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Describing neutrino evolution
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 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
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Neutrino flavor oscillations

 Standard Model: 3 species of massless neutrinos v,

* Experimental evidence in the second half of the 20th century
— massive neutrinos
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Neutrino flavor oscillations

 Standard Model: 3 species of massless neutrinos v,

* Experimental evidence in the second half of the 20th century
— massive neutrinos
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Classical and quantum transport
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Neutrino transport in the early Universe

. Calculation of standard neutrino decoupling: N,y = 3.044 W j
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. Bennett et al. [2012.02726]
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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]

 Extension to the case of nonzero neutrino/antineutrino 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
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Diftference 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.
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JF, C. Pitrou

Constraining primordial neutrino asymmetries W 240506509

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

[Normal mass ordering]
 Large lepton numbers are needed for some

nonstandard scenarios, e.g., the resonant
production of sterile neutrino dark matter

v : :
(Shi-Fuller mechanism).
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Constraining primordial neutrino asymmetries W {505 06500]
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 Large lepton asymmetries are allowed, with a complicated landscape due to the dynamics of
flavor oscillations.
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2. Large lepton number and sterile
neutrino dark matter

C. Vogdl, H. Escudero, K. Abazajian and JF,

Basedon: WS Phys. Rev. D 112, 123508 (2025) [2507.18752]
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Sterile neutrino dark matter production

Oscillations
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Sterile neutrino dark matter production
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Sterile neutrino dark matter production
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Constraints on SF sterile neutrino dark matter
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Constraints on SF sterile neutrino dark matter
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Constraints on SF sterile neutrino dark matter

Nif C. Vogd et al. [2507.18752]
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Constraints on SF sterile neutrino dark matter
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Constraints on SF sterile neutrino dark matter
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3. Lepton asymmetries and
primordial black hole formation

_ w2 M. Gonin, JF, A. Escriva, A. Magaraggia,
Basedon: W8 '\ inger and . Kiihnel, [2608,22240]
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Imprint of thermal history on the PBH mass spectrum

Scenario b e > l, g
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Imprint of thermal history on the PBH mass spectrum
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Imprint of thermal history on the PBH mass spectrum
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Asymmetry evolution from 7= 10GeV to T = 10keV
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FoS from 7 =10GeVto7T = 10keV
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PBH

mass spectrum
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GW signal
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Summary

Constraints on primordial asymmetries...

 We combined a full guantum kinetic transport code for neutrinos with a BBN network to connect primordial

asymmetries

e Large primordial neutrino asymnm

— complicated landscape

* Future CMB experiments will have a much larger constraining power!

'0 cosmological observables.

of allowed asymmetries

... consequences on sterile neutrino dark matter models...

metries are allowed in some directions. JF, C. Pitrou [2110.11889

hjs

JF, C. Pitrou [2405.06509

V. Domcke et al.
[2502.14960, 2510.02438]

* This (re-)opens the parameter space tor resonant production of sterile neutrino dark matter (Shi-Fuller

mechanism).

* Importance of future X-ray observatories in the ~ 20 keV range! K. Akitaet al. [2507.20659

Nig C. Voge et al. [2507.18752

e Limitations of the sterile neutrino production code for very large lepton numbers: future study!

... and PBH formation

A modified thermal history

—> connection between PB

Julien Froustey

eaves an imprint on the PBH mass spectrum. Qi M. Gonin et al. [2608.22240]

mass spectra and fundamen

'al cosmic parameters
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Connection with thermal warm dark matter
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Threshold values for PBH formation
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