The effect of neutrino quantum decoherence
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The neutrino oscillation patterns can be modified by neutrino interactions with external environments including electromagnetic fields that can influence on neutrinos in the case neutrinos have
nonzero electromagnetic properties [1]. The phenomenon of neutrino oscillations can proceed
only in the case of the coherent superposition of neutrino mass states. An external environment
can modify a neutrino evolution in a way that conditions for the coherent superposition of neutrino mass states are violated. Such a violation is called quantum decoherence of neutrino states
and leads to the suppression of flavor neutrino oscillations [2, 3]. Note that neutrino decoherence
appeared due to the wave separation of different mass states is usually not related to quantum
neutrino decoherence, the effect that is not considered below. We consider the neutrino quantum
decoherence due to neutrino radiative decay in the presence of an electron medium and radiation
field. The corresponding damping of neutrino oscillations is calculated.
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Z

∂
ρ = −i d 3 x [H(x), ρ] ,
(1)
∂t
where H(x) = Hν (x) + H f (x) + Hint (x) is the Hamiltonian density of the system, Hν (x) and H f (x)
are the Hamiltonian densities of the neutrino system and the electromagnetic field respectively, and
Hint (x) = jα (x)Aα (x) describes interaction between neutrino and the electromagnetic field, where
jα (x) is the current density of neutrino and Aα is the electromagnetic field. Here below we propose
and study a new mechanism of the quantum decoherence that appears due to the neutrino radiative
decay. In this case the current density can be expressed in the following form [11]
jα (x) = ν i (x)Γα ν j (x),

(2)

where νi (x) is the neutrino field with mass mi and Γα is an effective electromagnetic vertex Γα =
Uei∗ Ue j ταβ γ α L, where U is the lepton mixing matrix and L = 12 (1 − γ5 ) is the projection operator for
the left-handed fermions. It is supposed that the four-velocity of the center of mass of the electron
background is at rest. In the case of a nonrelativistic (NR) background ταβ can be expressed as
[11]
√ eGF ne
NR
P .
(3)
ταβ
= τ NR Pαβ = − 2
me αβ
In the extreme relativistic (ER) case, when the temperature of the background electrons T  me ,
one gets
ER
ταβ
= τ ER Pαβ = −

1

eGF T 2
√ Pαβ .
2 2

(4)
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The quantum neutrino decoherence has attracted a growing interest during the last 15 years.
Within reasonable amount of the performed studies the method based on the Lindblad equation
[5, 6] for describing neutrino evolution has been used. This approach is the most general and
gives the possibility to study neutrino quantum decoherence as a consequence of interactions of a
neutrino system with matter, nonstandard interactions, quantum foam and quantum gravity (see,
for example, [7, 8]). Nevertheless, in the Lindblad approach the quantum decoherence is described
by the free parameter that can be found only from the experimental data. An alternative way
to study neutrino quantum decoherence is based on summing over all degrees of freedom of an
external environment. On this basis, for instance in [9, 10], the influence of matter fluctuations is
considered.
In [2, 3] we suggested the new theoretical approach for studying of neutrino quantum decoherence that is based on formalism of quantum electrodynamics of open systems [4]. This new
approach gives the possibility to find the exact form of the dissipative term and the decoherence
parameter. It is shown that the studied phenomenon can be significant for description of neutrino
oscillations in extreme conditions of astrophysical environments peculiar to supernovae, neutron
stars or quasars.
For description of the neutrino decoherence we use the formalism of quantum electrodynamics
of open systems which was used in [4] for evolution of electrons. We start with the quantum
Liouville equation for the density matrix of a system composed of neutrinos and an electromagnetic
field
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For the degenerate electron gas of neutron stars we get
Deg
ταβ

=τ

Deg

Pαβ

√


2eGF 3ne 2/3
=−
Pαβ .
4
π

(5)

k k

The tensor Pαβ = δαβ − ~α 2β is a projector onto the transverse component in k-space, e, me and ne
|k|
are the charge and mass of an electron and the medium number density, respectively.
Using the analogous calculations to those performed in [12, 13] we express the current density
(2) in the form
(6)

where for different cases τ stands for τ ER , τ NR or τ deg . It is convenient to decompose the current
(6) on the eigenoperators of the neutrino Hamiltonian
j± =

2Uei∗ Ue∗j τσ± ,

σ+ =

!
01
, σ− =
00

!
00
.
10

(7)

The equation (1) can be formally solved (integrated). Since we are not interested in the evolution of the electromagnetic field, its degrees of freedom should be traced out

Z
ρν (t f ) = tr f Texp

tf


d x [H(x), ρ(t)] ,
4

(8)

ti

where ρν (t) = tr f ρ(t) is the density matrix which describes the evolution of the neutrino system.
In the second-order approximation we get the quantum optical master equation for the neutrino
case, which is analogous to one for the case of electrons [4],
∂
ρν (t) = −i [Hν , ρν (t)] − i [HS , ρν (t)] + D(ρν (t)).
(9)
∂t
The Hamiltonian HS leads to a renormalization of the system Hamiltonian Hν which is induced
by the vacuum fluctuations of the radiation field and by thermally induced processes. Our goal is
to find the dissipative terms, thus we omit the renormalization part HS in the following derivations.
In (9) D(ρν (t)) is a dissipator of the equation which can be expressed in the following form (see
[4])

D(ρν (t)) =



∆i j
1
1
j
j
ρ
(t)
−
ρ
(t)
j
j
(
f
(2∆
)
+
1)
j
ρ
(t)
j
−
ij
− ν
+
+ − ν
ν
+ − +
4π 2
2
2


∆i j
1
1
+ 2 f (2∆i j ) j+ ρν (t) j− − j− j+ ρν (t) − ρν (t) j− j+ , (10)
4π
2
2

where ∆i j is the energy difference between two neutrino mass states νi and ν j , and f (E) denotes
the Planck distribution f (E) = eE/kT1 −1 . The first term in equation (10) is responsible for the spontaneous and the thermally induced emission process and the second one is responsible for the
thermally induced absorption process.
2
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!
0
1
j3 = 2Uei∗ Ue∗j τ
,
10
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In the medium, it is necessary to define new neutrino effective mass states ν̃ and the effective
mixing angle θ̃ . In this new basis the neutrino evolution Hamiltonian is diagonal (see, for example
[14] and [15]) and the energy difference between two neutrino states is expressed as

∆i j =

q
(∆mi j cos 2θi j − A)2 + ∆m2i j sin2 2θi j
2E

,

(11)

where the effective mixing angle is given by
∆m2i j sin2 2θi j
(∆mi j cos 2θi j − A)2 + ∆m2i j sin2 2θi j

,

(12)

√
where A = 2 2GF ne E and E is the neutrino energy. Putting everything together we get the final
expression for neutrino evolution in the effective mass basis

∂
ρν̃ (t) = −i [Hν̃ , ρν̃ (t)] +
∂t

+ κ1


1
1
σ− ρν̃ (t)σ+ − σ+ σ− ρν̃ (t) − ρν̃ (t)σ+ σ− +
2
2


1
1
+ κ2 σ+ ρν̃ (t)σ− − σ− σ+ ρν̃ (t) − ρν̃ (t)σ− σ+ , (13)
2
2

where the Hamiltonian Hν̃ = diag(E˜1 , E˜2 ) and κ1 and κ2 are the decoherence parameters of the
neutrino system. For extreme environment κ1 ≈ κ2 = κ
∆i j 2
sin 2θ̃i j τ 2 f (2∆i j )
π2
The solution of equation (13) is given by
κ=

1
ρν̃ =
2

!
˜ i j ei2∆i j t e−κt/2
1 + cos 2θ̃i j e−κt
sin2 2θ
.
˜ i j e−i2∆i j t e−κt/2 1 − cos 2θ̃i j e−κt
sin2 2θ

(14)

(15)

From (15) it is easy to find the probability of the neutrino flavour oscillations

1
1 − sin2 2θ̃i j e−κx/2 − cos2 2θ̃i j e−κx .
(16)
2
Here we consider the ultrarelativistic neutrinos and made the substitution t → x.
In the case of an extreme relativistic electrons the decoherence parameter (14) and the corresponding effect of quantum decoherence depend significantly upon the electron temperature T .
This implies the need of the external environment high temperatures to make the influence of quantum decoherence on the neutrino evolution to be observable. Sufficiently high temperatures arise
during supernovae bursts, where the electron and photon temperatures can reach values up to 30
MeV and 100 MeV, respectively [16]. Therefore, we consider the proposed mechanism of quantum
√
decoherence in supernovae environments. The electron matter potential 2GF ne in supernovae is
considered to be of the order 10−7 eV. For simplicity we consider an isotropic environment and
neglect possible effects of collective neutrino oscillations.
Pνe →νx = sin2 2θ̃i j sin2 (∆i j x) e−κx/2 +

3
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sin2 2θ̃i j =
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The developed formalism can be applied both to the active-active and active-sterile neutrino
oscillations. From equations (14) one can see that the effect of the quantum decoherence strongly
depends on the MSW effect and the temperature of the external environment. For the case of activesterile neutrino oscillations (the case of active-active neutrino oscillations can be considered in the
same way) the MSW effect occurs much closer to the center of the SN [17] explosion where high
temperatures are expected.
The maximal value of neutrino decoherence parameter is of order 6 ∗ 10−12 eV , that is equivalent to the neutrino decoherence length Ldec = 2γ ≈ 60 km−1 . It means that there is a significant
suppression of neutrino oscillations at the distances of 60 km.
We have developed the method based on the theory of quantum electrodynamics of open systems for description of the quantum neutrino decoherence of the neutrino mass states. This method
allows one to study the quantum decoherence as a consequence of the radiative neutrino decay. We
have considered the neutrino evolution propagating in the electron matter with the electromagnetic
field and calculated the corresponding transition probability Pνe →νµ . The exact analytical expression for the neutrino decoherence parameter and its energy dependence have been obtained. It
has been also shown that the effect of neutrino decoherence can significantly modify the neutrino
evolution in an extreme astrophysical environment peculiar to supernovae.

