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Abstract. Neutrino-photon processes, forbidden in vacuum, can tédeepn the presence of a
thermal medium and/or an external electro-magnetic fieklliated by the corresponding charged
leptons (real or virtual). Such interactions affect thepagation of neutrinos through a magnetized
plasma. We investigate the neutrino-photon absorptivegases, at the one-loop level, for massless
neutrinos in a weakly magnetized plasma. We find that theme isorrection to the absorptive part
of the axial-vector—vector amplitude due to the presenaernagnetic field to the linear order in the
field strength.
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1. Introduction

Neutrino-Photon reactions, forbidden (or highly suppee3$sn vacuum, for example the
plasmon decayy — vv) or the Cerenkov process (— v~) and the cross-processes,
can become important in regions with very dense plasma atad{ge-scale external mag-
netic fields such as encountered in the cosmological or ttnepdsysical context [1]. In
the standard model, these— v processes, appearing at the one-loop level, do not occur
in vacuum because they are kinematically forbidden andissause the neutrinos do not
couple to the photons at the tree-level. In the presence aédium or a magnetic field,
it is the charged particles (real plasma particles or virpzaticles excited by an exter-
nal field) running in the loop which, when integrated out, feoriheir electro-magnetic
properties to the neutrino [2—4]. These processes alsaekmematically allowed since
the photon dispersion relation is modified in the presen@erotdium and/or an external
magnetic field opening up the phase space for the such read¢tidake place [3,5-9]. A
thermal medium or/and an external magnetic field, thus]lftii& dual purpose of inducing
an effective neutrino-photon vertex and of modifying thetam dispersion relation (see
Ref. [4] and references therein for a detailed review).

The enhancement of—+y interactions by magnetic fields in an effective Lagrangiamnie-
work has been discussed in Ref. [10]. And, it has also beewrslhizat ther — ~ inter-
action in presence of a thermal medium induces a small eféecharge to the neutrino
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and that the neutrino electro-magnetic vertex is relatethéophoton self-energy in the
medium [11,12]. Recently, this effective charge has beérutated, considering not only
a thermal medium but also an external magnetic field, fornmeag coupled to dynamical
photons havingy, = 0 and|g] — 0 [13]. In the weak field limit this effective charge
acquired by a neutrino is, in fact, proportional to the figtgisgth and also depends on the
direction of the neutrino propagation with respect to the directiothefmagnetic field.

Evidently, these processes modify the neutrino propag#timugh a magnetized medium.
In order to accurately estimate the neutrino fluxes comiagfregions pervaded by dense
plasma and strong magnetic fields (various astrophysigakts) for example) it is ex-
tremely important to study, in particular, the absorptivegesses. In view of this, we
study the absorptive part of the 1-loop polarization tertddhe v — ~ interaction, in the
present work. It should be noted here that for most astrapalysystems, where the— ~
processes acquire importance by virtue of large plasmaitgemrsthe presence of mag-
netic fields (supernovae, newly born neutron stars or lagest of stellar evolution) the
field strength is almost always smaller than the QED critfidtl. Therefore, the weak
field limit (eB < m? i.e, B < 10'3 Gauss) is appropriate for most astrophysical situations.

We find that the absorptive pavanishes to linear order in B. This is quite significant
because it contradicts the naive expectation and implasthie first non-trivial correction
would come from terms containing higher powers of the fieldrsjth. More importantly,
it signifies that the absorptive processes do not acquirespatial anisotropy due to the
presence of a weak magnetic field. This is quite interesiegause the magnitude of the
effective charge of the neutrinos (coming from the reak-pathe one-loop amplitudes) is
dependent on the relative direction of the neutrino mormantith respect to the magnetic
field for any non-zero field strength. But no such effect imdee the absorptive part.

The organization of the paper is as follows. In section-2digeuss the basics of neutrino-
photon effective action and the fermion propagators in amatiged medium. Section-3.
contains the details of the calculation of the 1-loop diagemd in section-4. we consider
the weak-field limit. Finally, we conclude with a discussiomthe possible implications
of our result in section-5.

2. Formalism

The off-shell electro-magnetic vertex functibp is defined in such a way that, for on-shell
neutrinos, the/vy amplitude is given by:

M = —iu(k')Tyu(k)A*(q), (1)

whereq, k, k' are the momentum carried by the photon and the neutrinosctgply and

g = k — K'. Here,u(k) is the neutrino wave-function and* stands for the electro-
magnetic vector potential. In generhl, would depend ott, ¢, the characteristics of the
medium and the external electro-magnetic field. We shathi;iwork, consider neutrino
momenta that are small compared to the masses of the W andbAsakowing us to ne-
glect the momentum dependence in the W and Z propagatorsisiéguivalent to lowest-
orderG r calculations and is justified for low-energy neutrinos aowl temperatures and
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weak fields compared to the Fermi scale. Since, in this workkogas our attention to
the possible astrophysical applications (notably in thetext of the supernovae, the neu-
tron stars or the late stages of stellar evolution) the ataritic temperatures or magnetic
fields defined by the densities in such systems are much ldrgethose actually observed
in reality. Therefore, for the low energy neutrinos the féenmion interaction is given by
the following effective Lagrangian:

1 _
Leg = EGFVVM(l = ¥5)Vlyu(gv — 9avs)lu 2)

where,v andl, are the neutrino and the corresponding lepton field respdgtiFor elec-
tron neutrinos,

gv =1 — (1 —4sin?y)/2, (3)
ga=1-1/2 (4)

where the first terms ipy andga are the contributions from the W exchange diagram and
the second one from the Z exchange diagram. Then the ampléfiectively reduces to
that of a purely photonic case with one of the photons replaégethe neutrino current, as
seen in the diagram in fig. 1. Therefofg, is given by:

1 . 5
Ly = == Gr"(1 =) (gvILu — 9aIL}, ). ®)

Where,wa represents the axial-vector—vector coupling &hg is the polarization ten-
sor arising from the diagram in fig. 2. We have analyzed theshtartensor structure of
I1,,.,, taking into account all the available symmetry, in an easiork [14]. Subsequently,

a similar analysis has been carried out in [15] too. Sincetghsorial structure ofl®
would be similar in form to that ofl,,,,, we do not repeat the analysis here. It should be
mentioned that the tensorial structurel®f,, in this context, has been discussed in detail
in [16,7].

Because of the electro-magnetic current conservatiorthéopolarization tensor, we have
the following gauge invariance condition:

qHHHV =0= H#,,qu. (6)
Same is true for the photon vertex of fig. 1 and we have

waq” =0. (7)
In an earlier paper [17] we have calculated the imaginary @afl* in a background
medium in presence of a uniform external magnetic field, eweak-field limit, calcu-
lated at the 1-loop level. We shall use the results of [17&Herobtain an expression for
the total imaginary part of the effective neutrino curremtler equivalent conditions.

In order to calculate the absorptive processes in a therredium we use the real time for-

malism of the finite temperature field theory. The propagatgjuires a matrix structure
in this formalism and the off-diagonal elements providedbeay/production amplitudes.
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Figure 1. One-loop diagram for the effective electro-magnetic vedkthe neutrino
in the limit of infinitely heavy W and Z masses.

For the ease of calculation, we work with the 11-componehefpropagator to find the
imaginary part of the 11-component of the photon polar@atensor }L},). This quan-
tity, multiplied by appropriate factors, then gives thereat value of the imaginary part of
the polarization tensor [18-21]. Though for notationaMisewe shall suppress the 11-
superscript for both the propagator and the polarizatioadein the rest of the paper. It
should be mentioned here that we consider the effectivegphie¢utrino interaction com-
ing from the imaginary part of the axial-vector—vector aityjole. Hence, like in the case
of the polarization tensor, we work with the imaginary pdrttee 11-component of the
axial-vector—vector amplitude.

The dominant contribution tol,,,, andHf“, come from the electron lines in the loop. To
evaluate this diagram we use the electron propagator watkttiermal medium in presence
of a background electro-magnetic field. Rather than workiith a completely general
background field we specialize to the case of a constantgatyslvarying) magnetic field.
Once this is assumed, the field can be taken inzthiirection without any further loss of
generality. We denote the magnitude of this fieldbyignoring at first the presence of the
medium, the electron propagator in such a field can be writbevn following Schwinger’s

approach [22-24]:

a%@:A ds *PIC(p,s), ®)

where we have used the shorthands,

®(p,s) = is (pﬁ - %pi - m2> —e[s], 9)
C(p,s) = [(1 +io taneBs) (b +m) — (sec® eBs)p_ | . (10)

and
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p+q=p’

p

Figure 2. One-loop diagram for the vacuum polarization.

bu = YoPo — 7Y3P3 (11)
b1 =7p1+ 12p2 (12)
pi =g — 13 (13)
pl =pt+p3. (14)
Also, o, is given by:
0. =1MY2 = —Y07375 (15)

where the two forms are equivalent because of the definitioR.oOf course in the range
of integration indicated in Eq.(8) is never negative and hen¢g equalss. It should
be mentioned here that we follow the notation adopted in @avipus papers [17,13]
to ensure continuity. In the presence of a background medinenabove propagator is
modified to [25]:

iS(p) = iS%(p) = ne(v) [1SK (0) — iS5 (0)] - (16)
where
Sy(p) =105y (P, (17)

for a fermion propagator ange(p) contains the distribution function for the fermions and
the anti-fermions:

nr(p) = O(p-u)fr(p,p, B) + O(=p-u)fr(=p,—u, ). (18)
Here, fr denotes the Fermi-Dirac distribution function:

1

= (19)

fF(pa:u?ﬁ)
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and® is the step function. Rewriting Eq.(16) in the form:

iS(p) = iSe + iSim (20)

we recognize:
S =5 [S50) +550)] | @)
Sim = (1/2 = ne(p)) [ S5 (1) = S5 ()] ; (22)

where the subscripte andimrefer to the real and imaginary parts of the propagator. g§Jsin
the form of S} (p) in Eq.(8) we obtain the imaginary part to be:

iSim = (1/2 — nr(p)) / - ds e*®*)C(p, s). (23)

with ®(p, s) andC(p, s) defined by Eq.s.(9) and (10).
3. Calculation of the 1-loop Diagram

I1,,. (¢, B) in odd powers of B - The amplitude of the 1-loop diagram of fig. 2 can be
written as:

. dp ) .
il (q) = — / (27:)94 (ie)* tr [y, iS(p)v, iS()] (24)
where, for the sake of notational simplicity, we have used

The minus sign on the right side is for a closed fermion loog &(p) is the propagator
given by Eq.(16). This implies that the absorptive part @& piolarization tensor is given

by:
4
10 (g) = —ie” | (;le)’ tr [y Sim (P Sien (8)] (26)

And, the gauge invariant contribution to the absorptivet pfthe vacuum polarization
tensor which is odd i8 is given by [17]:

. d4p o0 s o0 gl
H;,w(qa ﬁ)o = - 42625uua\lﬁqﬁ /W X(ﬁa qap)/ ds e<1>(P-, )/ dS/ e<1>(P <)

taneBs taneBs’

X lpo” taneBs + p’®l tan eBs’ — taneB(s + 5)
aneB(s+ s

(p +p'>5'] . (27)

where we have defined:

X(B,a.p) = (1/2 = nr(p)) (1/2 —np(p')). (28)
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H;’;,,(k,B) in odd powers of 5 - The amplitude of the 1-loop diagram of fig. 1 can be
written as:

4
() = —ie* [ G by iS5G (29)

Using Eq.(23) we find that the absorptive part of the poldigzetensor is given by:

o0

d*p

I, () = —ie* [ 2 X6 [

ds e2®9) /OO ds' 2@

X1 [y, 75 C(p, s)7 C(p', )] . (30)

Notice that the phase factors appearing in Eq. (30) are evBn Thus, we need consider
only the odd terms from the traces. Performing the tracesexpression, odd in powers
of B, comes out to be:

d4 b o0 / ’
I8, (g)° = —4¢? / L X(8,4,p) / ds o) / ds' 0O RL . (31)

where,

Ry = €12 m? (tan eBs + tan eBs’)

+ (gw;u 9vBy + Gusy 9 N) p®l p°I (tan eBs + tan eBs')

- (QHOT“ 9vpy t 9Gup. QVJH) p°l p'P+ tan eBs sec? eBs'
- (guo’j‘l v + 9us. gu&]) PP p' ¥l tan eBs' sec? eBs
* (g#;u 9usy + Iusy Jyay ~ gﬂug&m) (p™1 ¢ taneBs + ¢*1 p°l taneBs’) . (32)

In writing this expression, we have used the nOtag%‘ , for example. This signifies that

« is an index which can take only the ‘parallel’ indices, i@.and 3, and is moreover
different from the indexy appearing elsewhere in the expression. Now, since we perfor
the calculations in the rest frame of the medium where = p, the distribution function
does not depend on the spatial components.ofn the last two terms of Eq.(32), the
integral over the transverse componentg bfs the following generic structure:

/d2pl e®@5)2W'8Y) s (pBr or p/Br). (33)
Notice that,
9 [e‘b(p"s)e@(”,*s,)} = (taneBs PPt + taneBs' p/m)ﬁeé(z”s)e@(”,*s,) . (34)
Opg, eB

However, this expression, being a total derivative, shotkebrate to zero. Thus we obtain
that,

taneBs pﬁi- = —taneBs’ p/m- , (35)
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where the sign=" means that the expressions on both sides of it, though reetssarily
equal algebraically, yield the same integral. This gives,

/
pﬁi- o taneBs qﬁi-
tan eBs + tan eBs’ ’
8. © tan eBs N

36
tan eBs + tan eBB3s’ 4 (36)

Also, using the definition of the exponential fact®fp, s) from Eq.(9), we notice that

! !’
m? tan eBs e®@5) 205"

d ’ ’
= taneBs {ZF + (pﬂ2 — sec? eBs’ p’f)} e2(0:5) (2(1') (37)
s

Moreover, taking another derivative with respectpfo of Eq.(34) we obtain, from the
fact that this derivative should also vanishimtegration,

1 tan? eBs’
2 o . 2
2 — 38
PL taneBs + tan eBs’ [ ’ taneBs + taneBs’ L (38)
and,
;2 o 1 ) tan? eBs 9
2 —ieB 39
PL taneBs + taneBs’ e+ taneBs + tan eBs’ i (39)
Therefore, incorporating Eq.(37) and Eq.(38) in Eq.(32)ivally have :
Ruu = RHLV + RM”V . (40)
In writing this we have defined,
Rusv = 9uiv9g s, (p®1 ¢°1 taneBs 4 ¢ p°I taneBs')
~ 9uBL 94 ¢"+ pI (tan eBs — tan eBs’)
o, tan?eBs’ sec? eBs
+ 9us. 9,5 47 ¢ (41)

taneBs + taneBs’

Itis evidentthatz,, ., ¢ = 0 in accordance with Eq.(7). On the other hand, we have,

Ry =Ry, + Ry, @)
such that,
Rf\w = 12 (taneBs + tan eBs’)pﬁ
+ (Q;mTH Gvpy + Gupy gyof;u)pau PP (tan eBs + tan eBs’)
’ T 1 P taneBs + (guoTH B — Imvda, b, ) gl PP tan eBs’
~ Yua, IvBe ¢t p® (tan eBs — taneBs’) , 43)
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and

Rl |

B
RMHV = (gﬂﬁu gl";H - guuug&]ﬁ“) p qﬁ” taneBs + 9uB) QUO’CVH q pﬁ” taneBs’

tan? eBs’ sec? eBs sec? eBs tan® eBBs’
AL q“! — Epvi2 Qi .
tan eBs + tanelB3s’ HY2% tan eBs + tan eBs’

+ 9,5, 964 (44)

Again, it is obvious thaREHUqV = 0. In its present formRﬁw does not render itself to

obvious gauge-invariance. However, the theory dictatels}ﬂjw,q” should vanish. And
we have shown in the appendix (A) that it is indeed so. Theeefine complete gauge-
invariant expression faR,,,, is given by,
R, = €012 (taneBs + tan eBs’)pﬁ
+ (enay12 Gus, + us, Evayrz) ™1 PPl (tan eBs + tan eBs’)
+ (Eua”12 gVB” + guﬁH EuaHlQ — Guv EaHﬁH12)
x (p™1 ¢”I taneBs + g™ p°I taneBs’)
— (poy12 9B, + Gup, Evayi2) ¢"+ pI (tan eBs — tan eBs')

tan? eBs’ sec? eBs
tan eBs + tan eBs’

|

+ (EHQHIQ gVBL +gNBL EVOzHIQ) qﬁL q

2 2 /
sec” eBs tan® eBs qi, (45)
taneBs + tanelB3s’

— Euvi2
where we have used the identity

g#&] a’au = Eua”12 a’au ’ (46)

valid for any vectom®.

4. TheWeak Field Limit

Retaining terms up-t@(B5) in Eq.(45) we have :

oo

d4p s o0 /g
HZV(Q)(O(B)) = _463B/W X(ﬁaQap)/ ds e®(P®) / ds' e2®"s)
X [epnz (s + 500 + (Epa12 9oy + Gusy Evay12) P17 (s +5)
+ (EuaH12 gVB“ + guﬁu EVaH12 — Guv EQHBHIQ) (pa” qﬁ” s+ qa” pﬁH S/)
- (E;wz”l2 Jvs, T 9us. EuaH12) qﬁi’ p°! (S - 8/)
/2 /2

S
a 2
I —Eui124qy

B

+ Epayl12 Guvpy + Gus. EuaH12) qa—q ] (47)

s+ s s+s

This entire expressiovanishesupon integration, as has been shown in appendix B. There-
fore, toO(B) the electro-magnetic vertex function is simply:
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I, = _éGﬂ“(l —75) 9vIL (O(B)) (48)

where IL,,, (O(B)) is given by :

. d*p > s
1/(O(8)) = —4ie*Beyunpi” [ bz X(Braap) [ ds e
> 1 ®(p',s") 1 / 2ss’
X ds' e¥'\P %) x p%i s+s—s+8/ . (49)

For a detailed discussion on the propertieBlpf (O(B)) in various background media see
[17].

In this context, it would be worthwhile to compare our resudtith the case of a non-
magnetic thermal plasma. Following the formulation in set. we find that the ab-
sorptive part of the 1-loop polarization tensor (the axi@ttor—vector interaction) for a
non-magnetic thermal plasma is given by Eq.(30) where,

iSim = (1/2 — nr(p)) / h ds e Cy(p, s) . (50)

with,
Do (p, s) = is (p* —m?) —els], (51)
Co(p,s)=b+m. (52)

With the above definitions, we find that,

I, (¢, B=0)= —16ir2e? Epvap ¢°

4
< [ e X () 87— m) 67— ). (53

5
ng

Therefore, the absorptive part of the polarization ten$mr,a non-magnetic thermal
plasma, is given by Eq.(53). Evidently, the same is true faeakly magnetized plasma,
to linear order in the strength of the magnetic field.

5. Conclusion

In this work, we have considered massless neutrinos. Hawmeent observations indi-
cate that the neutrinos may have mass. Nevertheless, aarntteeatment can be modified
for massive neutrinos following the method adopted in [11].

It is important to note that the correction to the absorppiget of the axial-vector—vector
amplitude due to the presence of a magnetic field is zero tdirtear order in the field
strength compared to the case of a non-magnetic thermahpla$herefore, it indicates
that the absorptive part of the axial-vector—vector amagktis not enhanced, to the first
order, by the presence of a magnetic field contrary to a naigectation. It should be

10 Pramana — J. Phys.Vol. 00, No. 0



Neutrino Propagation

emphasized that this result is valid for the case of a weaknetagfield. However, as has
been mentioned before, the magnetic field in most astropalysystems are well below
the critical field value. Therefore, our result would be jpemt to such situations.

It also needs to be emphasized that unlike in the case of digast (which gives the
effective charge of the neutrinos) where a magnetic fieldks¢he isotropy of space there
is no such introduction of a preferential direction in theeaf absorption. Therefore, even
though the effective charge of the neutrinos picks out thection of the external magnetic
field, toO(B) the absorption processes do not see any direction dependenc

Acknowledgments

We would like to thank Palash B. Pal for helpful discussiomd Kaushik Bhattacharya for

pointing out some mistakes in the manuscript. In additiomtank IUCAA, Pune, where

SK was a post-doctoral fellow and IIT, Kanpur, where SD wasrraergraduate student at
the time of preparation of this manuscript.

APPENDI X A: Proof of gaugeinvariance

In order to show the gauge invariancefdr’fuuy let us consider the case pfj = 3, first.
Then we shall have,

d4 o o ’ ’

[9° (qf + 2p.q) (taneBs + taneBs’) — p° ¢3 (taneBs — taneBs’)]. (A1)

Now, from the definition ofb, it follows that, apart from the small convergence factors,

é (®(p,s) + 20, 8") = (p]f +pf - 2m2) ¢ - (p]f —pﬁ) ¢
—p'? tan(§ — ¢) — pi tan(§ +¢), (A2)

where we have defined the parameters

(= %eB(s - 5. (A3)
Thus,

’oot . d
(b = ) P e o) — <zeBd—< +pPsec?(€ = ¢) — pl sec’(€+ C))
x ¢2(P.8)+@(p':8") (A4)

It should be noted th ﬁ +2q.p) = p’ﬁ - pﬁ. Hence,
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A, d4p o) 0o
I3,(q)" g :—462/(%)4 X(ﬁ,k,p)po/ ds/ ds'

d
x { (taneBs + tan eBs’) <ieBd—< +p/Esec? (& —¢) — p? sec? (€ + <)>
—k? (taneBs — tan eBs') }e® P e®W's) (A5)

Using Eq.(38) and Eq.(39) this can be further modified to :
5 (A v _ 2 d'p o [~ -
0,00 ¢ = —ae* [ SR Xk [ as [ as
(tan eBs + tan eBs')(diC + sec? eBs — sec? eBs’) e2P9) 205

d4 oo o 7o
—482qi / (2754 X(ﬂ,k,p)po/ ds @) / ds’ e®@"s)

sec? eBs’ tan?eBs  sec? eBBs tan? eBs’
taneBs + taneBs’ taneBs + taneBs’

[

— (taneBs — taneBs’) ]
(A6)

which vanishes identically. Hencﬁlgy(q)A satisfies Eq.(7). The gauge invariance for
Hg,,(q)A can be shown in a similar fashion.

APPENDI X B: Evaluation of theintegrals

From the definition ofb it follows that,
D(p,s) +(p,s") =it (p* + p.g+¢*/2 —m* —ier) +it' (p.q+q*/2 —iez), (B1)

wheret = s + ¢’ andt’ = s’ — s. Using this Eq.(47) can be rewritten in the following
form,

11, (q) = —463B/ﬂ X(8,4:p)
e (2m)4 i
o oo t/2 ,
X / dt/ dt' (At+ Bt +C —) e®P:s) 28 (B2)
whereA, B, C are functions op andq. Now,

oo
/ di t eit@*+p.a+q® /2—m®—ie)
— 00

=40(p” +p.q+q*/2—m*) (P + p.g+q°/2—m?)
(P +pa+q/2—m?)P+e) ! (B3)

where we have used the identity:
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1
a £ e

= P(a) Find(a), (B4)
P being the principal value and the integral:

& o 4iab
i(a—ib)x __
/_OO dx gz el = @02 (B5)

for Re(b) > |Im(a)| [26]. Therefore,

/OO dlt/00 dt' t e2(@:3) 25"

2(p® +p.g+q*/2 —m?
= (0 + g+ 22— m?) L )

(0* +pg+q°/2=m?)? + (1)
% /OO dt’ eit’(p.q+q2/2*i€2) (BG)

— 0o

Since the numerator and the argument of the delta functiertres same, this integral
vanishes upomp-integration, provided we take the limit — 07 later. It could be simi-
larly argued that the second term in Eqn.(B2) vanishes ypimegration. In case of the
third term, an integration by parts for theintegral renders it to the form of Eqg.(B5) and
the above argument then can be followed through to show ltieatso vanishes upagnr
integration.
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