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Quantum Kinetic Equations
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Quantum Kinetic Equations
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Neutrino decoupling without flavor oscillations

05— . . . . ,
—_— T\)e 30- — Ve f ( t) L 1 _|_5gya (p, t)
R TVH EIJ Vg p? - ep/Tya _I_ 1
— T, :
0.20} ' - 2.5}
2.0t
7~ N\
T 0.15 .
J = S 1.5
e N
-
2 0.10 = 1.0f
-
=
0.5
0.05}
N, ~ 3.0434
= 0.0
0-00=or—"""100 10T 10 0 2 4 6 8 10
Tem (MeV) y=p/Tom
Effective temperatures Effective distortions



Neutrino decoupling without flavor oscillations

Cg_gsequences on BBN [1912.09378]
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Neutrino decoupling without flavor oscillations

Consequences on BBN [1912.09378]
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Neutrino decoupling without flavor oscillations

Cg_)ﬂsequences on BBN [19'12.09378],
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Quantum Kinetic Equations
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Isotropy and homogeneity
No asymmetry

Standard interactions + 3 species of (anti)neutrinos
No CP phase (yet)
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Quantum Kinetic Equations
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Vacuum Mean-field Collisions
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Numerical improvements

e Discretization in momentum: grid of size Ny
(linear or Gauss-Laguerre quadrature)

Collision term

Cop = —A X /dpzdpgg(pl,pz,ps) X [0201]0p + - 3
O(N;) for the

k—» 2-dimensional integral = @(Nyz) full grid
[DHS, Nucl. Phys. B 503 (1997)]



Numerical improvements
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Numerical improvements

e Discretization in momentum: grid of size Ny
(linear or Gauss-Laguerre quadrature)

Collision term

Cop = —A X /dpzdpgg(pl,pz,ps) X [0201]0p + - 3
O(N;) for the

k—» 2-dimensional integral = @(Nyz) full grid
[DHS, Nucl. Phys. B 503 (1997)]

e Jacobian: computed via finite differences = @(N;L) if not provided

But we can compute it!

0C,; 3
*  {-dimensional integral = O(N,) @(Ny)for.the
full Jacobian




Approximation scheme for neutrino oscillations
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Approximation scheme for neutrino oscillations

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

d M2 —:—Z{—,Qm}—I—U CU
o i[vui)re = a I
dt 2p

Om = UTQU
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Approximation scheme for neutrino oscillations

* Simplified argument: 2-neutrino mixing, no mean-field
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Localized neutrino injection
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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
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Adiabatic Transfer of Averaged Oscillations




Adiabatic Transfer of Averaged Oscillations

— diagonal Iin the matter basis,
which evolves adiabatically



Adiabatic Transfer of Averaged Oscillations

i

— diagonal in the ,
which evolves adiabatically

« Off-diagonal components of the density matrix in matter basis
are averaged out

[
&
T
[
o O it
o # O
# QO

| e /\
 Effective “ATAO” equation | —= = UEn KUn

keep only the diagonal

I X
comoving variable x « a > 9



Neutrino decoupling without flavor oscillations
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Neutrino decoupling with flavor oscillations
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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

e Higher precision?
» Full QED corrections AN =2-107*

* |Inhomogeneous cosmology

12



Role of the CP phase (1)

[J. Gava, C. Volpe, Nucl. Phys. B 837 (2010)]

 PMNS matrix with CP phase

oo
C12C13 $12C13 S13€ "
_ _ 11 | |
U= R23SR13S Ri2 = ! S12C3 ! €12523513€ C12C23 ! S12523513€ Sp3C13
i1 1|
S12S23 ! C12C23S13€" ! C12S23 ! S12C23S13€°  C23Ci3

* |mportant property: U, and v_ treated identically

- g +1 O 0 - OR 0 0 pe +FP. 0 O
G-=" 0 g 0% GR="0 g 0% E+P=| 0 00
0 0 a 0 0 or 0

Coupling matrices Lepton mean-field

* (Convenient unitary transformation

z ? The 0-dependence
| (") = |
(") 3! (O)S “factorizes out”
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Role of the CP phase (2)

§ = R»3SR,, (") = 31 (0)8

 (Conseguences:

» Tr['(")]=Tr[!(0)] = nochangein N

Ne (I) = Ne (O)

» (1,1) coefficient unchanged

(") = 16(0)

No effect on BBN!

k—/But strong hypothesis: no asymmetry!
> 4
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Conclusion

» Through the mixing v, = v, ,, increase of N ( 6.107%)

* Exact or approximate treatment of neutrino mixing, with the full
collision term

e Substantial numerical improvements
* N = 3.0440 with a few 10~ precision

e
k_» see next talk!

* Subdominant changes for BBN predictions

15
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Variation of abundances | §(D/H) (%) &([°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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Conclusion

e Through the mixing v, — Vy o

increase of N (+6.107%)

* Exact or approximate treatment of neutrino mixing, with the full

collision term

e Substantial numerical improvements

* N

c

o = 3.0440 with a few 10~ precision

k_» see next talk!

* Subdominant changes for BBN predictions

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

Upcoming challenges: (an)isotropy, BSM physics...
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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.

&, (b h)a. (b,h)"=(2")°2E, #% (b# b )#hn $#(IO 1) -

homogeneity

One-body density matrix
! -
| M
. . . e
Evolution equation” | o
* 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]
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Jacobian calculation

e Discretization in momentum: grid of size Ny
(linear or Gauss-Laguerre quadrature)

fre a, +ibhY  af + 'hf 0 % Ny variables,

(po="a b Al i S
(Px) alé!! ibE! 2 |b“' K iy on call them generally f,

Collision term

Cap = —A X /dmdpsg(phpz,ps) X [0201]45 + -+

L+dt =G="!A"  wwagp,p,p)fjfi + aé
],k

18



Jacobian calculation

e Discretization in momentum: grid of size Ny
(linear or Gauss-Laguerre quadrature)

fre a, +ibhY  af + 'h? 0 % Ny variables,

(po="a b Al i S
(Px) alé!! ibE! 2 |b“' K iy on call them generally f,

Collision term

Cap = —A X /dmdpsg(phpz,ps) X [0201] 45+

‘ 3
k-—) dtfl = C p— | A" WJ Wkg(p|,pJ ,pk)fjf| + é_é @(Ny) for the
full grid
@ @(Ny2)
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Jacobian calculation

e Discretization in momentum: grid of size Ny
(linear or Gauss-Laguerre quadrature)

fre a, +ibhY  af + 'hf 0 % Ny variables,
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Jacobian calculation

e Discretization in momentum: grid of size Ny
(linear or Gauss-Laguerre quadrature)

fre a, +ibhY  af + 'hf 0 % Ny variables,

(po="a b Al i S
(Px) alé!! ibE! 2 |b“' K iy on call them generally f,

Collision term

Cap = —A X /dpzdpsg(p1 P2, P3) X (020145 T

- 3
k" dfi=G=1A"  wweg(pi,pj,p)fjfi + aé ONy) for the
@ , full grid
O(N?)
* Jacobian: computed via finite differences = @(N;L)
| G !
Ji = % =1 A" WWg(pi, pr, P )fifi + aé @(N;) for the

@ full Jacobian
O(N,) 18



Checking the adiabatic approximation
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Checking that oscillations are averaged

ey Rl et B (e [ [ p— ()3
[ — |(Hm)i — (Hm)3] (km%m)2 e |(KCm 252 )3 ((Cm)3] |(Cm)3|
. m — |[H M " m] + Km —— |(Hm)3— (Hm)3| |<]Cm—13§_xm)§| _____ |(]Cm_1all)C_Xm)§| .......... (O E{ R— [(Km)2|
Y% ' ’
106-
Effective oscillation
frequencies
103_
100 //////l/,/ ////><:)‘\<:\:\<>///: :i':‘.;-ff\;:'\:\s\‘\::_'—'—'—'—'_.—::::::::::::::::::::::::::
= = u . /./'/‘/‘/ 4/./'/‘/\' / ‘:\f / \\\\:\\< ________________
Relative variation Vi BN A B
= = ol /./'/ i i \ ./'%’\.\ ..........................
of collision term [ i N
10_3' /./’/‘/ ! ? \‘\'\ PR ,/'/‘/
7 Ve
/. i
. e Il l_l-'
R '“m!i’ ................................
sl e
Collision rate
10_1 1(')0

X = mMdT em



Incomplete neutrino decoupling and BBN

(il H)/ (il H)'

N, > 3 = higher expansion rate

t(s)

300.0 1000.0 10000.0

--- D
— T

T

Ti (K)

“Clock effect”

[JF, C. Pitrou, 1912.09378]

[JF, C. Pitrou, M.C. Volpe, 2008.01074]
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Incomplete neutrino decoupling and BBN

(il H)/ (il H)'

N, > 3 = higher expansion rate

t(s)
300.0  1000.0 10000.0

Ti (K)

“Clock effect”
1 (D/H) > 0
I(PHe/H) ! O
I(T/H) > 0
1 ("Be/ H) < O

1 ("Li/H) > 0

[JF, C. Pitrou, 1912.09378]
[JF, C. Pitrou, M.C. Volpe, 2008.01074]
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Incomplete neutrino decoupling and BBN

(il HY/ (il H)

N, > 3 = higher expansion rate

t(s)

300.0 1000.0

“Clock effect”
1 (D/H) > 0
I|(PHe/H) ! O
I(T/H) > 0
1 ("Be/ H) < O

1 ("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, 1912.09378]
1074 — g ——— 55— [JF, C. Pitrou, M.C. Volpe, 2008.01074]

Ti (K)
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Incomplete neutrino decoupling and BBN

(il HY/ (il H)

N, > 3 = higher expansion rate

t(s)

300.0 1000.0

*He depends mostly on the
n/p ratio, controlled by v,

— effectof z, ,08,
(+ clock effect)

Overall, relative variation

~ 0.04 %

Variation of abundances

§(D/H) (%) 6(*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, 1912.09378]

107 e ——— o8 [JF, C. Pitrou, M.C. Volpe, 2008.01074]
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