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I. Introduction

In this paper we give the general expression for the cross section of the neutrino-
electron scattering in a magnetic field with allowance for the longitudinal polarizations of
both the initial and the final electrons.

The process of the neutrino-electron scattering is responsible for a significant
fraction of the energy and momentum exchange between the neutrinos and the stellar
matter [1-5].

Strong magnetic fields exist in compact objects in the Milky Way Galaxy [e.g , 9-
10]. For example, magnetic fields of neutron stars can be as large as
H=H,=mc’/eh =4.41x10"G [e.g., 7]. Strong magnetic fields of H ~10"” —10"G are
generated inside the astrophysical cataclysms like a supernova explosion or a coalescence
of neutron stars [6-10]. Such strong magnetic fields influence the neutrino-electron
scattering by modifying the motion of the electrons. As it was indicated in [11] 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 cross section of neutrino-

electron scattering.
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As it was noted in [12-14] in neutrino-electron scattering the presence of a strong
magnetic field could lead on the one hand to anisotropy and asymmetry in the heating of
the stellar matter and on the other hand to the anisotropy and asymmetry of the subsequent
explosion of the outer layers of the collapsing stellar core.

To explain the above indicated and other astrophysical phenomena it is important to
investigate the polarization effects in the neutrino-electron scattering in a magnetic field.
The results of the investigations of the polarization effects in an inverse muon decay and
in an annihilation of a muon neutrino and an electron antineutrino into a muon-positron
pair in a magnetic field [15,16] show that P and C nonconservation in weak interactions
and the choice of kinematical conditions lead to the asymmetric dependence of the
differential cross section on the angular and spin variables. The dependence of the
differential cross section of the neutrino-electron scattering in a magnetic field on the field
strength and the angular variable was investigated by a number of authors [11-14, 17-23].
To clarify the anisotropy and the asymmetry arising in astrophysical phenomena
connected with the 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 variable.

I1. The general expressions for the amplitude and the differential

cross section of the neutrino-electron scattering

The amplitude of the process v,e - ve (v, =v,,v,,v,) in a magnetic field in the

e’ us”’r

framework of the Weinberg-Salam model is given by

= g 4 4 _1ryaB 1 ’ , L ,
M |:2COSHW:| .[d xd"x'D ()C x)[wv ()C )yal/lv ()C )]X

X [We (x)yﬂ(gV +gAy5 )we(x)]’

(1

where g is the weak coupling constant, gsind =e, e is the elementary electric charge

6 is the Weinberg angle, y. =y, (1 +)° )/ 2, y, are the Dirac matrices, )y’ ==i)y’y'y’y’,



3
. : 1 . 1
gV:—%+2sm29W, g, :—% for I/#e(l/,e)— scattering, g, :§+2smzt9w, gA:E for

V e - scattering [24], ¢, , ¢, are the wave functions of the initial and final neutrinos, x and

v

x" are 4-coordinates, & =" y,,

] d4 —ig(x'—x af
D*(x' = x)=| (27;)’4 e ID7 (g), 2)
w(\_ 8% =q"¢"/m’
D (q)_ qz _mzz +io (3)

is the propagator of the Z-boson with the 4-momentum g¢g=k-k, k(k') is the 4-
momentum of the initial (final) neutrino with the energy a(a'), m_ 1s the mass of the Z
boson, ¢, (x) (@, (x)) is the exact solution of the Dirac equation for an electron in a constant

uniform magnetic field [25]

1/4

v, (x) =Texp(— iE,, t+ip,y+ip.z)U 4)

; )

ic,u, ()|

where h =eH , H - is the strength of the magnetic field, L is the normalization length, the

: p, )
variable n=h" (x +—}], E,=\E*=p* =\m? +2hn, E, =E = Jm? +2hn+p* is the

energy of the initial electron p, (p) is y- component ( z-component) of the momentum
of the initial electron, m, is the mass of an electron, #n is the principle quantum number of
the electron in a magnetic field, ¢ ,c,,c,,c, are the spin coefficients of the electron.

The primed corresponding notations that will be met soon belong to the final

electron. It is well known that the Hermite function u_(77) is defined as follows

u,(7)= @ )" e H (), (6)



where

2 d”e_nz
H,(7)=(-1)"¢"
() =D"e i

is the Hermite polynomial.

The gauge of a 4-potential is chosen as
A" =(0,0,xH,0)

and H is directed along the axis Oz.

Here we have dealings with a massless neutrino. The relation

satisfied for a left-handed neutrino.

(7

(8)

5

(k)= ulk) is

We use the pseudo-Euclidean metric with signature (+---) and the system of units

where i=c =1.

Using (1-5) it is easy to write the amplitude

2

M= g [ (k Wu(k)e, ()0 (q),

" 8cos’ 8 (ww )V

where u(k), u(k') are the bispinors of the initial and final neutrinos

Cylg)=[d*xe™ 7. (Wales +2.0 . 0)

is the electron current. This current can be given by

Cﬂ(q)Z2715(E'+a)'—E—a))jﬂ(q),

where

Jpla)=[d'xe™ j (r).

i) =T Wale, +2.07 (),

)

(10)

(11)

(12)

(13)



The calculations give the following expression for the current

Jj(a)=N,J,, (14)

where

4772 [ [ [ [ —ia _i(n—n')(A+71
No = L’ 5(py +ky -py _ky)5(pz +k. —p. _kz)e e( o) (15)

and J, is the transition amplitude of the four-current for the neutrino-electron scattering in
a magnetic field. The components of J,will be given below. The structure of the
components of J, depends on the kind of the polarizations of the electrons. In the

expression (15)

tand =21 (16)
q.
1 ,
a:_qx(py +py)' (17)

2h

By using of the expressions (9), (11), (14) and (15), we represent the amplitude of

the neutrino-electron scattering in the general form

277.3

g r ¢ 1 1

M = ONE'"+w —E-w)o\p, +k. —p_ —k

COSZ ew( r)l/ZVLZ ( ) (py y py y)x. (18)

5(p. +k. - p. —k.)e e @k yLulk)s ,0%

For the low-energy limit

lim{—gm L } 8% (19)

2 2 .
m2>>q> q- —m_ ti&

In this case the matrix element of the process can be written

M =

8G ns ! ] ! ! Y ! —ia _iln=n")A"
\/Ea)aj:)l/zVLz 5(E +w _E_w)é(p}’-i_ky _py _ky)é(pz +kz _pz _kz)e e( )/‘ X (20)

<[z (k' Lulk)o
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In [12] the authors derived the general expression for the cross section of the
neutrino-electron scattering in dense, hot stellar matter, in the presence of strong magnetic
fields. However, in [12] the authors did not investigate the polarization effects. In this
work we take into account the longitudinal polarizations of the initial and final electrons.
We use the standard general formalism presented in [12].

The differential probability of the process can be written in the form

G: . L L L,
dw ZWRCY(E +w-E-w)o(p, +k ~p, —k,)3(p. +k. — p. k. )dp\dpldk ,  (21)
where
R = (s Yicr )+ (e Yot ) - (e Y ) = i T2 e i, (22)

and €™ is the antisymmetric unit tensor.
Dividing (21) by neutrino flux equal to ¥~ we obtain the differential cross section
of the neutrino-electron scattering in the form
__ G : Lo o o
do = WRé(E +w-E-w)o(p, +k\ ~p, —k,)3(p. +k. ~ p. —k.)dp\dpldk .  (23)

Here we have the following expression for the quantity R appearing in (23):

R=(aw’+kxk)'c+k Ky +k k’)ﬂ (oo + ~kyk}y —k k’]J \2+(aw'—k K + ks —kzkg]J \2+

oo kel = e ey + s 2 = 2(c, + ey )R, = 2{ak), + ol JRe T = 20k + ke, M +

0’1 0727 (24)
2k, K+ kick )ReJ oy + 2k’ + bk )Re J,J +2(k kL + Kk )ReJ2J3—

I I I I *
—2Hkykz —kzkyjlmJoJl +(kzkx ~k K )lmJOJ2 —(a)k — k!, )lmJ1 Jy*

+(a)kx ~ k' )lmJ2J3 [a)ky —akyjlmJlJJ

After performing averaging over the initial electron states and summation over the

final electron states the differential cross section can be written in the form

fl et e
= 32n - Z(; [dp. > dp', [dp. (1~ f)RO(E' + &/ ~E ~w)alp! + K, - p, —k, )x

x3(p. +k. = p. ~k.)dp'dpdk'

(25)

n'=0 —0

where

1= 1(E)=[elm +]" (26)
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is the Fermi-Dirac distribution of the initial electrons, f'= f'(E')is the Fermi-Dirac
distribution of the final electrons, g is the electron chemical potential, 7 is the

temperature of the matter.
After taking into account that dk'=w"’da/dQ’ the differential cross section of the

neutrino-electron scattering can be given by the following general expression

do GjeHw & 7 Vo '
= dp.O\E -E- 1-f')R. 27

I1I1. The case of longitudinal polarizations of the electrons

In the case of longitudinal polarization of the electrons we have dealings with the
generalized helicity operator [25]
L=y (my - E), (28)
EPW =, (29)
where p= (E2 -m’ )1/ * and the value ¢ =+1(-1)corresponds to right-hand (left-hand)
helicity.

In the case of longitudinal polarization of the electrons the spin coefficients are [25]

¢ A,B,
(&) :l A,B, (30)
e, | 2| 4,8, |
c, A4,B,
where
" 12 " 12
A{ng, @:{rgj, (1)

12 12
BIZ{I+ZL} , Bzzz{l—zL} . (32)
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By means of (4), (5), (12-15) and (30-32) we find the general expressions for the
current in the neutrino-electron scattering in a magnetic field with allowance for the

longitudinal polarizations of the electrons

(g15, +2.3)/,
;o= (gyf 8.5 a (33)
(¢35 +2.5)f,
(g,5 +2.,5)f;
where
fo=BBil,, +BBI, ..,
f,=BB,e"I,, +BBie"I,,,, (34)
f, =—iB/B,e" I, +iBBie™I .,
fi=B,B)l,, BB,
and

~ 1 I I
Sy :Z(AIAI + AzAz)a

§=—%(AA;+A1'A2). (35)

If we take into account the components of the current J, in the formulae (24-27),

we obtain the general expression for the differential cross section of the neutrino-electron
scattering in a magnetic field with allowance for the longitudinal polarizations of the

initial and final electrons

do _ GreHw & ¢ D .
= E -F- 1- )R 36
D - 3 2 Ldpzé( +w -E-w)f(1-f)R, (36)

where



R:aw'[dl(rlzw 1242001 j+2d (r 12401 j+d3(r 1241242011 j+4d w1

114 77213 743030 52 614 T1713 Togl30 )T g9 Iy T
—2d(r 12 -r )+2d(12 )2d( LTy +raly 0, +r 0L +r DI )
sViola Ttz P2 \aly ~rsly |72dq g iy *nizlalg * gty I3 * syl (37)
b

_2d8(r1611[4_r17[1[3 rglaly *19ln! 3)+2d9(V16[1[4 nylily *rglyly = 19,2,3)+

*+2d, (12[1[4 ~rglp g g5 r15[2[3)]

7 :i[& (4 = 1,8 = 8" + 1,80 ) + 28 (s = el = 1, + plC')]
r, = %Lga(ﬂl 1,0+ )= 2g (s + o+ 0+ )]
n = 8. 08B,
ry =§[g+(u; Ui+ S+ ) = g 80 (1 -0 + U~ 00 ) = 2g (- 4+ i+ S+ S
g =%[g+(ﬂ{ G+ A+ L) = g 00 1+ 08 =0 =0 )+ 2g (Wl - 1 = 8+ 14 8E )]
= % g .30 (1-0¢ ~v' ¢ +uudl),
= % ¢ 351+ +uU'd + o0,
= e 8800+ 80 =20 nd +vig ),
= <le.B8 00" +80')- 0. 80BB % 26,10 +vid ),
o =1[g+(ﬂ ~ U ~ 0"+ )+ 28 (1 — i~ '+ 1,
= ——[g+ (tts + o8 + 110"+ 180 ) = 28, (1, + 1,0 + "+ 11,00,
= ——[g+ Vi -vid vy +uidd )+ 2. (v -vid - ¢ +vidd ],
[g+(V1 ~Vid ~v ' +v,0" )+ 28, (v, = vyl v L), (38)
= ——[g+ W +vid +v &' +v,88") =280 v, +E +v, +0, 07,
———[g+(V VI V0 VL) = 28, (v +vid + vl )
i =§[g+(—v; I+ VL) = g B0B T (1-u) =28, (v —vid v +vidl )
" :%[g+(u7 F V00,00 - g BB+ V) - 2g, (v, +vid +v d +v,20),
Ry = %[g+ (-v, + 7 +v, 0" v, ") - g 00BL(1-7v)-2g. (v, —vid -v .l +v,{0"),
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o = le s +ViE+ 8 Vi) - g BB (14 )28, + Vi Hvil + Vg,

u()=1£0000 , (1) =vtv'oo,
(1) =0 2voo’, w, (1) =00 xuu, 39)
u()=ovzov, u(u)=cxauvv,
(1) =0 xovv', p (i) = ov' 2 a'w,

v, :0;3 ’ |/1’ :a-’ﬁ’, v, :a-’ﬁ, V; :aﬁla Vs :0-0-'139 V; :a-a-llgla V, :U'ﬁa Vz’t :U:B’a
v, =oufB',v.=cufB,v,=ouv'B,v,=0VB,v, =00V, v, =oc'ub, (40)

Vs =80, vy =80, v, = oo .

In (37-40) g, =g} t g’ g=g,2,

and
v=p./p,V=p./p",0=m[E, d =m[E",
Bg=1-0v2)", p=(-v?)", (41)
o=(1-02)", o =(1-57)",
I, _[n,n'—l, I, :[n—l,n', 1, :[n—l,n'—l, I,=1, (42)
where
— l'/n' x/2 (n n')/2LZ’—n' X
Lole)= ) e ) "

is the Laguerre function.

Averaging over the initial electron polarization and summation over the final

electron polarization in (36) leads to the result similar to that obtained in [12].

IV. Discussion and conclusions

We have derived the general expression for the cross section of the neutrino-
electron scattering in a magnetic field with allowance for the longitudinal polarizations of
the initial and final electrons.

Using (36-40) we can come to the conclusion that the cross sections of the neutrino-

electron scattering for the left-handed electrons and for the right-handed electrons are
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different. It means that the left-handed electrons and the right-handed electrons are not
heated by the neutrinos equally. It leads to the anisotropy in heating of the stellar matter.
The analyses of the cross section show that the final neutrinos and electrons are emitted
asymmetrically.

The expression for the cross section obtained in this paper can be applied in the
future in explanation of anisotropies and asymmetries arising in astrophysical phenomena

connected with the neutrino-electron scattering in a magnetic field.
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