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Components of the Universe
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Radiation energy density in the radiation era
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Radiation energy density in the radiation era
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v decoupling and e* annihilations
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Effective number of neutrinos
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Effective number of neutrinos
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Effective number of neutrinos
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[N,‘jﬁ accounts for all contributions to pg different from Pv]

Standard neutrinos only
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Effective number of neutrinos
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[N,‘jff accounts for all contributions to pg different from Pv]

Standard neutrinos only

Nﬁﬂ‘ = <pR — p'Y) <p’y|inst,dec,> Nﬁﬂ ~3
Preq P~

Not to be confused with the number of neutrino generations J
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Measured value
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NeT =313 +0.32
Neff = 3,15 £0.23
NefT = 2.99 +0.20

Neff =3.04 +£0.18

All 68% C.L.
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Planck TT + lowP + BAO

Planck TT,TE,EE + lowP )
Planck collaboration,

Planck TT,TE,EE + lowP + BAO #rXiv:1502.01589




Deviation from NT = 3 due only to neutrinos

+ annihilate

Neutrinos not completely decoupled when e

Finite temperature QED corrections

Non-Standard Interactions (NSI)

Low reheating scenarios



Beyond the instantaneous decoupling
approximation

e v decoupling and e® annihilations were not fully disconnected
e After e* annihilations f, = £ + 6f,, and T, < T,

inst.dec.
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Deviation of f, from equilibrium

T
with osc.

Main source of deviation

no 0sc.

1.05 -
e Interaction with e*

Also important

Frozen f,/feq

e v oscillations

e v self-interactions




Computing the deviation from f,

e Density matrix formalism

£, A B
op= (A" £, C
B* C* f,.

A, B, C: phase information, non-zero if oscillations are considered

f,: occupational numbers

e Solve Boltzmann equations with /.o # 0

1 8\/_G
(8t - Hpap) Op = —’% |:<MF —2p Fppe ) an:| + leon [QP]
W
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Collision integrals treatment

When oscillations are added we need to solve 9 collision integrals,

one for each real entry of g,

4

1 d3p;
leon ¢ £ /(2W)45(4)(P1 +p2—p3— pa)F(fox, 0, GPNSIMT, 30 [ |
=2

2E;(27)3

e Reduce analytically from 9 to 2 integrals
e Solve numerically with a grid on the incoming neutrino momentum

e We do not consider damping factors for the processes
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Nt > 3 (neutrinos only)

Nt = 3.044 I

L = —2V26r Y pel €0 (VaV"Lvg) (87, Pe)

3.040 < N < 3.059

eee = —0.42 657. =0.37 Mangano et al 2005,
L _ L _ Mangano et al 2006,
= —0.09 Crr = —0.37 P.F. de Salas & S. Pastor, in

preparation

D.V. Forero & M.M. Guzzo 2011
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Nt < 37

If Try < 10MeV interactions are not enough to have standard neutrinos in eq.

Nefr
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Stronger bound

(from CMB - 95 % C.L.)

NeT > 281

P. F. de Salas et al,
arXiv:1511.00672

S. Hannestad 2004
K. Ichikawa et al 2005
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Conclusions

o Measurements in cosmology are getting more and more
precise.

e In the Standard case (neutrinos only) NS = 3.044, and in
presence of Non-Standard Interactions with electrons
3.040 < N < 3.059

o N < 3 is also possible in low reheating scenarios. Most
stringent bound NS > 2.81
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Future sensitivities to N4 and Zm,

Example of forecast: PLANCK + Euclid-like photometric galaxy cluster survey
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3 3.05 a1 315 3 3
Neﬂ
Data Planck+Euclid-Cl
Model wCDM+m,, + Nog  ACDM+m, +Nog+ 0
68% CL < 0.024 < 0.024
LoVl e o1, < 0.046 < 0.046
N 95% CL < 3.16 <317

L
32 33 34
Neﬂ
M.C.A. Cerbolini et al,

JCAP 06 (2013) 020
[arXiv:1303.4550]
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{

Nt and Y~ m, simultaneously constraint

N =32405

> e 95% Planck TT + lowP + lensing + BAO
my, < 0.32e

Planck collaboration, arXiv:1502.01589
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Why not to consider damping factors

0.025
v, and &' Inter.
) ﬂ"d\'Wz setf-inter -
00z v, ande*” Inter.

v, andv,,, seli-nter -------

001

x
3
&

0.006

ok
0.008 [
-001

%=mg a



Why not to consider damping factors
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Evolution equations

Comoving variables

x = meR(t), y = pR(t),

z=TyR(t)

R(t) = % = % at high temperatures

Boltzmann equations

1 8v2G
(8¢ — HpOp) 0p = —15 [(MF —2p 3m2Fppe§) ,Qp} + 7 [op]
w
Continuity equation
dp _ = dz
& =p— 3P (p,P comoving) — &
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Density matrix

f.
op= | ar—ia
by — iby

a1+ iaz
f

u
Cc1 — i62

by + ib,
ca +ic
f

f,: occupational numbers
aj, b;, ¢;: phase information
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Non-Standard Interactions (NSI)

Oscillation matrix

14 €ce €eu  €Eer
R L
€ap = €ap aly €ap

€er €ur €rr

Coupling matrices

L L L R R
8L+ €ee €ep €er 8R T €ee €ep
L _ L 5 L L R _ R
G = eiu gL teuu e”,,_L G" = e%u &R J;Euu
Cer ur 8L +err €er ur
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Collision integrals

Scattering processes with e*

12562 d%p, 433 d3p,
vetovet T 50051 J (2n)32E; (2m)320| (2m)32Es
x {4(p1 - pa)(p2 - )Pl (D, €@, 08, ) 4 a1 - 2) (03 - pa) Fre (VD €@, 1), )

—2py - o)l (FELL (0, 6@, 00, ) 4 L 0, D), O @)}

T @m)* ™ (pr + p2 — p3 — pa)

F2b (W, e® ) @) = f(1 - £)6%036°(1 — 01) — £ — f)e1G°(1 — £3)G” + h.c.
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Collision integrals

Annihilation process

, 1256} d*p 5 &’B
vo—e=et T 505 J (2m)32By| (27)32E; (27)32E,
x {4(P1 ~pa)(p2 - P3)Femin (D, 5P, e® 8™ 1 a(p1 - p3) (02 - pa) Flamin (D), 5P, €, 89

+2(py - P2)m§ (F;Lnih(l’(l)v l—,(2)Y 6(3)! 5(4)) + FaLrﬁrih(V(l)! ,;(2), e(3), 5(4)))}

@m)*s® (py + p2 — p3 — pa)

Fab (D 5 B d®) = 57,671 — 5,)6°(1 — 01) — (1 — £)1 — #)016°326% + h.c.

annih
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Finite temperature QED corrections

e Particles are in a thermal bath with a temperature T
e Photons and electrons acquire an additional effective mass

This modifies

Dispersion relation

Energy density
Evolution of T,

ANST ~0.01
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