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Neutrino decoupling

e [nstantaneous decoupling approximation

T 11\ /3
(4) _ (_) ~ 1.40102
T, ). . 4

oday

How to go beyond this approximation”

. Follow the distribution functionsfya(p, t): Boltzmann equation

fra (p:1t) S R ) 7
va \Py V) =~ Guo \P; pv, = o1,
ep/ ~+1 non-thermal 3 30
distortions effective temperature

We use T, = TV o a™! as the integration variable.



Neutrino decoupling - standard calculations
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Neutrino decoupling - standard calculations
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Towards a precision calculation

o Important parameter: effective number of neutrino species NV ¢
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Towards a precision calculation

o Important parameter: effective number of neutrino species NV ¢

7/ 4\Y3
pvzg<ﬁ> XNeﬂ"va

N

c

Planck
it — 3.0434 N, =2.99 £0.17 (68%)

. Goal: < 107 precision on N«

— neutrino masses and mixings
Previous numerical works:

[G. Mangano et al., Nucl. Phys. B 729, 221 (2005)]
|P.F. de Salas, S. Pastor, JCAP 07, 051 (2016)]
[K. Akita, M. Yamaguchi, JCAP 08, 012 (2020).




Statistical description of neutrinos

. Due to mixing, the three distribution functions f, , f,, , f, are not
e U T
sufficient to describe the ensemble of neutrinos.
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Statistical description of neutrinos

. Due to mixing, the three distribution functions f, , f,, , f, are not
e U T
sufficient to describe the ensemble of neutrinos.

<&25 (ﬁla h/)&l/a (P, h)) = (27‘-)3 2L 5 (P — ﬁ/)5hh’ ‘Qg (p,t) On—
homogeneity °

One-body density matrix

l O 0O, 0OF fv. 0L 0F
of o, of| =19 S, of
Evolution equation? 0 0, 07 0 0, Ju,

* Perturbative expansion [G. Sigl, G. Raffelt, Nucl. Phys. B 406, 423 (1993)]

e (Close Time Path formalism [D. Blaschke, V. Cirigliano, Phys. Rev. D 94, 033009 (2016)]

 Extended BBGKY hierarchy [JF, C. Pitrou, M.C. Volpe, 2008.01074]



Quantum Kinetic Equations

0 0 M E.+P
| gy — ,t:[U—UT,}—Q 2G {e e,} Clo, 0
0 L{% p@p} o(p,1) 2 0 V2G Fp m2, o| +:Clo, 0]
Vacuum Mean-field Collisions
pe+P. 0 0 ‘/ /
E. + P, = 0 0 0 First calculation with
0 0 0 the full collision term

Matter eftects (effective potential
due to the background)

Not the usual \/EGFne since n, ~ n,

[JF, C. Pitrou, M.C. Volpe, 2008.01074]



Approximation scheme for neutrino oscillations
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Approximation scheme for neutrino oscillations

* Simplified argument: 2-neutrino mixing, No mean-field
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Approximation scheme for neutrino oscillations

* Simplified argument: 2-neutrino mixing, No mean-field

d M2 —:_Z{—ygm}_FU CU
o _i[v®ui)+e — Tat Lo
dt 2p

Om = UTQU \

Schematically,

A,

Localized neutrino injection
(UTCU ~ K x 6(0)) 10
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Approximation scheme for neutrino oscillations

* Simplified argument: 2-neutrino mixing, No mean-field
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d M = —i| 5 0m| +U'CU
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Adiabatic Transfer of Averaged Oscillations
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Adiabatic Transfer of Averaged Oscillations
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Adiabatic Transfer of Averaged Oscillations

0 % M2 E, + P
. L e _‘_ o é (& . —
0 {_% — Hp- } o(p,t) = {U 5 U ,@} 2\/§GFP{ — ,Q} +iClo, 0

— diagonal in the ,
which evolves adiabatically

* Non-diagonal components of the density matrix in matter basis
are averaged out

>k ~ ~
~ ~ >k

e Effective “ATAO” equation 9om — ULK;\

Ox keep only the diagonal

comoving variable x « a > 11



Neutrino decoupling without flavor oscillations
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Neutrino decoupling with flavor oscillations

0.25

0.20}

0.05}

0.00

emTTTTTTm T
/7
TVH ///
Il
TVT II
/
/
/
7
1
1
/
1
/
1
— QKE /
1
- 1
- - I
-~ No mixing /
'I
1
1
)
)
1
1
1
I Y A
1) J ==
1 -~
] //’
Il /,
II //
H /’
) /,
/
/
/
(4
4
101 109 1071 102
Tern (MeV)

Effective temperatures

100 x dg,

3.0¢

— VT
2.5}
2.0 — QKE

--- No mixing /

1+4dg,,(p,t) A
eP/Tva +1 /

0o (p,t) =

10
Yy = p/ Lo

Effective distortions

13



Neutrino decoupling with flavor oscillations
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Decoupling with flavor oscillations - Comments

e Excellent accuracy of ATAO approximation (<10-6).

o Slight increase of N (3.0434 — 3.0440)

flavor conversion of v, == more phase space for e* annihilations
. Small dependence with the mass hierarchy (AN.+ < 107°)

* Higher precision?
» Full QED i =
ull QED corrections ANeffN 10

* |Inhomogeneous cosmology

14



Conclusion

Neutrino decoupling

o Neutrinos capture part of the entropy released by et
annihilations

* |ncreased effective temperatures + spectral distortions
* Exact or approximate treatment of neutrino mixing

 First calculation with the full collision term
e N~ 3.044

c
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Conclusion

Neutrino decoupling

o Neutrinos capture part of the entropy released by et

annihilations

* |ncreased effective temperatures + spectral distortions

* Exact or approximate treatment of neutrino mixing

 First calculation with the full collision term

¢« N

c

=~ 3.044

Conseqguences on BBN, CMB...

[JF, C. Pitrou, Phys. Rev. D 101, 043524 (2020)]
[JF, C. Pitrou, M.C. Volpe, 2008.01074]

Variation of abundances | §(D/H) (%) 4([°He + T]/H) (%) &(["Li+ "Be]/H) (%)
Without mixing 0.368 0.120 —0.412
With mixing 0.387 0.126 —0.404
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Quantum Kinetic Equations: collision term
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Quantum Kinetic Equations: collision term
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Quantum Kinetic Equations: collision term

9, %, M2 E +P
o . _ oy o e e : _
Vacuum Mean-field Collisions

1] C[VD—>€_€+]
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plve—ve ] _1 2°G% / d”p d’pi3 d’py
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X [4@1 o) (ps - p) FEE (WD) 4 6@ 5 3 | ()
+4(p1 - pa)(p2 - p3) PR + ) — ) 4 W)

—2(py - p3)m? ( FLRGW @ 4 )3 4 @) 1 pRL(,(D) 4 @) () 4 6<4>)) }

+ C[VV]

Computationally expensive

Statistical factor

Pauli-blocking
FAP () + e = 00 ey = f,(1 - f2) [GHosGP(1 = 01)] — (1 = fa) fo [GH(1 = 03)GP 01] + h.c.

Hgain” “lOSSH 17



Incomplete neutrino decoupling and BBN

N ¢ > 3 = higher expansion rate “Clock effect”
t(s)
309.0 lOOIO.O 10090.0

103} - D
— T
—— 3He
...... Be
— L]

[JF, C. Pitrou, Phys. Rev. D 101, 043524 (2020)]
[JF, C. Pitrou, M.C. Volpe, 2008.01074]
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Incomplete neutrino decoupling and BBN

N ¢ > 3 = higher expansion rate “Clock effect”

t(s) o(D/H) > 0

300.0 1000.0 10000.0

§(°He/H) > 0
6(T/H) > 0

6("Be/H) < 0

§("Li/H) > 0

[JF, C. Pitrou, Phys. Rev. D 101, 043524 (2020)]
[JF, C. Pitrou, M.C. Volpe, 2008.01074]
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Incomplete neutrino decoupling and BBN

N, > 3 = higher expansion rate “Clock effect”

t(s) o(D/H) > 0

300.0 1000.0 10000.0

6(°*He/H) > 0

(i /H) /(i JH)®

6o(T/H) >0
6("Be/H) < 0
6("Li/H) > 0

Variation of abundances | §(D/H) (%) &(°He + T]/H) (%) 6(["Li+ "Be]/H) (%)
Without mixing 0.368 0.120 —0.412
With mixing 0.387 0.126 —0.404

/l/ [JF, C. Pitrou, Phys. Rev. D 101, 043524 (2020)]
e /A — | 58— [JF, C. Pitrou, M.C. Volpe, 2008.01074] o



Incomplete neutrino decoupling and BBN

N, > 3 = higher expansion rate

L) “He depends mostly on the
300.0 1000.0 10000.0 _
| | | | n/pratio, controlled by v,

— effectof z, ,08,
(+ clock effect)

(i /H) /(i JH)®

Overall, relative variation
~ 0.04 %
Variation of abundances | §(D/H) (%) &(°He + T]/H) (%) 6(["Li+ "Be]/H) (%)
Without mixing 0.368 0.120 —0.412
With mixing 0.387 0.126 —0.404
/l/ [JF, C. Pitrou, Phys. Rev. D 101, 043524 (2020)]
T/ A — | 58— [JF, C. Pitrou, M.C. Volpe, 2008.01074]
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Checking the adiabatic approximation

Effective
oscillation
frequencies

106_

104_

10

100_

10—2_

1074

00m
ox

o 0x

oU,,

-
-
-
-
-
—
-

-
-
-
-
-
-
-
-
-
-
L=

-
-
-
-
-
-
-
-
-
L=

e —————
- ~~o
-
- ~
- ~
—— - ~<
- —_— -
- —_—— ~
- ==z S
- - ~~ ~
- ~ ~
- ~<
- ~
-
-
-

~<
- SS
- ~o
- ~
- ~
- -
-

——— e~ ——
. -~ ~
- ~~ ~
- ~
.- S~
~ ~
- ~
~
~
~
~
S~
~

S
~
~
S
~

S
S
~

WN W NE N~ —~

(o3}
QQJ
3

/| e’ ——r ——

107!
$::n%/7&n

19



Checking that oscillations are averaged
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