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Summary 

Two-photon annihilation into a neutrino-antineutrino pair, which is forbidden 
to the lowest order in the coupling constant for weak interactions if the conventional 
form of weak interaction is assumed, is permitted at that order if it is supposed that 
the reaction is carried by a charged intermediate vector boson (W). The rate of loss 
of energy in stellar evolution through this process is calculated. Evolutionary 
time scales derived with and without this rate are compared with results from 
astronomical observations. Comparisons with present data are inconclusive, but 
further observations and calculations that may give more accurate information 
concerning the question of the existence of charged W mesons are suggested. 

1. INTRODUCTION 

The present status of weak interactions in elementary particle physics differs 
from that of the strong and electromagnetic interactions, in that experimental 
results for weak processes involving four fermions can still be treated adequately by 
a theory in which the four particles are assumed to interact strictly locally, at one 
point. By contrast, the simplest pictures of electromagnetic and strong interactions 
require the exchange of one photon and one pion respectively between the inter­
acting particles. Each of these processes is therefore nonlocal, having a scale of 
range equal to the Compton wavelength of the exchanged particle. As a means of 
bringing weak-interaction theory into line with theories for the stronger interactions, 
Lee and Yang (1960a) have proposed the existence of a particle, the W meson or 
intermediate boson, which can be exchanged between weakly interacting particles. 
To account for the weak interactions that have been observed, it is necessary to 
postulate only two states of charge, W+ and W-, and to suppose that this inter­
mediate boson is a vector particle, having a spin of 1. Varieties of neutral W mesons 
have been suggested (Lee and Yang 1960b; Marshak 1966) on additional theoretical 
grounds, but in the present paper only the implications of the original proposal 
are considered. 

Since the range of an interaction is inversely proportional, through the Compton 
wavelength, to the mass of the exchanged particle, a strictly local interaction is 
one in which a particle of infinite mass is "exchanged". Therefore any theoretical 
description of a weak process involving W mesons must reproduce exactly the 
results of the point-interaction theory in the limit that the mass of the W meson tends 
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to infinity. This requirement provides a condition of consistency on the nonlocal 
theory, and in practice it relates the square of the coupling constant of W mesons 
with other weakly interacting particles to the known coupling constant for beta 
decay. 

Laboratory experiments that seek to observe W production by proton beams 
explore progressively shorter ranges of interaction as the proton energy increases. 
If the W meson is not observed when the experiment measures a given transfer of 
four-momentum, a lower limit for the W mass can therefore be set. It has been 
reported, by means of an argument of this type, that the mass must be greater 
than 2 GeV(Burns et al. 1965) and that it is unlikely that a W meson with mass 
between 2 and 3 GeV exists (Lamb et al. 1965). Recently Glashow, Schnitzer, and 
Weinberg (1967) have found that certain amplitudes for the decays of K mesons, 
which are divergent if the local weak interaction is used, become convergent if a W 
meson is assumed to take part in the decays. The convergent theoretical calculation 
contains the W mass as a free parameter. From a comparison with the experi­
mentally determined rate of decay of the state K~, they conclude that the mass is 
approximately 8 GeV. This value is exceptionally large by the standards of the 
elementary particles that have been detected in past experiments. 

Without positive evidence of the W meson (which is of crucial interest for the 
structure of weak interaction theory) from the laboratory, one may still turn to 
astrophysics to see what effects the existence of the particle implies in stellar evolution 
and to compare these effects with what is observed astronomically. Moreover, 
since the numerical limits quoted above are appreciably higher than the mass of the 
heaviest meson detected to date, any astrophysical test that can in principle distin­
guish merely between the existence and non-existence of the W meson (and not 
make stronger statements about limits in mass) is welcome. In Section II are listed 
several neutrino-producing reactions that are the most efficient mechanisms for 
loss of energy from stars at central temperatures above about 5 X 108 OK. One of 
these reactions, neutrino-antineutrino production by the annihilation of pairs 
of photons, depends critically on the existence of the W meson. Quantitative estimates 
of the effect of that reaction in stars are made in Section III, and are compared with 
the consequences of the other neutrino processes in Section IV. 

II. ASTROPHYSICAL NEUTRINO PROCESSES .AND W MESONS 

The present theoretical description of weak interactions is based in effect on 
the current-current hypothesis of interaction put forward by Feynman and Gell-Mann 
(1958). In this theory, a vertex of interaction is predicted at which an electron 
and a positron can annihilate to give an electron neutrino and an electron antineu­
trino. That interaction has not yet been seen in the laboratory, but Chin, Ohiu, 
and Stothers (1966) conclude from astrophysical evidence that the vertex actually 
occurs, and that its coupling constant is probably about the same as the coupling 
constant for other observed vertices permitted by the theory of Feynman and 
Gell-Mann. That value for the coupling constant is assumed in equation (4) below. 
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Existence of the (eve)(eve) local interaction allows three astrophysically 
important reactions involving neutrinos to take place: the pair-annihilation process, 

e++e- ~ ve+iie, 

the photoneutrino process, 

and the plasma process, 

(1) 

(2) 

(3) 

The process (3) is forbidden by gauge invariance for a free photon, but is permitted 
in the degenerate electron gas that occurs in the core of a star at some stages of 
stellar evolution. There, the symmetrical disposition of filled and unfilled electron 
states about an energy of zero in the basic Dirac theory is removed by the filling of 
all states between an energy of +mc2 (where m is the mass of the electron and c the 
velocity of light) and a Fermi energy E F• Photons propagating through the electron 
gas are not free photons and the process (3) takes place. 

Chiu (1966) has summarized the expected rates of loss of energy in stars for 
each of the three processes listed above. Generally, the summary shows that the 
plasma process is the most important mechanism for loss of energy in degenerate 
material, while in nondegenerate matter the photoneutrino process is most important 
below about 7 X 108 OK and pair annihilation is the dominant process above that 
temperature. 

If the coupling constant for interactions of W mesons with leptons is f, the 
condition of consistency (mentioned in Section I) on the weak interaction in the 
limit of a strictly local four-fermion process implies (Lee and Wu 1965) that: 

f2jW2 = Gjy/2, (4) 

where W is the mass of the W meson and G is the coupling constant for beta decay. 
A practical consequence of equation (4) is that, if the cross section aw for a weak four­
fermion reaction mediated by a W meson and the cross section ao for the corresponding 
local reaction are calculated separately, they can be related by the equation 

(5) 

where q is the four-momentum transferred in the process and terms containing 
higher powers of q2jW2 have been neglected. Since an energy of 1 MeV is associated 
with a temperature of 1·16 X 1010 OK (temperatures reached in stars during ordinary 
stellar evolution scarcely attain this value) and the experimental lower limit quoted 
for W in Section I is 2 GeV, it is not possible to measure any significant astrophysical 
differences between aw and ao for the processes (1), (2), and (3). 

However, there is a fourth process, 

(6) 

which is not subject to the limitations of equation (5). Both aw and ao for the process 
of two-photon annihilation can be calculated by an application of the conventional 



142 J. A. CAMPBELL 

rules that relate Feynman diagrams to matrix elements, but Gell-Mann (1961) 
has shown separately, in the lowest order of G, that reaction (6) cannot proceed 

through a local interaction. His argument uses 

e+ e-

q 
e-

y y 

Fig. l.-Feynman diagram for the 
process of two-photon annihilation, 
with the inclusion of a virtual 

invariance under charge conjugation, the inability 
of a pseudovector particle to decay into two 
photons, and the fact that y.p v(p) and v(p) y.p 
are zero from the Dirac equation, where v(p) is an 
antineutrino spinor and y represents a Dirac 
matrix. Nevertheless, as Gell-Mann himself has 
pointed out, this argument does not hold if the 
reaction is mediated by a W meson, as in the Feyn­
man diagram in Figure 1. Therefore the presence 
or absence of the process (6) in stellar evolution 
depends on the existence of charged W mesons. 
The question of their existence may be examined 
by comparisons of predictions about stellar evolu­
tion with and without (6) to actual astronomical 

charged W meson. observations. 

III. QUANTITATIVE RESULTS FOR THE TwO-PHOTON REACTION 

For the reaction illustrated by the Feynman diagram in Figure 1, the matrix 
element is 

i e2f2 
(217)6 (16El E2 E SE4)t 8(PS+P4-kl-k2) 

Jd 4 -( ) (1 ) y.(kl-q)+m y.q+m y.(k2+q)+m 
X qv P4 Y/l +Y5 q2-2kl .q-m2 y.el q2_m2 y.e2q2+2k2.q_m2 

X (1 + ) v(p ) 8/lv- W-2(q+k2-PS)/l (q+k2-ps)v (7) 
Yv Y5 S q2+2(k2-PS).q-W2 . 

In (7), which results from a straightforward application of Feynman's rules, el and 
e2 are polarization four-vectors for the photons, 8 is the four-dimensional Dirac 
delta function, and natural units with n = c = 1 are used. Diagrams with yWW 
vertices are ignored because of the extra factors of W-2 that they contribute to (7). 
For the parts of (7) in which five factors of q occur in the numerator of the integrand, 
the integral over q is zero because a function that is odd about q = 0 is involved. 
In each of the five possible combinations of four factors of q, the integral is logarith­
mically divergent and may be expressed in terms of a cutoff A with the dimension 
of a mass. The introduction of a cutoff is somewhat artificial, but it is usually 
justified by the statement that Ac2 is the highest energy for which the theory is 
valid. In this example, uncertainties introduced into the calculation by the different 
possible numerical choices of A are not important on an astrophysical scale. 

The dominant terms in the cross section derived from (7) contain the logarithmic 
dependence on A. If only these terms are retained, scalar products of q with four­
momenta for external lines of Figure 1 are neglected in the denominator of (7) 
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(because they are considerably smaller than W2 for small q, and smaller than q2 for 
large q), and factors of nand e are re-introduced, the cross section a for the process 
is given by 

811G2M4 a2(1l .(12)2( n )2(m)4E1E2 
a f:::J 262144 775 6 + log W2 me M (me2)2 cm2 , (8) 

where a is the fine-structure constant and M is the mass of the proton. To obtain 
equation (8), sums over final-state quantities and averages over all initial-state 
quantities except the photon energies El and E2 have been performed. Further, 
the coupling constant f has been replaced in terms of G from equation (4). The deri­
vation of equation (8) has been carried out by computer programmes (Hearn 1966; 
Campbell 1967) designed for such an application, and checked by hand. 

The cross section in equation (8) is an integral of a differential cross section 
with respect to the momenta Pa and P4. The energy lost per event of the type (6) 
can be calculated if the differential cross section is multiplied by (Ea+E4) prior to 
the integration. Then, if this energy loss is represented by E(pl> P2)' the total rate of 
loss of energy through (6) in a star is given by the integral of E(pl> P2) with respect 
to the differentials of the number densities of the particles with momenta Pi and P2. 
In general, it is possible to write (Chiu and Stabler 1961) 

(9) 

where v is the relative velocity of particles 1 and 2 and p is the density of material 
in which the reaction takes place. Because both particles are photons, Ivl = e and 
the number densities refer to particles that obey Bose-Einstein statistics. For 
dimensional consistency in equation (9), dn must have the dimension of a number 
per unit volume. The correct substitution for inclusion in equation (9) is therefore 

(10) 

The neutrinos in Figure I and the process (6) may equally well be muon neutrinos 
as electron neutrinos, provided that the electron and positron lines in Figure 1 are 
replaced by negative and positive muon lines in the first case. In this respect, the 
process (6) is unlike the reactions (1), (2), and (3), which involve only electrons and 
positrons, because stellar temperatures below about 1· 2 X 1012 oK are insufficient 
for the production of appreciable concentrations of muons. Muons may still make 
virtual contributions to (6) at lower temperatures by their presence as internal 
lines in Figure 1. Admittedly electrons and positrons occur only as internal lines in 
the Feynman diagram for the plasma process (3), but these virtual particles accom­
panying photon propagation come from the degenerate electron gas that supports it. 
There is no corresponding "muon gas". Therefore, in the evaluation of equation (9), 
E(Pl' P2) should include contributions from both the processes 

and 

Both contributions are covered adequately if the differential cross section that 
leads to equation (8) is multiplied by a factor of two. 
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The expression for the rate of loss of energy when equation (10) is substituted 
into equation (9) is then 

ergs g-l sec-I, (ll) 

where k is Boltzmann's constant and ~ is the Riemann zeta function. If it is supposed 
that A !':::1 50 W in equation (ll), the rate ofloss in terms of the two variables p and T 9 

(= Tj109) is 
ergs g-l sec-I. (12) 

This rate is independent of both the degeneracy of the material in which it occurs 
and any approximations concerning nonrelativistic or extreme-relativistic kinematics. 
Moreover, it agrees with the rate calculated approximately by Boccaletti, de Sabbata, 
and Gualdi (1964) for annihilation of pairs of optical photons. 

Chiu and Morrison (1960) have estimated losses of energy in the additional 
astrophysical process y+y -+ y+v+ii. If the subscript B is used for this reaction 
and A for the process (6), an order-of-magnitude calculation based on equations (8) 
and (ll) and Feynman diagrams suggests that 

(_ dE) 27Ta(4a+W (_ dE) 
dt B < 9a2 dt A' 

(13) 

where 
a = llj6 + log(A2jW2). 

The inequality (13) implies an insignificant rate of loss of energy for the reaction B, 
which is not examined further. The results of the examination of a three-photon 
astrophysical process by de Graaf and Tolhoek (1966) also satisfy the inequality. 

IV. DISOUSSION 

Rates of loss of energy for the processes (1), (2), and (3) have been presented 
collectively, in forms suitable for comparison with equation (12), by Chiu and Stabler 
(1961), Zaidi (1965), and Chiu (1966). Provided that charged W mesons exist, 
examination of these results shows that, as a medium of loss of eriergy in stars, 
the process of two-photon annihilation is competitive with: 

(i) The plasma process, when the quantity nWpjkT (where Wp is the plasma 
frequency) is either less than 0·01 Or greater than 50. The first case 
corresponds to an extremely high temperature, and the second to an 
extremely high degree of degeneracy. Although either of these conditions 
may be realised in an exceptional situation such as the gravitational 
collapse of a star, it is unlikely that they can be the subjects of widespread 
observation. 
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,(ii) All photoneutrino processes except those taking place in degenerate 
matter at nonrelativistic energies. 

(iii) Pair annihilation in degenerate matter, provided either that the energies 
involved are nonrelativistic or that T 9 ;;. 3. The definition of degeneracy 
used in this example is that the Fermi energy EF should be greater than 
about 5mc2• 

Chiu (1966) and Chin, Chiu, and Stothers (1966) have considered altogether 
six situations in astrophysics in which neutrino production may have a significant 
influence. Of these, the behaviour of intergalactic neutrinos is not notably affected 
by the reaction (6) because of low temperature, and the evolution of degenerate 
white dwarf stars and semidegenerate "ultraviolet" dwarf stars is believed to depend 
only on details of the plasma process. Two-photon annihilation may be expected to 
have an important place in models describing supernovae or gravitational collapse, 
but in these cases there is no chance that astronomers can make a sufficient number 
of observations to provide indirect evidence of the existence of charged W mesons. 

In the two remaining examples, counts of numbers N of stars in different 
regions of colour-magnitude diagrams are used to determine characteristic evolu­
tionary time scales for the different regions, according to relations of the form 

(14) 

Overall normalization of times is provided by relevant models tliat describe stellar 
evolution. The time scale for anyone region is connected with the output of energy 
from a star by the relation 

T oc f (~ L j ( T) ) -1 dT , (15) 

where each L j ( T) is the luminosity contributed by one mechanism for loss of energy 
which assists the evolution of the star through that region. Luminosity is given 
in terms of the rate of loss of energy per unit volume by 

dLtJdr = 4?Tr2( -dEJdt);. (16) . 

The rate on the right-hand side of equation (16) is a function of r to the extent that 
stellar models usually divide a star into a core and a small number of outer shells, 
the material in each section having a different temperature, density, and chemical 
composition. The integral over r in equation (15) can thus be written as a sum of 
integrals over different ranges of r, dEJdt. being constant within each range. 

Central stars of planetary nebulae occupy a well-defined region on a colour­
magnitude diagram. Calculations (Seaton 1966) based on observations by O'Dell 
(1963) indicate that the time scale for their contraction to the limiting or Chandrasek­
har radius lies between 3 X 104 and 5 X 104 years. Hayashi, HOshi, and Sugimoto 
(1962) have calculated that model central stars of 0·6 and 0·4 solar masses go 
through the contraction in 106 years if neutrino processes are not taken into account. 
From other model calculations, Chin, Chiu, and Stothers (1966) find that this time is 
reduced to about 104 years if the effect of the photoneutrino process is included. 



146 J. A. CAMPBELL 

An approximate analysis based on equations (15) and (16) suggests that their 
estimate is not reduced by more than 5% for central stars with masses less than 
one solar mass, but that the difference may be increased in heavier stars. It is 
therefore desirable to have much more astronomical information on the heavier central 
stars of planetary nebulae to clarify this point. 

The most promising situation for discussion concerns the evolution of stars 
through the stages of helium and carbon burning in their cores after they have 
left the main sequence on' a colour-magnitude diagram. It should be possible to 
make observations on many more stars in this situation than in any other of the 
cases mentioned above. With the help of a mo!iel for the evolution of stars of 15·6 
solar masses, Hayashi and Cameron (1962) have analysed a diagram prepared from 
observations by Johnson and Morgan (1955) on the star clusters h and X Persei. 
Time scales for evolution through various regions of the diagram are computed 
from the model and compared with "experimental" times obtained from equation 
(14). The scales disagree only for the region occupied by stars at the stage of carbon 
burning in their cores. With limited data, the measured time for this stage is between 
7 X 105 and 106 years, while the theoretical time is 2·5 X 105 years when neutrino 
processes are neglected. However, the disagreement becomes worse if neutrino 
production is also considered. During carbon burning, cores are nondegenerate and 
at temperatures where the photoneutrino process (2) is important. With the 
luminosity (Chiu and Stabler 1961) for this process included in equation (15), the 
time becomes 2 X 104 years (Chiu 1966). 

Let 712 ... n be the time scale calculated through equation (15) when luminos­
ities for n different reactions are considered. Let L 1(T) be the luminosity obtained 
from the burning of 12C in nuclear reactions, L 2( T) be the luminosity accompanying 
the burning of the oxygen isotope 160 (which is also present in stellar cores after 
the end of the helium-burning stage), L3(T) be the luminosity for the photoneutrino 
process, and L4(T) be the luminosity obtained from equations (12) and (16) for the 
two-photon reaction (6). Then 712 = 2·5 X 105 years and 7123 = 2 X 104 years. 

It has been suggested that the mismatch between 712 and the observed result 
is due to uncertainties about the relative concentrations of 12C and 160 present at 
the beginning of the carbon-burning stage. The concentration of carbon (and 
therefore the overall luminosity) decreases as the rate for the reaction 

(17) 

increases, which allows 712 to increase. In the present work a calculation of Hayashi, 
Hoshi, and Sugimoto (1962) on the rates of reactions contributing to L 1(T) and 
L 2(T) has been repeated with different reduced widths for the nuclear reaction (17), 
and a match between 712 and the result of observations has been found for reduced 
widths in the range from 0·23 to 0·32. This adjustment is nevertheless not very 
plausible, because the most recent experimental information about the reduced width 
(Loebenstein et al. 1967) is that it lies between 0·06 and 0·14, in agreement with a 
detailed theoretical estimate by Stephenson (1966). It may be possible to obtain 
values inside the experimental range if the square-well potential used by Hayashi, 
Hoshi, and Sugimoto is replaced by a more realistic optical potential, as is implied 
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by Stephenson and by Vogt, Michaud, and Reeves (1965). However, L 3( T) is notably 
larger than either L 1(T) or L 2(T) at the temperatures of interest, so that no new 
description of the reaction (17) is likely to alter greatly the result that 7123 = 2 X lO' 
years. 

When L,(T) is included in equation (15), the calculated time scale for carbon 
burning in stars in the clusters h and X Persei becomes 7123' = 1· 75 X 10' years. 
Therefore at present both 7123 and 7123' disagree with observations. It is necessary 
to have a much greater quantity of astronomical data in the form of colour-magnitude 
diagrams for star clusters to determine whether the disagreement for h and X Persei 
is merely accidental, or whether the coupling constant for the local (eve)(eve) inter­
action is up to an order of magnitude smaller than the coupling constant for other 
vertices in the current-current theory of weak interactions. The question is further 
complicated by Iben's (1967) summary of objections to the identification of carbon­
burning stars (and therefore to the estimate of the carbon-burning lifetime) in h 
and X Persei. Iben has suggested that the identified stars may be recently formed 
objects in the process of gravitational contraction onto the main sequence, that it is 
difficult to choose one definite direction of evolution in the colour-magnitude diagram 
for stars in relatively young clusters, and that the position of helium-burning stars 
on the main sequence can vary considerably according to their chemical composition. 
Therefore, in order to isolate the effect of two-photon annihilation as well as possible, 
calculations bearing on all of these points are needed. To assist the calculations, 
observational colour-magnitude diagrams for a large number of clusters like h and X 
Persei are also required. 

V. CoNOLUSIONS 

In equation (12) is presented an expression for the rate of loss of energy in stars 
from the process of two-photon annihilation into neutrino-antineutrino pairs. The 
circumstances under which this reaction is competitive with other neutrino-producing 
processes are indicated in Section IV. The inclusion of equation (12) in astrophysical 
models, followed by comparisons of the models with astronomical observations, 
constitutes a test of the existence of charged W mesons. The present observational 
evidence quoted in Section IV is questionable because it seems to exclude not only 
the annihilation process but also the existence of other processes of loss of energy 
in neutrino reactions which occur either with or without mediation by charged W 
mesons. Although it is unlikely that the effects due to two-photon annihilation can 
be separated beyond doubt from the other effects mentioned in the last paragraph of 
~ection IV, calculations concerning these effects are necessary for an understanding 
of the role of neutrino processes in general in stellar evolution. It is desirable to 
have more than the present limited amount of observational data on evolution in 
stellar clusters in support of these calculations. 
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