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Abstract. The radiative decay of sterile neutrinos with typical masses of 10 keV is investigated in the presence of an external magnetic field and degenerate electron plasma.
Full account is taken of the modified photon dispersion relation relative to vacuum. The
limiting cases of relativistic and nonrelativistic plasma are analyzed. The decay rate calculated in a strongly magnetized plasma, as a function of the electron number density, is
compared with the unmagnetized plasma limit. It is found that the presence of the strong
magnetic field in the electron plasma suppresses the catalyzing influence of the plasma
by itself on the sterile-neutrino decay rate.

1 Introduction
It is not a secret that stars as laboratories for fundamental physics complement an effort from the
existing accelerator facilities on particle physics. The properties and dynamics of astrophysical objects
require detailed understanding of quantum processes under an influence of an external active medium.
A dense electron-positron and nucleon plasma as well as an external electromagnetic field can play
this role both in the interior and envelope of compact astrophysical objects.
An influence of an external magnetic field on properties of leptons and their interactions becomes
especially important when the field strength reaches the critical Schwinger value of Be = m2e /e =
4.41 × 1013 Gauss, where me is the electron mass and e is the elementary charge. Such fields are not
accessible in accelerator experiments but can exist in strongly magnetized neutron stars called “magnetars” [1–3]. In astrophysics, “magnetars” are usually identified with objects like Soft Gamma-ray
Repeaters (SGR) and Anomalous X-ray Pulsars (AXP) [4]. Recent simulations of core-collapse supernovae [5–7] and the formation of accretion discs at the merger of compact objects in a close binary
system [8, 9] demonstrate that the magnetic field strength could reach the value of B ∼ 1015 Gauss.
Although all these phenomena are different, they are connected with a powerful neutrino emission.
In a supernova explosion, the neutrino radiation source is the protoneutron star that is formed as a
result of the core collapse of a massive star at the final stage of its evolution. A merger of compact
objects in a close binary system leads to the formation of a central object and the hot accretion disk
around it. In this case, the disk is a source of a powerful neutrino radiation. The emission of neutrinos
is a basic channel of magnetar cooling.
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The plasma and magnetic field manifest themselves as optically active medium and can change
dispersion relations of particles [10, 11]. As a result, the processes which are kinematically forbidden
or suppressed in vacuum, could be opened or significantly enhanced in plasma and magnetic field. In
particular, they can significantly influence the photon-neutrino interaction that arises in vacuum at the
loop level and turns out to be extremely weak. Good example is the effect of neutrino luminosity by
a plasma in the γ → νν̄ decay which is observed experimentally.
Studies of the radiative decay of a neutrino discussed in this paper have a long history. This process
has been considered by several groups in the different cases: vacuum [12], electron plasma [13–18],
magnetic fields of different configurations [19–23] and magnetized plasma [24–26]. The main point
of the work we have done [26] was to extend the previous analysis by including the modified photon
dispersion relation. The results obtained in [26] are briefly presented in this contribution.

2 Strongly magnetized plasma
In a strongly magnetized plasma the neutrino-photon interaction is mainly determined by electrons
occupying the lowest Landau level. We assume that the magnetic field is directed along the third axis,
 = (0, 0, B), and suppose the following hierarchy 2eB > µ2e − m2e  T 2 of plasma parameters, where
B
me is the electron mass, e is the elementary charge, µe is the electron chemical potential, and T is the
plasma temperature. In the presence of the strong magnetic field and degenerate plasma the photon is
a particle with an effective mass [27]:
Ω20 =

2α eB pF
.

π
p2F + m2e

(1)

Here, α is the fine-structure constant and pF is the electron Fermi momentum. The effective mass Ω0
is often called the plasma frequency. The electron number density in the strong magnetic field is
defined by the expression:
eB pF
ne =
.
(2)
2π2
This relation allows us to express the plasma frequency in terms of the electron number density and
magnetic field as follows [26]:
Ω0  37.1 keV



n230 b2
b2 + 1.3 n230

1/4

,

(3)



where b = B/Be and n30 = ne / 1030 cm−3 . The benchmark number density corresponds to the value
of the mass density, where degenerate electrons would still be nonrelativistic. We can see that the
typical mass scale of plasma frequency is in the keV region.
Standard neutrinos have sub-eV masses [28] and their radiative decays are forbidden. It is clear
that radiative decays would be of interest only for sterile neutrinos with keV masses and above.
The sterile neutrinos with keV-masses are very popular as candidates for a dark matter in the Universe [29]. Under minimal assumptions, the mass of DM sterile neutrinos should be in the range of
0.4–50 keV [30–32].
Sterile neutrinos can mix with massive standard ones and in this way interact with a matter. Let
us consider one sterile neutrino which is mixing with one active neutrino of a definite flavor. In this
case, the neutrino mass states are the mixture of the active and sterile ones:
|ν1  = cos θ s |νa  − sin θ s |ν s ,

|ν2  = sin θ s |νa  + cos θ s |ν s ,

2

(4)
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where θ s is the mixing angle. When the mixing angle is negligibly small, the first mass state practically
coincides with the active neutrino, |ν1   |νa , and the second mass state is close to sterile neutrino,
|ν2   |ν s . The smallness of the mixing angle is confirmed by the existing bound [31]:
θ2s  1.8 × 10−5



1 keV
ms

5

,

(5)

which is obtained from analysis of the radiative decay ν s → νa γ of sterile neutrino in cosmology.
Note that this bound depends substantially on the sterile neutrino mass m s .
In presence of an electron plasma and magnetic field, the neutrino-photon interaction is induced
by real electrons from the magnetized plasma. The neutrino-electron interaction can be described by
the effective local Lagrangian:

GF 
Leff = − √ Ψ̄e γα (CV − C A γ5 ) Ψe jα .
2

(6)

Here, G F is the Fermi constant, CV = 1/2 + 2 sin2 θW and C A = 1/2 are the vector and axial-vector
constants of the electron, θW is the Weinberg angle, and Ψe is the electron quantum field. The neutrino
current jα of our interest is responsible for the transition of a sterile neutrino to an active one [26]:


jα = cos θ s sin θ s ν̄a γα (1 − γ5 ) ν s ,

(7)

where the dependence on the mixing angle is organized in the product sin θ s cos θ s . Further, we fix
the flavor of the active neutrino to be the electron one. In addition, we assume that this neutrino is
massless and neglect the modification of its dispersion relation by the magnetized plasma.
In the strong magnetic field limit, we may transform the axial-vector current of electrons in the
Lagrangian (6) to the vector current [26]:
Ψ̄e γα γ5 Ψe = Ψ̄e Π− γα γ5 Π− Ψe = Ψ̄e (ϕ̃γ)α Ψe ,

(8)

where Π− = (1 − iγ1 γ2 )/2 is the projection operator [10, 11], ϕαβ = Fαβ /B and ϕ̃αβ = εαβρσ ϕρσ /2
are dimensionless tensor of the external magnetic field and its dual, and (ϕ̃γ)α = ϕ̃αβ γβ . Taking into
account Eq. (8), the effective Lagrangian (6) becomes:


Leff = e Ψ̄e γα Ψe Vα ,
(9)

where the following local operator (the effective neutrino current) is introduced [26]:

GF 
Vα = − √ CV (ϕ̃ϕ̃ j)α − C A (ϕ̃ j)α .
e 2

(10)

The effective Lagrangian (9) has the same form as the usual Lagrangian of the electromagnetic interaction of electrons (the QED Lagrangian) [33, 34]:


LEM = e Ψ̄e γα Ψe Aα .
(11)

Therefore, the decay amplitude of the sterile neutrino in the magnetized plasma is described by two
Feynman diagrams shown in Fig. 1. These diagrams are identical to the ones presented in Fig. 2, after
one of the photon lines is replaced by the neutrino current Vα (10). Note that the diagrams in Fig. 2
determine the amplitude of the Compton scattering of photons on plasma electrons.

3
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Figure 2. The diagrams of the photon forward
scattering on electrons of the strongly magnetized
plasma. The crosses at the ends of the electron lines are shown to indicate that electrons pertain to
plasma. Double lines specify that the influence of
an external magnetic field on electron fields is taken into account exactly.

Figure 1. The Feynman graphs of the ν s → νa + γ
decay in a strongly magnetized electron plasma.
The crosses at the ends of the electron lines specify that electrons pertain to plasma. Double lines
indicate that the effect of an external magnetic field
on the electron fields is taken into account exactly.

It is well known [10, 11, 35] that the amplitude of the Compton scattering of photons on plasma
electrons, γ → γ, shown in Fig. 2 contributes to the photon polarization operator Παβ :
Mγ→γ = −E∗α Παβ Eβ .

(12)

In strongly magnetized plasma, the correspondence of the diagrams presented in Figs. 1 and 2 allows
to express the sterile-neutrino decay amplitude in terms of the photon polarization operator Παβ :
Mpl+f = −E∗α Παβ Vβ .

(13)

In such plasma, there are only two physical photon states with the polarization vectors [36]:
(qϕ)α
E(1)
,
α ≈ 
q2⊥

(qϕ̃)α
E(2)
,
α ≈ 
q2

(14)

where q2 = (qϕ̃ϕ̃q) and q2⊥ = (qϕϕq), which practically coincide with the eigenvectors of the photon
polarization operator in the pure magnetic field [10, 11]. It is also possible to determine the set of
eigenvalues Πλ (λ = 1, 2) from the equation:
(λ)
Παβ E(λ)
β = Πλ Eα .

(15)

In the strong magnetic field limit, the eigenvalues Π1 and Π2 under the kinematical conditions ω 
m s  me can be written in the form [36]:

2
2α ωVF µe q2
2eBα q VF
Π1 ≈ −
, Π2 ≈
,
(16)

π
π ω2 − VF2 k32
q2


where α = e2 /(4π) is the fine-structure constant, µe is the electron chemical potential, and VF is the
Fermi velocity. From the comparison of these eigenvalues with each other under the conditions on the

4

EPJ Web of Conferences 158, 05005 (2017)
QFTHEP 2017

DOI: 10.1051/epjconf/201715805005

plasma parameters, 2eB > µ2e − m2e  T 2 , one can easily see that the contribution of Π2 to the decay
amplitude dominates [26].
With account of the discussion presented above, the sterile-neutrino decay amplitude in the conditions of the strongly magnetized plasma can be written as follows [26]:
Mpl+f =

G F Ω20  2 CV (qϕ̃ j) + C A (qϕ̃ϕ̃ j)
q
,
√
ω2 − VF2 k32
e 2

(17)

where jµ is the neutrino current in the momentum space. The decay width is convenient to calculate
in the rest frame of the sterile neutrino, pµs = (m s , 0). As all the particles participating in the decay
are electrically neutral, the standard procedure — an integration over the phase space of the final-state
particles, including their appropriate dispersion properties — can be used for the width evaluation:
 3

2
d pa d3 k (4)
1
δ (p s − pa − q)  Mpl+f  ,
(18)
Wpl+f =
2
Ea ω
32π m s

where pµa = (Ea , pa ) and qµ = (ω, k) are the four-momenta of the active neutrino and photon, respectively. In addition, the active neutrino is assumed to be massless, Ea = |pa |.
As it was mentioned earlier, the presence of the strongly magnetized plasma is changing the photon
dispersion properties. To get the modified dispersion for the photon of the second mode E(2)
α (14) one
needs to resolve the following dispersion relation:
q2 = Π2 ,

(19)

where the explicit value of Π2 is presented in Eq. (16), or the equivalent relation written in terms of
the photon energy and momentum components:
ω2 = k32 + k⊥2 + Ω20

ω2 − k32

ω2 − VF2 k32

.

(20)

Because the photon dispersion is non-trivial, the integrand in the decay width (18) is complicated and
becomes a relatively simple function only in limiting cases, for example, in the nonrelativistic and
relativistic limits where the integral in the r.h.s. of (18) can be taken analytically.
We adopt the following parameter ranges m s = 2 − 20 keV and B = 1 − 100 Be in numerical
analysis. In the nonrelativistic limit the decay width can be presented in the form [26]:



32 π2  2
CV + C A2 θ(1 − 2x0 ) 4x04 21 + 6x02 − 8x04
2
2835
 α

11
+ θ(2x0 − 1) − + 129x0 − 210x02 + 168x03 − 84x04 − 24x06 + 32x08 ,
x0

n−rel
Wpl+f
= Wvac

(21)

where x0 = Ω0 /m s is the dimensionless plasma frequency and, as the normalization scale, the vacuum
rate of the sterile neutrino is accepted:
Wvac =

9αG2F 5 2
m sin (2θ s ) .
2048π4 s

(22)

Note that at CV = C A = 1/2 and in the limit x0  1 we reproduce the result of Ref. [25].
Under the conditions of relativistic strongly-magnetized plasma, the plasma frequency can be
written as [26]:

(23)
Ω0  34.7 keV B/Be .
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One can relatively easy obtain the analytical results for the sterile-neutrino decay width in two limiting
cases [26]: the plasma frequency is small (x0  me /µe ):
rel

Wpl+f


 ln(2µe /me ) − 5/4
(G F Ω20 )2
,
m s sin2 (2θ s ) CV2 + C A2
2
64π α
1 − e−ms /(2T )

and in the opposite limit — of large x0 (me /µe  x0 < 1):


2
2
2 2


 1
+
C
x04 
C
(G
m
)
1
V
A
F s
2
rel
2
2
2
1 + x0 ln
− 1 − x0 3 + x0 .
m s sin (2θ s )
Wpl+f 
2
x0 8
64π2 α
1 − e−ms (1+x0 )/(2T )

(24)

(25)

It is interesting to compare the decay width in the strongly magnetized electron plasma with a
width in the unmagnetized plasma, which is presented in the next section.

3 Unmagnetized electron plasma
In the unmagnetized case, the neutrino-electron interaction is defined by the same effective Lagrangian (6). The vector current of electrons in this Lagrangian is similar to the electromagnetic one in
QED Lagrangian (11). Let us also apply the procedure explained in Sec. 2 that was successful in the
case of the strongly magnetized plasma. After the replacement of the photon polarization vector by
the neutrino current, one can express the vector part of the sterile-neutrino decay amplitude through
the photon polarization operator [26]:
V
Mpl
=

CV G F
√ ( jΠε∗ ) .
e 2

(26)

The corresponding axial-vector contribution to the decay amplitude is much smaller [26]. In a nonrelativistic plasma, one finds explicitly that it is suppressed by the factor (C A /CV ) (m s /me )  1. In a
relativistic plasma, the electron mass should be replaced by the chemical potential µe and the condition
above remains correct again.
As mentioned earlier, photons in plasma have an effective mass called the plasma frequency.
In the nonrelativistic limit, the plasma frequency can be expressed in terms of an electron number
density [35]:
4παne
,
(27)
ω20 =
me
where the number density of degenerate electrons is defined as ne = p3F /(3π2 ). Photons in plasma
have three polarization states, one longitudinal εα and two transverse εtα , where t = 1, 2. Eigenvalues
of the polarization operator for longitudinal and transverse modes are different. For a nonrelativistic
plasma, the eigenvalues are well known [35]:
Πt ≈ ω20 ,


k2 
Π ≈ ω20 1 − 2 .
ω

(28)

These eigenvalues determine dispersion relations of photon modes through the equation:
q2 = ω2 − k2 = Πλ ,
which should be included in the integration over the photon momentum.

6
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Figure 3. The decay probability W n−rel (in units of 105 Wvac ) in the strongly magnetized (solid lines) and unmagnetized (dashed lines) non-relativistic plasma as a function of the electron number density n30 = ne /(1030 cm−3 ).
The solid curves correspond to the magnetic field strength B = Be = 4.41×1013 Gauss. Three values of the sterileneutrino mass, m s = 5, 10, 20 keV, (explicitly specified) are used to demonstrate the corresponding dependence
of the decay width.

The decay width for longitudinal and transverse modes are known analytically [26]:

Wplt = Wvac

16π2 2 4
C x (1 − x02 )2 ,
9α2 V 0

Wpl = Wvac

32π2 2
C x0 (1 − x0 )2 ,
9α2 V

(30)

where x0 = ω0 /m s is the scaled plasma frequency. The decay width Wplt and Wpl are expressed in
terms of the vacuum rate (22). The lifetime of the sterile neutrino with the mass of 10 keV is equal to
1.2 × 1026 years under the assumption that the mixing angle squared is θ2s  10−11 . Comparing this
result with the age of the our Universe, τUniv = 1.37 × 1010 years [28], we see that the sterile neutrino
is stable to this decay even if we take into account the influence of the electron plasma or external
magnetic field.
In Fig. 3 we compare the decay rate in the unmagnetized (dashed lines) and strongly magnetized
(solid lines) plasma as a function of the electron number density for several fixed sterile-neutrino
mass values. The strong catalyzing effect of the plasma is clearly seen with an enhancement of up to 5
orders of magnitude compared with vacuum. When the neutrino mass increases, the distribution over
the electron number density becomes wider and maximum of this function moves to larger value of ne .
For the chosen field strength, B = Be = 4.41 × 1013 Gauss, the decay rate is strongly suppressed as
compared with the case of unmagnetized plasma, but it is still much larger than in vacuum. It is clear
from this figure that the influence of plasma plays an important role in the relatively narrow range of
plasma parameters, in particular, the electron number density. This could be explained by the fact that
we have two opposite effects of the plasma influence on the decay width of sterile neutrino. On one
hand, when the value of ne increases, the amplitude and width of the decay in both unmagnetized and
strongly magnetized plasma grow up. On the other hand, when the value of ne increases, the plasma
frequency grows up and can reach the sterile neutrino mass or becomes even larger. In this case the
radiative decay of sterile neutrino will be kinematically suppressed or even forbidden.
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4 Conclusions
We study the radiative decay of sterile neutrinos with keV-masses in presence of a strongly magnetized and unmagnetized electron plasma. The modified photon dispersion relation is included in the
analysis. The limiting cases of relativistic and nonrelativistic magnetized plasma are considered. The
decay rate in a strongly magnetized plasma as a function of the electron number density is compared
with the one in the unmagnetized plasma. We found that the strong magnetic field suppresses by the
order of magnitude the catalyzing influence of the plasma by itself on the decay rate.
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