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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 I¢mahsr virtua). The effect of a
medium or an electromagnetic field is twofold — to induce an effeciivg 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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[. INTRODUCTION act with the nonrelativistic electrons present in the outer part
of the core through collective interactiorfknown as the
Processes involving neutrinos and photons are of gredtwo-stream instability” in the context of plasma physjcs
importance in astrophysics and cosmold@y. In particular, and this is responsible for blowing up the mantle of the su-
reactions that are forbiddefor are highly suppressgdn  pernova progenitof6].

vacuum, notably plasmon decay-G vv) or the Cherenkov In this work, we show that the effective charge acquired
— by a neutrino in a magnetized medium is, in fatitection

rocess and the cross processés.g., , . S
Pro v (_/_WY) | anifi P e i eeg yy_wvd d dependentwhich should affect these processes significantly.
vv—e'e, efc), play a significant role in regions pervaded | o494 be noted here, though, that, except in the very early
by dense plasma and/or large-scale external magnetic f'eldﬁniverse or in the recently discovered “magnetataewly

White dwarfs, neutron stars or the final phases of stellar eV0h0rn neutron stars with magnetic fields in excess df T)

lution (supernovgbare particulqr examples where such pro- 7] or perhaps in the central region of core-collapse superno-
cesses become important by virtue of the large material de /ae, the magnetic fields are smaller than the QED limit

sity and the presence of strong magnetic fields. Prompted b b B< mé i.e., B=10"G). This allows for a weak-field treat-

these objectives we calculate the effective neutrino charge i .
ment of the plasma processes relevant to almost all physical

3&§1Xtemal magnetic field in the presence of a thermal MESituations. Moreover, this treatment is also valid for compact

It has already been shown that they interaction in the ast.rophysmal objectsiz., Wh'.te dwarfs or neutron stgréor
. . . which the Landau level spacings are quite small compared to
presence of a thermal medium induces a small effectiv

charge on the neutrino and that the neutrino electromagnet pe electron Fermi energy). This ensures that the magnetic
g€ . INCUTId does not introduce any spatial anisotropy in the collec-
vertex is related to the photon self-energy in the mediu

. . ; 2 Mive plasma behavior.
[2,3]. We reinvestigate this problem con5|der|n_g not only a In the standard model, the above mentio pro-
thermal medium but also an external magnetic field for a 2%

neutrino counled to a dvnamical photon havi 0 and CESSes appear at the one-loop level. They do not occur in
P y P g vacuum because they are kinematically forbidden and also

|g|—0. This calculation is pertinent, for example, in the casepecause the neutrinos do not couple to the photons at the tree
of a type-II supernova collapsé]. It is conjectured that the |eye|. In the presence of a medium or a magnetic field, it is
neutrinos, produced deep inside the stellar core, deposihe charged particle running in the loop that, when integrated
some fraction of their energy in the surrounding mediumgyt confers its electromagnetic properties on the neutrino.
through different kinds of electromagnetic interaction, e.9.;Therefore, processes involving two neutrinos and one photon
v—vy, vv—e*e” [5]. But it is important to note that the which are forbidden in vacuum can become important in the
amplitudes of such processes are proportionzﬁﬁoand the presence of a medium and/or external fielfls-11]. These
amount of energy transferred to the mantle of the proto-charged particles could be the electrons of the background
neutron star is barely sufficient to blow the stellar envelopeghermal medium or the virtual electrons and positrons in the
out. Recently, in a series of papers, it has been argued thptesence of an external magnetic field or both. The processes
the freely streaming neutrinos from the supernova core interalso become kinematically allowed since the photons acquire
an effective mass in a thermal medium. This, for example,
opens up the phase space for the Cherenkov proeess

*Email address: kaushikb@theory.saha.ernet.in — vy [10,12,13. The presence of a magnetic field would
"Email address: avijit@theory.saha.ernet.in also modify the photon dispersion relation and then the Cher-
*Email address: sushan@iucaa.ernet.in enkov condition would be satisfied for significant ranges of
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photon frequenciefl4-16. A thermal medium and an ex-
ternal magnetic field, thus, satisfy the dual purpose of induc-
ing an effective neutrino-photon vertex and of modifying the
photon dispersion relation such that the phase space for vari-
ous neutrino-photon processes is opened(sge[11] and
references therein for a detailed revijew

The organization of the paper is as follows. In Sec. Il we
discuss the basic formalism for calculating the effective pg. 1. One-loop diagram for the effective electromagnetic ver-
charge of a neutrino. Section Il contains the details of thex of the neutrino in the limit of infinitely heavw andZ masses.
calculation of the one-loop diagram in the presence of a
magnetized medium. In Sec. IV we discuss the generic fornFig. 2. In an earlier papdn 7] (paper | henceforthwe ana-
of the neutrino effective charge in different background condyzed the structure ofl** and calculated the photon disper-
ditions. Finally, in Sec. V we present the expression for thesjon relation in a background medium in the presence of a
effective charge of a neutrino. We conclude with a discussiomniform external magnetic field, in the weak-field limit, by

of the possible implications of our result in Sec. VI. retaining terms up t@(B), calculated at the one-loop level.
We shall use the results of paper | here to obtain the total
Il. FORMALISM effective charge of the neutrinos under equivalent conditions.

Because of the electromagnetic current conservation, for the
polarization tensor, we have the following gauge invariance
condition:

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

. g“I1,,=0=II,,9". (6)
M= —iu(k")T\u(k)ANq), (N _ _
The same is true for the photon vertex of Fig. 1 and we have

whereq,k,k’ are the momentum carried by the photon and s
the neutrinos, respectively, anpg=k—k’. Here,u(k) is the I17,9"=0. )
neutrino wave function ané* stands for the electromag- . : . , .

. : Therefore, the effective charge of the neutrinos is defined in
netic vector potential. In generdl, would depend oik and terms of the vertex function by the following relati¢:

g, the characteristics of the medium and the external electro-
magnetic field. We shall, in this work, consider neutrino mo- 1_
menta that are small compared to the masses oi\tla@dZ eeﬁ:Wu(k)Fo(q():O, g—0)u(k). €)]
bosons. We can, therefore, neglect the momentum depen- 0
dence n theandZ prppagators, Wh'(.:h 'SJUSt'f".ad if we are For massless Weyl spinors this definition can be rendered in
performing a calculation to the leading order in the Fermiy o torm
constantGg. In this limit the four-fermion interaction is
given by the following effective Lagrangian: 1
€= 5 M T0(0o=0,4—0)(1+A¥)K] (9
1 — _ 0

- "
Let \/EGFW (176 vl yu(Gv T Oaye)l, (2 where\ = =1 is the helicity of the spinors.

It can be seen from Eq9) that, in general, the effective
wherev andl, are the neutrino and the corresponding leptonneutrino charge depends éh,,(q) as well as orﬂiv(q).

field, respectively. For electron neutrinos, Now, in a magnetized medium, the dispersive partlgf, to
) linear order inB has the following form(paper ):
gy=1—(1—4 sirfoy)/2, ©)
Huvocsuva‘lﬁqﬁ! (10)
ga=1-1/2, (4

. _ o wherea| stands for either 0 or @o be explained in detail in
where the first terms igy andg, are the contributions from  the next section This evidently vanishes in the limig,
the W exchange diagram and the second those fromZthe =0 q—0. Therefore, in a magnetized medium, the nonzero

exchange diagram. Then the amplitude effectively reduces tgontribution to the effective charge of the neutrinos comes
that of a purely photonic case with one of the photons re-

placed by the neutrino current, as seen in the diagram in Fig.
1. Therefore[', is given by

/

p+ p

1
I,=— = Gey"(1+ 7)oyl +GalIS,), (5

J2e
wherel‘[f’w represents the vector—axial vector coupling and p
IT,, is the polarization tensor arising from the diagram in FIG. 2. One-loop diagram for the polarization tensor.
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solely fromH ,(d). In Sec. IV we shall discuss, from a Of course in the range of integration indicated in Ep) sis
more general pomt of view, why the effective charge of anever negative and henf{s equalss. It should be mentioned
neutrino, in a magnetized medium, comes only frﬂri]v(q) here that we follow the notation adopted in paper | to ensure

to linear order inB. Therefore, the effective charge of the continuity. In the presence of a background medium, the

neutrinos is given by above propagator is modified [a1]
1 Ge iS(p)=iSg(p) +S4(p), (22)
®et™ " 2k, 26 —=09all5(do=0,4—0) where
Xtr{ y*(1+ y5)(1+ N y*)K}. (1D SE(p)=—ne(P)[iSy(P) ~iSe(p)] (22
IIl. CALCULATION OF THE ONE-LOOP DIAGRAM and
A The propagator SYP=70S(P) %o (23)

Since we investigate the case of a purely magnetic field, it
can be taken in the direction without any further loss of for a fermion propagator, such that
generality. We denote the magnitude of this field Bylg- .
noring at first the presence of the medium, the electron Sg(p)z—ﬂF(p)f dse?®P9C(p,s). (24)
propagator in such a field can be written down following —

Schwinger’s approacfil8—2Q: _ o _ _
ne(p) contains the distribution function for the fermions and
the antifermions:

where® andC are defined below. To write these in a com- (25

ngtts notation, we decompose the metric tensor into tW‘?—|eref denotes the Fermi-Dirac distribution function:

iSy(p)= f:dseq’(p's)C(p,s), (12

N 1
vt Guws 13 fF(pW«:B)ZMv (26)

where

| ) and 0O is the step function given by
g,,=diag1,0,0-1),

1 for x>0,
gt,,:diaqo,—l,—l,O). (14 ®00= 0 for x<0.
This allows us to use the following definitions:
B. Identifying the relevant terms
pf=p5—pP3 (19 i i i
I—FoFs» The amplitude of the one-loop diagram of Fig. 1 can be
written as
pf=pi+ps. (16)
4
Using these notations we can write inw(q B)= _f )4(|e)2 t 7, 761S(P) 7,iS(p)],
tan(eBss) 2
D (p, s)—|s<p| sz mz)—elsl, 17 @7
where, for the sake of notational simplicity, we have used
ieBso, —ieBso, (28)
= p’'=p+q.
Cp.s) cogeBs) b+ cogeBs) po+m
The minus sign on the right side is for a closed fermion loop
=[(1+io,taneBs)(pj+m)+(seéeBs)p, ], and S(p) is the propagator given by Eq1). This implies
(18)  that
where d4
115,(0.8)= —i¢? | 2T, 74iS(p) 7iS(p")]
T, =1Y1Y2= = Y0375, (19 - (2m* "
(29)
and we have used
. Now using Eq.(24) we have the terms containing the effects
e'®5s7z2= coseBs+io, siness. (20 of the medium and the external fiefdonabsorptive
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d4
I10,8)=—ie? | ety 7S isi(p)

w

+9,751S8(P) 7,SE(p")]. (30)

Substitutingp by —p’ in the second term and using the

cyclic property of traces, we can write E@O) as

4

d
115, (a.0)-—ie? | ’ ‘; 1 7, vsS3(P) 1 SY(P')

T 4
+7,58(—P) 7, ¥5iSp(—p")]. (31

Using now the form of the propagators from E@$2) and
(24), we obtain

4 o] o]
dp f dse‘I’(p's)f ds'e®®"s)
(2m) 0

XG,.(p,p’",s,s",B) (32

wa(q,m:iezf B
with
Guv= (=PI, C(=P.9) 7, 75C(—p".8")]
+ 7e(P7,7:C(P.9)7,C(P" ). (33

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

C. Extracting the gauge invariant piece

PHYSICAL REVIEW D 65 013007

~ sed eBstart eBs’
_g/.l.quVLq "

taneBs+ tane3s’
+{9,,(P 'EI)H + 9VaHp“HqM}(taneBs—taneBs')

+ gVquz“l\pMse@ eBstaneBs’. (36)

In writing this expression, we have used the notafiéh for
example. This signifies thiftH can take only the “parallel”
indices, i.e., 0 and 3, and is moreover different from the
index a appearing elsewhere in the expression. We perform
the calculations in the rest frame of the medium where
=po. Thus the distribution function does not depend on the
spatial components gf and is given simply by, (po).

IV. TENSORIAL STRUCTURES OF I, AND Hf“,

It can be seen from Ed9) that, in general, the effective
; 5
neutrlno charge depends dh,,(q) as well as oI’ ().
Now, in vacuum we have

I,,(0)=(9,,4°—q,d,)I1(g?), (37

wherell(k?) vanishes forgo=0, q—0. The other contribu-
tion to the effective charge, coming froﬁﬁiv(k), also van-
ishes in vacuum. This can be understood from the general

form factor analysis. We should be able to exprﬁég(k),

in vacuum, in terms 0fQ,,, €,,.,, andd,. The parity
tructure of the theory forbids the appearancg gf. There-
ore, the only possible combination to obtain a second rank

tensor ise,,,) ,0\d, - Since this is identically zero, there can
be no effective charge of a neutrino in vacuum.

On the other hand, in the presence of a medium the po-

H'fw(k,,g) in odd powers of3. Notice that the phase fac- larization tensor can be expanded in terms of the form factors

tors appearing in Eq(32) are even inB. Thus, we need as follows[10]:
consider only the odd terms from the traces. Performing the

traces the gauge invariant expression, odd in powers, of

comes out to be

d -
p m(p)f dse’ (o)

Hiy<q,ﬂ>=—4e2f

(2m)*
X flds’e‘l’(p"s')RW, (34)
where
7+(P)= ne(P)+ 7e(—p) (39
and
sed eBstarfeBs’

R;LV: T €uv12 qf_s,uVIZ(q'p)

taneBs+taneB3s’

X (taneBs+taneBs’) + 2¢ 15, (P, p*I taneBs

+ pVHp’ “ltaneBs’) + et pE\I(taneBs— taneBs’)

HW(k)ZHTTWJrHLLWJerPW, (38
where
T=0u Ly, (39)
0,0,
L,LLV_ 'az 1 (40)
i -
Puvzéguvaﬁq uv, (41)
and
~ q.9,
g,LLV:g/.LV— #2 ’ (42)
k
U,=0,,Uu", (43
Q=\(q-u)*~g° (44)
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in the rest frame of_the medium yvhe_cé‘z(l,_0,0,_O). It is wa: fwlz[qffﬁ qﬁf2+(q_u)f3]+%12a”

easy to see that neither the longitudinal projectigy), nor

II, is nonzero in the limitjy=0, g—0. This then provides a x(q,utifgtu, uf,+qlu, fs+q,q%fe
nonzero contribution to the effective charge of the neutrino. 0 - -

In [2] it was shown that the nonzero contribution to the ef- +uVHq“”f7+ q“ qVHfg)+g,quVL(uaHfg+ q“if o)
fective charge, in the presence of a thermal medium, comes - - -

only from thell ,,(q) part. The tensor structure wa ina +g,wqauq“”f11+ gwuauq“”flfr gmHu“”qufls
medium is of the forrmwaﬁq“uﬂ and does not contribute to - -

the zeroth component df ,. For a more physical under- +0100%0,, 14+ 9va a0, fis, (48
standing of the appearance of the effective charge of the

neutrinos in a medium, sd&]. wheref; are the corresponding form factors. It can easily be

Now, at the one-loop levdll ,, is invariant under charge seen that the terms proportional to the productutsf are
conjugation, i.e., if we calculate the vacuum polarization in anonzero in the static long wavelength limit, giving a finite
medium with a certain background field, it should be thecontribution to the effective charge of the neutrino.
same as that obtained in a charge-conjugated medium with In this connection, it should be mentioned that the effec-
an opposite background field. This means that, in the polaitive charge of the neutrinos has a simple relation to the De-
ization tensor, the terms are either even in the backgrounblye screening length in the case of an unmagnetized plasma.
field or even inu or odd in both. Therefore, in the absence of As has been shown if2] the contribution to the effective
a medium(which can be thought of as containipd’), the  charge comes only frorhl , which corresponds to the De-
terms containing odd powers of the background field shouldye screening in the limitp,=0,q—0. In the case of a
vanish (see paper | for a discussiprirherefore, the contri- magnetized pIasmew, in general, would have many more
bution to the effective charge of a neutrino in the presence ofensorial forms in it due to the presence of the electromag-
a background magnetic field in vacuum comes only fromnetic tensor(paper ). Hence, there may not exist a simple
wa(q), to linear order in3. Now, Hiv(q) in a magnetized correspondence between the Debye screening and the effec-
vacuum is given by9] tive charge of a neutrino in a magnetized medium.

V. EFFECTIVE CHARGE OF A NEUTRINO

% 1
5 — —isy _ 2 T
la) (477)2Jo dsJildv/Ze {(1-v5afera, It is evident from Eq(11) that to find the effective charge
~ _ _ of the neutrino we need only calculalﬂai0 in the limit (qq

+R(—qgleF*"+qleFg,+q/eFq,)} (45  =0,g—0). From Eq(36) it can be seen that in this limit the
only surviving terms ian0 are the ones containing odd

with powers of p,. Now, 7. (po) is even inp, and so is the

exponent in the zero frequency limit. Heng®, integration

o (1-v?) , COSvZ—Cosz makesIT3, vanish. We also have
XM 9" " sinz 48

R10= P30 (taneBs—taneBs’) + qsp, se€ eBstaneBs’,
(49
_ 1-wvsinvzsinz—cosvzcosz

: : (47) R,0= P3U,(taneBs—taneBs’) + qsp, se€ eBstaness’.
Sir? z (50)

where z=eBs and ,E,LV:%GWMFA [note that the metric It can be seen that aftgr integration we shall have terms
used in Eq(45) is g*"=diag(~, +,+,+)]. Itis evident that Proportional toqsq; andgsg, in 113, andI13,, respectively,

in the zero frequency and long wavelength lirfiif,, van- s the integrals ip, andp, are Gaussian. In the limi
ishes, resulting in zero effective charge of a neutrino in a0 these terms vanish. Therefore, in the relevant limit of

magnetized vacuum. vanishing external photon momenta, oiil,, given by
The tensorial form ofl ,, has been discussed in detail in 4 .

paper l. It.can be seen from that_ di_scussion thatin a magnengo(qozo, aﬂﬁ): lim 462J p4f ds eP(ps)

tized medium the electromagnetic field always appears in the 49=0, G0 (2m)" ) =

combinationu“F,,, or g“F ,, in I1,,,, to linear order in the

field strength. Since we consider the case of a pure magnetic * o

. . . X ds’ e‘b(p ,5)7] (p )

field and a stationary medium, the only terms that would 0 +1Fo

survive would contain the combinatiag“F ,, (also borne

out by the explicit calculations of paper Hence, in the zero X[(q-p)|— ZpS](taneBertaneBs'),

frequency, long wavelength limit this term vanishes, leaving (51)

only wa to contribute to the effective charge of the neu-
trino. Now, in a magnetized mediufii?, can be written, in has a nonzero contribution to the effective charge. It can be
terms of the general basis vectors available, as follows:  seen that in the above expression, except for the exponents,
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the integrand is free of the perpendicular components of th@he expression fofl3, given by Eq.(56) contains two parts
momentum. Therefore, the perpendicular components of th&hich can be integrated separately to obtain
loop momentum can be integrated out. Now the exponential

factors can be written as

O(p,s)+d(p’,s")=®+P,, (52
where
@ =is(pf-m?)+is'(p|*~m?)—e|s|—els'|, (53)
itaneBs , itaneBs’ |,
LT "7 e PiT e P (54)

Therefore, integration of the perpendicular part of the mo-

mentum gives us

d’p,
f e®r=ex
(2m)?

i taneBstaneBs’
eB taneBs-+taneBs’

dsz
2
kl) f (2m)?

_taneBstaneBs’
Xexg - —————

eB
o

B 1 ieB (55
41 taneBs+taneBs’

taneBBs’ 2
i
taneBs+taneBs

where we have neglected terms up(’,t()qf) since, to calcu-

. d? (pf—m?)
im [ P em— 2T (o

qp=0,9—0 (27T)2 (pH —m2)+ &
dp 77+(Ep)
ZJ 2 Ep (58)
and
d’py (pf—m?)
lim J (2mPo—7 5 7+(Po)
qo=0.0-07 (2m)? O(D{2 m?)+ie 0
1(dp|n.(Ep)
_ZJZ E, —Bni(Ep)|, (59
whereE2 p?+m?. Therefore we have
e’B)

I134(qo=0, q—>0)— ﬁf oy 7+(Ep).  (60)

Now it is evident that in the limit =0, g—0) the
dominant component dfi>, is I13,. Therefore, the index

in EQ. (11) can only take the value 3. Incorporating this fact
and after taking the trace, E(L1) takes the following form:

——0al(l— )\)H 30(00=0,9—0)cosh, (61)

Gr
Ceff = \/—

late the effective charge of the neutrinos, we ultimately havévhere 6 is the angle between the magnetic field and the

to take the limitk—0. Hence, Eq(51) can be written as

. ie3B dz Py
0, q—>0)—_ lim (2 )2 77+(p0)

qo=0,9—0 -

Hso(Qo
xfx ds és(pﬁ‘mz)”'S‘XJ’wds’
o 0

2 eis’(pﬁz—mz)—sls/l[(q. p)—2p2]

d’py
= lim 2e%B f
ko=0, G0 (277)2 77+(p0)

(PH

(i 2P+ X[ (q-p)j—2pg],

(56)

where we have used the following relation:
fm ds é5<pﬁ*mz’78|5‘fwd3’ eis’ (P *=m?)—e[<'|
— % 0

8(pf—m?)

=27 —.
(p[>—m?)+ie

(57)

direction of the neutrino propagation. Therefore, in the limit
of m=u, we obtain

———e?Ggga(1—\)Bcosd

\/— 3
Xngo (—1)"(1+n)Bm K, [(n+1)8m]

X cosH(n+1)Bu}, (62)

where K,, is the nth order modified Bessel function of the
second kind. It should be noted here that, even though this
result is linear in the field strength, it is exact to all odd
powers of5. In the zero frequency, long wavelength limit it

is only the term linear ir3 that survives. To get a feeling for
the magnitude of the effective charge of a neutrino in the
presence of a background magnetic field, we compare this
with that in the absence of a magnetic field. In the limit of
vanishing chemical potential, the ratio between the effective
charge in a magnetized medium and that in a simple thermal
medium turns out to be

Eet( B) Ca
eu(B=0) 4m3

B 3
Ec (mB)°K(mB)cosh.  (63)
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It can be seen from the equation above that the ratio is proexplosions. Another possible application could be to the neu-
portional to B/B.. Since in almost all astrophysical situa- trino wind driven instability responsible for blowing up the
tions encountered so far this ratio is less than 1, in the weaksuter mantle of supernovae as proposed@h The basic
field limit the charge due to the unmagnetized plasma isnechanism of this instability can be understood as follows.

larger than in the case of a magnetized plasma. Consider the collision of two plasma fluids. If we consider
the motion of one plasma with respect to the center of mass
VI. CONCLUSION of the other, then the dispersion relation of the particles of

. the first would depend on the relative velocity between the

To conclude, we note that only left-handed neutrinos acywo plasmas. Now this velocity dependent dispersion rela-
quire an effective charge. Since we have performed our cakion can give rise to damping or instability of the plasma
culation for massless neutrinos, standard-model neutrinagodes depending on the relative velocity between the two
should automatically come out of the theory. But recent obmedia. The growth rate of the plasmons, in such systems, has
servations indicate that the neutrinos have magsich al-  peen estimated using the formalism of finite temperature
lows for both left-handed and right-handed neutrnd@ur  field theory[22,23 as well as using plasma physics tech-
treatment can be modified for massive neutrinos followingniques6]. It is important to note that the finite temperature
the method adopted if2] and we expect that the qualitative field theory techniques show the damping/growth to be pro-
aspects of our result should remain the same. portional toG2 whereas calculations using the plasma phys-

More importantly, we notice that the presence of a magy.q techniques show a scaling Gg [6].
netic field breaks the isotropy of space and introduces a pref- |, conclusion, we have calculated the effective charge of
erential direction. As a consequence, neutrinos propagatingatrinos in a weakly magnetized plasma, in the limit

along the direction of the magnetic field acquire a positive, | 'ig opserved that the neutrino charge acquires a direc-
charge whereas those propagating in the opposite directiqg,, jependence as a result of the presence of an external

acquire a nggative charge. The net effect of th_is WQUId therr"nagnetic field, and it is also proportional to the magnitude of
be the creation of a charge current along the direction of th?ne field strength present in the system

field. Interestingly, neutrinos propagating in a direction per-

pendicular to the field would acquire zero effective charge,

wh_ereas in an _unmagnetiz_ed thermal mediur_n n_eutri_nos ac- ACKNOWLEDGMENTS
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