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The cross sections for the process (a) »+nucleus = v+7v (virtual Coulomb)-nucleus — v-+vy-+nucleus
and the related process (b) y+nucleus — y+v (virtual Coulomb)-+nucleus — y+¥-+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 finite 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+et — y+7, y+e* — et+py+b. The present calculation is motivated by recent
suggestions that stellar evolution may be significantly 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 (¢) y+v — v+7+7v to
the neutrino luminosity. It is pointed out that a calculation of process (b) which exists in the literature is

non-gauge-invariant.

1

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 affecting stellar evolution.
One such process would be 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 effective local interaction Lagrangian
which is bilinear in the neutrino field and in the electro-
magnetic field is of the form

Lett () =My ()7 (17" W (2)Gro (#)0,F 27 (), (1)

where F#?(x) is the electromagnetic field tensor and
Guo (%)= €uot,F7(x). (The form with G,, replaced by
F,. is also allowed but linear combinations of the two
would violate PC invariance.) Equation (1) shows that
one of the photons must be virtual since d,F*° vanishes
at all x for an electromagnetic field associated with a
real photon.

I

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

L(@)=e: Pe(@)y Ac(@We(2): +e: e(@)Var (X (x):

1
+7§G: Pe@)v* (A7 W (@ ()v* (1 +7 e (2) 5, (2)

where ao(x) is the static Coulomb field of the nucleus.*
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We find that
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where ¢; and e, are the photon polarization vectors
(e2,=38,0) and the other quantities are given by

];n=ﬂv.s([’v)‘Yu(1+75)“v.ao(PVo), (4)
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Fi1c. 1. Feynman
diagram for the proc-
ess v-+nucleus —
v++v (virtual Cou-
lomb) +nucleus — »
+~v-+nucleus. To
this must be added
the diagram with the
momenta of the in-
ternal lines reversed.

4

8 The addition of the term corresponding to the diagram in
which the momenta of the internal electron lines are reversed has
the effect that the factor y#(1+4+5%) is replaced by 2y#y5, as in
Eq. (6). Note that the expression ei,es,R°?#(k1,ks) is symmetric
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 Eq. (6) may be cast by parametrization
into the form

Rovk= A 1k1r€7P4+ A okor€7 Pkt A sk1 PRk €870
+ A skofhygho €t 70 4 A sk 1k, efTPH
+ Akokigka et P, (T)
where the 4; for >3, are finite and are given explicitly
by
As(kyke)= — 16721 11 (k1,ks) = — Ag(k1,k2),
Ay(kr,ke) =167 I 20(k1,k2) — I 10(k1,k2) ]

= _*45(k21k1)7 (8)
with the 7,; defined by

1 1—z
I,i(k1,ks) =/ dx/ dy x*y'[y(1—y)k:?
0 0

+a(1—2)k2+2xy (kuks) —m2 ] (9)

On the other hand, both 4, and A4, are represented by
formally divergent integrals and an additional re-
striction must be invoked to obtain meaningful results
for F,.

Such a restriction is contained in the condition of
gauge invariance of F,, which we impose in the form

E1,RoPk= o, Roo8=0), (10)
Equations (10) and (7) lead to the relations

[—AstE2A st (kika) Ao ik eimon=0,  (11)

[— At (kiko) A+ kA Jkrke, et =0,  (12)

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

A= (kik2) A s+ k1A,
Ag=k2As+ (k1k2)As.

(13)

(14)

Equation (3) may be simplified with the aid of the

identity

(af)|bede| + (bf)| cdea| + (cf)| deabd]
+(df)| eabc| + (ef) | abed| =0, (15)

where |abcd|=a,b.c,d,e™. This identity, along with
Egs. (7), (13), and (14) allow us to write
el.,ez,,J,.R“""

=k2(As+As) | kaTeres] +E2 (A4t Ae) | ki eres]

+LAs(kiT)— As(kaT) ]| kikoeres|, (16)
where we have used
(e1k1) = (e2k2) =0, a7

whence, also making use of Egs. (8), the relations
k2=0, and

(klj)+(k2j>=(pvo])*(PV])__’Oy (18)
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we obtain

elve2pj‘xRapF= k22g(k1;k2) | k1J8162l ] (19)
with

1 1—z
& (ky, o) =167 / dx / dy
0 0
x(x+y—1)
(e+y 20)

X [x(1—x)k2+2xy (k1ks) — mﬂ.

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

1
(2k10)2 ‘
Xk oo (ko)F (k1 k2)J - (e1Xky).  (21)

1
Fo=6G— (2m)—s
V2

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

dou= QuY (0 L | FoltrddlrodRud®,,  (22)

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

2 JJ*=

8,8

D0 Dve’[8oioit Eoilpi
—Lopliit €sipi ]y

onOP vo

(23)
we obtain

72 2 [J-exXk|r=

8,8 el p"op,o
+2[pv'elxkl][pvo’elxk1]},
so that Eq. (22) becomes

doo= (21)70(p,9)2(&G)LF (k1,k2) P k2o (ko) 2
X3kt [1— (Buy* k1) (By - k1) Jikr10id Qs

1

= {(pprlesxis]

(24)

(25)

where the carets denote unit vectors.

It is seen that the L. of Eq. (1) is, strictly speaking,
local only if F(ki,ks) can be well approximated by
5(0,0)=27%/3m?. In this case, comparison with Eq.
(21) yields A= (27)%2(G/V2) (2x2/3m?).

To obtain an order of magnitude estimate of ¢, we
replace —ks? and —2(kiks) by (p.0)?2=E,?2 in the
denominator of Eq. (20) and neglect the m? term. For
E,>>m this will be grossly inaccurate only in a narrow
forward cone where the differential cross section
vanishes anyway. Then,

F (k1,k2) =~ 167/SE, 2, (26)

and with

—k?po(ke) = Ze/ (2m)32 (27
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the approximate expression for the cross section
becomes, for E,>>m,

e \3/E,\?
ge=22 ——) (M) X5X10~% cm?
4

[Of course, the nuclear form factor, which we have
approximated by unity in Eq. (27), will, in fact, prevent
the indefinite increase of o, 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 1073 cm? are involved.®

(28)

I

A perhaps more significant application of the pre-
ceding calculation is the evaluation of the contribution
of the process y+nucleus — y+v (virtual Coulomb)
-+nucleus — v+ 7+nucleus to the neutrino luminosity
of stars. The cross section, a3, for this process can be
determined with the aid of the substitution rule. We
find that

some Z2(e2/4m) (kro/m)® X 1.25X 104 cm?,  (29)

where we have now replaced F(ki,k2) by its upper
bound
F (k1,k2) <F(0,0) =272/ 3m?, (30)

and have again employed Eq. (27) for the nuclear form
factor. Both approximations will be quite accurate for
the photon energies which are relevant, namely k10 .

It is now a simple matter to calculate the contri-
bution, &, to the neutrino luminosity of a star due to
the reaction under consideration. &, is just the energy
lost by the star due to (y+nucleus — v+ 7+ nucleus)
reckoned per sec and per cm?® and is given by (we now
include factors of % and ¢):

8b=2i/ 2k [eho/xT— lj’lfzwc(N.vZﬁ)(ﬁw—)sao (31)
2x) me]

with #w=~7%|k|c=photon energy, N;=number of nuclei
of atomic number Z; per cm?, and ¢o=5.0%X10-% cm?2.
Upon evaluation of the integral we obtain

Ep=2.3X10"(xT/mc?) erg/sec-cm?, (32)

where we have inserted some typical value for the
factor 3_;N,Z2" For TZ10° °K this gives contri-

8T. D. Lee and C. N. Yang, Phys. Rev. Letters 4, 307 (1960);
G. Danby, J-M. Gaillard, K. Goulianos, L. M. Lederman, N.
Mistry, M. Schwartz, and J. Steinberger, ibid. 9, 36 (1962).

7 One usually writes Z; N;Z;2=6X10%p/», where p is the stellar
density and 1/v=2; ZC;/A;; C; is the weight concentration of
the sth constituent. We choose p=10% g/cm® and 1/v=35 g™1.
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butions to the neutrino luminosity somewhat smaller
than those calculated by Chiu and Stabler® for the
processes

e+et— v+ (33)
and

y+et — e+ v+ 5. (34)

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

Y4y — v+ oty (3%)

remains to be calculated. In this connection we estimate
that o.~¢/Z? so that the corresponding contribution
to the neutrino luminosity, &, is given by

8.~ &y X (photon number density)/3 ; V.Z2
=84[0.2(kT/hc)*)/2 s NiZ 2=~ &,

for’ 3" N:Z2=10%/cm?® and T=10° °K.?

(36)

v

A previous calculation® of the pair production
amplitude F, 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 Eq. (1)
of the present paper by replacing the gauge-invariant
factor 9,F#°(x) by A?(x). The amplitude will then not
vanish for both photons real, in contradiction with
Gell-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, finite 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.
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