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Neutrino flavour oscillations

ACTIVE-ACTIVE

Well established and understood
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Neutrino flavour oscillations

ACTIVE-ACTIVE ACTIVE-STERILE

Well established and understood
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Neutrinos in the MeV age
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Describing neutrino evolution

 We need to follow the evolution of neutrino distribution functions, including a lot of physics:

» Expansion of the Universe

»  Weak interactions of neutrinos

» Thermodynamics of the electromagnetic plasma
» Neutrino oscillations




Describing neutrino evolution

 We need to follow the evolution of neutrino distribution functions, including a lot of physics:

» Expansion of the Universe

»  Weak interactions of neutrinos

» Thermodynamics of the electromagnetic plasma
» Neutrino oscillations

o Standard formalism: Quantum Kinetic Equations, used extensively in the last decades

f Ve Oee  Lep  Ler G. Mangano €t al. [astro-ph/0111408
fy — 0 = QZ Y Our A.D. Dolgov et al. [hep-ph/0201287]
w L M M . :
f * * S. Pastor, T. Pinto and G. Raffelt [0808.3137
2 Oer  CQur COrr7 J. Gavaand C. Volpe [1002.0981
G. Mangano et al. [1110.4335]
8@ 8@ E. Castorinaet al. [1204.2510
. P de Salasand S. Pastor [1606.06986
¢ Hp — —1 [Hvac + Hmat + How, Q] +C G. Barenboim et al. [1609.01584]

Op G. Barenboim and W. Park [1703.08258



https://arxiv.org/abs/astro-ph/0111408
https://arxiv.org/abs/1204.2510
https://arxiv.org/abs/1703.08258

Describing neutrino evolution

 We need to follow the evolution of neutrino distribution functions, including a lot of physics:

» Expansion of the Universe

»  Weak interactions of neutrinos

» Thermodynamics of the electromagnetic plasma
» Neutrino oscillations

o Standard formalism: Quantum Kinetic Equations, used extensively in the last decades

Ju. Oce  Oep Oer
fl/'u — 0= QZM Oup  Our
fUT Q:T QZT QTT
00 00
H D — _1 %V _|_ %m _|_ 7_[1/1/7 _|_ C
at p@p [ ac at Q]

Liouville term Oscillations Collisions

G. Mangano et al. [astro-ph/0111408]

A.D. Dolgov et al. [hep-ph/0201287

S. Pastor, T. Pinto and G. Raffelt [0808.3137
J. Gavaand C. Volpe [1002.0981]

G. Mangano et al. [1110.4335]

E. Castorinaet al. [1204.2510

P de Salas and S. Pastor
G. Barenboim et al.
G. Barenboim and W. Park

1606.06986
1609.01584

1703.08258



https://arxiv.org/abs/astro-ph/0111408
https://arxiv.org/abs/1204.2510
https://arxiv.org/abs/1703.08258

Neutrino transport in the early Universe
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Neutrino transport in the early Universe
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Neutrino transport in the early Universe

. JF, C. Pitrou, M.C. Volpe [2008.01074]
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Neutrino transport in the early Universe

, . . - __ JF, C. Pitrou, M.C. Volpe [2008.01074]
» Calculation of standard neutrino decoupling: N = 3.044 W8 5 12012.02726]

— Very small effect of flavour oscillations
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Neutrino transport in the early Universe
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Neutrino transport in the early Universe

Calculation of standard neutrino decoupling: N, = 3.044 i 3FE’;gﬁﬂff&”ﬂfdﬁ%‘?&%?()g'01074]

— Very small effect of flavour oscillations
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Constraining primordial neutrino asymmetries
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Constraining primordial neutrino asymmetries
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Constraining primordial neutrino asymmetries
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Constraining primordial neutrino asymmetries W 1 2405.06509]

 Large lepton asymmetries are allowed, with a complicated landscape due to the dynamics of
flavor oscillations.

[Normal mass ordering]
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Constraining primordial neutrino asymmetries W 240506509

JF, C. Pitrou

 Large lepton asymmetries are allowed, with a complicated landscape due to the dynamics of
flavor oscillations.

Difference of initial
e flavor asymmetry — average

[Normal mass ordering]

Average asymmetry

T See M. Fernandez Navarro’s talk

_arge lepton numbers are needed for some
nonstandard scenarios, e.g., the resonant
production of sterile neutrino dark matter
(Shi-Fuller mechanism).

D. Gorbunov, D. Kalashnikov and G. Krugan [2502.17374]

\%

P C. Voge, H. Escudero, JF and K. Abazajian [2507.18752]
K. Akita, K. Hamaguchi and M. Ovchynnikov [2507.20659]
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Sterile neutrino dark matter production

Oscillations
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Sterile neutrino dark matter production
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Constraints on SF sterile neutrino dark matter
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Nif C. Vogd et al. [2507.18752]
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Constraints on SF sterile neutrino dark matter
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Constraints on primordial asymmetries...

 We combined a full guantum Kinetic transport code for neutrinos with a BBN network to connect primordial
asymmetries to cosmological observables.
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Summary

Neutrino flavour mixing is a key ingredient of neutrino evolution in the early Universe in nonstandard cases.

Constraints on primordial asymmetries...

 We combined a full guantum Kinetic transport code for neutrinos with a BBN network to connect primordial
asymmetries to cosmological observables.

| | | | | __ JF, C. Pitrou [2110.11889
» Larger than previously thought primordial neutrino asymmetries are allowed.  UB JF, C. Pitrou [2405.06509

 Asymmetries are mixed, but not perfectly equilibrated in general V. Domcke et al.

— complicated landscape of allowed asymmetries [2502.14960, 2510.02438]

... and sterile neutrino dark matter models

e This (re-)opens the parameter space for resonant production of sterile neutrino dark matter via the Shi-
Fuller mechanism.

Nig C. Voge et al. [2507.18752
» Importance of future X-ray observatories in the ~ 20 keV range! K. Akitaet al. [2507.20659

* Limitations of the sterile neutrino production code for very large lepton numbers: future study!
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Diftference of initial
e flavor asymmetry — average

Output of neutrino + BBN calculation Ny = 1r

Helium-4 abundance Deuterium abundance

ectroscopic measurements

= (0.2453 £ 0.0034

D/H = (2.53+£0.03) x 107

Aver et al. [2010.04180

Cooke et al. _1710 11129
Kidlitsyn et al. [2401.12797

Difference of initial
e flavor asymmetry — average

Effective number of relativistic d.o.f.

Average asymmetry Average asymmetry

CMB + BAO (< 2024
«=299+024 (68%)

N,
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Difference of initial
e flavor asymmetry — average
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Constraining primordial neutrino asymmetries W 1 2405.06509]

 Large lepton asymmetries are allowed, with a complicated landscape due to the dynamics of
flavor oscillations.

[Normal mass ordering]
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Connection with thermal warm dark matter
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