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Neutrino interactions in a magnetized medium
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Neutrino-photon processes, forbidden in vacuum, can take place in the presence of a thermal medium or an
external electromagnetic field, mediated by the corresponding charged leptons~real or virtual!. The effect of a
medium or an electromagnetic field is twofold — to induce an effectiven-g vertex and to modify the
dispersion relations of all the particles involved to render the processes kinematically viable. It has already
been noted that in the presence of a thermal medium such an electromagnetic interaction translates into the
neutrino acquiring a small effective charge. In this work, we extend this concept to the case of a thermal
medium in the presence of an external magnetic field and calculate the effective charge of a neutrino in the
limit of a weak magnetic field. We find that the effective charge is direction dependent, which is a direct effect
of the magnetic field breaking the isotropy of the space.
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I. INTRODUCTION

Processes involving neutrinos and photons are of g
importance in astrophysics and cosmology@1#. In particular,
reactions that are forbidden~or are highly suppressed! in
vacuum, notably plasmon decay (g→nn) or the Cherenkov
process (n→ng) and the cross processes~e.g., gg→nn̄,
nn̄→e1e2, etc.!, play a significant role in regions pervade
by dense plasma and/or large-scale external magnetic fi
White dwarfs, neutron stars or the final phases of stellar e
lution ~supernovae! are particular examples where such pr
cesses become important by virtue of the large material d
sity and the presence of strong magnetic fields. Prompte
these objectives we calculate the effective neutrino charg
an external magnetic field in the presence of a thermal
dium.

It has already been shown that then-g interaction in the
presence of a thermal medium induces a small effec
charge on the neutrino and that the neutrino electromagn
vertex is related to the photon self-energy in the medi
@2,3#. We reinvestigate this problem considering not only
thermal medium but also an external magnetic field fo
neutrino coupled to a dynamical photon havingq050 and
uqW u→0. This calculation is pertinent, for example, in the ca
of a type-II supernova collapse@4#. It is conjectured that the
neutrinos, produced deep inside the stellar core, dep
some fraction of their energy in the surrounding mediu
through different kinds of electromagnetic interaction, e
n→ng, nn̄→e1e2 @5#. But it is important to note that the
amplitudes of such processes are proportional toGF

2 and the
amount of energy transferred to the mantle of the pro
neutron star is barely sufficient to blow the stellar envelo
out. Recently, in a series of papers, it has been argued
the freely streaming neutrinos from the supernova core in
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act with the nonrelativistic electrons present in the outer p
of the core through collective interactions~known as the
‘‘two-stream instability’’ in the context of plasma physics!
and this is responsible for blowing up the mantle of the
pernova progenitor@6#.

In this work, we show that the effective charge acquir
by a neutrino in a magnetized medium is, in fact,direction
dependent, which should affect these processes significan
It should be noted here, though, that, except in the very e
universe or in the recently discovered ‘‘magnetars’’~newly
born neutron stars with magnetic fields in excess of 1015 G!
@7# or perhaps in the central region of core-collapse super
vae, the magnetic fields are smaller than the QED lim
(eB,me

2 i.e.,B<1013 G!. This allows for a weak-field treat
ment of the plasma processes relevant to almost all phys
situations. Moreover, this treatment is also valid for comp
astrophysical objects~viz., white dwarfs or neutron stars! for
which the Landau level spacings are quite small compare
the electron Fermi energy@8#. This ensures that the magnet
field does not introduce any spatial anisotropy in the coll
tive plasma behavior.

In the standard model, the above mentionedn-g pro-
cesses appear at the one-loop level. They do not occu
vacuum because they are kinematically forbidden and a
because the neutrinos do not couple to the photons at the
level. In the presence of a medium or a magnetic field, i
the charged particle running in the loop that, when integra
out, confers its electromagnetic properties on the neutr
Therefore, processes involving two neutrinos and one pho
which are forbidden in vacuum can become important in
presence of a medium and/or external fields@9–11#. These
charged particles could be the electrons of the backgro
thermal medium or the virtual electrons and positrons in
presence of an external magnetic field or both. The proce
also become kinematically allowed since the photons acq
an effective mass in a thermal medium. This, for examp
opens up the phase space for the Cherenkov procesn
→ng @10,12,13#. The presence of a magnetic field wou
also modify the photon dispersion relation and then the Ch
enkov condition would be satisfied for significant ranges
©2001 The American Physical Society07-1
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BHATTACHARYA, GANGULY, AND KONAR PHYSICAL REVIEW D 65 013007
photon frequencies@14–16#. A thermal medium and an ex
ternal magnetic field, thus, satisfy the dual purpose of ind
ing an effective neutrino-photon vertex and of modifying t
photon dispersion relation such that the phase space for
ous neutrino-photon processes is opened up~see @11# and
references therein for a detailed review!.

The organization of the paper is as follows. In Sec. II
discuss the basic formalism for calculating the effect
charge of a neutrino. Section III contains the details of
calculation of the one-loop diagram in the presence o
magnetized medium. In Sec. IV we discuss the generic fo
of the neutrino effective charge in different background co
ditions. Finally, in Sec. V we present the expression for
effective charge of a neutrino. We conclude with a discuss
of the possible implications of our result in Sec. VI.

II. FORMALISM

The off-shell electromagnetic vertex functionGl is de-
fined in such a way that, for on-shell neutrinos, thenng
amplitude is given by

M52 i ū~k8!Glu~k!Al~q!, ~1!

whereq,k,k8 are the momentum carried by the photon a
the neutrinos, respectively, andq5k2k8. Here,u(k) is the
neutrino wave function andAm stands for the electromag
netic vector potential. In general,Gl would depend onk and
q, the characteristics of the medium and the external elec
magnetic field. We shall, in this work, consider neutrino m
menta that are small compared to the masses of theW andZ
bosons. We can, therefore, neglect the momentum de
dence in theW andZ propagators, which is justified if we ar
performing a calculation to the leading order in the Fer
constantGF . In this limit the four-fermion interaction is
given by the following effective Lagrangian:

Leff5
1

A2
GFn̄gm~11g5!n l̄ ngm~gV1gAg5!l n , ~2!

wheren andl n are the neutrino and the corresponding lep
field, respectively. For electron neutrinos,

gV512~124 sin2uW!/2, ~3!

gA5121/2, ~4!

where the first terms ingV andgA are the contributions from
the W exchange diagram and the second those from thZ
exchange diagram. Then the amplitude effectively reduce
that of a purely photonic case with one of the photons
placed by the neutrino current, as seen in the diagram in
1. Therefore,Gl is given by

Gm52
1

A2e
GFgn~11g5!~gVPmn1gAPmn

5 !, ~5!

wherePmn
5 represents the vector–axial vector coupling a

Pmn is the polarization tensor arising from the diagram
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Fig. 2. In an earlier paper@17# ~paper I henceforth! we ana-
lyzed the structure ofPmn and calculated the photon dispe
sion relation in a background medium in the presence o
uniform external magnetic field, in the weak-field limit, b
retaining terms up toO(B), calculated at the one-loop leve
We shall use the results of paper I here to obtain the t
effective charge of the neutrinos under equivalent conditio
Because of the electromagnetic current conservation, for
polarization tensor, we have the following gauge invarian
condition:

qmPmn505Pmnqn. ~6!

The same is true for the photon vertex of Fig. 1 and we h

Pmn
5 qn50. ~7!

Therefore, the effective charge of the neutrinos is defined
terms of the vertex function by the following relation@2#:

eeff5
1

2k0
ū~k!G0~q050, q→0!u~k!. ~8!

For massless Weyl spinors this definition can be rendere
the form

eeff5
1

2k0
tr@G0~q050, q→0!~11lg5!k” # ~9!

wherel561 is the helicity of the spinors.
It can be seen from Eq.~9! that, in general, the effective

neutrino charge depends onPmn(q) as well as onPmn
5 (q).

Now, in a magnetized medium, the dispersive part ofPmn to
linear order inB has the following form~paper I!:

Pmn}«mna ib
qb, ~10!

wherea i stands for either 0 or 3~to be explained in detail in
the next section!. This evidently vanishes in the limitq0
50, q→0. Therefore, in a magnetized medium, the nonz
contribution to the effective charge of the neutrinos com

FIG. 1. One-loop diagram for the effective electromagnetic v
tex of the neutrino in the limit of infinitely heavyW andZ masses.

FIG. 2. One-loop diagram for the polarization tensor.
7-2
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NEUTRINO INTERACTIONS IN A MAGNETIZED MEDIUM PHYSICAL REVIEW D 65 013007
solely from Pmn
5 (q). In Sec. IV we shall discuss, from

more general point of view, why the effective charge o
neutrino, in a magnetized medium, comes only fromPmn

5 (q)
to linear order inB. Therefore, the effective charge of th
neutrinos is given by

eeff52
1

2k0

GF

A2e
gAPm0

5 ~q050, q→0!

3tr$gm~11g5!~11lg5!k” %. ~11!

III. CALCULATION OF THE ONE-LOOP DIAGRAM

A. The propagator

Since we investigate the case of a purely magnetic fiel
can be taken in thez direction without any further loss o
generality. We denote the magnitude of this field byB. Ig-
noring at first the presence of the medium, the elect
propagator in such a field can be written down followi
Schwinger’s approach@18–20#:

iSB
V~p!5E

0

`

dseF(p,s)C~p,s!, ~12!

whereF andC are defined below. To write these in a com
pact notation, we decompose the metric tensor into
parts:

gmn5gmn
i 1gmn

' , ~13!

where

gmn
i 5diag~1,0,021!,

gmn
' 5diag~0,21,21,0!. ~14!

This allows us to use the following definitions:

pi
25p0

22p3
2 , ~15!

p'
2 5p1

21p2
2 . ~16!

Using these notations we can write

F~p,s![ isS pi
22

tan~eBs!

eBs
p'

2 2m2D2eusu, ~17!

C~p,s![
eieBssz

cos~eBs! S p” i1
e2 ieBssz

cos~eBs!
p”'1mD

5@~11 isz taneBs!~p” i1m!1~sec2 eBs!p”'#,
~18!

where

sz5 ig1g252g0g3g5 , ~19!

and we have used

eieBssz5coseBs1 isz sineBs. ~20!
01300
it

n

o

Of course in the range of integration indicated in Eq.~12! s is
never negative and henceusu equalss. It should be mentioned
here that we follow the notation adopted in paper I to ens
continuity. In the presence of a background medium,
above propagator is modified to@21#

iS~p!5 iSB
V~p!1SB

h~p!, ~21!

where

SB
h~p![2hF~p!@ iSB

V~p!2 iS̄B
V~p!# ~22!

and

S̄B
V~p![g0SB

V†~p!g0 ~23!

for a fermion propagator, such that

SB
h~p!52hF~p!E

2`

`

dseF(p,s)C~p,s!. ~24!

hF(p) contains the distribution function for the fermions an
the antifermions:

hF~p!5Q~p•u! f F~p,m,b!1Q~2p•u! f F~2p,2m,b!.
~25!

Here, f F denotes the Fermi-Dirac distribution function:

f F~p,m,b!5
1

eb(p•u2m)11
, ~26!

andQ is the step function given by

Q~x!5H 1 for x.0,

0 for x,0.

B. Identifying the relevant terms

The amplitude of the one-loop diagram of Fig. 1 can
written as

iPmn
5 ~q,b!52E d4p

~2p!4
~ ie!2 tr@gmg5iS~p!gniS~p8!#,

~27!

where, for the sake of notational simplicity, we have use

p85p1q. ~28!

The minus sign on the right side is for a closed fermion lo
and S(p) is the propagator given by Eq.~21!. This implies
that

Pmn
5 ~q,b!52 ie2E d4p

~2p!4
tr@gmg5iS~p!gniS~p8!#.

~29!

Now using Eq.~24! we have the terms containing the effec
of the medium and the external field~nonabsorptive!:
7-3
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Pmn
5 ~q,b!52 ie2E d4p

~2p!4
tr@gmg5SB

h~p!gniSB
V~p8!

1gmg5iSB
V~p!gnSB

h~p8!#. ~30!

Substitutingp by 2p8 in the second term and using th
cyclic property of traces, we can write Eq.~30! as

Pmn
5 ~q,b!52 ie2E d4p

~2p!4
tr@gmg5SB

h~p!gniSB
V~p8!

1gnSB
h~2p!gmg5iSB

V~2p8!#. ~31!

Using now the form of the propagators from Eqs.~12! and
~24!, we obtain

Pmn
5 ~q,b!5 ie2E d4p

~2p!4E2`

`

dseF(p,s)E
0

`

ds8eF(p8,s8)

3Gmn~p,p8,s,s8,B! ~32!

with

Gmn5hF~2p!tr@gnC~2p,s!gmg5C~2p8,s8!#

1hF~p!tr@gmg5C~p,s!gnC~p8,s8!#. ~33!

It should be mentioned here that the effective charge of
neutrinos comes from the dispersive part of the axial po
ization tensor. Therefore, we work with the real part of t
11-component of the axial polarization tensor throughout
for notational simplicity suppress the 11-index everywher

C. Extracting the gauge invariant piece

Pmn
5 (k,b) in odd powers ofB. Notice that the phase fac

tors appearing in Eq.~32! are even inB. Thus, we need
consider only the odd terms from the traces. Performing
traces the gauge invariant expression, odd in powers oB,
comes out to be

Pmn
5 ~q,b!524e2E d4p

~2p!4
h1~p!E

2`

`

dseF(p,s)

3E
2`

`

ds8eF(p8,s8)Rmn , ~34!

where

h1~p!5hF~p!1hF~2p! ~35!

and

Rmn52«mn12

sec2 eBs tan2eBs8

taneBs1taneBs8
q'

2 2«mn12~q•p!

3~ taneBs1taneBs8!12«m12a i
~pn i

8 pa i taneBs

1pn i
p8a i taneBs8!1gma i

qn'
pã i~ taneBs2taneBs8!
01300
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2gma i
qn'

qã i
sec2 eBs tan2 eBs8

taneBs1taneBs8

1$gmn~p•q̃! i1gna i
pã iqm'

%~ taneBs2taneBs8!

1gna i
qã ipm'

sec2 eBs taneBs8. ~36!

In writing this expression, we have used the notationpã i, for
example. This signifies thatã i can take only the ‘‘parallel’’
indices, i.e., 0 and 3, and is moreover different from t
index a appearing elsewhere in the expression. We perfo
the calculations in the rest frame of the medium wherep•u
5p0. Thus the distribution function does not depend on
spatial components ofp and is given simply byh1(p0).

IV. TENSORIAL STRUCTURES OF Pµn AND Pµn
5

It can be seen from Eq.~9! that, in general, the effective
neutrino charge depends onPmn(q) as well as onPmn

5 (q).
Now, in vacuum we have

Pmn~q!5~gmnq22qmqn!P~q2!, ~37!

whereP(k2) vanishes forq050, q̄→0. The other contribu-
tion to the effective charge, coming fromPmn

5 (k), also van-
ishes in vacuum. This can be understood from the gen
form factor analysis. We should be able to expressPmn

5 (k),
in vacuum, in terms ofgmn , emnls , and ql . The parity
structure of the theory forbids the appearance ofgmn . There-
fore, the only possible combination to obtain a second ra
tensor isemnlsqlqs . Since this is identically zero, there ca
be no effective charge of a neutrino in vacuum.

On the other hand, in the presence of a medium the
larization tensor can be expanded in terms of the form fac
as follows@10#:

Pmn~k!5PTTmn1PLLmn1PPPmn , ~38!

where

Tmn5g̃mn2Lmn , ~39!

Lmn5
ũmũn

ũ2
, ~40!

Pmn5
i

Q«mnabqaub, ~41!

and

g̃mn5gmn2
qmqn

k2
, ~42!

ũm5g̃mrur, ~43!

Q5A~q•u!22q2 ~44!
7-4
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NEUTRINO INTERACTIONS IN A MAGNETIZED MEDIUM PHYSICAL REVIEW D 65 013007
in the rest frame of the medium whereum5(1,0,0,0). It is
easy to see that neither the longitudinal projectionLmn nor
PL is nonzero in the limitq050, q̄→0. This then provides a
nonzero contribution to the effective charge of the neutri
In @2# it was shown that the nonzero contribution to the
fective charge, in the presence of a thermal medium, co
only from thePmn(q) part. The tensor structure ofPmn

5 in a
medium is of the form«mnabqaub and does not contribute t
the zeroth component ofGn . For a more physical under
standing of the appearance of the effective charge of
neutrinos in a medium, see@2#.

Now, at the one-loop levelPmn is invariant under charge
conjugation, i.e., if we calculate the vacuum polarization i
medium with a certain background field, it should be t
same as that obtained in a charge-conjugated medium
an opposite background field. This means that, in the po
ization tensor, the terms are either even in the backgro
field or even inm or odd in both. Therefore, in the absence
a medium~which can be thought of as containingm0), the
terms containing odd powers of the background field sho
vanish~see paper I for a discussion!. Therefore, the contri-
bution to the effective charge of a neutrino in the presenc
a background magnetic field in vacuum comes only fr
Pmn

5 (q), to linear order inB. Now, Pmn
5 (q) in a magnetized

vacuum is given by@9#

Pmn
5 ~q!5

i

~4p!2E0

`

dsE
21

1

dv/2e2 isx$~12v2!qi
meF̃qn

1R~2q'
2 eF̃mn1q'

meF̃qn1q'
n eF̃qm!% ~45!

with

x5m21
~12v2!

4
qi

21
cosvz2cosz

2z sinz
, ~46!

R5
12v sinvz sinz2cosvz cosz

sin2 z
, ~47!

where z5eBs and F̃mn5 1
2 emnlsFls @note that the metric

used in Eq.~45! is gmn5diag(2,1,1,1)#. It is evident that
in the zero frequency and long wavelength limitPmn

5 van-
ishes, resulting in zero effective charge of a neutrino in
magnetized vacuum.

The tensorial form ofPmn has been discussed in detail
paper I. It can be seen from that discussion that in a mag
tized medium the electromagnetic field always appears in
combinationumFmn or qmFmn in Pmn , to linear order in the
field strength. Since we consider the case of a pure magn
field and a stationary medium, the only terms that wo
survive would contain the combinationqmFmn ~also borne
out by the explicit calculations of paper I!. Hence, in the zero
frequency, long wavelength limit this term vanishes, leav
only Pmn

5 to contribute to the effective charge of the ne
trino. Now, in a magnetized mediumPmn

5 can be written, in
terms of the general basis vectors available, as follows:
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Pmn
5 5emn12@q'

2 f 11qi
2f 21~q.u! f 3#1em12a i

3~qn i
ua i f 31un i

ua i f 41qa iun i
f 51qn i

qa i f 6

1un i
qa i f 71qa i

qn i
f 8!1gma i

qn'
~uã i f 91qã i f 10!

1gmnqa i
qã i f 111gmnua i

qã i f 121gna i
uã iqm'

f 13

1gna i
qã iqm'

f 141gna i
qã iqm'

f 15, ~48!

where f i are the corresponding form factors. It can easily
seen that the terms proportional to the product ofu’s are
nonzero in the static long wavelength limit, giving a fini
contribution to the effective charge of the neutrino.

In this connection, it should be mentioned that the effe
tive charge of the neutrinos has a simple relation to the
bye screening length in the case of an unmagnetized plas
As has been shown in@2# the contribution to the effective
charge comes only fromPL , which corresponds to the De
bye screening in the limitq050, q→0. In the case of a
magnetized plasmaPmn

5 , in general, would have many mor
tensorial forms in it due to the presence of the electrom
netic tensor~paper I!. Hence, there may not exist a simp
correspondence between the Debye screening and the e
tive charge of a neutrino in a magnetized medium.

V. EFFECTIVE CHARGE OF A NEUTRINO

It is evident from Eq.~11! that to find the effective charge
of the neutrino we need only calculatePm0

5 in the limit (q0

50, q→0). From Eq.~36! it can be seen that in this limit the
only surviving terms inP00

5 are the ones containing od
powers of p0. Now, h1(p0) is even in p0 and so is the
exponent in the zero frequency limit. Hence,p0 integration
makesP00

5 vanish. We also have

R105p3q1~ taneBs2taneBs8!1q3p1 sec2 eBs taneBs8,
~49!

R205p3q2~ taneBs2taneBs8!1q3p2 sec2 eBs taneBs8.
~50!

It can be seen that afterp integration we shall have term
proportional toq3q1 andq3q2 in P10

5 andP20
5 , respectively,

as the integrals inp1 and p2 are Gaussian. In the limitq
→0 these terms vanish. Therefore, in the relevant limit
vanishing external photon momenta, onlyP30

5 , given by

P30
5 ~q050, qW→0W !5 lim

q050, qW→0

4e2E d4p

~2p!4E
2`

`

ds eF(p,s)

3E
0

`

ds8 eF(p8,s8)h1~p0!

3@~q•p! i22p0
2#~ taneBs1taneBs8!,

~51!

has a nonzero contribution to the effective charge. It can
seen that in the above expression, except for the expon
7-5
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the integrand is free of the perpendicular components of
momentum. Therefore, the perpendicular components of
loop momentum can be integrated out. Now the exponen
factors can be written as

F~p,s!1F~p8,s8!5F i1F' , ~52!

where

F i5 is~pi
22m2!1 is8~pi8

22m2!2«usu2«us8u, ~53!

F'52
i taneBs

eB p'
2 2

i taneBs8

eB p'8
2 . ~54!

Therefore, integration of the perpendicular part of the m
mentum gives us

E d2p'

~2p!2
eF'5expS 2

i

eB
taneBs taneBs8

taneBs1taneBs8
k'

2 D E d2p'

~2p!2

3expF2 i
taneBs taneBs8

eB

3S p'1
taneBs8

taneBs1taneBs8
q'D 2G

52
1

4p

ieB
taneBs1taneBs8

, ~55!

where we have neglected terms up toO(q'
2 ) since, to calcu-

late the effective charge of the neutrinos, we ultimately ha
to take the limitk→0. Hence, Eq.~51! can be written as

P30
5 ~q050, q→0!52 lim

q050, q→0

ie3B
p E d2pi

~2p!2 h1~p0!

3E
2`

`

ds eis(pi
2
2m2)2«usu3E

0

`

ds8

3eis8(pi8
2
2m2)2«us8u@~q•p! i22p0

2#

5 lim
k050, q→0

2e3BE d2pi

~2p!2 h1~p0!

3
~pi

22m2!

~pi8
22m2!1 i«

3@~q•p! i22p0
2#,

~56!

where we have used the following relation:

E
2`

`

ds eis(pi
2
2m2)2«usu E

0

`

ds8 eis8(pi8
2
2m2)2«us8u

52p i
d~pi

22m2!

~pi8
22m2!1 i«

. ~57!
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The expression forP30
5 given by Eq.~56! contains two parts

which can be integrated separately to obtain

lim
q050, q→0

E d2pi

~2p!2
~2p!

~pi
22m2!

~pi8
22m2!1 i«

h1~p0!~q•p! i

5
1

2E dp

2p

h1~Ep!

Ep
~58!

and

lim
q050, q→0

E d2pi

~2p!2
~2p!p0

2
~pi

22m2!

~pi8
22m2!1 i«

h1~p0!

5
1

4E dp

2p Fh1~Ep!

Ep
2bh1~Ep!G , ~59!

whereEp
25p21m2. Therefore we have

P30
5 ~q050, q→0!5

~e3B!

2p
bE dp

2p
h1~Ep!. ~60!

Now it is evident that in the limit (q050, q→0) the
dominant component ofPmn

5 is P30
5 . Therefore, the indexm

in Eq. ~11! can only take the value 3. Incorporating this fa
and after taking the trace, Eq.~11! takes the following form:

eeff52
GF

A2e
gA~12l!P30

5 ~q050, q→0!cosu, ~61!

where u is the angle between the magnetic field and
direction of the neutrino propagation. Therefore, in the lim
of m>m, we obtain

eeff
n 5

1

8A2p3
e2GFgA~12l!B cosu

3 (
n50

`

~21!n~11n!bm K1@~n11!bm#

3cosh$~n11!bm%, ~62!

whereKn is the nth order modified Bessel function of th
second kind. It should be noted here that, even though
result is linear in the field strengthB, it is exact to all odd
powers ofB. In the zero frequency, long wavelength limit
is only the term linear inB that survives. To get a feeling fo
the magnitude of the effective charge of a neutrino in
presence of a background magnetic field, we compare
with that in the absence of a magnetic field. In the limit
vanishing chemical potential, the ratio between the effect
charge in a magnetized medium and that in a simple ther
medium turns out to be

eeff
n ~B!

eeff
n ~B50!

5
cA

4p3 S B
Bc

D ~mb!3K1~mb!cosu. ~63!
7-6



pr
-
a

ac
ca
in
ob

in
e

ag
re
ti
iv
ti

he
th
er
ge
a
o
n
e

is
ti
o

eu-
e

s.
er
ass
of

the
la-
a

two
has

ure
h-
re
ro-
ys-

of

ec-
rnal
of

al
for
n-
nk
ere

NEUTRINO INTERACTIONS IN A MAGNETIZED MEDIUM PHYSICAL REVIEW D 65 013007
It can be seen from the equation above that the ratio is
portional to B/Bc . Since in almost all astrophysical situa
tions encountered so far this ratio is less than 1, in the we
field limit the charge due to the unmagnetized plasma
larger than in the case of a magnetized plasma.

VI. CONCLUSION

To conclude, we note that only left-handed neutrinos
quire an effective charge. Since we have performed our
culation for massless neutrinos, standard-model neutr
should automatically come out of the theory. But recent
servations indicate that the neutrinos have mass~which al-
lows for both left-handed and right-handed neutrinos!. Our
treatment can be modified for massive neutrinos follow
the method adopted in@2# and we expect that the qualitativ
aspects of our result should remain the same.

More importantly, we notice that the presence of a m
netic field breaks the isotropy of space and introduces a p
erential direction. As a consequence, neutrinos propaga
along the direction of the magnetic field acquire a posit
charge whereas those propagating in the opposite direc
acquire a negative charge. The net effect of this would t
be the creation of a charge current along the direction of
field. Interestingly, neutrinos propagating in a direction p
pendicular to the field would acquire zero effective char
whereas in an unmagnetized thermal medium neutrinos
quire an effective charge irrespective of their direction
propagation. Therefore for isotropic neutrino propagation
net current is generated in that case, unlike in the presenc
a magnetic field.

It is worth mentioning here that the generation of th
charge current may play a significant role in the magne
field generation of neutron stars being produced in supern
cs

.
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explosions. Another possible application could be to the n
trino wind driven instability responsible for blowing up th
outer mantle of supernovae as proposed in@6#. The basic
mechanism of this instability can be understood as follow
Consider the collision of two plasma fluids. If we consid
the motion of one plasma with respect to the center of m
of the other, then the dispersion relation of the particles
the first would depend on the relative velocity between
two plasmas. Now this velocity dependent dispersion re
tion can give rise to damping or instability of the plasm
modes depending on the relative velocity between the
media. The growth rate of the plasmons, in such systems,
been estimated using the formalism of finite temperat
field theory @22,23# as well as using plasma physics tec
niques@6#. It is important to note that the finite temperatu
field theory techniques show the damping/growth to be p
portional toGF

2 whereas calculations using the plasma ph
ics techniques show a scaling asGF @6#.

In conclusion, we have calculated the effective charge
neutrinos in a weakly magnetized plasma, in the limitm
.m. It is observed that the neutrino charge acquires a dir
tion dependence as a result of the presence of an exte
magnetic field, and it is also proportional to the magnitude
the field strength present in the system.
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