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Abstract

We develop the quantum theory of the spin light of neutrino (SLν) exactly accounting for the effect of background mat
Contrary to the already performed studies of theSLν, in this Letter we derive expressions for theSLν rate and power and for th
emitted photon energy, which are valid for an arbitrary matter density (including very high values). The spatial distrib
the radiation power and the dependence of the emitted photon energy on the direction of radiation are also studied in
the first time. We analyze theSLν polarization properties and show that within a wide range of neutrino momenta and
densities theSLν radiation is circularly polarized. Conditions for effectiveSLν photon propagation in the electron plasma
discussed. It is also shown that in dense matter the average energy of the emitted photon can reach values in the rang
third of the neutrino momentum up to one half of the neutrino energy in matter. The main features of the studied radi
summarized, and possibilities for theSLν production during different astrophysical and cosmology processes are discuss
 2005 Elsevier B.V. Open access under CC BY license.
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1. Spin light of a neutrino in matter

There exist various mechanisms for the prod
tion of electromagnetic radiation by a massive n
trino moving in a background environment (see,
instance,[1]).1 We have recently shown[2] within the
quasi-classical approach, that a massive neutrino m

E-mail addresses: ax.grigoriev@mail.ru(A. Grigoriev),
studenik@srd.sinp.msu.ru(A. Studenikin),a_ternov@mail.ru
(A. Ternov).

1 A brief classification of the known mechanisms of the elect
magnetic radiation by a neutrino is given in the first Letter of[2].
0370-2693  2005 Elsevier B.V.
doi:10.1016/j.physletb.2005.07.034

Open access under CC BY license.
ing in background matter can emit a new type of el
tromagnetic radiation. This radiation has been term
the “spin light of neutrino” (SLν) in matter. In[3] we
have also consideredSLν in gravitational fields of ro-
tating astrophysical objects. However, developing
quantum theory of this phenomenon[4,5], we have
calculated the transition rate and radiation powe
the limit of a low matter density. Therefore, evaluati
of a consistent quantum theory ofSLν still remains an
open issue.

In this Letter we develop the quantum theory
SLν, exactly taking into account the effect of bac
ground matter, and obtain expressions for theSLν rate
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and power that are valid for any value of the m
ter density parameter (see also[6]). In Section2 we
briefly discuss the modified Dirac equation and
neutrino energy spectrum in the presence of ma
which are then used (Section3) for derivation of the
SLν transition rate and power. We get an exact
pression for the emitted photon energy as a func
of the initial neutrino energy and the matter dens
parameter. The dependence of the photon energ
the direction of the photon propagation is analyz
and a detailed study of the radiation spatial distr
ution is also performed. TheSLν polarization prop-
erties are studied in Section4, and the conclusion i
made concerning the total circular polarization of
emitted photons. Section5 is devoted to the discus
sion of restrictions on the propagation ofSLν photons
that can be set by the electron plasma. In conclus
(Section6) we give a summary of the investigate
properties ofSLν in matter. TheSLν production dur-
ing processes of collapse and coalescence of neu
stars or a neutron star being “eaten up” by the bl
hole at the center of our Galaxy are also discusse
one of possible mechanisms of gamma-rays prod
tion.

2. The modified Dirac equation in matter

To account for the influence of background mat
on neutrinos we use the approach[4] (similar to the
Furry representation in quantum electrodynamics)
is based on the exact solutions of the modified Di
equation for a neutrino in matter:

(1)

{
iγµ∂µ − 1

2
γµ(1+ γ5)f

µ − m

}
Ψ (x) = 0.

In the case of matter composed of electrons

(2)f µ = GF√
2

(
1+ 4 sin2 θW

)
jµ,

where the electron currentjµ is given by

(3)jµ = (n,nv).

Here θW , n, v are, respectively, the Weinberg ang
the number density of background electrons and
speed of the reference frame in which the mean
mentum of the electrons is zero. The exact solution
(1) is given in[4]. For the energy spectrum of neut
nos moving in unpolarized electron matter at rest
also get

(4)Eε = ε

√
p2

(
1− sα

m

p

)2

+ m2 + αm,

(5)α = 1

2
√

2
G̃F

n

m
, G̃F = GF

(
1+ 4 sin2 θW

)
,

wherem, p ands = ±1 are the neutrino mass, mome
tum and helicity, respectively. The quantityε = ±1
splits the solutions into two branches that in the lim
of vanishing matter density,α → 0, reproduce the pos
itive and negative-frequency solutions for the Dir
equation in vacuum.

Note that generalization to the case of matter co
posed of different types of fermions is straightfo
ward[4], and the correct value for the neutrino ene
difference corresponding to the Mikheyev–Smirno
Wolfenstein effect[7] can be recovered from(4). The
modified effective Dirac equations for a neutrino int
acting with various background environments with
different models were previously used[8] in a study of
the neutrino dispersion relations, neutrino mass g
eration and for derivation of the neutrino oscillati
probabilities in matter. On the same basis, the neut
decay into an antineutrino and a light scalar part
(majoron), as well as the corresponding process
the majoron decay into two neutrinos or antineutrin
were studied in the presence of matter[9].

3. The SLν transition rate and power

TheSLν amplitude calculated within the develop
quantum theory is given by (see also[4])

Sf i = −µ
√

4π

∫
d4x ψ̄f (x)(�̂e∗) eikx

√
2ωL3

ψi(x),

(6)�̂ = iω
{[� × �] + iγ 5�

}
,

whereµ is the neutrino magnetic moment,ψi andψf

are the exact solutions of Eq.(1) for the initial and
final neutrino states[4], kµ = (ω,k) and e∗ are the
photon momentum and polarization vector,� = k/ω is
the unit vector pointing in the direction of the emitt
photon propagation.
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Integration over time in(6) yields

Sf i = −µ

√
2π

ωL3
2πδ(E′ − E + ω)

(7)×
∫

d3x ψ̄f (r)(�̂e∗)eikrψi(r),

where the delta-function stands for energy cons
vation, E and E′ are the energies of the initial an
final neutrino states in matter. Performing integrat
over the spatial coordinates, we can recover the de
functions for the three components of the momentu
Finally, we get the law of energy–momentum cons
vation for the considered process,

(8)E = E′ + ω, p = p′ + k,

wherep andp′ are the initial and final neutrino mo
menta, respectively. From(8) it follows that the emit-
ted photon energyω exhibits a critical dependence o
the helicities of the initial and final neutrino states.
the case of electron neutrino moving in matter co
posed of electronsα is positive. It follows thatSLν can
arise only when the neutrino initial and final states
characterized bysi = −1 andsf = +1, respectively.
One can also conclude that in the process con
ered the relativistic left-handed neutrino is conver
to the right-handed neutrino. A discussion of the m
properties ofSLν emitted by different flavor neutrino
moving in matter composed of electrons, protons
neutrons can be found in[4] (see also[10]).

The emitted photon energy in the considered c
(si = −sf = −1), obtained as an exact solution
Eqs.(8), is

(9)ω = 2αmp[(E − αm) − (p + αm)cosθ ]
(E − αm − p cosθ)2 − (αm)2

,

whereθ is the angle between� and the direction o
the initial neutrino propagation. The photon energy
a rather complicated function of the neutrino ene
E and momentump, the matter density parameterα

and the angleθ . The angular dependence of the pho
energy for different values of the neutrino moment
is shown inFig. 1. Note that in the case of a not ve
high density, Eq.(9) reproduces the result of[4,5].

Using the expressions for the amplitude(7) and for
the photon energy(9) we calculate the spin light tran
sition rate and total radiation power exactly account
Fig. 1. Angular dependence of photon energy for different v
ues of the neutrino momentum: (1) the solid line correspond
p = 0.1 eV, (2) the dashed-solid line corresponds top = 1 keV and
(3) the dashed line corresponds top = 1 MeV. The matter density
parameter isα = 10.

for the matter density parameter:

(10)Γ = µ2

π∫
0

ω3

1+ β̃ ′y
S sinθ dθ,

(11)I = µ2

π∫
0

ω4

1+ β̃ ′y
S sinθ dθ,

where

(12)

S = (β̃β̃ ′ + 1)(1− y cosθ) − (β̃ + β̃ ′)(cosθ − y).

Here we introduce the notations

(13)β̃ = p + αm

E − αm
, β̃ ′ = p′ − αm

E′ − αm
,

where the final neutrino energy and momentum a
respectively,

(14)E′ = E − ω, p′ = Kω − p,

and

(15)y = ω − p cosθ

p′ , K = E − αm − p cosθ

αm
.
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Performing the integration in(10) and(11) we obtain
closed expressions for theSLν rate and total radiation
power that are expressed via elementary function
the neutrino momentump, massm and matter density
parameterα. Here we consider the rate and power
different limiting values of the momentum and mat
density parameter. In the relativistic case,p � m, we
get

Γ =




64
3 µ2α3p2m, for α � m

p
,

4µ2α2m2p, for m
p

� α � p
m

,

4µ2α3m3, for α � p
m

,

(16)I =




128
3 µ2α4p4, for α � m

p
,

4
3µ2α2m2p2, for m

p
� α � p

m
,

4µ2α4m4, for α � p
m

,

and in the opposite case,p � m, we have

Γ =




64
3 µ2α3p3, for α � 1,

512
5 µ2α6p3, for 1� α � m

p
,

4µ2α3m3, for α � m
p
,

(17)I =




128
3 µ2α4p4, for α � 1,

1024
3 µ2α8p4, for 1� α � m

p
,

4µ2α4m4, for α � m
p
.

One can see that in the case of a very high matter
sity the rate and radiation power are determined by
background matter density only. Note also that the
tainedSLν rate and radiation power forp � m and
α � m

p
are in agreement with the result of[10].

From the expressions for theSLν rate and tota
power it is possible to get an estimate for the aver
emitted photon energy:

(18)〈ω〉 = I

Γ
.

In the relativistic case,p � m, we get

(19)〈ω〉 	




2α
p2

m
, for α � m

p
,

1
3p, for m

p
� α � p

m
,

αm, for α � p
m

.

For the matter parameterα � m
p

we again confirm,
here, the result obtained in[10]. In the non-relativistic
case,p � m, we have for the average emitted phot
Fig. 2. The spatial distribution of theSLν radiation power for
p/m = 5, α = 0.01.

Fig. 3. The spatial distribution of theSLν radiation power for
p/m = 103, α = 100.

energy

(20)〈ω〉 	




2αp, for α � 1,

10
3 α2p, for 1� α � m

p
,

αm, for α � m
p
.

We should like to note that for a wide range of ne
trino momentap and density parametersα the SLν

power is collimated along the direction of the neutri
propagation. The shapes of the radiation power sp
distributions calculated with use of(11) in the case of
p > m for low and high matter density are shown
Figs. 2 and 3, respectively. As it follows from thes
figures, the shape of the distribution depends on
density of matter. The shape of the spatial distribut
of the radiation changes from projector-like to ca
like with increase of the matter density. From(11) it
follows, that in the case ofp � m for a wide range
of matter densities,α � p

m
, the direction of the maxi

mum in the spatial distribution of the radiation pow
is characterized by the angle

(21)cosθmax	 1− 2
α

m
.

3 p
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Fig. 4. The spatial distribution of theSLν radiation power for
p/m = 10,α = 100.

It follows that in a dense matter theSLν radiation in
the direction of the initial neutrino motion is strong
suppressed, whereas there is a luminous ring in
plane perpendicular to the neutrino motion. Note t
the rate of the matter-induced neutrino majoron dec
as it was shown in the second Letter of[9], exhibits a
similar angular distribution.

From analysis of the spatial distribution of theSLν

radiation and the emitted photon average energy
predict an interesting new phenomenon that can
pear if a bunch of neutrinos propagates in a very de
matter. In the case of relativistic neutrinosp � m and
dense matter characterized byα � p

m
we get that the

average value ofω cosθ is negative and equals

(22)〈ω cosθ〉 = −1

3
αm.

This means that in the considered case a reason
fraction of theSLν photons are emitted in the dire
tion opposite to the initial neutrino momentump, as
if the neutrinos of the bunch shake off the spin lig
photons. It also follows, that in this case the neutr
momentump increases as the neutrinos radiate.
illustrate this phenomena we plot inFig. 4 the SLν

radiation power spatial distribution for relativistic ne
trinos withp/m = 10 and the density parameter equ
toα = 100. The two-dimensional cut of the spatial d
tribution of the radiation is shown inFig. 5.

4. SLν polarization properties

In our previous studies[4,5] we considered theSLν

in the low matter density limit,α � 1, with account
Fig. 5. The two-dimensional cut of the spatial distribution of theSLν

radiation power shown inFig. 4, p/m = 10,α = 100.

of the photon linear and circular polarizations. He
we extend our previous consideration of theSLν po-
larization properties to the case of an arbitrary ma
density that enables us to treat the emitted photon
larization in the limit of very high matter density.

We first consider the two different linear photon p
larizations and introduce the two orthogonal vector

(23)e1 = [� × j]√
1− (�j)2

, e2 = �(�j) − j√
1− (�j)2

,

where j is the unit vector pointing in the directio
of the initial neutrino propagation. Decomposing t
neutrino transition amplitude(6) in contributions from
the photons of the two linear polarizations determin
by the vectorse1 ande2, we get

(24)I (1),(2) = µ2

π∫
0

ω4

1+ β ′y

(
1

2
S ∓ �S

)
sinθ dθ,

where

(25)�S = 1

2

m2p sin2 θ

(E′ − αm)(E − αm)p′ .

In the low matter density case,α � 1, the total radia-
tion power of the linearly polarized photons is

(26)I (1),(2) 	 64

3

(
1∓ 1

2

)
µ2α4p4,

in agreement with[4,5]. Thus, the radiation powers fo
the two liner polarizations differ by a factor of thre
Contrariwise, in all other cases the radiation pow
for the two polarizations,e and e , are of the same
1 2
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(27)I (1) 	 I (2) 	 1

2

(
I (1) + I (2)

)
.

It is also possible to decompose the radiation po
for the circularly polarized photons. The two orthog
nal vectors

(28)el = 1√
2
(e1 + ile2)

describe the two photon circular polarizations (l = ±1
correspond to the right and left photon circular pol
izations, respectively). For the radiation power of
circular-polarized photons we obtain

(29)I (l) = µ2

π∫
0

ω4

1+ β ′y
Sl sinθ dθ,

where

(30)Sl = 1

2
(1+ lβ ′)(1+ lβ)(1− l cosθ)(1+ ly).

In the limit of low matter density,α � 1, we get for
the power

(31)I (l) 	 64

3
µ2α4p4

(
1− l

p

2E0

)
.

In this limiting case the radiation power of the le
polarized photons exceeds that of the right-polari
photons

(32)I (−1) > I (+1).

In particular, this result is also valid for non-relativist
neutrinos,p � m, for a low density withα � 1.

It is remarkable that in the most interesting case
rather dense matter (α � m

p
for p � m and α � 1

for p � m), the main contribution to the power
provided by the right-polarized photons, whereas
emission of the left-polarized photons is suppresse

(33)I (+1) 	 I,

(34)I (−1) 	 0.

Thus, we conclude that in a dense matter theSLν

photons are emitted with nearly total right-circular p
larization. Note that if the density parameter chan
sign, then the emitted photons will exhibit the le
circular polarization.
5. Propagation of SLν photons in plasma

Finally, we should like to discuss in some detail
strictions on the propagation ofSLν photons, that are
due to the presence of background electron plasm
the case ofp � m for the density parameterm

p
� α �

p
m

. Only photons with energy exceeding the plasm
frequency

(35)ωpl =
√

4πe2

me

n,

can propagate in the plasma (heree2 = αQED is the
fine-structure constant andme is the mass of the elec
tron). From(9) and (21) it follows that the photon
energy and the radiation power depend on the direc
of the radiation. We can conclude that the maxim
photon energy,

(36)ωmax= p,

and the energy of the photon emitted in the direct
of the maximum radiation power,

(37)ω(θmax) = 3

4
p,

are of the same order in the case considered. For
ativistic neutrinos and rather dense matter the an
θmax, at which the radiation power(11) has its maxi-
mum, and the angle(36)corresponding to the maxima
photon energy are both very close to zero (to illustr
this we show inFig. 6the photon energy and radiatio
power angular distributions for the particular case
m = 1 eV,p = 100 MeV andn = 1032 cm−3). In addi-
tion, as it follows from(19), the average photon energ
〈ω〉 = 1

3p is also of the order ofωmax andω(θmax).
Therefore, the effectiveSLν photon energy reasonab
exceeds the plasmon frequency(35) if the following
condition is fulfilled:

(38)p � pmin = 3.5× 104
(

n

1030 cm−3

)1/2

eV.

TheSLν photon emitted by a neutrino with momentu
p � pmin freely propagates through the plasma. F
n ∼ 1033 cm−3 we havepmin ∼ 1 MeV.

6. Summary of SLν properties

To conclude, we should like to mention that t
obtained equation(1) is the most general equation
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Fig. 6. The angular dependence of the emitted photon energy
radiation power for the set of parameters:m = 1 eV,p = 100 MeV,
n = 1032 cm−3. The solid line denotes the energy level that cor
sponds to the plasmon frequency(35).

motion for the neutrino in which the effective pote
tial accounts for both the charged and neutral-cur
interactions with the background matter. Possible
fects of the motion and polarization of matter can a
be incorporated[4–6].

After the study ofSLν taking exactly into accoun
matter effects was performed, we can summarize
main features of the phenomena considered as follo

(1) a neutrino with nonzero mass and magne
moment emits spin light when moving in dense mat

(2) in general,SLν in matter is due to the neutrin
energy dependence on the matter density and, in
ticular, to neutrinos of the same momentump but of
opposite helicities having different energies in matt

(3) in the particular case of electron neutrin
moving in matter composed predominantly of ele
trons, the matter density parameterα is positive;
here the negative-helicity neutrino (the left-hand
relativistic neutrinoνL) is converted to the positive
helicity neutrino (the right-handed neutrinoνR), giv-
ing rise to neutrino-spin polarization effect;

(4) the matter density parameterα can, in general
be negative; therefore the types of initial and final n
trino states, conversion between which effectively p
duces theSLν radiation, are determined by the mat
composition;
(5) the obtained expressions for theSLν radiation
rate and power,(10) and(11), exhibit non-trivial de-
pendence on the density of matter and on the in
neutrino energy; in particular, as it follows from(16)
and(17), in the low matter density limit the power
suppressed by an additional factor ofm

p
(for p � m)

or by p
m

(for m � p), in the high density limit,α � p
m

(p � m) or α � m
p

(m � p), the power acquires th

increasing factorp
m

(for p � m) or m
p

(for m � p);
(6) for a wide range of matter density param

ters theSLν radiation is beamed along the neutri
momentump, however the actual shape of the ra
ation spatial distribution may vary from projector-lik
to cap-like, depending on the neutrino momentum
mass ratio and the value ofα;

(7) it has been shown that for a certain choice
neutrino momentum and matter density a reason
fraction of the emitted photons move in the directi
opposite to the neutrino momentum (this interest
phenomenon arises, for instance, in the particular c
of the neutrino parameterp

m
∼ 10 andα ∼ 100);

(8) in a wide range of matter density paramet
α the SLν radiation is characterized by total circul
polarization;

(9) the emitted photon energy is also essenti
dependent on the neutrino energy and matter den
in particular, the photon energy increases fromω ∼ 2p

up to ω ∼ αm with the density; in the most interes
ing for astrophysical and cosmology applications c
(whenp � m and m

p
� α � p

m
) the average energ

of the emitted photon is one third of the neutrino m
mentump, in the case of very high density this valu
equals one half of the initial neutrino energy in matt

We argue that the investigated properties of neu
no-spin light in matter may be important for expe
imental identification of this radiation from differen
astrophysical and cosmological sources. The fire
model of GRBs (see[11] for recent reviews) is on
of the examples. Gamma-rays can be expected t
produced during collapses or coalescence process
neutron stars, owing to theSLν mechanism in dens
matter discussed. Another rather favorable situa
for effectiveSLν production can be realized during
neutron star being “eaten up” by the black hole at
center of our Galaxy. For estimation, let us conside
neutron star of massM ∼ 3M (M = 2×1033 g is
NS � �
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5;
the solar mass). The corresponding effective num
density will ben ∼ 8 × 1038 cm−3 and for the mat-
ter density parameter we getα ∼ 23, if the neutrino
mass ism ∼ 0.1 eV. For relativistic neutrino energie
(p � m) the emittedSLν photon energy, as it follow
from (19), is 〈ω〉 ∼ 1/3p, so that the energy range
this radiation may even extend up to energies pe
liar to the spectrum of gamma-rays. Note that, as
shown in Section4, this radiation is characterized b
the total circular polarization. This fact can be imp
tant for experimental observations.
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