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Axial vector current in an electromagnetic field and low-energy neutrino-photon interactions
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An expression for the axial vector current in a strong, slowly varying electromagnetic field is obtained. We
apply this expression to the construction of the effective action for low-energy neutrino-photon interactions.

PACS numbdss): 13.15+4g, 13.40.Gp

The study of neutrino-photon interactions began manysubject of the electromagnetic properties of neutrinos in me-
years ago when Pontecory] and Chiu and Morrisoil]  dia was comprehensively studied [ih3] (see alsd 14] for

suggested that the procegs— v» may be important in the Neutrinos in magnetized media

analysis of stellar cooling. These interactions are of interest N general, an effective action describing low-energy
in astrophysics and cosmology. neutrino-photon processes with an arbitrary number of pho-

It is well known that. in the standard model. neutrino- tons and in the presence of strong external electromagnetic
photon interactions appear at the one-loop level. In additiofi€!ds appears highly desirable. In other words, we are look-
to the heavy gauge bosons which can immediately be imé_ng_for the analogue of the He|senberg-Eu_Ier effective action
grated out at the desired scales leading to the effective foulhich turned out to be extremely useful in QEBee, e.g.,
fermion interaction, charged fermiorislectrong run in the 15]). ) ] o
loop; in particular, the coupling of the photons to these fer- For this, we start from the gffecnve four-fermion interac-
mions is responsible for thew interactions. tion Lagrangian valid at energies very much smaller than the

A variety of processes of physical relevance in differentV- andZ-boson masses:
situations belong to this class efv interactions, for which G
an effectlvg-actmn description involving only neutrino cur- £4f:_‘:,,yu(1+ ¥5) VE¥,(gy+0ays)E. (1)
rents and field strength tensors has partly been found. E.g., V2
Dicus and Repkd2] have recently derived an effective ac- ) . 0123
tion for interactions between two neutrinos and three Sof{j(alre,lEldezotgr;, the eéectri)rll f'?l?@__"’h” Y 7;] ?V
photons, which immediately allows for the calculation of all — _5_( —4sité,) andga= —3 10r ve, Where the first
scattering amplitudes of this type. This effective action Cantehrms ingy and ga arehthe contributions frorr; thev' ex-
be derived via the expectation value of the electromagneti€a@nge diagram and the second terms are fromztrex-

e : — 5 Girea. —1 —_1
vector currentj ,) =e(¥(x) y,¥(x)); the latter can in turn change diagram. Alsogy=2sirdy—3 and ga=—3 for

. . ) o Ve
be calcu_lated veryea_snyfrom the Helsenberg Euler effective Now concentrating on soft electromagnetic degrees of
Lagrangian Ly with the aid of the formula

freedom with energies much smaller than the electron mass,

(W (X) 7, ¥ (X)) = — 8Le/edA*(x). In [3], the effective ac- e may integrate out the actual “heaviest” particle, i.e., the
tion of Dicus and Repko was reproduced by a more direcjectron, and find

diagrammatic approach.

Incidentally, processes with two photons, for example, Gel— A A
neutrino-photon scatteringv— yv, turn out to be highly ﬁeff:ﬁg vy (1+ys)v (9u(j*) +aali6)™, (2
suppressed in the standard mof#}7] because, according
to Yang's theoreni8], two photons cannot couple to tde  where the expectation values of the currents are given in
=1 state. As a result, typical cross sections are exceedingl¢rms of the Green’s function in this field: e.g(j&)”
small and suppressed by factors ofn§/ (see, e.g.[9]). =ietr y*y5 G(X,x|A)].

The presence of a medium or external electromagnetic Obviously, in order to obtain this effective Lagrangian,
field drastically changes the situation. It induces an effectivesne must calculate the expectation values of vector and axial
coupling between photons and neutrinos, even enhancingector currents in a slowly varying electromagnetic field
processes such as- vy. Based on the same effective action background. As mentioned above, the vector current expec-
of Dicus and Repkd2], it was shown in[10] that in the tation value can be easily obtained using the well-known
presence of an external magnetic field, cross sections quleisenberg-Euler Lagrangian Lyg: (E(x) 7,E(X))
neutrino-photon processes sucmas—vv andvy—vyare  =—§L,,c/eSA*(x). In this way, one obtains a derivative
amplified by the factor-(my, /mg)*(B/B)? for soft photon  expansion of the vector current around a strong field. For
frequencies w<m, and a weak magnetic fielB<B. example, the term which is third order in the field and first
=m?/e (for extensions to this result, sé&1] and[12]). The  order in derivatives was used by Dicus and Reffdn their

study of vy— vyvy and cross processes.
With regard to Eq.(2), the derivative expansion of the
*Email address: holger.gies@uni-tuebingen.de axial vector current around an arbitrarily strong field is fi-
"Email address: shaisul@pion14.tphys.physik.uni-tuebingen.de nally required. To our surprise, we could not find such an
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expression in the vast literature on derivative expansions. 2 sinebs sinheas

Therefore, its derivation remains the final task of our present 1=—— | coslieas — +2ebs N

work. sintf(eas)

It is convenient to choose a special gauge condition for

the potentialA, (x) without loss of generality: the so-called 2 sineas sinebs

Fock-Schwinger gauge =————|—cojebyg+———|+2eas N
sirf(eb9 ebs

(X*=y*)A,(x)=0, )
which is satisfied by the series 1 ) sin(ebs) 2sinr(eas)
N3= a”— - T .

easebga’+b?) | sinhleas sin(ebs)

1 1
A (x)= E(Xh—yx)Fxﬂ(y)Jrg(Xx—yx)

For the analysis, we employed a decomposition of the field

X(XT=Y )P\ (y)+ - - 4
and magnetic parts:
Abbreviating the first term on the right-hand side wij,

and the second term with, , we may perform a perturbation

expansion for the Green’s function with respect to the de- C = (aF,,+bF* )
rivative terma,, : Ba?+p?
G(x,x’lA)zGC(x,x’|Ac)+f d*w G(x,W|A,) ea,(w)
*
BM:=a2+b2(bFM—aFW), (8)

X yHGe(w,x'|A)+ - - -, (5)

whereG¢(x,x"|A,) is the Green’s function of the electron in where the invariants andb are defined by
the constant field produced bd;. Inserting the expansion
(5) into the definition of(j&)*, we obtain, to first order in

L 1
derivatives, a,b=\(F2+G)T+r, F=-— ZFMVFNV'
on L 9 p
(I6) zgﬁaFaBW[HS#(_k)]|k=Oa (6) 1,
G=—zFLF*" ©)

where we encounter the vector—axial-vedt@A ) amplitude

Hé“, i.e., the axial analogue of the polarization tensor. Thisyg 4 consequence, we fihd
VA amplitude has been calculated very recently by one of ’
the authors in[18]; an independent confirmation can be
found in[19].

Inserting the presentation §18] into Eq. (6), we finally
arrive at the first-order gradient expansion of the axial vector
current for arbitrarily strong electromagnetic fields valid for
slowly varying fields 5 1

(& )’”:a2+ b?

1
(cz>w=m<Ffw+ b%9,.),

(F2,—a%g,,). (10)
(ityA=ietr[ y*ys G(x,x|A)]

e?
2472

> (eag(eby
sin(ebgsinheas

Concerning our central result for the axial current in EA,
we observe its linearity in the derivative Bf,, (by construc-

J.-F fxdse—ism
o' \v
o S

strength tensor in linearly independent subspaces of electric

X{[C™N(C)7+ CH(CPM N,
+ [Bv)\(BZ)uU+ BV(T(BZ)M)\]NZ

_[3F~k VMg)\U+ F* V}\g;ur_l_ E* Va'gM)\]NS}' (7)

where theN; are simple functions of the field strength:

tion) which is multiplied by a finite proper-time integral con-
taining the complete dependence on the strength of the fields.
We would like to point out that our method of performing
the derivative expansion in momentum spécie Eq. (6)] is
much in the spirit of Ref[20] with the essential difference
that we expand around an arbitrary value of field strength.

Our representation ofj&) in terms of theC,, andB,,,
tensors is very convenient for performing a weak-field ex-
pansion; to second order inm?, it finally reads

‘Especially for gradient expansions of the heat kernel or the
Heisenberg-Euler Lagrangian, this gauge has proved extremely use-

ful; see, e.g.[16,17.

2We always use the metrig=diag(+ — — —).
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e3 5
[0#G+ (9°F ,p) F* PL]+

proposed for the axial vector current; for this, we would like
to stress that Eq6) also holds for the vector current with the
VA amplitudell£” replaced by the polarization tensdr”.

This tensor in the presence of an arbitrarily constant electro-
magnetic field was first calculated {22] (an appropriate
representation can be found j&3]). Details will be pre-
sented elsewhere. We observe that the axial vector current is
of even order in the field, while the vector current is of odd
order; this is a direct consequence of the Dirac algébua-

ry’s theorem.

To conclude, we have completed the search for a low-
nergy effective action for neutrino interactions with an ar-
itrary number of soft photons with wavelengths larger than

the Compton wavelength. From a different perspective, we
have found the generalization of the Heisenberg-Euler action
Jo the case involving an axial vector coupling.

(i)~

247°m? 907°m®

X0, gl G(FPog T+ FR7gi)
+ [F* ﬁa(FZ),ua'_’_ E* BO’(FZ),U,(I]
— F(3F*#bgary prBagroy prbogra)l  (11)

As a cross-check, one can indeed pr¢2&] that the first
term can immediately be obtained from the ordem?term

of the famous triangle graph. As a side remark, it should b
mentioned that the axial vector anomaly is not present in ou
result, since we computed the nf-expansion of (j£),
whereas the anomaly is mass independent.

Returning to the quest for the general effective action, w
can easily insert E(7) into Eq.(2) and a similar expression We would like to thank Professor W. Dittrich for helpful
for the vector currengj ,). The well-known latter expression discussions and for carefully reading the manuscript. This
can be derived via the Heisenberg-Euler Lagrangian as menvork was supported by Deutsche Forschungsgemeinschaft

tioned above or, alternatively, via the same method as henender grant DFG Di 200/5-1.
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