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𝑏 Kotel’nikov

We further develop the theory of the neutrino flavour oscillations accounting for the quantum
decoherence effect engendered by the neutrino radiative decay in an external electromagnetic
field. In particular, we have considered the most general form of the neutrino electromagnetic
vertex and obtained in the explicit form the dissipative term in the neutrino master equation. It
shown that the dissipative term depends on the neutrino radiative decay rates.
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In our previous studies [1–4] in the derivation of the neutrino oscillation probabilities we have
developed a new formalism, based on quantum electrodynamics of open systems [5], to account the
effect of quantum decoherence due to the neutrino radiative decay 𝜈 → 𝜈 + 𝛾 in a specific case of
the electron media [6]. In this paper we generalize our consideration and show that the developed
formalism can be applied to account for the neutrino radiative decay in an external electromagnetic
field in the case of the most general neutrino-photon couplings. In particular, we consider the
neutrino electromagnetic vertex in the form [7]
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where 𝑞 is the four-momentum of the photon, 𝑓𝑄 , 𝑓 𝐴 , 𝑓 𝑀 , 𝑓 𝐸 are the neutrino charge, anapole,
dipole magnetic and electric form factors. It is considered that neutrino millichages, charge radii,
dipole magnetic and electric moments can contribute to the radiative decay rate.
We start with the quantum Liouville equation for the density matrix 𝜌 of a system composed
of neutrinos and an external electromagnetic field
𝑑𝜌
= −𝑖 [𝐻 𝜈 + 𝐻𝑖𝑛𝑡 (𝑡), 𝜌] ,
𝑑𝑡

(2)

where 𝐻 𝜈 is the nonradiative neutrino evolution Hamiltonian. The Hamiltonian 𝐻𝑖𝑛𝑡 describes the
interaction of neutrinos with the radiative and external electromagnetic fields,
𝐻𝑖𝑛𝑡 (𝑥) =

∑︁

𝑗 𝛼 (𝑥) 𝐴 𝜇 (𝑥),

(3)

𝜇

where 𝐴 𝜇 is the electromagnetic field and 𝑗 𝜇 is the neutrino current
𝑗 𝜇 (𝑥) =

∑︁

𝑘𝑗

𝜈 𝑘 (𝑥)Λ 𝜇 𝜈 𝑗 (𝑥).

(4)

𝑘, 𝑗
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Here 𝜈 𝑘 (𝑥) is the neutrino mass state and Λ 𝜇 is the neutrino electromagnetic vertex given by Eq.(1).
The Liouville Eq.(2) describes the evolution of the complex system composed of neutrinos and
photons. In order to extract the neutrino evolution we follow the approach developed in [1]. At
the first stage, we exclude the environment evolution tracing out (2) the electromagnetic degrees of
freedom and get

∫
𝜌 𝜈 (𝑡 𝑓 ) = 𝑡𝑟 𝐸 𝜌(𝑡 𝑓 ) = 𝑡𝑟 𝐸 𝑇 𝑒𝑥 𝑝

𝑡𝑓
4

𝑑 𝑥 [𝐻𝑖𝑛𝑡 (𝑥), 𝜌(𝑡𝑖 )]


,

(5)

𝑡𝑖

where 𝜌 𝜈 is the density matrix for the neutrino subsystem. Following the prescription described in
details in [1] we arrive to the master equation for the neutrino subsystem
𝑑𝜌 𝜈
= −𝑖 [𝐻 𝜈 , 𝜌 𝜈 ] + 𝐷 [𝜌 𝜈 ].
𝑑𝑡

(6)

The first term on the right hand side of (6) describes the neutrino evolution given by the nonradiative
neutrino Hamiltonian 𝐻 𝜈 . The second term is the dissipative operator in the Lindblad form [8, 9]
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Λ 𝜇 (𝑞) = (𝛾 𝜇 − 𝑞 𝜇 𝛾 𝜈 𝑞 𝜈 /𝑞 2 ) 𝑓𝑄 (𝑞 2 ) + 𝑓 𝐴 (𝑞 2 )𝑞 2 𝛾5 − 𝑖𝜎𝜇𝜈 𝑞 𝜈 𝑓 𝑀 (𝑞 2 ) + 𝑖 𝑓 𝐸 (𝑞 2 )𝛾5 , (1)
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that appears due to the neutrino interaction with photons


∑︁
1
†
†
® 𝜌 𝜈 𝑗 (𝜔 𝑛 , 𝑘)
® − { 𝑗 (𝜔 𝑛 , 𝑘)
® 𝑗 (𝜔 𝑛 , 𝑘),
® 𝜌𝜈 } +
𝐷 [𝜌 𝜈 ] =
Γ(𝜔 𝑛 ) (1 + 𝑁 (𝜔 𝑛 )) 𝑗 (𝜔 𝑛 , 𝑘)
2
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†
†
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®
+
Γ(𝜔 𝑛 )𝑁 (𝜔 𝑛 ) 𝑗 (𝜔 𝑛 , 𝑘) 𝜌 𝜈 𝑗 (𝜔 𝑛 , 𝑘) − { 𝑗 (𝜔 𝑛 , 𝑘) 𝑗 (𝜔 𝑛 , 𝑘), 𝜌 𝜈 } ,
2
𝜔

(7)

𝑛

where 𝜔 𝑛 is the energy difference between neutrino states participating in the radiative decay and
𝑁 (𝜔 𝑛 ) is the Planck distribution function
1
.
𝑒 𝛽 𝜔𝑛 − 1

(8)

Here 𝛽 is the temperature of the photons.
The neutrino decoherence parameters are defined by the neutrino decay rates Γ(𝜔 𝑛 ). In
equation (7) we have decomposed the neutrino current (3)
∑︁
® =
®
𝑗 (𝑡, 𝑘)
𝑒 −𝑖 𝜔𝑛 𝑡 𝑗 (𝜔 𝑛 , 𝑘),
(9)
𝜔𝑛

on the eigenoperators of the neutrino Hamiltonian
h
i
® = 𝜔 𝑛 𝑗 (𝜔 𝑛 , 𝑘),
®
𝐻 𝜈 , 𝑗 (𝜔 𝑛 , 𝑘)

(10)

where 𝑘® is the neutrino momentum.
The first term in Eq. (7) is responsible for the spontaneous and thermally induced emission
processes and the second one is responsible for the thermally induced absorption processes. Note
that the dissipative term (7) is proportional to the neutrino radiative decay rates Γ(𝜔 𝑛 ). Thus the
obtained results enable one to follow the influence of the neutrino radiative decays through the
neutrino quantum decoherence effect on flavour and spin-flavour oscillations.
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