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Neutrinos coupled
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Free-streaming
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Neutrino and Photon temperatures

T, =1.401T,
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Evolution of the background densities: 1 MeV — now
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Evolution of the Universe

slow deceleration

inflation RD (radiation doffililhation) MD (matter domination)  dark energy do

a.,: Equality  p.=py




The radiation content

of the Universe (N.¢)




Relativistic energy density

At T>>m_, the radiation content of the Universe is
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At T<m,, the radiation content of the Universe is
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Relativistic energy density

At T<m_, the radiation content of the Universe is
7 4/3
Pr = P~ Tt P+ Pr = 1+ = ( >/

Effective number of relativistic neutrino species
Traditional parametrization of the energy density
stored in relativistic particles

# of flavour neutrinos:N, =2.984+0.008 (LEP data)




Evolution of pv/pY before and
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allowed ranges for N ¢
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Extra relativistic particles

- Extra radiation can be:

scalars, pseudoscalars, sterile neutrinos (totally or partially
thermalized, bulk), neutrinos in very low-energy reheating
scenarios, relativistic decay products of heavy particles...

* Particular case: relic neutrino asymmetries




Relic neutrino asymmetries

and flavour oscillations




Primordial Neutrino asymmetries

Fermi-Dirac distribution | | 1 Anti-particles Particles
* Temperature T < S y
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BBN and Neutrino Chemical Potentials

Expansion Rate
Effect

(all flavors)

Beta equilibrium
effect for
electron flavor

n+ve <= pe”

- v, beta effect can compensate expansion-rate effect of v

Energy density in one neutrino flavor with
degeneracy parameter € = u/T

SR

ANgtf

72

4
. .
p'V'V 120

Helium abundance essentially fixed by
n/p ratio at beta freeze-out
n e—(mn—mp)/'r—’éve

5 5..| £ 007

Effect on “He equivalent to AN ¢ ~ -18 Eve

(50

+ No significant BBN limit on neutrino number density




Evolution of p./p, with asymmetries (L,™"=0)
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Evolution of p\,/pY with asymmetries (L, 7"=0)
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Neutrino oscillations

in the Early Universe




Neutrino evolution equations

@ Equations of motion in terms of the matrices of density for (anti)neutrinos
iat Op — [Hp, Qp] and similar for éq:with Qp — — Qp

Hp = p+V+\/_GF/((217T)3 (0q — 0q) (1—Vq'Vp)

Matrix of vacuum MSW Matter effect Neutrino-neutrino refraction

oscillation frequencies  pIAGONAL in the weak- €M, NON-DIAGONAL in the
weak-interaction basis

— 2 Interaction basis
Q, = M2/2|p
T W Cross section

< interaction
pa

Pantaleone, PLB 287 (1992) 128 Mirizzi



Neutrino evolution equations

@ Equations of motion in terms of the matrices of density for (anti)neutrinos

10t 0p = [Hp, 0p] and similar for éq:with Qp 5 —Qp

Hp, = +V‘|‘\/_GF/((217T)3 (0q — 0q) ﬂ“@@p)

Matrix of vacuum MSW Matter effect, Neutrino-neutrino refract_ion
oscillation frequencies  pIAGONAL in the weak- €M, NON-DIAGONAL in the

o 9 N A weak-interaction basis
Qp =M / 2|P|

i0p = [y, 0,] + C(o), 0p)

Early Universe: add collision terms




Neutrino oscillations in the Early Universe

Neutrino oscillations are effective when
medium effects get small enough

Coupled neutrinos  Compare oscillation term

v—v refraction . . :
with effective potentials

prop. to of theé Universe 1n sec
G- [n(v)-n(¥)] 0.1

J 7 " Oscillation term prop.
| wieV S o Ame/2E

10716 ¢ : : ! Second order matter
effects prop. to

Gr(E/Mz*)[p(e)+p(e")]

First order matter
effects prop. to

Ge[n(e)-n(e*)]

Strumia & Vissani,
Temperature in MeV hep-ph/0606054
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Flavor Transformation for LMA Solution

-0.02

-0.04

S

-0.06

-0.08
LMA

No Self -
Self

10 1
T (MeV)

-0.1

Dolgov et al, NPB 632 (2002) 363 [hep-ph/0201287]




Chemical Potentials and Flavor Oscillations

Flavor mixing

(neutrino oscillations)

Flavor lepton numbers
hot conserved

Only one common neutrino
chemical potential

* Oscillations effective before
n/p freeze out ?

- YES for solar LMA solution

* Our knowledge of the cosmic
heutrino density depends on
measured oscillation parameters

Stringent g, limit
applies to all flavors

E, e,u,rl < 0.07

* Lunardini & Smirnov, hep-ph/0012056
* Dolgov, Hansen, SP, Petcov,
Raffelt & Semikoz, hep-ph/0201287
- Abazajian, Beacom & Bell,
astro-ph/0203442
* Wong, hep-ph/0203180

Extra neutrino density
AN ¢+ < 0.0064

Cosmic neutrino density

close to standard value

However, important caveats!

SP, Pinto & Raffelt
PRL 102 (2009) 241302 [arXiv:0808.3137]




Evolution of p./p, with asymmetries (L,™"=0)
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Evolution of p./p, with asymmetries (L,™"=0)
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Oscillations driven
by Am?,; are effective
at T~3 MeV, reducing
flavor asymmetries, BUT

too late to achieve full eq!!
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Final radiation density

e

Final effective &,

ANeff

SP, Pinto & Raffelt

PRL 102 (2009) 241302
[arXiv:0808.3137]

* No global lepton asymmetry
N(ve) = N(Vy) + N(vy)
* Equilibrium between v, and v,

H(VM) - n(v‘t)

Initial v, and VM/VT
asymmetries not exactly
opposite, but adjusted
such that &(v,) falls

into the allowed BBN range

PLANCK sensitivity: N,~0.4

Initial &,_

Best CMB SenSiTiViTy: Neff~0.1




Summary

-

. -

* Flavor neutrino oscillations W|th the measured mlxmg
parameters qlnot Iead to full’equilibrium »,
before BBN in contrast to what is frequentl ly stated

- A 13-mixing angle close to the Chogz limit

strongly helps to establish equilibflum

* The initia densities of veand v plus v, can bg
adjusted™Such that at BBN the v, asymmetry falls
into the allowed range, yet there is a significant
excegs radlatlon density’ «
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