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This talk
1. A fast and reliable formalism to evolve lepton 

flavour asymmetries from the onset of  neutrino 
oscillations to BBN times

3. A bound on the total lepton number of  the 
Universe from BBN and the CMB

2. Constraints on flavour directions for the total 
lepton number conserving scenario L ≈ 0

ΔNeff = 0.23

ΔNeff = 0.05
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Why large lepton asymmetries

[Mukaida, Schmitz, Yamada, '21]

[Gao and Oldengott '21] 
[Gao et al ’24] … See talk by Julien Froustey! [Stodolski '75, Duda et al '01]

‣ Some generation mechanisms:

[Akita et al, 25’]
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A!eck–Dine leptoflavourogenesis Late HNL oscillations

large flavour asymmetries with

Le + Lµ + Lω = 0

Q-balls can delay their release

ARS freeze-in leptogenesis can

generate late active asymmetries

Lactive →= 0

even after sphaleron freeze-out
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Le = →Lµ ↭ 10→3

<latexit sha1_base64="++L3M+ZS83/+ZtQPQ+QPrCDwwRE="></latexit>

Leptoflavourgenesis QCD phase
transition

Sterile-neutrino
DM

Cosmic neutrino
background

EMPRESS
low-YP anomaly

large compensated
flavour asymmetries

can source baryogenesis

large chemical
potentials may
make QCD first

order

Shi–Fuller
production

requires a matter
asymmetry

asymmetries
a!ect future
detection
prospects

low helium can
point to

ωBBN
e → 0.05

[EMPRESS, '26]
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p+ ωe ↭ n+ e+

• If  lepton flavour asymmetries survive until neutrino decoupling and BBN times ( ), 
then they affect the neutron to proton ratio and  

• Assuming thermal equilibrium:

T ≲ 1 MeV
Neff

4

The (flavour) asymmetric Universe

<latexit sha1_base64="wCHYv8ECdA0Kq0i1m5sKJtnngmA="></latexit>
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• This translates into the 95% CL bounds:
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[Pitrou et al '18 …] [Planck '18]
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• Assuming thermal equilibrium:

T ≲ 1 MeV
Neff

4

The (flavour) asymmetric Universe
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• But at 20 MeV neutrino oscillations become effective and may lead to flavour equilibration, 
such that at BBN times  if  .ξα ≈ 0 L ≈ 0
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[Pitrou et al '18 …] [Planck '18]
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p+ e→ ↭ n+ ωe
<latexit sha1_base64="UWSLKikSNM6pI4h/ggbqSa/tqDU=">AAACUHicnVHLSgMxFL1T3+Or6tJNsAhCocy4UJeiG5cKVoXOWDLpnTaYSYYko5Shn+jGnd/hxoWimVrB18oDIYdzbm5uTpJccGOD4NGrTU3PzM7NL/iLS8srq/W19QujCs2wzZRQ+iqhBgWX2LbcCrzKNdIsEXiZ3BxX/uUtasOVPLfDHOOM9iVPOaPWSd16P+r4eTNSrqZqUUayGHVLHEWa9weuW2qp1urOENnE67I58qPY/w+69UbQCsYgv0k4IQ2Y4LRbf4h6ihUZSssENaYTBrmNS6otZwLdHIXBnLIb2seOo5JmaOJyHMiIbDulR1Kl3ZKWjNWvJ0qaGTPMEleZUTswP71K/MvrFDY9iEsu88KiZB8XpYUgVpEqXdLjGpkVQ0co09zNStiAasqs+4MqhPDnk3+Ti91WuNfaO9ttHB5N4piHTdiCHQhhHw7hBE6hDQzu4Qle4NV78J69t5r3Ufq5wwZ8Q81/B7x1pAI=</latexit>

p+ ωe ↭ n+ e+

• If  lepton flavour asymmetries survive until neutrino decoupling and BBN times ( ), 
then they affect the neutron to proton ratio and  

• Assuming thermal equilibrium:

T ≲ 1 MeV
Neff

4

The (flavour) asymmetric Universe

<latexit sha1_base64="wCHYv8ECdA0Kq0i1m5sKJtnngmA="></latexit>

!Ne! = Ne! →NSM
e! =

∑

ω

30

7

(
ωω
ε

)2

+
15

7

(
ωω
ε

)4

• This translates into the 95% CL bounds:

<latexit sha1_base64="RSJltTIzM1UX0K204LJWoVOH7L8="></latexit>

|ωe|T=TBBN
↭ 0.03

<latexit sha1_base64="1svghNh6jZmym1moavvHJaz7NKo="></latexit>

nn

np
→ nn

pn

∣∣∣∣
ωe=0

e→ωe

<latexit sha1_base64="FBikLE+EVHNC4bqtPthbm1LuEGI="></latexit>

Ne! =
8

7

(
11

4

)4/3 ωω
ωε

<latexit sha1_base64="gjmgKqmUvRc3yjEkPKexyKnFiy0=">AAACKnicdVDLSsNAFJ3UV42vqEs3g0VwVZIK1WV9LFxJBfuAJpTJ9KYdOpOEmYlQQr/Hjb/ipguluPVDTNoutNUDA4dz7uXOOX7MmdK2PTUKa+sbm1vFbXNnd2//wDo8aqookRQaNOKRbPtEAWchNDTTHNqxBCJ8Di1/eJv7rWeQikXhkx7F4AnSD1nAKNGZ1LWu3Y7p3gHXBD90U1cQPZAihSAYj10OSikm7HLlwnQ98x90rZJdtmfAq8RZkBJaoN61Jm4voomAUFNOlOo4dqy9lEjNKIex6SYKYkKHpA+djIZEgPLSWdQxPsuUHg4imb1Q45n6cyMlQqmR8LPJPIta9nLxL6+T6ODKS1kYJxpCOj8UJBzrCOe94R6TQDUfZYRQybK/YjogklCdtZuX4CxHXiXNStmplquPlVLtZlFHEZ2gU3SOHHSJauge1VEDUfSC3tA7+jBejYkxNT7nowVjsXOMfsH4+gZURZ7q</latexit>

!Ne! ↭ 0.23

• However, pioneering work suggested that flavour equilibration may not be perfect, revealing a 
strong sensitivity to  which was poorly measured at the time:θ13 [Dolgov et al '02, Pastor et al '08, 

Mangano et al '10, Castorina et al '12…]

1251020

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

T [MeV]

(n-n
_
)αα

T3
e

μ
τ

[Pitrou et al '18 …] [Planck '18]

<latexit sha1_base64="S9/8xscQQxT/NPQGg/7xt+yom+Q="></latexit>

!nfinal →
!nini

e +!nini
µ +!nini

ω

3
→ 0

<latexit sha1_base64="ahGK1/l3Vn5B6CbxuQDTXfMUpU0=">AAACBXicbVA9SwNBEN2LX/H8ilpqsRgEq3CXItoIQS0sI5gPyB1hbrNJluztHbt7QjjS2PhXbCwUsfU/2Plv3Euu0MQHA4/3ZpiZF8ScKe0431ZhZXVtfaO4aW9t7+zulfYPWipKJKFNEvFIdgJQlDNBm5ppTjuxpBAGnLaD8XXmtx+oVCwS93oSUz+EoWADRkAbqVc69rq2d0O5Bix6qQc8HgGeXtqeb9t2r1R2Ks4MeJm4OSmjHI1e6cvrRyQJqdCEg1Jd14m1n4LUjHA6tb1E0RjIGIa0a6iAkCo/nX0xxadG6eNBJE0JjWfq74kUQqUmYWA6Q9Ajtehl4n9eN9GDCz9lIk40FWS+aJBwrCOcRYL7TFKi+cQQIJKZWzEZgQSiTXBZCO7iy8ukVa24tUrtrlquX+VxFNEROkFnyEXnqI5uUQM1EUGP6Bm9ojfryXqx3q2PeWvBymcO0R9Ynz8HwZZY</latexit>

!nω =

<latexit sha1_base64="fzwGm6ABBGTaiZSwct5fFdKNVAg="></latexit>

COFLASY-M (Mathematica)
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<latexit sha1_base64="g9TRoMoGmVPsj5zsp1pB1Ek0OIc=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhMVdKhMFawMBapLymJKsd1Wqt2EvyoqKKuLPwKCwMIsfIHbPwNTpsBWo50paNz7rXvPWHKqFSO822trW9sbm2Xdsq7e/sHh/bRcUcmWmDSxglLRC9EkjAak7aiipFeKgjiISPdcHyT+90JEZImcUtNUxJwNIxpRDFSRurb0PfK/gP1yb2mEz8SCGc+17OsNSv7Qdmgb1ecqjMHXCVuQSqgQLNvf/mDBGtOYoUZktJznVQFGRKKYkbMs1qSFOExGhLP0BhxIoNsfskMnhtlAKNEmIoVnKu/JzLEpZzy0HRypEZy2cvF/zxPq+gqyGicakVivPgo0gyqBOaxwAEVBCs2NQRhQc2uEI+QiUOZ8PIQ3OWTV0mnVnXr1fpdrdK4LuIogVNwBi6ACy5BA9yCJmgDDB7BM3gFb9aT9WK9Wx+L1jWrmDkBf2B9/gBte5jd</latexit>

ω → µ

T

<latexit sha1_base64="zcrwtNjj4GoKDBm6Yx2j3FdpyMQ=">AAACRHicnVC7TsMwFHV4lvAKMLJYVEhIFVXSoTBWsDAWiT6kJFSO67RWHSeyHVAV9eNY+AA2voCFAYRYEU6bAVomjnSlo3Pute89QcKoVLb9bCwtr6yurZc2zM2t7Z1da2+/LeNUYNLCMYtFN0CSMMpJS1HFSDcRBEUBI51gdJn7nTsiJI35jRonxI/QgNOQYqS01LNczzWTCrnNTieeoIOhfiBUSIj4XkJe8Xjay8jE9HzzH+hZZbtqTwEXiVOQMijQ7FlPXj/GaUS4wgxJ6Tp2ovwMCUUxy9dIJUkQHqEBcTXlKCLSz6YhTOCxVvowjIUuruBU/TmRoUjKcRTozgipoZz3cvEvz01VeO5nlCepIhzPPgpTBlUM80RhnwqCFRtrgrCgeleIh0ggrHTueQjO/MmLpF2rOvVq/bpWblwUcZTAITgCJ8ABZ6ABrkATtAAGD+AFvIF349F4NT6Mz1nrklHMHIBfML6+AQ5eoMg=</latexit>

p+ e→ ↭ n+ ωe
<latexit sha1_base64="UWSLKikSNM6pI4h/ggbqSa/tqDU=">AAACUHicnVHLSgMxFL1T3+Or6tJNsAhCocy4UJeiG5cKVoXOWDLpnTaYSYYko5Shn+jGnd/hxoWimVrB18oDIYdzbm5uTpJccGOD4NGrTU3PzM7NL/iLS8srq/W19QujCs2wzZRQ+iqhBgWX2LbcCrzKNdIsEXiZ3BxX/uUtasOVPLfDHOOM9iVPOaPWSd16P+r4eTNSrqZqUUayGHVLHEWa9weuW2qp1urOENnE67I58qPY/w+69UbQCsYgv0k4IQ2Y4LRbf4h6ihUZSssENaYTBrmNS6otZwLdHIXBnLIb2seOo5JmaOJyHMiIbDulR1Kl3ZKWjNWvJ0qaGTPMEleZUTswP71K/MvrFDY9iEsu88KiZB8XpYUgVpEqXdLjGpkVQ0co09zNStiAasqs+4MqhPDnk3+Ti91WuNfaO9ttHB5N4piHTdiCHQhhHw7hBE6hDQzu4Qle4NV78J69t5r3Ufq5wwZ8Q81/B7x1pAI=</latexit>

p+ ωe ↭ n+ e+

• If  lepton flavour asymmetries survive until neutrino decoupling and BBN times ( ), 
then they affect the neutron to proton ratio and  

• Assuming thermal equilibrium:

T ≲ 1 MeV
Neff

4

The (flavour) asymmetric Universe

<latexit sha1_base64="wCHYv8ECdA0Kq0i1m5sKJtnngmA="></latexit>

!Ne! = Ne! →NSM
e! =

∑

ω

30

7

(
ωω
ε

)2

+
15

7

(
ωω
ε

)4

• This translates into the 95% CL bounds:

<latexit sha1_base64="RSJltTIzM1UX0K204LJWoVOH7L8="></latexit>

|ωe|T=TBBN
↭ 0.03

<latexit sha1_base64="1svghNh6jZmym1moavvHJaz7NKo="></latexit>

nn

np
→ nn

pn

∣∣∣∣
ωe=0

e→ωe

<latexit sha1_base64="FBikLE+EVHNC4bqtPthbm1LuEGI="></latexit>

Ne! =
8

7

(
11

4

)4/3 ωω
ωε

<latexit sha1_base64="gjmgKqmUvRc3yjEkPKexyKnFiy0=">AAACKnicdVDLSsNAFJ3UV42vqEs3g0VwVZIK1WV9LFxJBfuAJpTJ9KYdOpOEmYlQQr/Hjb/ipguluPVDTNoutNUDA4dz7uXOOX7MmdK2PTUKa+sbm1vFbXNnd2//wDo8aqookRQaNOKRbPtEAWchNDTTHNqxBCJ8Di1/eJv7rWeQikXhkx7F4AnSD1nAKNGZ1LWu3Y7p3gHXBD90U1cQPZAihSAYj10OSikm7HLlwnQ98x90rZJdtmfAq8RZkBJaoN61Jm4voomAUFNOlOo4dqy9lEjNKIex6SYKYkKHpA+djIZEgPLSWdQxPsuUHg4imb1Q45n6cyMlQqmR8LPJPIta9nLxL6+T6ODKS1kYJxpCOj8UJBzrCOe94R6TQDUfZYRQybK/YjogklCdtZuX4CxHXiXNStmplquPlVLtZlFHEZ2gU3SOHHSJauge1VEDUfSC3tA7+jBejYkxNT7nowVjsXOMfsH4+gZURZ7q</latexit>

!Ne! ↭ 0.23
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• Can we actually map the asymmetries at 20 MeV to the asymmetries at 1 MeV and 
systematically explore the parameter space?

[Pitrou et al '18 …] [Planck '18]

<latexit sha1_base64="S9/8xscQQxT/NPQGg/7xt+yom+Q="></latexit>

!nfinal →
!nini

e +!nini
µ +!nini

ω

3
→ 0

<latexit sha1_base64="ahGK1/l3Vn5B6CbxuQDTXfMUpU0=">AAACBXicbVA9SwNBEN2LX/H8ilpqsRgEq3CXItoIQS0sI5gPyB1hbrNJluztHbt7QjjS2PhXbCwUsfU/2Plv3Euu0MQHA4/3ZpiZF8ScKe0431ZhZXVtfaO4aW9t7+zulfYPWipKJKFNEvFIdgJQlDNBm5ppTjuxpBAGnLaD8XXmtx+oVCwS93oSUz+EoWADRkAbqVc69rq2d0O5Bix6qQc8HgGeXtqeb9t2r1R2Ks4MeJm4OSmjHI1e6cvrRyQJqdCEg1Jd14m1n4LUjHA6tb1E0RjIGIa0a6iAkCo/nX0xxadG6eNBJE0JjWfq74kUQqUmYWA6Q9Ajtehl4n9eN9GDCz9lIk40FWS+aJBwrCOcRYL7TFKi+cQQIJKZWzEZgQSiTXBZCO7iy8ukVa24tUrtrlquX+VxFNEROkFnyEXnqI5uUQM1EUGP6Bm9ojfryXqx3q2PeWvBymcO0R9Ynz8HwZZY</latexit>

!nω =

<latexit sha1_base64="fzwGm6ABBGTaiZSwct5fFdKNVAg="></latexit>

COFLASY-M (Mathematica)
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Quantum Kinetic Equations
<latexit sha1_base64="+2X+CEKrChuhptCspCaMtvLsUVs="></latexit>

dω

dt
= →i [H0 + Vc + Vs, ω] + I(ω) ,

dω

dt
= +i [H0 + Vc → Vs, ω] + I(ω) ,

<latexit sha1_base64="YjHGzJIK7TWEVaL4Ng1Hyd+PyMk="></latexit>

H0 = UPMNS
1

2k
diag(0,!m2

21,!m2
31)U

†
PMNS

<latexit sha1_base64="3bnmYm/SWcmUey5GpqR/DG0qMSo="></latexit>

Vc = →2
↑
2GF

k

m2
W

(E+ P)ωωT 4
ε

<latexit sha1_base64="6AndLNw3PEoR3nffjArtK7toSpQ="></latexit>

Vs =
→
2GF

∫
d3k→

(2ω)3
(ε↑ ε)

• System of  integro-differential equations for the 
neutrino density matrix, including neutrino 
distribution functions and flavour correlations.

<latexit sha1_base64="s3VSN52mI27NotmfLGp62GJTl5s="></latexit>

ω =




fωe ωeµ ωeε
ωµe fωµ ωµε
ωεe ωεµ fωω





Vaccuum oscillations

Matter potential

Self-interactions (vanishes if  no asymmetries)

• Need to solve for each momentum mode!

[Sigl and Raffelt '93 …]
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Dynamics
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• For initial asymmetries relevant for BBN,  always 
dominates and is momentum independent:

Vs

All momentum modes become aligned 
and perform synchronous oscillations

[Pastor, Raffelt, Semikoz, ’01] …
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Dynamics
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• For initial asymmetries relevant for BBN,  always 
dominates and is momentum independent:

Vs

All momentum modes become aligned 
and perform synchronous oscillations

• Level crossings from  to  lead to muon and 
electron driven MSW transitions: 

• Muon-driven MSW at  

• Electron-driven MSW at 

Vc ℋ0

T ≈ 12 MeV

T ≈ 5 MeV

• At low , collisions become inefficient and neutrinos 
decouple from the cosmic plasma.

T

Muon MSW Electron MSW

[Pastor, Raffelt, Semikoz, ’01] …
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Momentum average
• Therefore, to good accuracy the system can be described with a momentum average ansatz for the 

density matrices:
<latexit sha1_base64="4cGj1Qh07UAkIaDo8ZNWJQ6SEZ8="></latexit>

ω(t, k) = r(t) fFD(y Tcm/Tω , 0) , ω̄(t, k) = r̄(t) fFD(y Tcm/Tω , 0) ,
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Momentum average
• Therefore, to good accuracy the system can be described with a momentum average ansatz for the 

density matrices:

• Then we can integrate in momentum and perform the momentum average:

<latexit sha1_base64="OPaLImjhXBRHhPVvf24Tdu6J87I="></latexit>

dr

dt
= →i [↑H0↓+ ↑Vc↓+ Vs, r] + ↑I↓ ,

dr

dt
= +i [↑H0↓+ ↑Vc↓ → Vs, r] +

〈
I
〉
,

<latexit sha1_base64="4cGj1Qh07UAkIaDo8ZNWJQ6SEZ8="></latexit>

ω(t, k) = r(t) fFD(y Tcm/Tω , 0) , ω̄(t, k) = r̄(t) fFD(y Tcm/Tω , 0) ,

<latexit sha1_base64="dHSMWz//gKrifVdiLtglYRmRL3c="></latexit>

→X↑ =
∫
dyy2XfFD(y Tcm/Tω , 0)∫
dyy2fFD(y Tcm/Tω , 0)
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Momentum average
• Therefore, to good accuracy the system can be described with a momentum average ansatz for the 

density matrices:

• Then we can integrate in momentum and perform the momentum average:

<latexit sha1_base64="OPaLImjhXBRHhPVvf24Tdu6J87I="></latexit>

dr

dt
= →i [↑H0↓+ ↑Vc↓+ Vs, r] + ↑I↓ ,

dr

dt
= +i [↑H0↓+ ↑Vc↓ → Vs, r] +

〈
I
〉
,

• Finally, track the energy transfer between neutrinos and the  plasma via the continuity equation 
(necessary for a precise computation of  ):

e± − γ
Neff

<latexit sha1_base64="8oO3j89p9lZKwKl/akFEJNOTVkg="></latexit>

d(ωω + ωe)

dt
+ 4Hωω + 3H(ωe + pe) = →εω

εt
,

dωε

dt
+ 4Hωε =

εω

εt
,

<latexit sha1_base64="4cGj1Qh07UAkIaDo8ZNWJQ6SEZ8="></latexit>

ω(t, k) = r(t) fFD(y Tcm/Tω , 0) , ω̄(t, k) = r̄(t) fFD(y Tcm/Tω , 0) ,

<latexit sha1_base64="dHSMWz//gKrifVdiLtglYRmRL3c="></latexit>

→X↑ =
∫
dyy2XfFD(y Tcm/Tω , 0)∫
dyy2fFD(y Tcm/Tω , 0)
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COsmological evolution of  lepton FLavour ASYmmetries (COFLASY)

• Code to solve numerically the system of  QKEs: https://github.com/mariofnavarro/COFLASY 

• Two versions: COFLASY-M (Mathematica) and COFLASY-C (C++)

• Collisions in the momentum average ansatz       : 

• Analytical form possible in the limit  (COFLASY-M) 

• Numerical integration and interpolation to include  effects (COFLASY-C) 

• Alternatively: damping approximation respecting -  , MB statistics…

me → 0

me

μ τ U(2)

• Execution times for large initial asymmetries ξα ≳ 𝒪(1)

• COFLASY-C:  30 seconds 

• COFLASY-M:  3 minutes 

• Momentum-dependent code: 
 several hours

∼

∼

∼ [Froustey and Pitrou '21, '24]

<latexit sha1_base64="TtGYEn3h4elgwIQYXsNoN6OEk80=">AAACPHicnVA7T8MwGHTKq4RXgJHFokJiqpIOhbGCBbYi6ENKospxndaq40S2g1RF/WEs/Ag2JhYGEGJlxkkzQMvESZZOd9+nz3dBwqhUtv1sVFZW19Y3qpvm1vbO7p61f9CVcSow6eCYxaIfIEkY5aSjqGKknwiCooCRXjC5zP3ePRGSxvxOTRPiR2jEaUgxUloaWLeea3oM8REjXoTUGCOWXc88USim55v/wMCq2XW7AFwmTklqoER7YD15wxinEeEKMySl69iJ8jMkFMWMzEwvlSRBeIJGxNWUo4hIPyvCz+CJVoYwjIV+XMFC/bmRoUjKaRToyTygXPRy8S/PTVV47meUJ6kiHM8PhSmDKoZ5k3BIBcGKTTVBWFD9V4jHSCCsdN95Cc5i5GXSbdSdZr1506i1Lso6quAIHINT4IAz0AJXoA06AIMH8ALewLvxaLwaH8bnfLRilDuH4BeMr2+PAp2Z</latexit>

→I↑

<latexit sha1_base64="mk6UMr7gmVFQDazEhCr3cu7/fkc="></latexit>

O(103) slower

https://github.com/mariofnavarro/COFLASY
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Results : Normal Ordering

ΔNeff = 0.23

ΔNeff = 0.05

<latexit sha1_base64="3djC00rbi9vng3O75rjabDDjihw="></latexit>

!nini
e +!nini

µ +!nini
ω = 0

<latexit sha1_base64="5CcuiIr4BBuhEvzbycxg0XquzrU="></latexit>

!nini
ω =

1

6

(
ωiniω +

(ωiniω )3

ε2

)
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Results : Normal Ordering

ΔNeff = 0.23

ΔNeff = 0.05

<latexit sha1_base64="3djC00rbi9vng3O75rjabDDjihw="></latexit>

!nini
e +!nini

µ +!nini
ω = 0
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Smooth (adiabatic) behaviour leads 
to flavour equilibration for:

<latexit sha1_base64="5CcuiIr4BBuhEvzbycxg0XquzrU="></latexit>

!nini
ω =

1

6

(
ωiniω +

(ωiniω )3

ε2

)

<latexit sha1_base64="jbk/AeqLpH+dQa4Xi4oZ/XQ3X8w="></latexit>

ωinie → ↑2

3
ωiniµ , ωiniω → ↑1

3
ωiniµ ,
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Non-adiabatic muon MSW leads to 
flavour equilibration:
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9

Results : Normal Ordering

ΔNeff = 0.23

ΔNeff = 0.05

<latexit sha1_base64="3djC00rbi9vng3O75rjabDDjihw="></latexit>

!nini
e +!nini

µ +!nini
ω = 0

<latexit sha1_base64="5CcuiIr4BBuhEvzbycxg0XquzrU="></latexit>

!nini
ω =

1

6

(
ωiniω +

(ωiniω )3

ε2

)

<latexit sha1_base64="hanOB4gWQwq2sgTLgzVITFb7Nco="></latexit>

ωinie → 0 , ωiniµ → ↑ωiniω
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Non-adiabatic electron MSW leads 
to less washout:

9

Results : Normal Ordering

ΔNeff = 0.23

ΔNeff = 0.05

<latexit sha1_base64="3djC00rbi9vng3O75rjabDDjihw="></latexit>

!nini
e +!nini

µ +!nini
ω = 0

<latexit sha1_base64="5CcuiIr4BBuhEvzbycxg0XquzrU="></latexit>

!nini
ω =

1

6

(
ωiniω +

(ωiniω )3

ε2

)

<latexit sha1_base64="NW3aX8SWlxWbikk3BeLPYeIMcPo="></latexit>

ωinie → ↑ωiniω , ωiniµ → 0

•  not competitive (yet)ΔNeff
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Results: Inverted Ordering

ΔN
eff = 0.05

ΔN
eff = 0.23

<latexit sha1_base64="5CcuiIr4BBuhEvzbycxg0XquzrU="></latexit>

!nini
ω =

1

6

(
ωiniω +

(ωiniω )3

ε2

)
<latexit sha1_base64="3djC00rbi9vng3O75rjabDDjihw="></latexit>

!nini
e +!nini

µ +!nini
ω = 0
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Results: Inverted Ordering

ΔN
eff = 0.05

ΔN
eff = 0.23

<latexit sha1_base64="5CcuiIr4BBuhEvzbycxg0XquzrU="></latexit>

!nini
ω =

1

6

(
ωiniω +

(ωiniω )3

ε2

)
<latexit sha1_base64="3djC00rbi9vng3O75rjabDDjihw="></latexit>

!nini
e +!nini

µ +!nini
ω = 0

<latexit sha1_base64="hanOB4gWQwq2sgTLgzVITFb7Nco="></latexit>

ωinie → 0 , ωiniµ → ↑ωiniω

• Non-adiabatic muon MSW as in NH:
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Results: Inverted Ordering

ΔN
eff = 0.05

ΔN
eff = 0.23

• Adiabatic flavour equilibration generally more 
efficient than in NH.

<latexit sha1_base64="5CcuiIr4BBuhEvzbycxg0XquzrU="></latexit>

!nini
ω =

1

6

(
ωiniω +

(ωiniω )3

ε2

)
<latexit sha1_base64="3djC00rbi9vng3O75rjabDDjihw="></latexit>

!nini
e +!nini

µ +!nini
ω = 0

•  aligns with BBN band because 
flavour equilibration is more efficient.
ΔNeff



Mario Fernández Navarro Lepton Flavour Asymmetries: from the early Universe to BBN 10

Results: Inverted Ordering

ΔN
eff = 0.05

ΔN
eff = 0.23
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• Adiabatic flavour equilibration generally more 
efficient than in NH.

<latexit sha1_base64="5CcuiIr4BBuhEvzbycxg0XquzrU="></latexit>

!nini
ω =

1

6

(
ωiniω +

(ωiniω )3

ε2

)
<latexit sha1_base64="3djC00rbi9vng3O75rjabDDjihw="></latexit>

!nini
e +!nini

µ +!nini
ω = 0

<latexit sha1_base64="otWFQKCH/VCrLXkoTeOxivUMX7U="></latexit>

ωinie → ↑ωiniµ , ωiniω → 0

• But maximal adiabatic washout close to non-
adiabatic -MSW (now in  direction)e ξτ = 0
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Our results NH (adiabatic)

11

Early Universe implications

1st order QCD phase transition

Leptoflavourgenesis

[Gao and Oldengott, '21]

[Mukaida, Schmitz, Yamada, '21]

<latexit sha1_base64="U3Gd3UGZfm9/UZSMHkE4J0zxfNg=">AAACWHiclVFNS8NAEN3E1rbxq9ajl2ARvFiSgtWLUPTisYL9gCaWzXbaLt1Nwu5GLCF/UvCgf8WLm7YHbb34YODx3gy78yaIGZXKcT4Mc6dQ3C2VK9be/sHhUfW41pNRIgh0ScQiMQiwBEZD6CqqGAxiAZgHDPrB/D73+y8gJI3CJ7WIwed4GtIJJVhpaVSNvKHlvdJRCtlz6nGsZoKnNKRZdnu51D2ebDoeAykl5U7jyvJ8618YVetOw1nC3ibumtTRGp1R9c0bRyThECrCsJRD14mVn2KhKGGQWV4iIcZkjqcw1DTEHKSfLoPJ7HOtjO1JJHSFyl6qPydSzKVc8EB35gvKTS8X//KGiZrc+DqNOFEQktVDk4TZKrLzlO0xFUAUW2iCiaD6rzaZYYGJ0rfIQ3A3V94mvWbDbTVaj816+24dRxmdojN0gVx0jdroAXVQFxH0jr6MglE0Pk1klszKqtU01jMn6BfM2jd6DKZq</latexit>

ωinie = →ωiniµ ↭ 0.5

<latexit sha1_base64="2orQ/EmQYX9VHd9AYsFNukS/ZO8="></latexit>

ωinie = →ωiniµ ↭ 0.1 , ωω ↑ 0

<latexit sha1_base64="a5DSH29yBXN/T6cXa6WwTiqkAOg="></latexit>

ωinie = →ωiniµ ↑ 0.23 , ωω ↑ 0
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Our results IH (non-adiabatic -MSW)e

11

Early Universe implications

1st order QCD phase transition

Leptoflavourgenesis

[Gao and Oldengott, '21]

[Mukaida, Schmitz, Yamada, '21]

<latexit sha1_base64="Ocp7I2udM8daKO34ti5EzeMXANQ=">AAACWXiclVFNS8NAEN1EW2v8ivboJVgEL5akQvUiFL14rGA/oIlls522S3eTsLsRS8if9CCIf8WDm7YHbb34YODx3gy78yZMGJXKdT8Mc2u7VN6p7Fp7+weHR/bxSVfGqSDQITGLRT/EEhiNoKOoYtBPBGAeMuiFs/vC772AkDSOntQ8gYDjSUTHlGClpaGd+APLf6XDDPLnzOdYTQXPaETz/PZyofs8XXd8BlJKyt36leUH1v8wtGtu3V3A2STeitTQCu2h/eaPYpJyiBRhWMqB5yYqyLBQlDDILT+VkGAywxMYaBphDjLIFsnkzrlWRs44Froi5SzUnxMZ5lLOeag7iw3luleIf3mDVI1vAh1HkiqIyPKhccocFTtFzM6ICiCKzTXBRFD9V4dMscBE6WMUIXjrK2+SbqPuNevNx0atdbeKo4JO0Rm6QB66Ri30gNqogwh6R19GySgbn6ZhVkxr2Woaq5kq+gWz+g3HAaZ8</latexit>

ωinie = →ωiniµ ↭ 0.3

<latexit sha1_base64="2orQ/EmQYX9VHd9AYsFNukS/ZO8="></latexit>

ωinie = →ωiniµ ↭ 0.1 , ωω ↑ 0

<latexit sha1_base64="a5DSH29yBXN/T6cXa6WwTiqkAOg="></latexit>

ωinie = →ωiniµ ↑ 0.23 , ωω ↑ 0
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<latexit sha1_base64="wPFZtku1oB0RGO91W+6OrNRUErk="></latexit>

YP

<latexit sha1_base64="yWeIKveUitndR2I7pLIiv1dEIXs="></latexit>

!Ne! = 0.17<latexit sha1_base64="rygkwNTUlBLXljni5abMMaMYrYw="></latexit>

!Ne! = 0.1
<latexit sha1_base64="zjRMSwZWhuZQEZRoXBNNnL6+tEE="></latexit>

!Ne! = 0.05

12

Global analysis: total lepton number

<latexit sha1_base64="QbTOH/hK63ZpGdZINLg8IHOORXA="></latexit>

→0.06(0.05) ↑ L ↑ 0.07(0.06)

future (Simon’s observatory)

<latexit sha1_base64="zFW04gz5yuvoyV4g+yGpGxuL6AY="></latexit>

→0.10(0.08) ↑ L ↑ 0.10(0.08)

<latexit sha1_base64="Oa+Sm4r8/4Trc1hf9qA45Ky1L0Y=">AAACJHicbVC7TsMwFHXKq4RXoCOLRYtUlirpUBgrWMqCikQfUhtVjuu2Vh0nsh1EFPVb2BD8CxtiYOFDmHDaDLTlSJaOzrlX9/h4IaNS2faXkdvY3Nreye+ae/sHh0fW8UlbBpHApIUDFoiuhyRhlJOWooqRbigI8j1GOt70JvU7j0RIGvAHFYfE9dGY0xHFSGlpYBVKfR+pifCTu0b5tnExK5nmwCraFXsOuE6cjBRBhubA+ukPAxz5hCvMkJQ9xw6VmyChKGZkZvYjSUKEp2hMeppy5BPpJvPwM3iulSEcBUI/ruBc/buRIF/K2Pf0ZJpUrnqp+J/Xi9Toyk0oDyNFOF4cGkUMqgCmTcAhFQQrFmuCsKA6K8QTJBBWui9z+YwQKF76R/K0iJ+W5axWs07a1YpTq9Tuq8X6dVZbHpyCM1AGDrgEddAATdACGMTgGbyCN+PFeDc+jM/FaM7IdgpgCcb3L6O/o8E=</latexit>

NH(IH)

current  95% CL
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Take home messages
‣ Lepton flavour asymmetries are well motivated from early Universe scenarios

1. For , we uncover that only specific flavour directions are compatible with dataL ≈ 0

3. We present a global bound on total lepton number in the Universe from BBN and CMB

‣ We present a fast and reliable formalism to evolve lepton flavour asymmetries from the onset 
of  neutrino oscillations to BBN times:

<latexit sha1_base64="h9GGRpoRLnidbjQZaxN5W9flGQQ="></latexit>

(ωe, ωµ, ωω ) → COFLASY → (ωBBN
e ,!Ne! , Yp)

• COFLASY-M (Mathematica) 

• COFLASY-C (C++)

<latexit sha1_base64="zFW04gz5yuvoyV4g+yGpGxuL6AY="></latexit>

→0.10(0.08) ↑ L ↑ 0.10(0.08)

2. Leptoflavourgenesis and QCD 1st order transition are allowed but close to current bounds

<latexit sha1_base64="Oa+Sm4r8/4Trc1hf9qA45Ky1L0Y=">AAACJHicbVC7TsMwFHXKq4RXoCOLRYtUlirpUBgrWMqCikQfUhtVjuu2Vh0nsh1EFPVb2BD8CxtiYOFDmHDaDLTlSJaOzrlX9/h4IaNS2faXkdvY3Nreye+ae/sHh0fW8UlbBpHApIUDFoiuhyRhlJOWooqRbigI8j1GOt70JvU7j0RIGvAHFYfE9dGY0xHFSGlpYBVKfR+pifCTu0b5tnExK5nmwCraFXsOuE6cjBRBhubA+ukPAxz5hCvMkJQ9xw6VmyChKGZkZvYjSUKEp2hMeppy5BPpJvPwM3iulSEcBUI/ruBc/buRIF/K2Pf0ZJpUrnqp+J/Xi9Toyk0oDyNFOF4cGkUMqgCmTcAhFQQrFmuCsKA6K8QTJBBWui9z+YwQKF76R/K0iJ+W5axWs07a1YpTq9Tuq8X6dVZbHpyCM1AGDrgEddAATdACGMTgGbyCN+PFeDc+jM/FaM7IdgpgCcb3L6O/o8E=</latexit>

NH(IH)
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Global analysis: total lepton number

<latexit sha1_base64="lUemY/GzjgahFEWJxnvaShBn1w0=">AAACE3icbVC7TsMwFHXKq4RXgZHFokJqEVRJkApjBQsDQ5HoQ2qiynHd1qrjBNtBqqL+Awu/wsIAQqwsbPwNTpsBWo5k+/ice2Xf40eMSmVZ30ZuaXlldS2/bm5sbm3vFHb3mjKMBSYNHLJQtH0kCaOcNBRVjLQjQVDgM9LyR1ep33ogQtKQ36lxRLwADTjtU4yUlrqFY7djnloV23FPSvqwyi4j9/Am3fX1bKY6ZdP1zG6haFWsKeAisTNSBBnq3cKX2wtxHBCuMENSdmwrUl6ChKKYkYnpxpJECI/QgHQ05Sgg0kumM03gkVZ6sB8KvbiCU/V3R4ICKceBrysDpIZy3kvF/7xOrPoXXkJ5FCvC8eyhfsygCmEaEOxRQbBiY00QFlT/FeIhEggrHWMagj0/8iJpOhW7WqneOsXaZRZHHhyAQ1ACNjgHNXAN6qABMHgEz+AVvBlPxovxbnzMSnNG1rMP/sD4/AG9Cphw</latexit>

→0.12 (0.10) ↑ L ↑ 0.13 (0.12)
<latexit sha1_base64="QbTOH/hK63ZpGdZINLg8IHOORXA="></latexit>

→0.06(0.05) ↑ L ↑ 0.07(0.06)
future (mostly Simon’s observatory)

<latexit sha1_base64="Oa+Sm4r8/4Trc1hf9qA45Ky1L0Y=">AAACJHicbVC7TsMwFHXKq4RXoCOLRYtUlirpUBgrWMqCikQfUhtVjuu2Vh0nsh1EFPVb2BD8CxtiYOFDmHDaDLTlSJaOzrlX9/h4IaNS2faXkdvY3Nreye+ae/sHh0fW8UlbBpHApIUDFoiuhyRhlJOWooqRbigI8j1GOt70JvU7j0RIGvAHFYfE9dGY0xHFSGlpYBVKfR+pifCTu0b5tnExK5nmwCraFXsOuE6cjBRBhubA+ukPAxz5hCvMkJQ9xw6VmyChKGZkZvYjSUKEp2hMeppy5BPpJvPwM3iulSEcBUI/ruBc/buRIF/K2Pf0ZJpUrnqp+J/Xi9Toyk0oDyNFOF4cGkUMqgCmTcAhFQQrFmuCsKA6K8QTJBBWui9z+YwQKF76R/K0iJ+W5axWs07a1YpTq9Tuq8X6dVZbHpyCM1AGDrgEddAATdACGMTgGbyCN+PFeDc+jM/FaM7IdgpgCcb3L6O/o8E=</latexit>

NH(IH)
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Backup: IH washout and L ≠ 0
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Backup: Comparison with momentum-dependent
• Dataset of  about 2300 points computed with full momentum-dependent code by Froustey and Pitrou 

[2405.06509]:

• 85% of  points

• From the remaining 15% which show poor agreement, 83% are excluded

<latexit sha1_base64="ZJrtG1R3GTb8eDzimh47oTW/grs=">AAACC3icbVC7TsNAEDzzDOYVoKQ5JUKiiuwUgTKChjJI5CHFVrS+bJJTzmdzd0aKrPQ0/AoNBQjR8gN0/A12kgISRlppNLOr3Z0gFlwbx/m21tY3Nre2Czv27t7+wWHx6Lilo0QxbLJIRKoTgEbBJTYNNwI7sUIIA4HtYHyd++0HVJpH8s5MYvRDGEo+4AxMJvWKJa9re30UBqjspR6IeARTT+C9a3u+PUOvWHYqzgx0lbgLUiYLNHrFL68fsSREaZgArbuuExs/BWU4Ezi1vURjDGwMQ+xmVEKI2k9nv0zpWab06SBSWUlDZ+rviRRCrSdhkHWGYEZ62cvF/7xuYgaXfsplnBiUbL5okAhqIpoHQ/tcITNikhFgime3UjYCBcxk8eUhuMsvr5JWteLWKrXbarl+tYijQE5JiZwTl1yQOrkhDdIkjDySZ/JK3qwn68V6tz7mrWvWYuaE/IH1+QO6nJhE</latexit>

ωnω → 1 out of  this 47%(11%)
<latexit sha1_base64="DQ1WB5tM3iqs0GvOixaW589ANn0=">AAACDnicbZC7TsMwFIYd7oRbgZHFokKCpUoYCiOChbFI9CIlUXTinlILxwm2g1RFfQIWXoWFAYRYmdl4G9zLAIVfsvTpP+fo+PxJLrg2nvflzM0vLC4tr6y6a+sbm1uV7Z2WzgrFsMkykalOAhoFl9g03Ajs5AohTQS2k9uLUb19j0rzTF6bQY5RCjeS9zgDY624chAGbthFYYDKuAxB5H0YhgLvvJp/6NU8/8gNIzeuVC2PRf+CP4UqmaoRVz7DbsaKFKVhArQOfC83UQnKcCZw6IaFxhzYLdxgYFFCijoqx+cM6YF1urSXKfukoWP350QJqdaDNLGdKZi+nq2NzP9qQWF6p1HJZV4YlGyyqFcIajI6yoZ2uUJmxMACMMXtXynrgwJmbIKjEPzZk/9C67jm12v1q+Pq2fk0jhWyR/bJIfHJCTkjl6RBmoSRB/JEXsir8+g8O2/O+6R1zpnO7JJfcj6+ASubmZ4=</latexit>

ωnω → 0.1(0.01)

• Focusing on the points allowed (at 95% CL), we find that the deviation from the momentum-
dependent code is well modeled by a Gaussian distribution with zero mean and a standard 
deviation of  0.016:

https://arxiv.org/abs/2405.06509
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Backup:  explainξBBN
e

• Electron neutrino chemical potential connected numerically to helium and deuterium 
abundances, see e.g.  Pitrou et al [1801.08023], Froustey and Pitrou [2405.06509]:

https://arxiv.org/abs/2405.06509
http://www.apple.com/uk
https://arxiv.org/abs/2405.06509
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Backup: Comparison with momentum-dependent
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Backup: Comparison with momentum-dependent
• Dataset of  about 2300 points computed with full momentum-dependent code by Froustey and Pitrou 

[2405.06509]:

• 99% of  points

• We conclude that in this case the theoretical uncertainty is subdominant compared to current 
experimental uncertainty.

out of  this 60% (1%)
<latexit sha1_base64="sB9QiQQlHhthCbGHj8m2TyOWYzI=">AAACDXicbVC7TsNAEDyHVzAvAyXNiYBEFdkpAmUEDRUKEnlItmWdL+vklPODuzNSZOUHaPgVGgoQoqWn42+wExeQMNJKo5ld7e74CWdSmea3VllZXVvfqG7qW9s7u3vG/kFXxqmg0KExj0XfJxI4i6CjmOLQTwSQ0OfQ88dXhd97ACFZHN2pSQJuSIYRCxglKpc848SxdWcAXBF842VOSNRIhBkEwXTqcLi3dMfVdc+omXVzBrxMrJLUUIm2Z3w5g5imIUSKciKlbZmJcjMiFKMcprqTSkgIHZMh2DmNSAjSzWbfTPFprgxwEIu8IoVn6u+JjIRSTkI/7yzOlYteIf7n2akKLtyMRUmqIKLzRUHKsYpxEQ0eMAFU8UlOCBUsvxXTERGEqjzAIgRr8eVl0m3UrWa9eduotS7LOKroCB2jM2Shc9RC16iNOoiiR/SMXtGb9qS9aO/ax7y1opUzh+gPtM8fx1uavA==</latexit>

ωNe! → 1
<latexit sha1_base64="j56kCyFUKwCLyhOfx62jv5FursE=">AAACFXicbVDLSsNAFJ3UV42vqEs3g0WoICXporosunElFewDmlAm05t26OThzEQooT/hxl9x40IRt4I7/8ZJ24W2Hhg4c8693HuPn3AmlW1/G4WV1bX1jeKmubW9s7tn7R+0ZJwKCk0a81h0fCKBswiaiikOnUQACX0ObX90lfvtBxCSxdGdGifghWQQsYBRorTUs87crun2gSuCb3qZGxI1FGEGQTCZuBzu7YpTtiu2c2q6nmn2rJL+TIGXiTMnJTRHo2d9uf2YpiFEinIiZdexE+VlRChGOUxMN5WQEDoiA+hqGpEQpJdNr5rgE630cRAL/SKFp+rvjoyEUo5DX1fma8tFLxf/87qpCi68jEVJqiCis0FByrGKcR4R7jMBVPGxJoQKpnfFdEgEoUoHmYfgLJ68TFrVilOr1G6rpfrlPI4iOkLHqIwcdI7q6Bo1UBNR9Iie0St6M56MF+Pd+JiVFox5zyH6A+PzB4dAnHo=</latexit>

ωNe! → 0.1(0.01)

https://arxiv.org/abs/2405.06509
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Backup: BBN
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Synchronous oscillations
• Easier to understand synchronous oscillations by using the vector representation of  hermitian 

 matrices.3 × 3
<latexit sha1_base64="INNTQ//nruDMBrWxFvBobshCITs=">AAACEXicbVDLSsNAFJ3UV42vqEs3g0Wom5J0Ud0IRTcuK/QhNCFMppN26MwkzEyEEvILbvwVNy4UcevOnX9j0mahrQcuHM65l3vvCWJGlbbtb6Oytr6xuVXdNnd29/YPrMOjvooSiUkPRyyS9wFShFFBeppqRu5jSRAPGBkE05vCHzwQqWgkunoWE4+jsaAhxUjnkm/V3aHpyknkp3Z25XKkJ5KnXZnVC/HcdD2zhG/V7IY9B1wlTklqoETHt77cUYQTToTGDCk1dOxYeymSmmJGMtNNFIkRnqIxGeZUIE6Ul84/yuBZroxgGMm8hIZz9fdEirhSMx7kncXNatkrxP+8YaLDSy+lIk40EXixKEwY1BEs4oEjKgnWbJYThCXNb4V4giTCOg+xCMFZfnmV9JsNp9Vo3TVr7esyjio4AaegDhxwAdrgFnRAD2DwCJ7BK3gznowX4934WLRWjHLmGPyB8fkDVo+aGg==</latexit>

ω0 = Tr(ω)

<latexit sha1_base64="8Nk+hO/UAhNZf3xLPHXsk0PCHvo=">AAACH3icbVDLSsNAFJ3UV42vqEs3wSLUTUm6qG6EohuXFfoQmhAmk0k7dCYJM5NCCfkTN/6KGxeKiLv+jZM2grYeGDicc++de4+fUCKkZc21ysbm1vZOdVff2z84PDKOT/oiTjnCPRTTmD/6UGBKItyTRFL8mHAMmU/xwJ/cFf5girkgcdSVswS7DI4iEhIEpZI8o+UMdWeKUebwcZzfOAzKMWdZl+f1QnGoGhVALyP5pe64+g88o2Y1rAXMdWKXpAZKdDzjywlilDIcSUShEEPbSqSbQS4JojjXnVTgBKIJHOGhohFkWLjZ4r7cvFBKYIYxVy+S5kL93ZFBJsSM+aqy2F+seoX4nzdMZXjtZiRKUokjtPwoTKkpY7MIywwIx0jSmSIQcaJ2NdEYcoikirQIwV49eZ30mw271Wg9NGvt2zKOKjgD56AObHAF2uAedEAPIPAEXsAbeNeetVftQ/tclla0sucU/IE2/wbXj6A4</latexit>

ωε = Tr(εϑi)

<latexit sha1_base64="afaZn8Yobbj8AQX40EIN6EjzS0o=">AAACEnicbVDNS8MwHE39nPOr6tFLcAh6Ge0O04sw9OJxgvuAtpQ0TbewNC1JOhhlf4MX/xUvHhTx6smb/43pVkQ3HwQe7/1ekt8LUkalsqwvY2V1bX1js7JV3d7Z3ds3Dw67MskEJh2csET0AyQJo5x0FFWM9FNBUBww0gtGN4XfGxMhacLv1SQlXowGnEYUI6Ul3zx3nao7Jjh3mQ6FaHpVEj+n06rrVX/gmzWrbs0Al4ldkhoo0fbNTzdMcBYTrjBDUjq2lSovR0JRzIi+PJMkRXiEBsTRlKOYSC+frTSFp1oJYZQIfbiCM/V3IkexlJM40JMxUkO56BXif56TqejSyylPM0U4nj8UZQyqBBb9wJAKghWbaIKwoPqvEA+RQFjpFosS7MWVl0m3Ubeb9eZdo9a6LuuogGNwAs6ADS5AC9yCNugADB7AE3gBr8aj8Wy8Ge/z0RWjzByBPzA+vgG0LJo/</latexit>

ωε = εi

• Similar for all contributions to the QKEs: 

<latexit sha1_base64="JOW/NYIKDg62EpSk9qlZZP8gM+A=">AAACA3icbVDLSsNAFJ34rPEVdaebwSK4KCHponYjFN24rGAf0IQymU7aoZNJmJkIJRTc+CtuXCji1p9w5984aQNq64ELh3Pu5d57goRRqRzny1hZXVvf2Cxtmds7u3v71sFhW8apwKSFYxaLboAkYZSTlqKKkW4iCIoCRjrB+Dr3O/dESBrzOzVJiB+hIachxUhpqW8dez2TXroV27YrddPzzR/0rbJjOzPAZeIWpAwKNPvWpzeIcRoRrjBDUvZcJ1F+hoSimJGp6aWSJAiP0ZD0NOUoItLPZj9M4ZlWBjCMhS6u4Ez9PZGhSMpJFOjOCKmRXPRy8T+vl6qw7meUJ6kiHM8XhSmDKoZ5IHBABcGKTTRBWFB9K8QjJBBWOrY8BHfx5WXSrtpuza7dVsuNqyKOEjgBp+AcuOACNMANaIIWwOABPIEX8Go8Gs/Gm/E+b10xipkj8AfGxzdu4ZGb</latexit>

i = 1, ..., 8

• Expanding in the basis of   Gell-Mann matrices:SU(3)

<latexit sha1_base64="jH60E8N/j+ucCHxjBPkwN95B9Bk="></latexit>

H0 → ωH0 , Vc →
ωVc

<latexit sha1_base64="IozWwb2/L96J3k0X9wy2cXzxDso="></latexit>

ω =
1

3
ω0I+

1

2
εω · εϑ
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Synchronous oscillations
• Easier to understand synchronous oscillations by using the vector representation of  hermitian 

 matrices.3 × 3
<latexit sha1_base64="INNTQ//nruDMBrWxFvBobshCITs=">AAACEXicbVDLSsNAFJ3UV42vqEs3g0Wom5J0Ud0IRTcuK/QhNCFMppN26MwkzEyEEvILbvwVNy4UcevOnX9j0mahrQcuHM65l3vvCWJGlbbtb6Oytr6xuVXdNnd29/YPrMOjvooSiUkPRyyS9wFShFFBeppqRu5jSRAPGBkE05vCHzwQqWgkunoWE4+jsaAhxUjnkm/V3aHpyknkp3Z25XKkJ5KnXZnVC/HcdD2zhG/V7IY9B1wlTklqoETHt77cUYQTToTGDCk1dOxYeymSmmJGMtNNFIkRnqIxGeZUIE6Ul84/yuBZroxgGMm8hIZz9fdEirhSMx7kncXNatkrxP+8YaLDSy+lIk40EXixKEwY1BEs4oEjKgnWbJYThCXNb4V4giTCOg+xCMFZfnmV9JsNp9Vo3TVr7esyjio4AaegDhxwAdrgFnRAD2DwCJ7BK3gznowX4934WLRWjHLmGPyB8fkDVo+aGg==</latexit>

ω0 = Tr(ω)

<latexit sha1_base64="8Nk+hO/UAhNZf3xLPHXsk0PCHvo=">AAACH3icbVDLSsNAFJ3UV42vqEs3wSLUTUm6qG6EohuXFfoQmhAmk0k7dCYJM5NCCfkTN/6KGxeKiLv+jZM2grYeGDicc++de4+fUCKkZc21ysbm1vZOdVff2z84PDKOT/oiTjnCPRTTmD/6UGBKItyTRFL8mHAMmU/xwJ/cFf5girkgcdSVswS7DI4iEhIEpZI8o+UMdWeKUebwcZzfOAzKMWdZl+f1QnGoGhVALyP5pe64+g88o2Y1rAXMdWKXpAZKdDzjywlilDIcSUShEEPbSqSbQS4JojjXnVTgBKIJHOGhohFkWLjZ4r7cvFBKYIYxVy+S5kL93ZFBJsSM+aqy2F+seoX4nzdMZXjtZiRKUokjtPwoTKkpY7MIywwIx0jSmSIQcaJ2NdEYcoikirQIwV49eZ30mw271Wg9NGvt2zKOKjgD56AObHAF2uAedEAPIPAEXsAbeNeetVftQ/tclla0sucU/IE2/wbXj6A4</latexit>

ωε = Tr(εϑi)

<latexit sha1_base64="afaZn8Yobbj8AQX40EIN6EjzS0o=">AAACEnicbVDNS8MwHE39nPOr6tFLcAh6Ge0O04sw9OJxgvuAtpQ0TbewNC1JOhhlf4MX/xUvHhTx6smb/43pVkQ3HwQe7/1ekt8LUkalsqwvY2V1bX1js7JV3d7Z3ds3Dw67MskEJh2csET0AyQJo5x0FFWM9FNBUBww0gtGN4XfGxMhacLv1SQlXowGnEYUI6Ul3zx3nao7Jjh3mQ6FaHpVEj+n06rrVX/gmzWrbs0Al4ldkhoo0fbNTzdMcBYTrjBDUjq2lSovR0JRzIi+PJMkRXiEBsTRlKOYSC+frTSFp1oJYZQIfbiCM/V3IkexlJM40JMxUkO56BXif56TqejSyylPM0U4nj8UZQyqBBb9wJAKghWbaIKwoPqvEA+RQFjpFosS7MWVl0m3Ubeb9eZdo9a6LuuogGNwAs6ADS5AC9yCNugADB7AE3gBr8aj8Wy8Ge/z0RWjzByBPzA+vgG0LJo/</latexit>

ωε = εi

• Similar for all contributions to the QKEs: 

<latexit sha1_base64="JOW/NYIKDg62EpSk9qlZZP8gM+A=">AAACA3icbVDLSsNAFJ34rPEVdaebwSK4KCHponYjFN24rGAf0IQymU7aoZNJmJkIJRTc+CtuXCji1p9w5984aQNq64ELh3Pu5d57goRRqRzny1hZXVvf2Cxtmds7u3v71sFhW8apwKSFYxaLboAkYZSTlqKKkW4iCIoCRjrB+Dr3O/dESBrzOzVJiB+hIachxUhpqW8dez2TXroV27YrddPzzR/0rbJjOzPAZeIWpAwKNPvWpzeIcRoRrjBDUvZcJ1F+hoSimJGp6aWSJAiP0ZD0NOUoItLPZj9M4ZlWBjCMhS6u4Ez9PZGhSMpJFOjOCKmRXPRy8T+vl6qw7meUJ6kiHM8XhSmDKoZ5IHBABcGKTTRBWFB9K8QjJBBWOrY8BHfx5WXSrtpuza7dVsuNqyKOEjgBp+AcuOACNMANaIIWwOABPIEX8Go8Gs/Gm/E+b10xipkj8AfGxzdu4ZGb</latexit>

i = 1, ..., 8

• Expanding in the basis of   Gell-Mann matrices:SU(3)

<latexit sha1_base64="hgSOPinak53d67eKeI9i4aoFz5c="></latexit>

ωA =

∫
d3k→

(2ε)3
(ωϑ→ ωϑ)

• The evolution of  all momentum modes is locked on the evolution of  the asymmetry vector, 
which precesses around                            with effective momentum  :yeff ≈ π

<latexit sha1_base64="6L48wvjqcC47dGKnRPLf95O+7T4="></latexit>

ωH0(ye!) + ωVc(ye!)

<latexit sha1_base64="jH60E8N/j+ucCHxjBPkwN95B9Bk="></latexit>

H0 → ωH0 , Vc →
ωVc

<latexit sha1_base64="CiM4KgtDodHxwMAhr5Dzw7ug5Pc="></latexit>

d ωA

dt
= Fye!

[
ωH0(ye!) + ωVc(ye!)

]
→ ωA

<latexit sha1_base64="oHj0k1483gHO2B46J5xu4aSjd00=">AAACDnicbVDLSsNAFJ3UV42vqEs3g6XgqiRdVDdC0Y3LCn1BEspkOmmHTiZhZiKE0C9w46+4caGIW9fu/BsnbRbaeuDC4Zx7ufeeIGFUKtv+Niobm1vbO9Vdc2//4PDIOj7pyzgVmPRwzGIxDJAkjHLSU1QxMkwEQVHAyCCY3Rb+4IEISWPeVVlC/AhNOA0pRkpLI6vuuWZ27YUC4Xw2z7tz0/PNNYysmt2wF4DrxClJDZTojKwvbxzjNCJcYYakdB07UX6OhKKYEb0klSRBeIYmxNWUo4hIP1+8M4d1rYxhGAtdXMGF+nsiR5GUWRTozgipqVz1CvE/z01VeOXnlCepIhwvF4UpgyqGRTZwTAXBimWaICyovhXiKdLRKJ1gEYKz+vI66TcbTqvRum/W2jdlHFVwBs7BBXDAJWiDO9ABPYDBI3gGr+DNeDJejHfjY9laMcqZU/AHxucPH9SVuw==</latexit>

y =
k

T

[Pastor, Raffelt, Semikoz '01, 
Froustey and Pitrou '21 …]

<latexit sha1_base64="IozWwb2/L96J3k0X9wy2cXzxDso="></latexit>

ω =
1

3
ω0I+

1

2
εω · εϑ
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Synchronous oscillations

<latexit sha1_base64="hgSOPinak53d67eKeI9i4aoFz5c="></latexit>

ωA =

∫
d3k→

(2ε)3
(ωϑ→ ωϑ)

<latexit sha1_base64="CiM4KgtDodHxwMAhr5Dzw7ug5Pc="></latexit>

d ωA

dt
= Fye!

[
ωH0(ye!) + ωVc(ye!)

]
→ ωA
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<latexit sha1_base64="j5bP5ctJq3FcPyaNrszvfkcQA/M="></latexit>

ωiniµ = 0.1 , ωinie = ωiniω = 0

[Pastor, Raffelt, Semikoz '01, 
Froustey and Pitrou '21 …]
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Adiabatic MSW transition
• If  the frequency of  synchronous oscillations is fast compared to the MSW transition time scale, 

the asymmetry vector will follow smoothly (adiabatically) the MSW transition of  the Hamiltonian:

1251020
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0.015

T [MeV]

(n-n
_
)αα

T3
e

μ
τ

• The self-interactions fully dominate such that , we can set  to average the fast oscillations (dashed lines)[Vs, r(r̄)] ≈ 0 Vs = 0

<latexit sha1_base64="X01NwMKvbeNai09hDqccPzWFywg="></latexit>

ωµ→MSW = 100|εiniµ + εiniω | → 10 > 1

<latexit sha1_base64="j5bP5ctJq3FcPyaNrszvfkcQA/M="></latexit>

ωiniµ = 0.1 , ωinie = ωiniω = 0
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Non-adiabatic MSW transition
• If  the frequency of  synchronous oscillations is slow compared to the MSW transition time scale, 

the asymmetry vector will be unable to follow smoothly the MSW transition of  the Hamiltonian.

Non-adiabatic behaviour leads to delayed MSW transition

<latexit sha1_base64="9F/k0YxX7byAcAc7+R1itiVVFgM="></latexit>

ωiniµ = →ωiniω = 0.92 , ωinie = 0

<latexit sha1_base64="nDZ/bloQG0MugWPRZDOm61iVzOA="></latexit>

ωµ→MSW = 100|εiniµ + εiniω | → 0 ↑ 1
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Backup: actual equations
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Backup: Collisions
• In our momentum average ansatz, collisions can be casted in analytical form in the limit me → 0

<latexit sha1_base64="TkJqyjyDfDC+aDDkWCgl9ns+ElQ=">AAACGnicbVDLSsNAFJ3UV42vqks3wSJU0JJ0Ud0IRRe6cFHBPiCJYTKdtkNnkjAzEUrod7jxV9y4UMSduPFvnKQRtPXAzD2ccy8z9/gRJUKa5pdWWFhcWl4prupr6xubW6XtnbYIY45wC4U05F0fCkxJgFuSSIq7EceQ+RR3/NFF6nfuMRckDG7lOMIug4OA9AmCUkleyXJs/fIuuZ6cJQ5nRo/AwaQy8JRwlN3H1k891B1XV/BKZbNqZjDmiZWTMsjR9EofTi9EMcOBRBQKYVtmJN0EckkQxRPdiQWOIBrBAbYVDSDDwk2y1SbGgVJ6Rj/k6gTSyNTfEwlkQoyZrzoZlEMx66Xif54dy/6pm5AgiiUO0PShfkwNGRppTioJjpGk4zQSxIn6q4GGkEMkVZppCNbsyvOkXata9Wr9plZunOdxFMEe2AcVYIET0ABXoAlaAIEH8ARewKv2qD1rb9r7tLWg5TO74A+0z29RwZ3b</latexit>

GL = diag(gL, gL → 1, gL → 1)
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Backup: Initial conditions

• Take into account  and enforce detailed balance (thermal and chemical eq.)Tν ≠ Tcm

• Due to our ansatz for density matrices, any initial conditions is necessarily an approximation 
to the real system. We choose (to preserve the delicate dynamics of  non-daiabatic MSW):
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Backup: Comparison with momentum-dependent
• Dataset of  about 2300 points computed with full momentum-dependent code by Froustey and Pitrou 

[2405.06509]:

• 85% of  points

• Focusing on the remaining 15% which show poor agreement, 83% are excluded, 
and 43% fall in particular flavour directions:

<latexit sha1_base64="ZJrtG1R3GTb8eDzimh47oTW/grs=">AAACC3icbVC7TsNAEDzzDOYVoKQ5JUKiiuwUgTKChjJI5CHFVrS+bJJTzmdzd0aKrPQ0/AoNBQjR8gN0/A12kgISRlppNLOr3Z0gFlwbx/m21tY3Nre2Czv27t7+wWHx6Lilo0QxbLJIRKoTgEbBJTYNNwI7sUIIA4HtYHyd++0HVJpH8s5MYvRDGEo+4AxMJvWKJa9re30UBqjspR6IeARTT+C9a3u+PUOvWHYqzgx0lbgLUiYLNHrFL68fsSREaZgArbuuExs/BWU4Ezi1vURjDGwMQ+xmVEKI2k9nv0zpWab06SBSWUlDZ+rviRRCrSdhkHWGYEZ62cvF/7xuYgaXfsplnBiUbL5okAhqIpoHQ/tcITNikhFgime3UjYCBcxk8eUhuMsvr5JWteLWKrXbarl+tYijQE5JiZwTl1yQOrkhDdIkjDySZ/JK3qwn68V6tz7mrWvWYuaE/IH1+QO6nJhE</latexit>

ωnω → 1 out of  this 47%(11%)
<latexit sha1_base64="DQ1WB5tM3iqs0GvOixaW589ANn0=">AAACDnicbZC7TsMwFIYd7oRbgZHFokKCpUoYCiOChbFI9CIlUXTinlILxwm2g1RFfQIWXoWFAYRYmdl4G9zLAIVfsvTpP+fo+PxJLrg2nvflzM0vLC4tr6y6a+sbm1uV7Z2WzgrFsMkykalOAhoFl9g03Ajs5AohTQS2k9uLUb19j0rzTF6bQY5RCjeS9zgDY624chAGbthFYYDKuAxB5H0YhgLvvJp/6NU8/8gNIzeuVC2PRf+CP4UqmaoRVz7DbsaKFKVhArQOfC83UQnKcCZw6IaFxhzYLdxgYFFCijoqx+cM6YF1urSXKfukoWP350QJqdaDNLGdKZi+nq2NzP9qQWF6p1HJZV4YlGyyqFcIajI6yoZ2uUJmxMACMMXtXynrgwJmbIKjEPzZk/9C67jm12v1q+Pq2fk0jhWyR/bJIfHJCTkjl6RBmoSRB/JEXsir8+g8O2/O+6R1zpnO7JJfcj6+ASubmZ4=</latexit>

ωnω → 0.1(0.01)

<latexit sha1_base64="3/Vu54MthFIXD0jmQe4IRdU0eH0=">AAACJ3icbVBNSwMxEM367fpV9eglWAQv1t0eqhdF1INHBfsB3aVk06kGk+yazApl6b/x4l/xIqiIHv0nbmsPrfXBwMt7M2TmRYkUFj3vy5manpmdm19YdJeWV1bXCusbNRunhkOVxzI2jYhZkEJDFQVKaCQGmIok1KO7s75ffwBjRayvsZtAqNiNFh3BGeZSq3AcNN3gHCQyqltZgCztHY28VdoLrFBwvzcu7nM3CF3XbRWKXskbgE4Sf0iKZIjLVuE1aMc8VaCRS2Zt0/cSDDNmUHAJPTdILSSM37EbaOZUMwU2zAZ39uhOrrRpJzZ5aaQDdXQiY8raroryTsXw1v71+uJ/XjPFzmGYCZ2kCJr/ftRJJcWY9kOjbWGAo+zmhHEj8l0pv2WGccyj7Yfg/z15ktTKJb9SqlyViyenwzgWyBbZJrvEJwfkhFyQS1IlnDySZ/JG3p0n58X5cD5/W6ec4cwmGYPz/QMu9qTc</latexit>

!nω = !nµ → ↑!nµ/c
<latexit sha1_base64="0/M4WRRe98migW+ehQohFeaUTsk=">AAAB/HicbVDLSsNAFJ3UV42vaJduBovgQkJSoRZEKLpxWcE+IAllMp20QycPZiZCCPVX3LhQxK0f4s6/cdJmoa0HLhzOuZd77/ETRoW0rG+tsra+sblV3dZ3dvf2D4zDo56IU45JF8cs5gMfCcJoRLqSSkYGCSco9Bnp+9Pbwu8/Ei5oHD3ILCFeiMYRDShGUklDo+Y6Or5unLtXttm60F1P1/WhUbdMaw64SuyS1EGJztD4ckcxTkMSScyQEI5tJdLLEZcUMzLT3VSQBOEpGhNH0QiFRHj5/PgZPFXKCAYxVxVJOFd/T+QoFCILfdUZIjkRy14h/uc5qQxaXk6jJJUkwotFQcqgjGGRBBxRTrBkmSIIc6puhXiCOMJS5VWEYC+/vEp6DdNums37Rr19U8ZRBcfgBJwBG1yCNrgDHdAFGGTgGbyCN+1Je9HetY9Fa0UrZ2rgD7TPH4CdkXM=</latexit>

c = 2, 1.83

https://arxiv.org/abs/2405.06509
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• Matter asymmetry in the early Universe is related to a difference between the number 
densities of  matter and anti-matter.

The (flavour) asymmetric Universe

• In the case of  thermal equilibrium, the asymmetry is parameterised in the form of  
a chemical potential :μ

<latexit sha1_base64="g9TRoMoGmVPsj5zsp1pB1Ek0OIc=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhMVdKhMFawMBapLymJKsd1Wqt2EvyoqKKuLPwKCwMIsfIHbPwNTpsBWo50paNz7rXvPWHKqFSO822trW9sbm2Xdsq7e/sHh/bRcUcmWmDSxglLRC9EkjAak7aiipFeKgjiISPdcHyT+90JEZImcUtNUxJwNIxpRDFSRurb0PfK/gP1yb2mEz8SCGc+17OsNSv7Qdmgb1ecqjMHXCVuQSqgQLNvf/mDBGtOYoUZktJznVQFGRKKYkbMs1qSFOExGhLP0BhxIoNsfskMnhtlAKNEmIoVnKu/JzLEpZzy0HRypEZy2cvF/zxPq+gqyGicakVivPgo0gyqBOaxwAEVBCs2NQRhQc2uEI+QiUOZ8PIQ3OWTV0mnVnXr1fpdrdK4LuIogVNwBi6ACy5BA9yCJmgDDB7BM3gFb9aT9WK9Wx+L1jWrmDkBf2B9/gBte5jd</latexit>

ω → µ

T
Comoving chemical 
potential

<latexit sha1_base64="wFnCNRHcFgA0a9EL8dQvpzhqvrw="></latexit>

fFD =
1

e
E→µ
T + 1

<latexit sha1_base64="qkzStE5XmdT+RGYqMVThsItKj0M=">AAACRniclZDNS8MwGMbfzq9Zv6YevRSHsIGMdsL0Igy9eJzg3GCtI83SGZamJUmFUfrXefHszT/BiwdFvJrOHtR58YHAk+d9X97k58eMSmXbT0ZpYXFpeaW8aq6tb2xuVbZ3rmWUCEy6OGKR6PtIEkY56SqqGOnHgqDQZ6TnT87zeu+OCEkjfqWmMfFCNOY0oBgpHQ0rnjsw+enYpVy5gUA4Hd2kR9kkS2tNN6b1/JIFtcnhVd10PfO/GlaqdsOeyZo3TmGqUKgzrDy6owgnIeEKMyTlwLFj5aVIKIoZyUw3kSRGeILGZKAtRyGRXjrDkFkHOhlZQST04cqapd8nUhRKOQ193RkidSt/1/Lwr9ogUcGJl1IeJ4pw/LUoSJilIitnao2oIFixqTYIC6rfauFbpGkqTT6H4Pz+8ry5bjacVqN12ay2zwocZdiDfaiBA8fQhgvoQBcw3MMzvMKb8WC8GO/Gx1dryShmduGHSvAJw+egoQ==</latexit>

n = g

∫
d3k

(2ω)3
f(k, T )

<latexit sha1_base64="XguXC5zULd8xI3DMZErzY3zG2GA="></latexit>

!n =
n→ n̄

T 3
=

1

6

(
ω +

ω3

ε2

)
Comoving 
asymmetry

for FD distribution


