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Neutrinos in cosmology
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1 Effective number of neutrinos o

N_.. accounts for any contribution to radiation other than photons

counted as standard neutrinos decoupled in an ideal scenario:

e All particle species behave as ideal gases
e Neutrinos decouple instantaneously

e Electrons and positrons are ultra-relativistic at neutrino decoupling

. 7 4 4/3
Pr = +§ (ﬁ) Pry

In this ideal scenario, Neff = 3



g Effective number of neutrinos o

Planck 2018, 95% CL [arXiv:1807.06209]

Neg = 3.0079:2F  TT + lowE

Neg = 2.92703¢  TT, TE,EE + lowE

Neg = 2.897058 TT,TE,EE + lowE + lensing

Neg = 2.991932  TT, TE, EE + lowE + lensing + BAO

In the standard scenario (not ideal, but only neutrinos), Neff = 3



4 Neff: standard theoretical value 0

Long history of works towards a precise calculation of Neff.

Updated standard theoretical value

Neg = 3.0440 £ 0.0002

M. Escudero, arXiv:2001.04466

K. Akita and M. Yamaguchi, arXiv:2005.07047

J. Froustey, C. Pitrou and M.C. Volpe, arXiv:2008.01074

J.J. Bennett, G. Buldgen, PFdS, M. Drewes, S. Gariazzo, S. Pastor and Y.Y.Y. Wong, arXiv:2012.02706
R.S.L. Hansen, S. Shalgar and |. Tamborra, arXiv:2012.03948

(and a long, long list of other studies that can be found in the reference lists within these)



{ Deviation from Neff = 3 with only neutrinos N

e Neutrino decoupling and e*eannihilation

o Finite temperature QED corrections

o Neutrino oscillations
e Non-standard neutrino-electron interactions (NSI)
e \ery low reheating scenarios (Neff < 3)
NON-STANDARD

e Extra (sterile) neutrino species

e Neutrinos without a Fermi-Dirac distribution



utrino decoupling and e*e annihilati

Instantaneous decoupling approximation

v decoupling




Neutrino decoupling and e*e” annihilation

e*e” are not ultra-relativistic at neutrino decoupling
Neutrino decoupling is not instantaneous

T, (11)1/3
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v decoupling



‘ Finite-temperature QED corrections .

e Altered equation of state for the QED plasma

@+% it

e Correction to the scattering rates of QED particles with neutrinos
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G. Mangano et al, PLB 534 (2002) 8-16

A. Heckler, PRD 49 (1994) 611-617

N. Fornengo et al, PRD 56 (1997) 5123

O. Tomalak et al, PRD 101 (2020) 033006

J.J. Bennett et al, JCAP 03 (2020) 003 9



, Finite-temperature QED corrections -

Main effects
e Alter equation of state (EoS) for the QED plasma pQED, PQED

e Correction to the scattering rates of QED particles with neutrinos
HQED matter effectss Iye[@]

Main additional corrections included for the EoS
e 0(e?) momentum-dependent logarithmic term

e (e correction
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g Neutrino oscillations @
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Neff affected by oscillations because electron neutrinos interact via CC apart from NC
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< Leading-digit contributions .

Standard-model corrections to N S&VI

Leading-digit contribution

me /Ty correction

O(e?) FTQED correction to the QED EoS
Non-instantaneous decoupling+spectral distortion
O(e?) FTQED correction to the QED EoS
Flavour oscillations

Type (a) FTQED corrections to the weak rates

+0.04

+0.01
—0.005
—0.001
+0.0005
<D

Important note: non-instantaneous decoupling is not the same as non-relativistic (m /T ) correction
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1 Standard value of Neff PN

Key aspects of our updated calculation:

e Subdominant finite-temperature QED corrections up to 0(e?)
[J.J. Bennett, G. Buldgen, M. Drewes, and Y. Y. Y. Wong, arXiv:1911.04504]

e Complete neutrino-neutrino integrals in the presence of flavour oscillations

e Thorough assessment of uncertainties

e FortEPiaNO https://bitbucket.org/ahep cosmo/fortepiano_public
[S. Gariazzo, PFdS, S. Pastor, arXiv:1905.11290]

Neg = 3.0440 £ 0.0002

[J.J. Bennett, G. Buldgen, PFdS, M. Drewes, S. Gariazzo, S. Pastor, and Y.Y.Y. Wong, arXiv:2012.02706]

The resulting Neff coincides with that of other recent studies within the respective estimated uncertainties
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1 Assessment of uncertainties 0

e Measurement uncertainties of physical parameters
e Numerical errors (discretisation and initialisation)

e Error of using an (optional) approximate modelling of collision integrals
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Oscillation parameters
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1 Numerical convergence @

Comoving neutrino momentum
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g Standard value of Neff PN

Key aspects of our updated calculation:

e Subdominant finite-temperature QED corrections up to 0(e?)
[J.J. Bennett, G. Buldgen, M. Drewes, and Y. Y. Y. Wong, arXiv:1911.04504]
e Complete neutrino-neutrino integrals in the presence of flavour oscillations

e Thorough assessment of uncertainties

e FortEPiaNO https://bitbucket.org/ahep cosmo/fortepiano_public

[S. Gariazzo, PFdS, S. Pastor, arXiv:1905.11290]

Neg = 3.0440

0.0002

[J.J. Bennett, G. Buldgen, PFdS, M. Drewes, S. Gariazzo, S. Pastor, and Y.Y.Y. Wong, arXiv:2012.02706]

Error estimated from

e ~0.0001 numerical

e ~0.0001 from measurement of solar angle of neutrino oscillations
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‘Interactions + oscillations + expanding Universe.

neutrino decoupling (I)scillationsI interactions
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i Calculating neutrino decoupling PN

Density matrix formalism
f, A B
Op = (A* fu, C)
B* C* £,

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

f,: occupational numbers

Continuity equation 1
P
— = —3H P
= (p+ P)

Solve Boltzmann equations with Icoll # 0

 m e o h o o mm m ,

= —

- " -,
.- -~

(at — Hpap) Op :'\TZ [(Hva,c + Hmat)a Qp],.;/}_; Icoll[Qp] |

t o, ’_—‘
—. .
T

Oscillations

Expanding Universe Interactions
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4 Comoving equations PN

Comoving variables
T = ame, Yy =ap, z=al;

Continuity equation )
] 1 A= (z/m.)* A

@ﬁtot (:U, z(zv)) == [ﬁtot (:U, z(a:)) — 3Piot (:U, z(:c))} Ptot = PQED T+ Pu
Piot = PQep + P,

Boltzmann equation

dgﬁ;’ Y- — \/ 837:7;?; (=i [H(z,y, 2(2)), o(z,y)] + T o(x,y)])
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{ Collision integrals PN

When oscillations are added we need to solve 9 collision integrals, one for
each entry of the density matrix

Statistical
factor

1 / 4

Teoll X — /(27r)45(4) (p1+ p2 — p3s — pa)F (fer, 0, G SIMI3, 50 | | >

Ex i=2
\

Strength of
interactions

d*pi
E,L' (27’(’)3

Procedure
e Analytically reduce the integrals from 9 to 2 dimensions

e Solve numerically with a grid on the incoming neutrino momentum
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< Uncertainties of physical parameters N

Parameter [Units| Value £+ 1o uncertainty Reference

O a/1073 7.2973525693 + 0.000000001 1 [49]
o me [MeV] 0.51099895000 4 0.00000000015 [49]

sin” Oy 0.23871 % 0.00009 50, 51]

gL 0.727 50, 51]

E L —0.273 50, 51

= IR 0.233 50, 51
Gr [107°GeV ™7 1.1663787 + 0.0000006 52
mw [GeV] 80.379 & 0.012 52
sin®f12/10~1 3.18 £ 0.16 33
o sin? f13/10 2 2,200 000 33
2 sin2 03/10~ 5.74 & 0.14 33
B Am2, [10~%eV?] il 33
Z | AmZ, [1073eV?] (NO) 255 o 33
Am3, [1073eV?] (10) —2.4510.08 33

Table and references from Table 1 in

J.J. Bennett, G. Buldgen, PFdS, M. Drewes, S. Gariazzo, S. Pastor, and Y.Y.Y. Wong, arXiv:2012.02706
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U Uncertainties of physical parameters N

Parameter [Units| Value £ 1o uncertainty Reference
a /1077 7.2973525693 4+ 0.0000000011 |49
> me [MeV] 0.51099895000 + 0.00000000015 [49]
sin® Oy 0.23871 =+ 0.00009 50, 51]
qrL 0.727 50, 51]
= Jr —0.273 50, 51
= IR 0.233 50, 51]
Gr [107°GeV 7] 1.1663787 £ 0.0000006 [52]
mw [GeV] 80.379 + 0.012 [52]

The weak angle corresponds to sin? 9y (0)55 in the modified minimal subtraction
scheme, established via SM renormalization group running from the measured
value of sin® 6w (mz)5 = 0.23124 £ 0.00006 at the Z-pole.

[49] E. Tiesinga et al., CODATA 2018, https://physics.nist.gov/constants
[50] K. Kumar et al., arXiv:1302.6263

[51] J. Erler & S. Su, arXiv:1303.5522

[52] PDG 2020

Table and references from Table 1 in
J.J. Bennett, G. Buldgen, PFdS, M. Drewes, S. Gariazzo, S. Pastor, and Y.Y.Y. Wong, arXiv:2012.02706 24
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‘ Numerical convergence -
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‘ Numerical convergence .

Ny grid {Zov[0]} o Ny, || N3 (no osc) | Niy" (NO)
40 3.0426 3.0436
{Zuv(0l} oo =0 | 60 3.0426 3.0435
80 3.0425 3.0435
40 3.0434 3.0442
GL Diagonal p 60 3.0433 3.0441
80 3.0433 3.0441
40 3.0434 3.0439
Full 60 3.0433 3.0439
80 3.0433 3.0439
40 3.0428 3.0438
{Zuv[0l} oo =0 | 60 3.0426 3.0436
80 3.0426 3.0436
40 3.0436 3.0444
NC Diagonal o 60 3.0434 3.0442
80 3.0433 3.0442
40 3.0436 3.0441
Full 60 3.0434 3.0439
80 3.0433 3.0439
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< Numerical convergence P

N (no osc)

N (N0

NS (10)

Benchmark A — {Z7,, [0}, =

0

Assuming:
* (Q)L_ﬁ + (4 B+3) Gpe (o) weaeTates 3.04263 3.04360 | 3.04361
e Damping for {Z,.[0]} .5
o Ny = 60, Ymax = 20, NC linearly spaced y;
Alternative estimates
Momentum grid
Ny = 40, ymax = 20, GL spacing of y; nodes 3.04261 3.04355 3.04360
Integrals for off-diagonal {Z,¢[0]} 4
Ny = 60, ymax = 20, NC linearly spaced y; 3.04261 3.04357 3.04362
Ny = 40, ymax = 20, GL spacing of y; 3.04261 3.04357 3.04364
Finite-temperature QED corrections
(2)1A 3.04361 3.04458
(2)lh + (2) In 3.04358 3.04452
(2)lh + (3) 3.04264 3.04361
(2)1h + (2) In+(3) 3.04263 3.04360
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< Numerical convergence P

N (no osc)

N (N0)

N (10)

Benchmark B — {Z,, (o]}, # 0
Assuming;:
e (2)Ih + (2) In+(3)+ type (a) weak rates
o Filll Tislo] and Toslol 3.04341 3.04398 3.04399
o Ny = 80, Ymax = 30, NC linearly spaced y;
Alternative estimates
Momentum grid
Ny = 80, ymax = 30, GL spacing of y; 3.04334 3.04392 3.04392
Ny = 80, ymax = 20, NC linearly spaced y; 3.04334 3.04389 3.04391
Ny = 80, ymax = 20, GL spacing of y; 3.04334 3.04386 3.04393
Off-diagonal collision terms
Damping terms, NC quadrature 3.04408
Damping terms, GL quadrature 3.04399
Neutrino—neutrino collision integral - ymax = 20
Diagonal o 3.04333 3.04416
Full p, interpolate o/FD only in diagonal 3.04334 3.04389
Full o, interpolate o/FD also in off-diagonal 3.04334 3.04389
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energy density change [%]

GL

Conservation tests
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