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We present an analytic formula for differential cross section (DCS) of neutrino-electron scattering
(NES) in a magnetic field (MF) with allowance for longitudinal polarizations of initial and final electrons
(IAFE). The DCS of NES in a MF is sensitive to the spin variable of the IAFE and to the direction of the
incident and scattered neutrinos (IASN) momenta. Spin asymmetries and field effects in NES in a MF
enable us to use initial electrons having a left-hand circular polarization (LHCP) as polarized electron
targets in detectors for detection of low-energy neutrinos or relic neutrinos and for distinguishing neutrino
flavor (NF). In general, gas consisting of only electrons having a LHCP and gas consisting of only
electrons having a right-hand circular polarization (RHCP) are heated by neutrinos asymmetrically. The
asymmetry of heating (AH) is sensitive to NF, MF strength, energies (Landau quantum numbers and third
components of the momenta) of IAFE, final electron chemical potential, the final temperature of gas
consisting of only electrons having a LHCP (RHCP), polar angles of IASN momenta, the difference
between the azimuthal angles of IASN momenta, the angle ’, and IASN energies. In the heating process
of electrons by neutrinos the dominant role belongs to electron neutrinos compared with the contribution
of muon (tauon) neutrinos. Electrons having a LHCP in NES in a MF are heated by �e and ������
unequally when both the IASN fly along or against the MF direction. For magnetars and neutrinos of
1 MeVenergy, within the considered kinematics, the AH in an electron neutrino-electron scattering is 2.23
times that in a muon neutrino-electron scattering or in a tauon neutrino-electron scattering.
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I. INTRODUCTION

The neutrino-electron scattering

 �� e� ! �� e� (1)

plays a significant role in strongly magnetized stars or in
supernova explosions.

This process is responsible for a significant fraction of
the energy and momentum exchange between neutrinos
and stellar matter [1–5]. Strong magnetic fields exist in
compact objects in the Milky Way Galaxy (e.g., [6,7]). For
example, magnetic fields of neutron stars can be as large as
H � H0 � m2

ec3=e@ � 4:41� 1013 G (e.g., [8]). Strong
magnetic fields of H � 1015–1017 G are generated inside
astrophysical cataclysms such as a supernova explosion or
a coalescence of neutron stars [6–10]. However, neutrinos
and electrons are in thermodynamic equilibrium in the
neutrino opaque core (H � 1017 G). But in magnetars
(H � 1015 G), neutrinos and electrons are not in thermo-
dynamic equilibrium. The effects of the magnetic field on
neutrino-electron scattering become very strong for a field
strength of the order of H � 1015 G [11]. Such strong
magnetic fields influence neutrino-electron scattering by
modifying the motion of electrons. As indicated in [12], the
presence of an external magnetic field provides a preferred
direction in space and it opens the way for parity violating

effects to produce an asymmetry in the cross section of
neutrino-electron scattering.

Neutrino-electron scattering in a magnetic field and
some aspects of polarization effects arising in this process
were studied by numerous authors [11,13–21]. However,
neutrino-electron scattering in hot stellar magnetic fields
with allowance for longitudinal and transverse polariza-
tions of initial and final electrons has not been investigated
completely.

The motivation of the study of neutrino-electron scatter-
ing in a magnetic field with allowance for longitudinal
polarizations of initial and final electrons is connected
with the following reasons:

The presence of a strong magnetic field leads, on the one
hand, to anisotropy and asymmetry in the heating of stellar
matter and, on the other hand, to anisotropy and asymmetry
of the subsequent explosion of outer layers of the collaps-
ing stellar core [11]. To clarify anisotropy and asymmetry
arising in astrophysical phenomena connected with
neutrino-electron scattering, it is important to investigate
the dependence of the differential cross section of the
considered process in a magnetic field on the spin variables
of initial and final electrons. The study of polarization
properties of electrons and the investigation of the effect
of parity violation in neutrino-electron scattering may help
to distinguish the neutrino signal from the detector back-
ground [22]. This process also enables us to use the polar-
ized electron target as a new neutrino detector [22]. As
indicated in [23], polarization asymmetry provides a sen-
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sitive tool to investigate the flavor of incoming (anti)neu-
trinos. The scattering of an electron neutrino and an elec-
tron antineutrino on a polarized electron target was
suggested as a test of the neutrino magnetic moment [24].

The main purpose of this paper is to present an analytic
formula for the differential cross section of neutrino-
electron scattering in a magnetic field with allowance for
longitudinal polarizations of initial and final electrons, to
analyze polarization effects, to calculate the asymmetry of
the heating of electrons (electron gas) having a left-hand
circular polarization and electrons (electron gas) having a
right-hand circular polarization by neutrinos in a magnetic
field, and to show possible applications of the obtained
results.

Therefore, here we calculate the dependence of the
differential cross section for neutrino-electron scattering
on the spins of initial (final) electrons and on the polar and
azimuthal angles of incident (scattered) neutrinos.

We consider that neutrino energies, transverse momenta
of electrons, Landau energy levels of electrons, and the
strength of a magnetic field are arbitrary. For future pos-
sible astrophysical applications formally we also take into
account the temperature of matter (e.g., stellar matter) and
the chemical potentials of electrons. To compare our re-
sults with the results obtained in [11], we keep the variables
used in [11]. Because in the limiting case E, E0 	 me [here
E�E0� is the energy of an initial (final) electron, me is the
electron mass] averaging (summation) over the initial (fi-
nal) electron polarization of the result of this work ought to
lead to a result similar to that obtained in [11].

Radiative corrections to neutrino-electron scattering are
not included in the results of this work. Radiative correc-
tions to neutrino-electron scattering have been investigated
by Bahcall, Kamionkowski, Sirlin, and other authors [25–
27].

II. MATRIX ELEMENT AND CROSS SECTION
OF THE PROCESS

We use the standard Weinberg-Salam-Glashow electro-
weak interaction theory. When the momentum transferred
is relatively small, jq2j 
 m2

W , m2
Z (mW is the W�-boson

mass, mZ is the Z-boson mass), the four-fermion approxi-
mation of the Weinberg-Salam-Glashow standard model
can be used.

The gauge of a 4-potential is A� � �0; 0; xH; 0� and an
external magnetic field vector H is directed along the axis
Oz. The matrix element of the process in a magnetic field
can be written in the form

 

M �
4
���
2
p
GF�

3

VLyLz�!!0�1=2
��E0 �!0 � E�!�

� ��p0y � py � qy���p
0
z � pz � qz�

� e�i�0ei�n�n
0�’0 � �u�k0��L�u�k�J�; (2)

where GF is the Fermi constant, V is the normalization
volume, Ly and Lz are the normalization lengths, k��k0��
is the 4-momentum of the incident (scattered) neutrino
with the energy !�!0�, ky�kz� and k0y�k

0
z� are the

y�z�-components of the 4-momenta of the incident and
scattered neutrinos, E�E0� is the energy of the initial (final)
electron, py�pz� and p0y�p0z� are y�z�-components of the 4-
momenta of the initial and final electrons, n � 0; 1; . . .
�n0 � 0; 1; . . .� enumerates the Landau energy levels of
the initial (final) electron, ’0 � ’� �=2, tan’ � qy=qx,
q � k� k0, �0 � �qx=2h��py � p

0
y�, h � eH, �L� �

���1� �
5�=2, �� are the Dirac matrices, u�k� and �u�k0�

are the Dirac bispinors, J� is the transition amplitude of the
4-current for the neutrino-electron scattering. We have
dealings with a massless neutrino. We use the pseudo-
Euclidean metric with signature �� ���� and the system
of units @ � c � 1.

In the case of longitudinal polarization of electrons we
have dealings with the generalized helicity operator [28]

 � � P � �5�me�0 � E�; (3)

 �� � P� � �p ; (4)

where p � �E2 �m2
e�

1=2 and the value � � �1��1� cor-
responds to right-hand (left-hand) helicity. The general
expressions for transition amplitude of the 4-current for
neutrino-electron scattering with allowance for longitudi-
nal polarization of electrons have the form

 J� �
�gVs0 � gAs�f0;
�gVs� gAs0�fi

� �
; �i � 1; 2; 3�; (5)

 

f0;3 � B1B01In�1;n0�1 � B2B02Inn0 ;

f1 � B01B2ei’In;n0�1 � B1B02e
�i’In�1;n0 ;

f2 � �iB
0
1B2e

i’In;n0�1 � iB1B
0
2e
�i’In�1;n0 ;

(6)

where

 s0 �
1
4�A1A

0
1 � A2A

0
2�; (7)

 s � 1
4�A1A02 � A

0
1A2�; (8)

gV � �0:5� 2sin2	w, gA � �0:5 for ��e����e�� scat-
tering, gV � 0:5� 2sin2	w, gA � 0:5 for �ee� scattering
[29]. The spin coefficients in (5)–(8) have the following
forms [28]:

 A1 �

�
1�

me

E

�
1=2
; (9)

 A2 � �
�
1�

me

E

�
1=2
; (10)

 B1 �

�
1�

�pz������������������
E2 �m2

e

p
�

1=2
; (11)
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 B2 � �
�
1�

�pz������������������
E2 �m2

e

p
�

1=2
: (12)

In (6) Inn0 , In;n0�1, In�1;n0 , In�1;n0�1 are the Laguerre func-
tions, where

 Inn0 �x� �
�
n0!
n!

�
1=2
e�x=2x�n�n

0�=2Ln�n
0

n0 �x� (13)

and Ln�n
0

n0 �x� is the Laguerre polynomial of the argument

 x �
q2
x � q

2
y

2h
: (14)

Taking into account components of the current J�, we
obtain the general expression for the differential cross

section of neutrino-electron scattering in a magnetic field
with an allowance for the longitudinal polarization of
initial and final electrons

 

d

d!0d�0

�
G2
FeH!

0

32�4!

X1
n;n0�0

Z 1
�1

dpz��E
0 �!0 � E�!�

� f�1� f0�R; (15)

where

 R � !!0R0; (16)

 

R0 � d1�r1I
2
4 � r2I

2
3 � 2r3I3I4� � 2d2�r4I

2
1 � r5I

2
2� � d3�r6I

2
4 � r7I

2
3 � 2r8I3I4� � 4d4r9I1I2 � 2d5�r10I

2
4 � r11I

2
3�

� 2d6�r4I2
1 � r5I2

2� � 2d7�r12I1I4 � r13I2I4 � r14I1I3 � r15I2I3� � 2d8�r16I1I4 � r17I1I3 � r18I2I4 � r19I2I3�

� 2d9�r16I1I4 � r17I1I3 � r18I2I4 � r19I2I3� � 2d10�r12I1I4 � r13I2I4 � r14I1I3 � r15I2I3�: (17)

Here I1 � In;n0�1, I2 � In�1;n0 , I3 � In�1;n0�1, I4 � Inn0
and the coefficients ri (i � 1; 19) contain spins of the
initial and final electrons
 

r1;2 �
1
4�g���1 ��2� ��3� 0 ��4�� 0�

� 2g?��5 ��6� ��7� 0 ��8�� 0�;

 r3 �
1
4g���

0��0�� 0;

 

r4;5 �
1
8�g���

0
1 ��

0
2� ��

0
3�
0 ��04��

0�

� g���0�1� �� � �0� 0 � ��0�� 0�

� 2g?���05 ��
0
6� ��

0
7�
0 ��08��

0�;

 r6;7 �
1
4g���

0�1� �� � �0� 0 � ��0�� 0�;

 r8 �
1
4�g���

0�

0 � �� 0� � 2g?��8� 0 � �08��;

 

r9 �
1
8�g���

0�

0 � �� 0� � g���0��0�� 0

� 2g?��8� 0 � �08��;

 

r10 �
1
8�g����5 ��6� ��7� 0 ��8�� 0�

� 2g?��1 ��2� ��3� 0 ��4�� 0�;

 

r11 �
1
8�g���5 ��6� ��7�

0 ��8��
0�

� 2g?��1 ��2� ��3�
0 ��4��

0�;

 

r12 �
1
8�g���

0
1 � �

0
5� � �5� 0 � �02��

0�

� 2g?��07 � �
0
3� � �

0 � �04��
0�;

 

r13 �
1
8�g���1 � �

0
6� � �6�

0 � �2��
0�

� 2g?��7 � � � �3� 0 � �4�� 0�;

 

r14 �
1
8�g���1 � �06� � �6� 0 � �2�� 0�

� 2g?��7 � � � �3�
0 � �4��

0�;

 

r15 �
1
8�g���

0
1 � �

0
5� � �5�

0 � �02��
0�

� 2g?��07 � �
0
3� � �

0 � �04��
0�;

 

r16 �
1
8�g����

0
7 � �

0
3� � �

0 � �04��
0�

� g���
0�0� 0�1� ���

� 2g?��
0
1 � �

0
5� � �5�

0 � �02��
0�;

 

r17 �
1
8�g���7 � � � �3� 0 � �4�� 0�

� g���0���1� � 0�0�

� 2g?��1 � �06� � �6� 0 � �2�� 0�;

 

r18 �
1
8�g����7 � � � �3�

0 � �4��
0�

� g���
0���1� � 0�0�

� 2g?��1 � �
0
6� � �6�

0 � �2��
0�;

 

r19 �
1
8�g���

0
7 � �

0
3� � �

0 � �04��
0�

� g���0�0� 0�1� ���

� 2g?��01 � �
0
5� � �5� 0 � �02��

0�; (18)

and the coefficients di (i � 1; 10) are

 d1;2 � 1� cos# cos# 0; (19)
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 d3 � sin# sin#0 cos��� �0�; (20)

 d4 � sin# sin#0 cos��� �0 � 2’�; (21)

 d5;6 � cos# � cos#0; (22)

 d7;8 � sin# cos��� ’� � sin# 0 cos��0 � ’�; (23)

 d9;10 � cos# sin#0 cos��0 � ’� � cos#0 sin# cos��� ’�;

(24)

where #�#0� and ���0� are the polar angle and the azimu-
thal angle of the incident (scattered) neutrino momentum,
the unprimed (primed) quantities belong to the initial
(final) electron,

 

�1��01� � 1� 

0��0; �2��02� � �� �0

0; �3��03� � �0 � �

0; �4��04� � 

0 � ��0;

�5��05� � 
�� 
0�0; �6��06� � 
� 
0��0; �7��07� � 
0 � 
��0; �8��08� � 
�0 � 
0�;

�1 � 
�; �01 � 
0�0; �2 � 
0�; �02 � 
�0; �3 � 

0�; �03 � 

0�0; �4 � �0�;

�04 � ��0; �5 � 
��0; �05 � 
0��0; �6 � 
�0�; �06 � 
0�0�; �7 � 

0�0�;

�07 � 

0��0; �8 � ��0
; �08 � ��0
0:

(25)

In (15) d�0 is a solid angle element along the momentum of the scattered neutrino, e is the elementary electric charge,
f � f�E� � �e�E���=T � 1�1 is the Fermi-Dirac distribution of the initial electrons, f0 � f0�E0� is the Fermi-Dirac
distribution of the final electrons, � is the electron chemical potential, T is the temperature of the matter,
 

g� � g2
V � g

2
A; g? � gVgA; � � pz=p; �0 � p0z=p

0;

� � me=E; �0 � me=E0; p � �E2 �m2
e�

1=2; p0 � �E02 �m2
e�

1=2;

� � �1� �2�1=2; �0 � �1� �02�1=2; 
 � �1� �2�1=2; 
0 � �1� �02�1=2:

(26)

In the limiting case E, E0 	 me averaging (summation)
over the initial (final) electron polarization in (15) leads to
a result similar to that obtained in [11].

In (15) the energy conserving delta function can be
written in the form [11]

 ��E0 �!0 � E�!� �
X
i

EiE
0
i

jE0ipzi � Eip
0
zij
��pz � p0zi�;

(27)

where Ei, E0i satisfy the energy conservation law and pzi,
p0zi satisfy the conservation law pz � kz � p0z � k

0
z. Taking

into account (15), (16), and (27) the differential cross
section of the neutrino-electron scattering in a magnetic
field can be written as
 

d

d!0d�0

�
G2
FeH!

02

32�4

X1
n;n0�0

X
i

EiE
0
i

jE0ipzi�Eip
0
zij
f�1� f0�R0:

(28)

III. ANALYSES OF THE CROSS SECTION OF THE
PROCESS � � e� ! � � e�

The analyses show that the differential cross section for
neutrino-electron scattering is sensitive to spin variables of
the initial and final electrons and to polar angles of incident
and scattered neutrinos.

When the incident neutrino flies along the magnetic field
direction (# � 0), we have the following expression for

R0:
 

R0�# � 0� � d��h1I2
4 � h2I2

3 � 2r3I3I4� � 4d�r5I2
2

� 4d0�h3I2I4 � h4I2I3�; (29)

where

 d� � 1� cos#0; d� � 1� cos# 0;

d0 � sin# 0 cos��0 � ’�; h1 � r1 � 2r10;

h2 � r2 � 2r11; h3 � r13 � r18; h4 � r15 � r19:

(30)

When both the incident and scattered neutrinos fly along
the magnetic field direction, R0 has the form
 

R0�# � 0; # 0 � 0� � 2�1� ���1� �0�

� �g2
L�1� ���1� �

0�I2
4

� g2
R�1� ���1� �

0�I2
3; (31)

where

 gL �
1
2�gV � gA� �

1
2� sin2	w;

gR �
1
2�gV � gA� � sin2	w

(32)

for �ee� scattering and

 gL � �
1
2� sin2	w; gR � sin2	w (33)

for ��e� and ��e� scatterings [29].
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When neutrinos scatter on electrons with right-hand
circular polarization (� � 1), we have
 

R0�# � 0;# 0 � 0; � � 1� � 4g2
R�1����1��

0��1� � 0�I2
3 :

(34)

This expression shows that, if # � 0,# 0 � 0 and neutrinos
scatter on electrons with right-hand circular polarization,
the final electrons can only have right-hand circular polar-
ization. When # � 0, #0 � 0, and � � 1, the differential
cross section only depends on gR and it is not sensitive to
the neutrino flavor.

When neutrinos scatter on electrons with left-hand cir-
cular polarization (� � �1), we have
 

R0�# � 0;#0 � 0; � ��1� � 4g2
L�1����1��

0��1� � 0�I2
4 :

(35)

The obtained expression shows that, if # � 0, # 0 � 0,
and neutrinos scatter on electrons with left-hand circular
polarization (� � �1), the final electrons can only have
left-hand circular polarization. When # � 0, #0 � 0, and
� � �1 the differential cross section depends on gL and
therefore it is sensitive to the neutrino flavor. When � �
�1, the differential cross section is different for �e and
������. This result enables us to come to the conclusion
that initial electrons with left-hand circular polarization in
neutrino-electron scattering in a magnetic field can be used
as a polarized target in neutrino detectors. The polarized
electron targets in neutrino-electron scattering in a mag-
netic field can also be used for distinguishing neutrino
flavor.

Now let us consider the situation of propagation of
neutrinos against the magnetic field direction (# � �).
In this case we have the following expression for R0:
 

R0�# � �� � d��h01I
2
4 � h

0
2I

2
3 � 2r3I3I4� � 4d�r4I2

1

� 4d0�h
0
3I1I4 � h

0
4I1I3�; (36)

where
 

h01 � r1 � 2r10; h02 � r2 � 2r11;

h03 � r12 � r16; h04 � r14 � r17:
(37)

When both the incident and scattered neutrinos fly
against the magnetic field direction, the expression for R0

has a simple form
 

R0�# � �;#0 � �� � 2�1� ���1� �0�

� �g2
R�1� ���1� �

0�I2
4

� g2
L�1� ���1� �

0�I2
3: (38)

When # � �, # 0 � � and neutrinos scatter on electrons
with right-hand (left-hand) circular polarization, we have
the following expressions for R0:

 

R0�# ��;#
0 ��;� � 1� � 4g2

R�1����1��
0��1� � 0�I2

4

(39)

and
 

R0�#��;#
0 ��;���1�� 4g2

L�1����1��
0��1�� 0�I2

3 :

(40)

The last two expressions show that, if # � �, # 0 � �, and
neutrinos scatter on electrons with right-hand (left-hand)
circular polarization, the final electrons can only have
right-hand (left-hand) circular polarization.

When # � �, #0 � �, and � � 1, the differential cross
section only depends on gR and it is not sensitive to the
neutrino flavor. When # � �, #0 � �, and � � �1, the
differential cross section depends on gL and therefore it is
sensitive to the neutrino flavor. In this case the differential
cross section is different for �e and ������.

So, spin asymmetry in neutrino-electron scattering in a
magnetic field enables us to use electrons with left-hand
circular polarization as polarized electron targets for dis-
tinguishing neutrino flavor and for detection of neutrinos.

The expressions (34) and (39) show that electrons with
right-hand circular polarization are heated by �e, ��, and
�� equally. However, it is derived from expressions (35)
and (40) that electrons with left-hand circular polarization
in neutrino-electron scattering in a magnetic field are
heated by �e and ������ unequally. This fact leads to
asymmetry in the heating of the stellar matter.

IV. ASYMMETRY OF HEATING AND NUMERICAL
ESTIMATIONS

Generally, it is derived from expressions (17), (18), and
(28) that the differential cross section of the process ��
e� ! �� e� is sensitive to the spin variables of both
initial and final electrons. This could lead to anisotropies
and asymmetry in the heating of matter (electron gas). It
happens due to asymmetric energy transfer from neutrinos
to matter. Asymmetry of the heating of electrons by neu-
trinos can be determined by the general expression

 A �
d
R � d
L
d
R � d
L

; (41)

where d
R � d
�� � 1; � 0 � 1� and d
L � d
�� �
�1; � 0 � �1�.

Let us consider two different types of an electron gas:
the gas consisting of only the electrons having a left-hand
circular polarization, and the gas consisting of only the
electrons having a right-hand circular polarization. We also
assume that these two types of an electron gas are not
mixed and the initial temperatures of both of the gases
are equal. After the scattering of initial neutrinos at the
electrons, the gases will be heated at the expense of energy
transfer from the neutrinos to the electrons. However, the
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gas consisting of only electrons having a left-hand circular
polarization and the gas consisting of only electrons having
a right-hand circular polarization will be heated differ-
ently: TL � TR. Here TL is the temperature of the gas (after
scattering) consisting of only electrons having a left-hand
circular polarization and TR is the temperature of the gas
(after scattering) consisting of only the electrons having a
right-hand circular polarization. Within these conditions,
we obtain the following expression for the asymmetry in
the heating:

 A �
R0RhR � R0LhL
R0RhR � R0LhL

; (42)

where

 R0R � R0�� � 1; � 0 � 1�; (43)

 R0L � R0�� � �1; � 0 � �1�; (44)

 hR � 1� f0R

� exp��E0 ���=TR=fexp��E0 ���=TR � 1g; (45)

 hL � 1� f0L

� exp��E0 ���=TL=fexp��E0 ���=TL � 1g; (46)

f0R � f0R�E
0; TR� is the Fermi-Dirac distribution of the final

electrons (electron gas) having a right-hand circular polar-
ization and the temperature TR, f0L � f0L�E

0; TL� is the
Fermi-Dirac distribution of the final electrons (electron
gas) having a left-hand circular polarization and the tem-
perature TL.

For magnetars we can take H ’ 4:41� 1015 G and for
relativistic electrons �E;E0 	 me� we suppose that pzi ’
0, p0zi ’ 0. On the other hand, at temperatures T ’ 1011 K
the characteristic energy for electrons is E ’ 8:5 MeV. It is

obtained from the formula E �
������������������������������������
m2
e � 2eHn� p2

z

q
that

the energy E ’ 8:5 MeV corresponds to the Landau quan-
tum number n � 1. Let us consider the transition of n �
1! n0 � 2. At n0 � 2 and H ’ 4:41� 1015 G the energy
of the final electrons is E0 ’ 12 MeV. On the other hand, it
is known that the chemical potential of electron gas in a
very strong magnetic field is determined as (see, e.g., [21])

 � �
2�2n0

eH
(47)

or

 � ’ 25:68 MeV
�

n0

1033 cm�3

��
1015 G

H

�
: (48)

At the electron density n0 � 1033 cm�3 and H � 1015 G
(e.g., H ’ 2:15� 1015 G) we have � ’ E0 ’ 12 MeV. It
means that �E0 ���=TR 
 1, �E0 ���=TL 
 1 and the
factors hR � hL ’ 1=2. In this case the asymmetry of

heating is determined as

 A �
R0R � R0L

R0R � R0L
: (49)

The analyses of the formula (42) enable us to come to the
conclusion that, in general, the asymmetry of heating is
sensitive to neutrino flavor, magnetic field strength H,
energies E, E0 (or the Landau quantum numbers n, n0,
and z components of the momenta) of initial and final
electrons, electron chemical potential �, the final tempera-
ture of the gas consisting of only electrons having a left
(right)-hand circular polarization TL (TR), the polar angle
of the incident (scattered) neutrino momentum # (# 0), the
difference between the azimuthal angles of the incident
neutrino momentum and the scattered neutrino momentum
�� �0, the angle ’, and the parameter
 

x �
1

2eH
�!2sin2# �!02sin2#0

� 2!!0 sin# sin#0 cos��� �0�: (50)

So, taking into account the expression (50) we can come to
the conclusion that the asymmetry of heating is sensitive to
neutrino flavor, magnetic field strength, energies (or
Landau quantum numbers and third components of the
momentum) of the initial and final electrons, electron
chemical potential, the final temperature of the gas con-
sisting of only electrons having a left (right)-hand circular
polarization, the polar angle of the incident (scattered)
neutrino momentum, the difference between the azimuthal
angles of the incident and scattered neutrino momenta, the
angle ’, and the incident (scattered) neutrino energy.

In a protoneutron star, the gas consisting of electrons
having a left-hand circular polarization and the gas con-
sisting of electrons having a right-hand circular polariza-
tion will be in thermodynamic equilibrium after the
scattering of neutrinos at electrons because in a protoneu-
tron star the gas consisting of electrons having a left-hand
circular polarization and the gas consisting of electrons
having a right-hand circular polarization are mixed. It
means that for the final temperature of the electron gas
(after scattering) we have TL � TR � T0. In this case hR �
hL and the asymmetry in the heating is determined by the
formula (49). Let us consider the case of # � 0, #0 �
�=2, �0 � ’ for numerical estimations. In this case x �
!02=�2eH� and the following expression is obtained for the
asymmetry in the heating:

 A �
g2
RI

2
3 � g

2
LI

2
4 � �g

2
L � g

2
R�I

2
2 � 2�g2

RI2I4 � g2
LI2I3�

g2
RI

2
3 � g

2
LI

2
4 � �g

2
L � g

2
R�I

2
2 � 2�g2

RI2I4 � g2
LI2I3�

:

(51)

If we consider the transition n � 1! n0 � 2, we obtain
the following simple expression for the asymmetry of
heating:
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 A �
g2
R � 2g2

L�1�
x
2�

2 � 1
2 �g

2
L � g

2
R�x� 2�g2

Rx
1=2�x2� 1� � 2�1=2g2

Lx
1=2

g2
R � 2g2

L�1�
x
2�

2 � 1
2 �g

2
L � g

2
R�x� 2�g2

Rx
1=2�x2� 1� � 2�1=2g2

Lx
1=2

: (52)

For magnetars (H ’ 4:41� 1015 G) and the neutrinos of
energy !0 ’ 1 MeV we obtain x ’ 0:019 and A�ee� ’
�0:89 for the �ee� ! �ee� process. Numerical estima-
tions show that for the considered case of the magnetic
field strength and the neutrino energy A��e� � A��e� ’
�0:4, i.e., A�ee� ’ 2:23A��e� � 2:23A��e� .

These estimations enable us to come to the conclusion
that, within the considered kinematics, electrons (electron
gas) having a left-hand circular polarization and electrons
(electron gas) having a right-hand circular polarization are
heated by neutrinos asymmetrically and the asymmetry of
heating is sensitive to neutrino flavor, magnetic field
strength, and scattered neutrino energy.

The effect of asymmetrical heating could contribute to
asymmetry and anisotropy of the subsequent explosion of
the outer layers of the collapsing stellar core. But this is a
topic of a separate scientific paper.

In conclusion, we assess the possibility of observing the
effects of an external magnetic field. When E, E0 	 me,
pz � 0 and the initial neutrino momentum is directed
along the magnetic field, the influence of the magnetic
field on this process is determined by the parameter [17,20]

  �
1

2

H
H0

me

!
; (53)

where H
 H0. The field effects are essential when  �
1. When H ’ 4:41� 108 G (pulsed magnetic fields or
effective fields in single crystals), for low-energy neutrinos
(!� 1� 10 eV) or relic neutrinos (� 10�4 eV) we ob-
tain  � 1. In this case the field effects are essential and
neutrinos can be detected.

V. CONCLUSIONS

The cross section of neutrino-electron scattering in a
magnetic field is sensitive to the spin variable of initial
and final electrons and to the direction of the momenta of
incident and scattered neutrinos. When neutrinos travel
either parallel or antiparallel to the magnetic field direc-
tion, there is a significant asymmetry in the cross section
depending on the longitudinal polarization state. Spin
asymmetries and field effects in neutrino-electron scatter-
ing in a magnetic field enable us to use initial electrons
having a left-hand circular polarization as polarized elec-
tron targets in detectors for the detection of low-energy
neutrinos or relic neutrinos and for distinguishing neutrino

flavor. In general, the gas consisting of only electrons
having a left-hand circular polarization and the gas con-
sisting of only electrons having a right-hand circular po-
larization are heated by neutrinos asymmetrically. The
asymmetry of heating is sensitive to neutrino flavor, mag-
netic field strength, energies (Landau quantum numbers
and third components of the momentum) of the initial and
final electrons, electron chemical potential, the final tem-
perature of the gas consisting of only electrons having a left
(right)-hand circular polarization, the polar angle of the
incident (scattered) neutrino momentum, the difference
between the azimuthal angles of the incident and scattered
neutrino momenta, the angle’, and the incident (scattered)
neutrino energy.

In the heating process of electrons by neutrinos, the
dominant role belongs to electron neutrinos compared
with the contribution of muon neutrinos or tauon neutrinos.
In neutrino-electron scattering in a magnetic field electrons
having a right-hand circular polarization are heated by �e,
��, and �� equally when both the initial and final neutrinos
fly along or against the magnetic field direction. Electrons
having a left-hand circular polarization in neutrino-
electron scattering in a magnetic field are heated by �e
and ������ unequally when both the initial and final neu-
trinos fly along or against the magnetic field direction. For
magnetars and neutrinos of 1 MeV energy, within the
considered kinematics, electrons (electron gas) having a
left-hand circular polarization and electrons (electron gas)
having a right-hand circular polarization are heated by
neutrinos asymmetrically and the asymmetry of heating
is sensitive to neutrino flavor, magnetic field strength, and
scattered neutrino energy. The asymmetry of heating in an
electron neutrino-electron scattering is 2.23 times more
than that one in a muon neutrino-electron scattering or in
a tauon neutrino-electron scattering. The effect of asym-
metrical heating of electrons by neutrinos could contribute
to asymmetry and anisotropy of the subsequent explosion
of the outer layers of the collapsing stellar core.
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