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so that
/@) ~ cexp{[-1+( -2a/7)*'?](Inz)/2}.

g2—>0

In terms of the variable ¢ this gives

[fi(s, )| ~ cy(s)exp{-(a/2m)Int}.
i ;

The other equations may be solved in a similar
manner.

T, D. Lee and C. S. Wu, Ann. Rev. Nucl. Sci. 15,
381 (1965).

21..-F. Li, Phys. Rev. D 2, 614 (1970).

3s. M. Berman and A. Sirlin, Ann. Phys. (N.Y.) 20,
20 (1962). -

M. Lévy and J. Sucher, Phys. Rev. 186, 1656 (1969).

SH. S. Green, Phys. Rev. 97, 540 (1955). See also G. C.
Wick, ibid. 96, 1124 (1954).

6V. P. Sudakov, Zh. Eksperim. i Teor. Fiz. 30, 87
(1956) [Soviet Phys. JETP 3, 65 (1956)].

'R. Jackiw, Ann. Phys. (N.Y.) 48, 292 (1968).

ST. Appelquist and J. R. Primack, Phys. Rev. D 1,
1144 (1970).

K. Johnson, M. Baker, and R. Willey, Phys. Rev. Let-
ters 11, 518 (1963).

R, Haag and Th. Maris, Phys. Rev. 132, 2325 (1963).
15, K. Bose and S. N. Biswas, J. Math. Phys. 6, 1227
(1965).

2R, Acharya and P. Narayanaswamy, Phys. Rev. 138,
B1196 (1965).

13R. S. Willey, Phys. Rev. 155, 1364 (1967).

l4we follow the notation of J. D. Bjorken and S. D.
Drell, Relativistic Quantum Mechanics (McGraw-Hill,
New York, 1964); (A=vy-A).

15Note the over-all positive sign in our case; this is
because of our using a time-preferred metric.

165, Erdeélyi, Duke Mathematical Journal 9, 48 (1942).

1"Equations (15) and (20) are Heun’s equations (Ref. 16),
whereas Eq. (16) is a simple hypergeometric equation.

185ee Eqs. (IV-29 a) and @IV-29 b) of Ref. 7.

PHYSICAL REVIEW D

VOLUME 5, NUMBER 6

15 MARCH 1972

Statistics of a Composite Photon Formed of Two Fermions*

W. A. Perkins
Lawvence Radiation Laboratory, University of California, Berkeley, California 94720
([Received 3 August 1971)

A modification of the author’s earlier version of the neutrino theory of photons is present-
ed. A composite-photon distribution is obtained which is similar enough to Planck’s dis-
tribution to satisfy experimental results. Linearly polarized photon operators are construct-
ed and the theory is shown to describe truly neutral photons, thus removing an objection that
had been raised against the earlier version by Berezinskii.

I. INTRODUCTION

The “neutrino theory of light” as developed by
Jordan and Kronig was postulated on the basis that
exact Bose statistics must be satisfied. In satis-
fying the Bose statistics it was necessary to postu-
late a Raman effect wherein one neutrino could
simulate a photon. For this reason it was also
postulated that there was no interaction between
the neutrino and antineutrino. Work on this theory
was brought to a halt in 1938 when Pryce’ showed
that Bose commutation relations and invariance
under rotation of the coordinate system could not
be satisfied simultaneously for a neutrino theory
of photons. (The Jordan-Kronig theory satisfied
Bose commutation relations but it was not invari-
ant under spatial rotation.) Since 1957 there has
been some renewed interest in a composite-photon

theory.2”'? In an early paper’ the author has sug-
gested that the requirement of Bose statistics for
the theory be dropped. This allows one to circum-
vent Pryce’s theorem. In a rather straightforward
manner a composite-photon theory was constructed
by describing the annihilation and creation of pho-
tons in terms of neutrino and antineutrino process-
es. The electric and magnetic fields so formed
were shown to satisfy Maxwell’s equations, and
thereby the polarization problems of the old Jor-
dan-Kronig theory were solved. Also the opera-
tions of space inversion and charge conjugation
were defined in terms of the neutrino operators in
such a way that the electric and magnetic fields
transform in the usual manner under these sym-
metry operations.

Getting back to statistics, one notes than an in-
tegral-spin particle composed of two fermions
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(such as the deuteron) does not obey Bose statis-
tics.'® The commutation relations”™!* for com-
posite particles (formed of two fermions) are sim-
ilar to Bose commutation relations, and the non-
Bose terms become important only when the fer-
mion wave functions of the particles overlap. In
most cases the wave functions of nuclei do not
overlap sufficiently to give observable effects. If
the photon is composed of two fermions it will
similarly not obey exact Bose statistics. (This is
true for any composite particle formed from a fi-
nite number of fermions.'®)

If the composite photon does not obey Bose sta-
tistics, it is necessary to show that this does not
lead to disagreement with experimental observa-
tions. In particular, either Planck’s distribution
(or a radiation distribution sufficiently similar to
satisfy the experiments) must result from the
theory. By an additional condition in the previous
paper” the author attempted to derive an energy
distribution for the composite photon. More re-
cently Berezinskii'? has correctly shown that this
additional condition is not relativistically invari-
ant. In his paper Berezinskii further argues that
certain commutation relations must be satisfied
for the photon to be neutral and to allow construc-
tion of linearly polarized photons. We construct
linearly polarized photon operators in Sec. II whose
commutation relations differ from Berezinskii’s,
but whose transformation properties under charge
conjugation nevertheless show that the theory de-
scribes strictly neutral photons.

In order to obtain a satisfactory radiation distri-
bution for the composite photon, a modification of
the earlier theory” was necessary. Although we
have assumed a neutrino-antineutrino interaction,
we also assumed that the neutrinos, interacting
with an electron for example, combined to form a
photon only when their momenta were parallel. In
this paper we will generalize the theory and allow
the neutrinos interacting with an electron to have
both parallel and antiparallel momenta. This al-
lows more photons to be in the low-energy part of
the distribution.

II. CONSTRUCTION OF PHOTON FIELD
FROM NEUTRINO FIELD

We will use the representation with
= (00 5—(6 o>
“\o g/’ " \0 -0/
~ (0 © 01
7"(-6 0)’ 74:(1 o>" ()

-10
Vs =Y1Y2V3V4 "= 0o 1/°

The Dirac equation for m =0 is

Yppplp =0. (2)
Letting _
p=UR)e FFrn @®

we obtain four normalized solutions for U for posi-
tive n (=p/p):

1
‘ va| Myting
U:;(n)=<1’;’_’3> 1o, |, @)
0
0
-n1+in25
l+n
g 1 1/2 3
voi6-(152) 1 )
0
0
L .
0
0
. 172
vt@=(252)"| myrin, |, ©®
1+n,
Lot
[ o
0
. 1/2
viii-(152) | 1 )
n,+in,
1+n,

The subscript on U refers to spin state while the
superscript refers to energy state. Thus, the heli-
city operator (S=0 -n) has eigenvalues of +1 for the
spinors of (4) and (7) and -1 for the spinors of (5)
and (6). Similarly the energy operator (W{,,,=¢_f “n)
has eigenvalues of +1 for (4) and (6) and -1 for (5)
and (7).

For negative momentum (-n) we obtain the re-
lations

Ui(-n)=Uzl[),
Uzi(-n)=Utl@m),
Uii _E) = U:i(ﬁ),

Ui(-n)=Uti@).

®)

We will use the notation that v, is the neutrino
(positive-energy state) with spin parallel to its mo-
mentum and v, is the neutrino (positive-energy
state) with spin antiparallel to its momentum. Let
a,(k, 1), c,(k,n), a,(k, 1), and c,(k, n) be the annihi-
lation operators with momentum %n for Vi, Vi, Vg
and v,, respectively. Then, the general neutrino
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field in terms of particles and antiparticles (not
holes) is

9, 0= [dkla,(e, D) 1) e 540
+ cI(k, U -1 -7) e—i(ﬁ-?-kt)
+a,(k, n)U *1(n) e fxrt)
+cl(k, ﬁ)U:}(—ﬁ)e'i@;’m] ) 9)

where T is used to designate Hermitian conjugate.

We define the annihilation operators for right and
left circularly polarized photons in terms of the
neutrino operators respectively as

x(p, E)= J;/zdk ¢T(k)cl(|%1)—k|: "-ﬁ)a1(|%p+k|,—ﬁ)

+ dk T (k)c,(|3p +k |, n)ay(|3p - |, 1)
-p/2

+ fﬂ dk T (k)c,(|2p +k|,n)ay(|3p - k|, =1)
b/2
(10)
and

w(p,ﬁ)=L;dk¢*(k)c2<i%p—k|, Ry 5p+k],R)

b/2 - -
+ dk ¢ (k)c,(|zp+k|, D)ay(|3p - k|, D)

-p/2

. fmdk T (R)cy(|5p+k |, R)ay(|3p =], -7),
(11)
where ¢(k) is as yet an unspecified function of %.
These photon operators are more general than
those used in a previous paper’ in which only the
integrals from —p/2 to p/2 were taken. Physically,
we are now allowing the neutrinos (that are annihi-
lated when a photon is annihilated) to have anti-
parallel as well as parallel momentum. This mod-
ification is important in determining the photon en-
ergy distribution; the photon commutation relations
are non-Bose in either case. It would have been

more general to take ¢ = ¢(p, k); previously we had
used” ¢(p, k)=1/Np.

Comparing Egs. (8), (9), and (10), one notes that
the spinor combinations that go along with x(p, n)
of Eq. (10) are of the form

[T @] 0 U 11(),
(vti@]' 0, U 1@),
and (12)
[U2}0)]) OwmU £3(-).
The possible choices for O, are
Os=74
Ov=Ysy,
Or=v4(V\¥u=Yu¥2), (13)
Ox =174 75
Op=V4Ys.

The only nonvanishing terms resulting from sub-
stituting Eq. (13) into Eq. (12) can be put in the
form

(U2@)] Ty, Uim).
Similarly, for w(p,n) of Eq. (11) we have only
terms of the form
(U3i@)]Ty, ULi@).
For convenience let
u(@) = U 1)
and (14)
v(D)=U*(m).
It should be noted that u(n) and v(n) refer to posi-
tive-energy states with spin parallel and antipar-
allel to the direction of propagation, respectively.

We now form the electric and magnetic fields
[see Eq. (32) and Eq. (34) of Ref. 7]:

EG, 0= 575 [ o {Ixe B! @)+ wlp, et G @) e/ F -0

=[x (P, DT B0@) + w' (b, Mo R)yu(R)] e P F-#0} (15)

HG, 0= 2_:/-—2!; f wdﬁp" 2{ [x( b, D)o T RYyu@) - w( p, B)u G 0(@)] ' FR-20

+[xT (0, D AYV@) - T (p, R0 @Nyu(@)] e FF-#0} (16)

The vectors E.and H are real as E'=E and H' =H and they satisfy Maxwell’s equations.!® To write the

fields in terms of linear photon operators, let
§p, ) =(UNZ ) w(p, ) +x(p, D),
77(15 ;;) = (i/«/sf){ “’(ib,;;) - X(up: ;i)])

1)
(18)
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€, @) = vt @)7u@) + u’ @@, (19)
€)= /2) v @)7u@) - «" @Yo @)] . (20)
With the use of (17)-(20), Egs. (15) and (16) become

EG, =37 [ dbo"*{[5(p, WEG)+ n(p, D@ P54 [ (5, BE,E) 0" (, ME@ - F50) (1)
and

R, 0= [ dbp* (0o, W)~ o, BE@] 40— (615, R H) - 0", DE@] P50} (22)

We note that k(@)= (1//2)u'(n)yv(n) is a self-orthogonal complex unit vector [i.e., k(@) -k@)=k*@) k*n)
=0; k(n)-k*(n)=1] while €, and €, are real unit vectors. The photons are transversely polarized since'®

n-k@)=n-k*n)=0, (23)

nxk(n) =ik@), (24)
and

k(@) xx*n)=4n. (25)

III. COMMUTATION RELATIONS FOR PHOTON OPERATORS
The neutrinos are assumed to obey Fermi-Dirac commutation relations:
la,(k, 1), a(k’, 1)), =[a,(k, D), aj(k’, 0")],
=[c (&, R), cf(k’, 1)), =[cy(k, B), cJ(k", )], = 6(k - &*)0(R ~ ’) (26)

while all other combinations anticommute.
With the use of (26) one can determine the commutation relations for the circularly polarized photon op-
erators of Eqs. (10) and (11):

[x(#, 1), x(g,0")]_=0, (27)
[x(p,0), xT(g,n)]_=06@-n")[6(p - q) - a(p, g, )], (28)
[w(p,n), w(g,n"]_=0, (29)
[w(p, ), w'(g,n")].=6@-1")5(p - q)-a,,(p,q,0)], (30)
[x(»,0), w(g,n")]_=0, (31)
[x(p, 1), w'(g,0")].==0@+0")By,(2, ¢, 1), (32)
[w(p,n), x"(q,n")]_==0(m+1")B,,(p, ¢, 1), (33)
where
a(p, ;1) = su:(o'q_»dk¢>*(%p+k>¢(p-%q+k)[cf(lq—p-k|,—ﬁ>c1(|k|,-ﬁ)+aJ(|q—p—k|,—ﬁ)az(lki,—ﬁ)]

+fm:(0 . Fe 9T (p—R)e(p=—2q—Blalllq-p+k|, Day([k],0)+ el q=p ], Dey(|k], D)

sup (/2 ,q =p/2) X . 1 . N L .
+ @ 913D - ba+ el a - 1p~k, e, 20 k1, -B)
4

/2

+a;r(,q"%P-klyﬁ)az(l%p_kl)-;1)]

sup(a/2,p-a/2) - N -
+f/p dk ¢1(5p -2 - )N | 2a -, =R)csl|p - ba— k|, )
e/2

+aj(|3q k|, -Na,(|p - 3q-F|, )] (34)

and
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|

Bia( b, q,ﬁ)=];wdk{¢T(¢I+%P+k)¢(%d+k)[af(|k|,E)ax(|q+P+k|:E)+C:(|k|,E)Cz(|q+i>+kl,ﬁ)]
+¢T(%P+k)¢(1’+%4+k)[cf(|¢I+P+kl, 'E)Cl(lkl, -.ﬁ)+ag(|q+P+ki, "'-ﬁ)az(lkly "-ﬁ)]}

+ [k ot Gp+motia - Blal(a -k ], “Ray(|p+k ], B+ cllla =k, <Ryl p+k], D]
[

+f’qub*(ép-k>¢(éq+k>[a3<|q+k|, ~ay(|p=kl,B)+cl(|g+k], -R)e,([p -], D],  (35)

with sup(a, b) being the larger of a and b. The expectation values of @ ,(p, g, n) and B,,(p, g, 1) are

(@1(p, 4, ) =0(p - q) j; " {oTGp+R)Gp+Rcl(k], -D)e,(|k |, -R) +af(|k |, -Ray( ||, )]

+¢T(Gp-R)oGp - F)al(|k], n)a,(|k],0)+ k], D), (| k|, D)} (36)
and
(Bia( by g, 1)) =0. (37

In obtaining these commutation relations we have taken ¢(k) to satisfy
[ _arlg@)F=1 and ¢(-k)=9(). (38)

Equations (27), (29), and (31) are obtained by using the fact that in these cases all the fermion operators
anticommute and therefore an even number of interchanges will result in the photon operators commuting.
Equation (28) is obtained as follows:

[x(p, 1), x"(g,n")]-
~0G=#) [ " ak [ " aro @)oo 30 k1, oyl 2p+1, ) all3a k|, W) el g -], R
»/2 e/2
+leal|3p+R|, Wag(|3p - k[, -R), al(|3a - k' |, -A")c](| 3q-+ %’ |, 2]}

- - b/2 a/2 - - - -
+8G-7) [ ak [ argT @ enl | 2o+ k|, Ry 30 -k |, ), all 3g =k, B e Ba+ k], T
-p/2 -q/2

+0(h~7") fp;dk I :/’:dk'w(km(k'){cl(|%p—k|,—ﬁ>cJ<!%q+k'|,ﬁ')[a,(|%p+k|,ﬁ),a2‘(léq-k'|,?v>l+
+ay(|3p -k, -D)af(| 3¢ = F' |, 2)cy(| 3+ k|, B), c](|3q+F’|, B}
+6(?1—T1’)_£/:dk’f_::dk ¢T (RPN {cy(13p+ k|, R)cf(|2g~ ' [, =0 )ay(|3p - k|, D), af(| g+ k'], )],
+ay(|5p - k|, Waf(|3g - k|, -2")ey(|3p+ |, ), cf(| 3+ %], 2], }.
(39)
Considering the first term,
le.(15p = k|, =n)a,(|5p+ k|, ), al(|3g+%' |, R)c](| 30 - #'|, B)).
=8(|3p—k|=|2a -k [)0(|2p+k|=|2q+F’])
-o(|3p-k|=|3q -k Daf(|2g+k’'|,Da,(|3p+k|, D) - 6(|2p+k |~ |3q+k'|)e](|3q - #’|, =R)e,(|2p ~ k[, -7),
(40)
by use of Eq. (26). The first term of Eq. (39) is then

5(n -ﬁ')[ fp/zdk o(p—a)|pk)E - fm dk ¢T(R)p(3q - 3p+k)al(|g - sp+k|, Na,(|5p+k], 1)

gt~ tarRilla= b=kl eyl Ibp k], ).
sup(p/2,q-p/2)
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With similar operations for the other terms and by use of Eq. (38) one obtains Eq. (28). Equation (30) is
obtained by noting that interchange of subscripts 1 and 2 converts x to w [see Egs. (10) and (11)]. By simi-

lar manipulations one obtains Egs. (32) and (33).

The commutation relations for the linearly polarized photon operators [defined in Eqs. (17) and (18)] are

obtained from Egs. (27)-(33):
[g(P, -ﬁ)’ ‘g(q; _ﬁ')]— =0 ’

(41)

[&(p, ), £7(q, )] =06(0=10"){6(p - q) = 5[ ,5(p, g, D) +tyy (B, g, D)} = 26(n+1")By( P, g, 1) + B,y (B, g, )],

[n(P, —ﬁ)’ 17(‘1, -ﬁ’)]- =0,

(42)
(43)

[n(p, 1), n'(q, )] =80 -10"){6(p = q) - 3l (p, g, 1)+, (P, g, D]} +36( +n")BLo(, 4, 1)+ By( 5, g, D),

(44)
[&(p, 1), n(g,n")]_=0, (45)
[&(p, 1), n7(g, 2] =5:{6@ - 1")05y(p, 4, 0) = a3,(p, ¢, W)+ 5+ DBy (B, ¢, D) = By B, 4, D]}, (46)
[n(p, 0), £7(g, 0")]- =3i{6( = 0" )15( P, 4, 0) = Ay (£, g, D) + 6 +0")Bys( P, 4, 1) = By (5, ¢, M)} (47)

These commutation relations for the circularly and linearly polarized photon operators are obviously non-
Bose owing to the terms involving a,,(p, ¢, ), a,,(p, q, 1), B,(p, g, n), and B, (p, g,n). In their proof that a
neutrino theory of photons is impossible, both Pryce' and Berezinskii'? require that the commutators of
Eqgs. (46) and (47) equal zero. We question the need for this requirement; see Sec. VI.

IV. PHOTON ENERGY DISTRIBUTION

The method and notation used in this section are
similar to those of Refs. 14 and 17. We define the

following one-composite-particle Green’s functions:

G*®R, 4; R, t")= (/i ®, X' (R, ') (48)
and
G®R, ;R t') = (/i TR, ') (R, t)) - (49)

For systems at finite temperature the expecta-
tion value of an operator S can be calculated with
the aid of the grand canonical ensemble

(S) =Trle~B¥s)/Trle~B#], (50)
where B=1/kT. From Egs. (49) and (50),

Tr[(1/iPe P R, xR, 0)]
Trle-8H]

G‘R,0;R", )= .

(51)

Using the cyclic invariance of the trace and insert-

ing e ®#¢®¥ we obtain

G(®R, 0; R, t") = (1/5)%e#x(R, 0) e~ B#x T (R’, t)) .
(52)

Using the prescription for converting Schrédinger
operators into Heisenberg operators yields

G, 0; R, ') = (1/)x(R, - BT (R, t'))
=G>(R, -iB; R/, t'). (53)

The Green’s functions depend on R and R’ only

r

through the combination T=R-R’ and upon ¢ and ¢’
through the combination 7=¢—¢’. Thus (53) can be
written

G, 7)=G>(x, T -iB). (54)
The Fourier transform of the Green’s function is
defined by
G>®, w)= () f dr f dr e PTG E D, (55)
with a similar equation for G<(p, w). Taking the
Fourier transform of (54) results in

G*(p, w)=e"?“G(p, w) (56)
or

€6 w)= o7 0G0 -GG W) 67

Moreover,

G*(p, w)= f dr ' (x* (@, 0Ox®, 7) (58)
and ,

6@, W)= [ dr e (x@, G, 0N, (59)

where x(p, 7) is the Fourier transform of x(r, 7).
Since x(ﬁ, 0) removes a free particle with momen-
tum f), it must remove energy p (as the rest mass
is zero) from the system. Thus,

X®, ) =e*#tx(p, 0) e *#*
=e~"y(p, 0). ) (60)
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Substituting (60) into (58) and (59) and then substi-
tuting those results into (57) yields

275(w = p)
eP? -1

x{[x®, O ®, 0) - x" (@, 0)x(p, 0)).
(61)

Writing the left-hand side as [d7e**"G*(p, 7), inte-
trating over all w, and interchanging order of inte-
J

G<(§, w)=

gration on the left-hand side results in

66, 7=0)= =57 B, 0 X'GOL) . (62)

Note that G<(f), 7=0) is the expectation value of the
operator representing the density of composite
particles with momentum f) Therefore, from Eq.
(62) it is apparent that if the ¥’s obeyed Bose com-
mutation relations, Planck’s distribution would be
obtained. From Eqgs. (28) and (36) we obtain

{x(p, ), xT(p, D)) =1 - f:dk {oTGp+R)PGD +R) N5 (| ])+ Nyl |R])]

+¢T(3p - k)P (5D - k) N5y(| R | )+ Ny (| R )]} (63)

Dropping the labels 1 and 2 for the neutrinos, changing the integration variable in (63), and then substi-

tuting into (62) results in

Ny(p>=;,—1_—;{1—f_: dk|¢(k>|2[zvy<|%p+k|)+N;(l%p+k|)}}. (64)

The neutrinos are taken to have the Fermi-Dirac
distribution

N, (&)= Ny (k) = E-gﬂ—iﬁ. (65)

We can obtain an approximate value for B (which
is a function of B) for the range of 8 in which this
second term of Eq. (64) can be neglected as fol~
lows. Integrating Eq. (64) over momentum and
real space, we obtain the total number of photons

2V ° p?
Ny = (27)3 (411)]; dpm

so the photon density is
Ny _ 2(1.202)

v TR (66)
Doing the same for Eq. (65), we obtain the neutri-

no density

Ny o7
v —17233,[0 e (67)

Equating the photon and neutrino densities, we
obtain B=0.73 from a digital computation.

If we knew ¢(k), the energy distribution of our
composite photon would be determined. For con-
venience let ¢(k) have a Gaussian distribution

P(k) = (2/Th 2)V/4 ¢ ¥/k0? (68)

Note that Eq. (68) is consistent with Eq. (38). Sub-
stituting (65) and (68) into (64) results in

10.0 J‘ T T T T T T ]
K Planck ]
L Ko= TeV N
M Eq.(69) )
& e ko=1eV i
L \ -+ Wien ]

‘\. ++++ Eq.(70)

||1|J|l

e

L

1 1 | L |
0.0l o 0.l 0.2 0.3 0.4 0.5 0.6 0.7

Photon energy (eV)

FIG. 1. The photon energy distribution for 7' = 1600 °K
as calculated from Eq. (69) withk,=1 and 7 eV and
from Eq. (70). Also shown for comparison are the Planck
and Wien distributions.
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1
Ny (P)=cm7

_2(2\"* (" exp(—2k%/k;?) ]
X[l ko<w> |yl
(69)

If we had only allowed parallel neutrino momentum
as in the earlier theory, the composite-photon dis-
tribution would have been [with ¢(p,k)=1Ap ]

»
Ny(p)= é%(l - 12; fo dk(BeBk+1)‘1>. (70)

In Fig. 1 we have plotted the following for
T=1600°K: (1) the Planck distribution; (2) Eq.
(69) for k,=1 eV, 7 eV; (3) the Wien distribution;
(4) Eq. (70). First we note that the curve of Eq.
(70) is lower than the Wien distribution and could
not possibly satisfy the experimental results. As
k, approaches infinity the composite~photon distri-
bution [Eq. (69)] approaches the Planck distribu-
tion. However, the experiments of Refs. 18-21
could be reasonably satisfied with 2,2 7 eV. Since
the second term of Eq. (69) is not a function of the
product (A\T), it was necessary to compare it with
temperature and wavelength variations. The ex-
perimental data are usually normalized to the the-
oretical curve so it is the variations with energy
(or wavelength) and temperature that are important

in determining the fit. Comparing the areas under
the curves in Fig. 1 shows that neglecting the sec-
ond term of Eq. (64) in obtaining B is a good ap-
proximation for k2,2 7 eV, and T <1600 °K. (This
was checked by a numerical computation.)

V. PARITY, CHARGE CONJUGATION,
AND ROTATION TRANSFORMATIONS

The transformation of £ and H under the parity
P, charge conjugation C, and rotations about i
operators were given in a previous paper,’ so here
we will only show that the recent modifications do
not change that result.

The parity operator was defined” such that

Pa,(k,N)P = €pa,lk, -1), (71)
Pa,(k,8)P™'=epa,(k, - 1), (72)
Pe,(k,n)P ™ =€e¥c,(k, 1), (73)
Pc,(k,A)P =€}, (k, - 1), (74)
and the charge conjugation operator such that
Ca,(k,0)C ™= €,c,(k, 1), (75)
Ca,(k,N)C™ =€ (R, 1), (76)
Cc,(k,N)C™ =€ 3a,(k, 1), (77)
Cc,(k,N)C™ = €Xa,(k,11). (78)

The transformation of x(p,n) of Eq. (10) is

PX(p; ﬁ)P_1= f::z dk¢T(k)Pc1(|%p'kl’ -ﬁ)P—]Pal(lép'}'kl’ﬁ)P-l

b2 T 1 >\ p-1 1 =\ p=1
+f dk ¢ (R)Pc,(|3 p+k|, DIPPa,(|3p - k|, K)P

-p/2

+ ) dk¢T(k)Pcz(f%p+k|,ﬁ)P"Pa2(‘|§p—kl,—ﬁ)P’l.

bv/2

By use of Egs. (71)~(74) we obtain
Px(p,ﬁ)P_lzw(p’ —ﬁ)~ (79)

Similarly, we obtain the transformation equations
for the other photon operators, a,,(p,q,1) of Eq.
(34) and B,,(p, g, 1) of Eq. (35). The results are as
follows:

Pw(p, B)P™ = x(p, -i), (80)
PE(p,R)P = E(p, i), (81)
P(p,B) P~ ==n(p, -R), (82)
Pa,(p, 4, )P = a,,(p,q, =), (83)
PB(p,q,B)P~ =B, ,(p, q, -11), (84)

CX(p,ﬁ)C_l=_X(ps K); (85)

Cuw(p,n)C™1=~w(p,n), (86)
C&(p,H)C™ = =£(p, 1), (87)
cn(p,B)C™ = -n(p, 1), (88)
Cay,(p, q,N)C™' = ay,(p, q,1), (89)
Cay(p,q,0)C™' = ayy(p, q,1), (90)
CB(P, 4, )C™=B,,(p, ¢, 1), (91)
CBy,y(P,9,0)C™ = B,,(p, ¢, 7). (92)

With the above transformations for the photon
operators it can be shown’ that E and H transform
in the usual way. Also, it follows by inspection
that the photon commutation relations Eqs. (27)-
(33) and Eqgs. (41)—=(47) are invariant under P and
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C transformations.

Under a rotation of the coordinate system through
an angle 6 about i, the neutrino operators trans-
form as follows:

Roa,(k, ARy =202 (R, 1), (93)
Roa,(k, DR g™ = €'%/%a, (k, 1), (94)
Roc,(k, MRy~ =e%%2¢, (k, 11), (95)
Roc,(k, )Ry =" 9%2¢, (R, 1), (96)
Rga,(k, -f)Ry™ = ' %2q,(k, -1), 97)
Roay(k, -B)Ry ™ =19 2g,(k, 1), (98)
Roc,(R, -D)Ry " =e"192¢ (R, -11), (99)

Roc,(k, —R)Ry ™1 =92, (k, -11). (100)

We thus see from Eqgs. (10), (11), (17), and (18)
that the photon operators transform so that

Rox(p,0)Re™ =™ %x(p, 1), (101)
Row(p, MR =ePw(p, 1), (102)
Rot(p, )R =E£(p, D) cos b+ 7(p,N)sing, (103)
Rgn(p, )Ry~ =n(p, 1) cosb— £(p,N) sinh. (104)

With the above transformations for the photon
operators, it can be shown’ that E and H trans-
form as vectors under a rotation R, of the coordi-
nate system.

VI. DISCUSSION

Firstly, we have attempted to show that a neu-
trino theory of photons is possible. To form a
composite-photon theory, one must give up exact
Bose statistics. Besides Pryce’s theorem there
are other reasons why exact Bose commutation
relations cannot be obtained for a composite photon.
To cancel out the @,, and «@,, terms in the commuta-
tation relations [Eqs. (28) and (30)], Jordan?? pos-
tulated that the absorption of a photon of momentum
P could be simulated by a Raman effect of neutri-
nos or antineutrinos (i.e., one neutrino or antineu-
trino with momentum P +K is absorbed while anoth-
er of the same energy state, opposite spin, and
momentum K is emitted) as well as the simulta-
neous absorption of a neutrino-antineutrino pair.
This Raman effect provided the additional terms
to give Bose commutation relations. Nowadays,
this Raman effect in which a single neutrino simu-
lates a photon is experimentally ruled out as it
would easily have been observed in the inverse-
beta-decay experiments.
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We have assumed that the neutrino obeys Fermi
statistics. One might assume parafermion statis-
tics for the neutrino in hopes of obtaining Bose
statistics for a composite photon. Berezinskii has
shown?? that this does not work for a composite
photon, and he has further arguments? against us-
ing Jordan’s Raman-effect hypothesis in which the
effects of a photon are simulated by a single neu-
trino.

We also differ from Jordan’s theory in assuming
a neutrino-antineutrino interaction to be necessary.
Indeed, without the interaction (or Raman-effect
hypothesis) one cannot obtain a satisfactory photon
distribution, since the neutrino pair being absorbed
or emitted by an electron can only have parallel
momentum. This would lead to a composite-photon
distribution differing greatly from Planck’s distri-
bution and with the experiment (see Fig. 1). How-
ever, if the neutrinos being absorbed or emitted
in pairs by an electron are allowed to have either
parallel or antiparallel momentum, the resulting
distribution can be similar to Planck’s distribution
and experiment (see Sec. IV). Unfortunately, the
exact form of the distribution depends on an un-
known function or parameter, so an experimental
test to decide between this distribution and Planck’g
distribution is not possible at present.

Berezinskii'? has claimed that the commutators
in Egs. (32), (33), (46), and (47) must equal zero
so that: (1) the photon is neutral and (2) construc-
tion of linearly polarized photons is possible. We
have shown in Sec. V that our theory describes
neutral photons in the usual sense even though the
commutators in these equations do not vanish.

Also in Sec. II we have constructed linearly polar-
ized photons.

The consequences of the theory for quantum
electrodynamics have not been examined in this
paper. We do not know of any experimental result
that rules out the non-Bose commutation relations
of Sec. III. This is not to say that the difference
between these commutation relations and Bose
commutation relations cannot be detected by exper-
iment. On the contrary, we feel that this differ-
ence in commutation relations will lead to experi-
mental tests to determine if the photon is a com-
posite particle.
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We extend a class of parton models to a fully gauge-invariant theory for the full Compton
amplitude. The existence of local electromagnetic interactions is shown to always give rise
to a constant real part in the high-energy behavior of the amplitude Ty(v, ¢%. In the language
of Reggeization this is interpreted as a fixed pole at J =0 in 7y and vT,, with residue poly-

nomial in the photon mass squared.

Recent inelastic electroproduction experiments
(which essentially measure the imaginary part of
the forward off-shell Compton amplitude) hint at a
composite nature for the nucleon. This has been
represented by parton models involving pointlike
(possibly field-theoretic) constituents, but up to
the present time these concepts have only been ap-
plied to the scaling, incoherent impulse approxi-
mation, region. Gauge invariance and the low-en-
ergy theorem place further restrictions upon such
theories, and in this note we report the extension
of parton field-theoretic ideas to a discussion of
the full Compton amplitude. In particular we shall
see that such models always give rise to a real
part at high energies additional to that expected
from the Regge behavior of the imaginary part.
This extra real part should be identified with the
“fixed pole”! of conventional Regge analysis. Ev-
idence for such a fixed pole for on-shell photons
has been found phenomenologically from disper-
sion relations.? In addition we find that the “fixed
pole” appears as a constant real part, C, in T,
independent of g%, and appears in vT, in the form

-C q2 /V .3

If the proton were as simple as the nucleus, then
the high-energy behavior of the forward Compton
amplitude would follow directly from the coherent
impulse approximation. At =0, the Compton am-
plitude on a nucleus is given by the Thomson lim-
it £, (0) = =(Z2Q/M s ) Whereas at energies high
compared to the binding energy, but below thresh-
old for photoproduction of mesons, the forward
amplitude is given by the coherent sum of the in-
dividual nucleon amplitudes,

A== (@ =my).
i=1 ¢

In fact, for the case of a composite proton the
analogous high-energy behavior would be given by
the coherent sum of “seagull” terms for the indi-
vidual proton constituents (quarks, bare hadrons)
and the formulas (7), (11) we give later corre-
spond to this picture.

Field theory gives us the clearest example of a
fully covariant, gauge-invariant Compton ampli-
tude which can also incorporate the composite na-



