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Electromagnetic Interactions of Neutrinos*
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The cross sections for the process (a) v+nucleus ~ v+y (virtual Coulomb)+nucleus ~ s +y +nucleus
and the related process (b) y+nucleus ~ y+y (virtual Coulomb)+nucleus ~ @+&+nucleus are calcu-
lated to lowest order in the weak and electromagnetic interactions, assuming the existence of a direct elec-
tron-neutrino weak interaction. While the relevant Feynman amplitude is given by a formally divergent

expression, a 6nite amplitude is obtained by imposing the condition of gauge invariance. The contribution
of process (b) to the neutrino luminosity of stars is worked out and found to be somewhat smaller than
that of the processes: e +e+-+ v+9, p+e~ ~ e++v+P. The present calculation is motivated by recent
suggestions that stellar evolution may be signi6cantly affected by energy lost by the star due to the emission

of neutrinos. A very crude estimate is given for the contribution of the process (c} p+p ~ v+P+y to
the neutrino luminosity. It is pointed out that a calculation of process (b) which exists in the literature is
non-gauge-invariant.

'T has recently been suggested' that the direct
~ ~ electron-neutrino interaction implied by the current-
current theory of weak interactions' gives rise to
processes which may significantly increase the "neutrino
luminosity" of stars, thereby aBecting stellar evolution.
One such process would be y+y —+ v+ v. This reaction,
however, has been shown to be forbidden if the weak
interaction is strictly local. ' In fact, in the V-A theory, '
the most general efI'ective local interaction Lagrangian
which is bilinear in the neutrino field and in the electro-
magnetic deld is of the form

&.ii(x) =X/, (x)y"(1+p')p, (x)G„,(x)B,F '(x), (1)

where F"(x) is the electromagnetic Geld tensor and

G„,(x)—=e„,sP«(x). (The form with G„, replaced by
F„, is also allowed but linear combinations of the two
would violate FC invariance. ) Equation (1) shows that
one of the photons must be virtual since DPI' vani'shes

at all x for an electromagnetic field associated with a
real photon.

Ke find that

1 1
Fo=PG— (2x) 'po(k2)el e2p jpR (ki k2) (3)

v2 (2kio)'"

where ei and e2 are the photon polarization vectors
(e2&= b&p) and the other quantities are given by

(4)

qo(k)= (2n.) '" dx e '"'*a (x)

—
tn+y "q.+y "41,

R»(k, ,k,)=2 d'q Sp v'
(q+ ki)' —m'+ie

5$+'y"g„m+p g
—p ~2

x ~~ v~y' . (6)
'is +Ze (If k2) —sP+ze

To gain an idea of the magnitude of the effective
coupling parameter, t, we have evaluated the Feynman
amplitude, Il, for the process depicted by the diagram
in Fig. 1. The primitive Lagrangian giving rise to this
process is taken to be

Z(x) =e: p, (x)q A„(x)li,(x): +e: g, (x)q"ao(x)|k.(x):
1

+—G: a.(x)v (1+~')a.(x)i, (x)~ (1+&')f.(x):, (2)
V2

FIG. 1. Feynman
diagram for the proc-
ess v+nucleus —+

v+y (virtual Cou-
lomb)+nucleus —+ v

+y+nucleus. To
this must be added
the diagram with the
momenta of the in-
ternal lines reversed.

where oo(x) is the static Coulomb field of the nucleus. '
~This work was supported in part by the National Science

Foundation.' H. Y. Chiu and P. Morrison, Phys. Rev. Letters 5, 573 (1960
~R. P. Feynman and M. Gell-Mann, Phys. Rev. 109, 19

(1958).' M. Gell-Mann, Phys. Rev. Letters 6, 70 (1961).
4 We use units in which A=c=1; e= (4w/137)'l~ and G=1.0

X10 ~/M', where M is the proton mass.

). ~The addition of the term corresponding to the diagram in
3 which the momenta of the internal electron lines are reversed has

the effect that the factor y&(i+y') is replaced by 2y&y', as in
Eq. (6). Note that the expression el,e»R»(k1, k&) is symmetric

1 under the interchange of the labels 1 and 2, even if one photon is
real and the other is virtual.
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The integral in Fq. (6) may be cast by parametrization we obtain
into the form

eg.eo J &»=ko'S(kiko)ikgJegeoi, (19)
A lklr& +A 2k2r& +A Bkl klgk2r&

+A4k2&kggk2, ~&' &+Aski. 'kg]k2, ~&"»
+Aoko'kgoko, o&'», (7)

where the A; for i&3, are finite and are given explicitly
by

A o(kg, ko) = —16or'Iig(kg, ko) = —A o(kg, ko),

A o(k|,ko) = 16or')IM(kg, ko) —Igo(kg, ko))
= —A o(ko, kg), (8)

with the I.& defined by

with

5'(kg, ko)
—=1&r' dx

x(x+y —1)
X (20)

Lx(1—x)koo+2xy(k|ko) —mo)

Equations (19), (20), and (3) determine the Feynman
amplitude, F„which takes the form

1

I„(k|,ko) = dx
0

dy xiy'[y(1 —y)k|o

+x(1 x)k—oo+2xy(k|ko) m'—) ' (9)

1 1
F,=e G —(2or) '

v2 (2kM)'"

Xko'yo(4)P(ki, ko)J (e|X&|). (21)

k&.R.»=k»R»=O. (10)

On the other hand, both A& and A~ are represented by
formally divergent integrals and an additional re-
striction must be invoked to obtain meaningful results
for Ii,.

Such a restriction is contained in the condition of
gauge invariance of P„which we impose in the form

The corresponding differential cross section, do„ is
then given by

de. =(2 x)'(P )o'P iF.i' k, 'odk, faa odQ„, (22)

where the sum indicates an average over initial spins
and a sum over 6nal spins and polarization directions.
With the aid of the relations

Equations (10) and (7) lead to the relations

Ao+k—PA o+ (kgko)A o)kr oko, ot '»= 0,

JJo
(11)

p~ pvo I gsigpi+grigp|
pro pv —g"g'+".~), (23)

$—A |+(k|ko)A o+ko'A4)kioko, o&"&=0, (12) we obtain

so that a 6nite, gauge-invariant amplitude will be
obtained if we make the choice

A g
= (kgko)A o+kooA o,

2 f(p,p..)L Xk,)
p opo ez

+2Lp, e|Xk)Lp.. elXIt1)), (24)
Ao ——kPA o+ (k,k,)A,. 14

so that Eq. (22) becomes
Equation (3) may be simpliied with the aid of the

X-,'k|o'(1 —(P., kg) (P, kg))dk, odQo, d&., (25)
(af) i

bcdei+ (bf) i cdeath+ (cf) ideab i

+(df)ieabci+(ef)jabcd[t=0, (15)

where iabcdi =a,b&+„o""I'.This identity, along with
Eqs. (7), (13), and (14) allow us to write

gi g2pJ~R»
=kP(Ao+Ao) ikoIe|eoi+ko'(A4+Ao) ik|Ie|eoi

+LAo(kiI) —Ao(koI))ikikoeieol (16)

where we have used

(elk|) = (eoko) =0 (17)

where the carets denote unit vectors.
It is seen that the 2,«of Eq. (1) is, strictly speaking,

local only if P(k&,ko) can be well approximated by
$(0,0)=2or'/3m'. In this case, comparison with Eq.
(21) yields X= (2or) 'e'(G/v2) (2or'/3mo).

To obtain an order of magnitude estimate of 0- we
rePlace —koo and —2(k&ko) by (P„oo)o=F-,oo in the
denominator of Eq. (20) and neglect the mo term. For
E.„,)&m this will be grossly inaccurate only in a narrow
forward cone where the dioerential cross section
vanishes anyway. Then,

whence, also making use of Eqs. (8), the relations
kP=O, and and with

r(kg, ko) =16oro/5E ' (26)

(k I)+(k I)=(p.I) (p.I)=o, —(18) —kooooo(iro) =Ze/(2or)'" (27)
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the approximate expression for the cross section
becomes, for E„P&m,

butions to the neutrino luminosity somewhat smaller
than those calculated by Chiu and Stabler' for the

processes

(33)

LOf course, the nuclear form fa,ctor, which we have
approximated by unity in Eq. (27), will, in fact, prevent
the inde6nite increase of ~, with energy. ]We therefore
conclude that the neutrino bremsstrahlung process
considered here may be safely ignored in the analysis
of high-energy neutrino experiments in which cross
sections of the order of 10 ' cm' are involved. '

and

y+e+ —+ e++ v+ v. (34)

These latter processes then appear to give the major
contributions to the neutrino liminosity of stars, al-
though the cross section, 0., for the reaction

p+p ~ v+ v+p (35)

A perhaps more signi6cant application of the pre-
ceding calculation is the evaluation of the contribution
of the process y+nucleus~y+y (virtual Coulomb)
+nucleus -+ v+ v+nucleus to the neutrino luminosity
of stars. The cross section, cry, for this process can be
determined with the aid of the substitution rule. Ke
6nd that

&rq =Z'(e /4s)'(k~0/m) 'X 1.25 X10 cm', (29)

where we have now replaced $(k~,k~) by its upper
bound

5'(kq, kg) &$(0 0)=2s~/3nP (30)

and have again employed Kq. (27) for the nuclear form
factor. Both approximations will be quite accurate for
the photon energies which are relevant, namely k~o&ns.

It is now a simple matter to calculate the contri-
bution, 8~, to the neutrino luminosity of a star due to
the reaction under consideration. 8~ is just the energy
lost by the star due to (y+nucleus-+ a+v+nucleus)
reckoned per sec and per cm' and is given by (we now
include factors of k and c):

2& ( Ace

8&=g; Le"" ' —1] 'Acoc(X,ZP)~ 00, (31)
(2s)' &mc'

with hca=h~k~c=photon energy, X,=number of nuclei
of atomic number Z; per cm', and a-0=5.0)&10 "cm'.
Upon evaluation of the integral we obtain

Sg 2.3X10"(xT/@ac——')"erg/sec-cm', (32)

where we have inserted some typical value for the
factor P;X;ZP.' For T&10 'I this gives contri-

~T. D. Lee and C. ¹ Yang, Phys. Rev. Letters 4, 307 {2960);
G. Danby, J-M. Gaillard, K. Goulianos, L. M. Lederman, N.
Mistry, M. Schwarz, and J. Steinberger, ibid. 9, 36 (2962).' One usually writes Z; E;Z =6)&2P p/v, where p is the stellar
density and 2/v=Z; Z; C;/A;; C; is the ~eight concentration of
the ith constituent. %'e choose @=10'gfcm3 and 2/v=5 g '.

remains to be calculated. In this connection we estimate
that o.=0~/Z' so that the corresponding contribution
to the neutrino luminosity, 8, is given by

8 = 8~X (photon number density)/g, sV,Z 2

= 8gL0.2(~T/hc)']/Q; X;ZP= Sg (36)

for' g; 1V,ZP= 10 /cm' and T=10' 'K.'

IV

A previous calculation" of the pair production
amplitude Ii& is fundamentally incorrect since it is
manifestly non-gauge-invariant. In fact, the Feynman
amplitude (Eq. (1) of reference 10] corresponds to an
effective Lagrangian which is obtained from Kq. (1)
of the present paper by replacing the gauge-invariant
factor BP&'(x) by A'(x). The amplitude will then not
vanish for both photons real, in contradiction with
cell-Mann's theorem, ' and with the result of the present
paper. It might be worth emphasing that since the
amplitude is given by a formally divergent expression
gauge invariance must be explicitly imposed to obtain
a unique, gauge-invariant, &»te result, as is done here
through Eqs. (13) and (14). The situation is analogous
to the one in standard quantum electrodynamics, which
leads to Ward's identity.

ACKNOWLEDGMENT

I wish to express my gratitude to Professor H.
Primako6, who suggested this problem to me and with
whom I had a number of valuable discussions.

H. Y. Chiu and R. Stabler, Phys. Rev. 122, 1317 {2962).
9 An estimate of 8, has also been made by Chiu and Morrison

with the result (quoted in reference 1) that 8, is comparable with
the contribution due to the process e +e+ ~ v+v.I S. G. Matinyan and N. ¹ Tsilosani, Zh. Eksperim. i Teor.
Fix. 41, 2681 (2962) t translation: Soviet Phys. —JETP 14, 1195
(2962)). We wish to thank Professor M. Ruderman for calling this
paper to our attention.


