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The cross sections for the process (a) *>+nucleus —> v+y (virtual Coulomb)+nucleus —> p-f 7+nucleus 
and the related process (b) 7-f-nucleus —• 7 + 7 (virtual Coulomb)-fnucleus—> *>-}-*>+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 in variance. 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~-j-e+—> v-\-v, y-he± —* e±Jrv-\-v. 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 (c) 7 + 7 —* v-\-v-\-y to 
the neutrino luminosity. It is pointed out that a calculation of process (b) which exists in the literature is 
non-gauge-invariant. 

IT has recently been suggested1 that the direct 
electron-neutrino interaction implied by the current-

current theory of weak interactions2 gives rise to 
processes which may significantly increase the " neutrino 
luminosity'' of stars, thereby affecting stellar evolution. 
One such process would be 7 + 7 —» *>+ v. This reaction, 
however, has been shown to be forbidden if the weak 
interaction is strictly local.3 In fact, in the V-A theory,2 

the most general effective local interaction Lagrangian 
which is bilinear in the neutrino field and in the electro­
magnetic field is of the form 

£effW = X^,(o;)7Kl+75¥,W^.W^p/?p{rW, (1) 

where Fp<T(x) is the electromagnetic field tensor and 
G^ff(x)^€ti<T^vF^(x). (The form with G^ replaced by 
Fpa 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 dpF** vanishes 
at all x for an electromagnetic field associated with a 
real photon. 

II 

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

£(x) = e: \pe(x)yKAK(x)\//e(x): +e: $e(x)y0ao(x)\l/e(x): 

1 
+—G: $e(xh»(l+yb)Mx)h(xh*(l+yb)1<e(x):, (2) 

v2 

where ao(x) is the static Coulomb field of the nucleus.4 

*This work was supported in part by the National Science 
Foundation. 

1 H. Y. Chiu and P. Morrison, Phys. Rev. Letters 5, 573 (1960). 
2 R. P. Feynman and M. Gell-Mann, Phys. Rev. 109, 193 

(1958). 
3 M. Gell-Mann, Phys. Rev. Letters 6, 70 (1961). 
4 We use units in which # = c = l ; e= (4rr/137)1/2 and G=1.01 

X 10~5/M2, where M is the proton mass. 

We find that 

1 1 
Fa=e*G-

v2 (2£10)
l/2 

(2w)-"iPo(k2)eue2PJ,R(r(>fi(khk2)i (3) 

where e\ and e<i are the photon polarization vectors 
(̂ 2p = 5po) and the other quantities are given by 

Jn^u^sipJyuil+y^Uv^ipvo), (4) 

*o(k) = (2TT)-3/2 fdx e-ik-M0(x), (5) 

r m+yKqK+yKku 

and5 

R*w(ki. M^fd'qsJ 
(q+ki)2—m2+ie 

X 
m+yKqK m+yKqK—yKkiK 

7P 

q2—m2+ie (q—k2)2—fn2+ie 
7M75 • (6) 

FIG. 1. Feynman 
diagram for the proc­
ess y+nucleus —> 
v-\-y (virtual Cou­
lomb) -f-nucleus —> v 
+7-hnucleus. To 
this must be added 
the diagram with the 
momenta of the in­
ternal lines reversed. 

6 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 7^(1 +y 5) is replaced by 2-y'V, as in 
Eq. (6). Note that the expression ei^pR'^ikifa) 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 we obtain 

into the form ^ p / ^ ' ^ & K K M O l * ! / * * ! , (19) 

R<">»=A1kire
T<"-»+AikireT°'"'+A3ki<'kufar6t™i> w i t h 

+ AJl2>klik2T(i
r'"'+Aikl<'k1!:kitt

iT<"' , . x 

+A6ki'klik2rt^^, (7) <f(ki,ki)=16** J dxj dy 
Jo Jo 

where the A ,• for i>3, are finite and are given explicitly 
by x(x+y-l) 

y x . (20) 
4 i ( M « ) = ~16w*In(kiM)= -A,(kiM), [ * ( l - * ) W + 2 * y ( * i * , ) - < ] 

Ai(k1M)=lWih«(khki)-ho(k1M)~] Equations (19), (20), and (3) determine the Feynman 
= -Ab(kt,ki), (8) amplitude, Fa, which takes the form 

with the 1st defined by 
1 1 

r1 rx~x Fa=<*G (2*-)-° 
I . « ( M » ) = / dxj dyxy[y(l-yW tf (2kla)

m 

IxV-xW+lxyi^-^-K (9) X ^ W M O J ^ X k , ) . (21) 
, . The corresponding differential cross section, daa, is 

On the other hand, both Ai and A 2 are represented by t ^ e n g j v e n ^ v 

formally divergent integrals and an additional re­
striction must be invoked to obtain meaningful results fo^ (2ir)2(pJi)2 £ \Fa\

2kio2dkiQdUkldUv, (22) 
for Fa. 

Such a restriction is contained in the condition of where the sum indicates an average over initial spins 
gauge invariance of Fa, which we impose in the form and a sum over final spins and polarization directions. 

, , _ ,_N With the aid of the relations 
kuR'p^fapR'^O. (10) 

2 
Equations (10) and (7) lead to the relations £ /</,-*= pSp*SZg*igri+g*sgpi 

l-A2+kM^+(klk2)A,lklik2Te^=Oy (11) 8'8° py*°pv° -g*Pgij+e,ipd (23) 

l-Ai+{kik2)Az^k2
2A^knk2Tt^^(), (12) we obtain 

so that a finite, gauge-invariant amplitude will be 1 v- v- 1 T wi 19 r - r / t t N r w i -i 
obtained if we make the choice * £ ? ' J ' e i X k l 1 = 7 ^ o ? ^ ^ C e i X k , ] 

A^&MAt+kMi, (13) + 2 [ p y . e i X k 1 ] [ p , 0 . e 1 X k 1 ] } , (24) 

i4«=*iM»+( i i* ,M. . (14) 
so that Eq. (22) becomes 

Equation (3) may be simplified with the aid of the , , . , ^s^ccth 1 \-12r1. 2 /1 M 2 

identity ^ a = '2 7 r) (^») ( ^ L^(*i>*2)J2C*2Vo(k2)]2 

X ^ I O 3 [ 1 - ( K - f e i ) ( ^ , - ^ i ) ] ^ i o ^ a ^ Q „ (25) 
(a/) I fate I + (6/) I cdea I + (c/) | deal \ 

+ (df) I eabc I + (e/) J abed | = 0, (15) w h e r f t h e c a r e t s d e n o t e u n i t vectors. 
I t is seen that the £eff of Eq. (1) is, strictly speaking, 

where \abcd\^a<TbTcvdlit
<Trvi1. This identity, along with local only if $(klyk2) can be well approximated by 

Eqs. (7), (13), and (14) allow us to write 3:(0,0) = 2x2/3w2. In this case, comparison with Eq. 
e e j Rapfi (21) yields X= (27r)-V(G/v5)(27rV3m2). 

U \ It ^ ° °btain an order of magnitude estimate of aa we 
= k1

2{Az+Ab)\k2Jeie2\+k22(At+AG)\kiJeie2\ replace -k2
2 and -2(* i* 2 ) by (pPQ°)2=Ev

2 in the 
+LAz(kiJ)—As(k2J)~]\kik2eie2\, (16) denominator of Eq. (20) and neglect the m2 term. For 

, , , EVr3>m this will be grossly inaccurate only in a narrow 
where we have used c , , ^ J-IV .- 1 

forward cone where the differential cross section 
M i ) = (e2k2) = 0, (17) vanishes anyway. Then, 

whence, also making use of Eqs. (8), the relations ^(khk2)^16ir2/SEv
2, (26) 

&i2=0, and a n d w i t h 

(kj)+ (k2J)= (pvJ)~ (pj) = 0, (18) -k2
2<p,{k2)~Ze/{2ir)V2 (27) 
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the approximate expression for the cross section 
becomes, for Ev^>my 

<ja~ZH— ) ( — J X5XlO-42cm2. (28) 

[Of course, the nuclear form factor, which we have 
approximated by unity in Eq. (27), will, in fact, prevent 
the indefinite increase of <xa 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 10~38 cm2 are involved.6 

in 

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

cr6«Z2(^/47r)3(^io/w)6X1.25XlO-49 cm2, (29) 

where we have now replaced tiffafa) by its upper 
bound 

9r(*i,fe2) < £(0,0) = 2ir2/3m2, (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 kio<m. 

It is now a simple matter to calculate the contri­
bution, <§&, to the neutrino luminosity of a star due to 
the reaction under consideration. Sb is just the energy 
lost by the star due to (7+nucleus—> H-H-nucleus) 
reckoned per sec and per cm3 and is given by (we now 
include factors of h and c): 

f 2dk /1iu\* 
«6=E< / — - l ^ * T - \ V h * c ( N £ * ) ( — Wo, (31) 

J (2ir)3 \mc2/ 

with fko=h\k\c=photon energy, Ni= number of nuclei 
of atomic number Zi per cm3, and <xo=5.0X10~56 cm2. 
Upon evaluation of the integral we obtain 

Sb= 2JX10U(KT/MC2)10 erg/sec-cm3, (32) 

where we have inserted some typical value for the 
factor *ZiNiZt*.7 For T>1W0K this gives contri-

6 T. 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 2» iV»Z»2=6X l(P*p/v, where p is the stellar 
density and l/v^XiZ^Ci/Ai; d is the weight concentration of 
the *th constituent. We choose p = 105 g/cm8 and 1/V = 5 g~l. 

butions to the neutrino luminosity somewhat smaller 
than those calculated by Chiu and Stabler8 for the 

processes 

*•+<&-* v+v (33) 

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, <rCJ for the reaction 

7 + 7 —> v-\- i>+7 (35) 

remains to be calculated. In this connection we estimate 
that (Tc^ab/Z2 so that the corresponding contribution 
to the neutrino luminosity, Sc is given by 

8c~ SbX (photon number density)/^- NiZ? 

= 8hZ0.2(KT/hc)*l/Zi NiZi2~ Sb (36) 

for7 £ t . NiZi2~ 1029/cm3 and 3T« 109 °K.9 

IV 

A previous calculation10 of the pair production 
amplitude Fb 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 dpFpa(x) by Aff(x). The amplitude will then not 
vanish for both photons real, in contradiction with 
Gell-Mann's theorem,3 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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