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In order to describe the electromagnetic effects (fields) of simultaneously occurring electric and
(hypothetical fermionic) magnetic monopoles, Cabibbo and Ferrari introduced in addition to the con-
ventional electric vector potential a magnetic vector potential, thus leading to electric and magnetic
photons. A theoretical confirmation (and justification) of this phenomenological ansatz is provided
by the manifold of photon states in de Broglie’s theory of fusion. Lochak showed that in this theory
either electric or magnetic photon states can be derived. To study the possibility of the simultane-
ous existence of electric and magnetic photon states a modern version of de Broglie’s fusion theory
is used, which is formulated by means of generalized de Broglie-Bargmann-Wigner equations. It is
demonstrated that the corresponding photon equations admit the simultaneous existence of electric
and magnetic photon states if the electroweak SU(2)- and CP-symmetry breakings are introduced
into these equations. The latter symmetry violations induce violations of the permutation symmetry,
which is crucial for the proof of Cabibbo’s and Ferrari’s hypothesis referred to photons with partonic
substructure.
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Equations; Parastatistics.

1. Introduction

The formal symmetry of Maxwell’s equations with
respect to the coupling to electric and magnetic sources
and the experimentally observed lack of magnetic
sources, i. e., the vanishing of the divergence of the
magnetic induction, has led to a lot of theoreti-
cal speculations in the past century. These specu-
lations can be summarized as the search for mag-
netic monopoles, [1 – 3]. And recent experimental and
theoretical findings gave fresh impetus to this re-
search, [4 – 6].

One widespread argument against the existence of
specific magnetic monopoles is offered by duality
transformations between electric and magnetic fields.
But this sort of solution of the problem is invalidated
by serious objections, [2, 5, 7], so the existence of mag-
netic monopoles is still controversial and imposes an
unsolved problem.

Dirac succeeded in deriving magnetic monopoles
from solutions of the conventional electromagnetic
vector potential, [8, 9]. This leads to a rather sophis-
ticated topological construction giving rise to doubts
about the physical realization of such entities. A more
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natural way seems to be the introduction of a sec-
ond (magnetic) vector potential by Cabibbo and Fer-
rari, allowing the description of electromagnetic fields
specifically generated by the simultaneous occurence
of magnetic and electric monopoles, [10].

In this case it is adequate to distinguish between
electric and magnetic photons associated with the re-
spective potential, although both types of photons are
only different realizations of the Maxwell field itself.

Support for this way of phenomenological treat-
ment of the monopole problem came from an unex-
pected quarter: If photons are considered as compos-
ites, Lochak showed that in de Broglie’s theory of fu-
sion electric and magnetic photons do exist, [11]. In
addition Lochak discovered and introduced fermionic
magnetic monopoles, [7].

Compared with the widespread treatment of mag-
netic monopoles as bosons, [12 – 15], this is a new and
extraordinary proposal which should be justified by ex-
periment as well as by theory. In particular with respect
to the theoretical requirements one should try to extend
the standard model by these concepts in order to obtain
a theory which corresponds to the theoretical level of
modern elementary particle theories and physics and
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to decide whether new reaction channels of elementary
particle reactions can be added to those already known.

In order to reduce the arbitrariness of possible phe-
nomenological modifications of the standard model
with respect to such monopoles, a theoretical guideline
is needed. In this respect one opportunity of a usefull
guideline is provided by the quantum field theoretic
generalization of de Broglie’s theory of fusion, [16]. It
allows to treat the necessary extension of the standard
model without suffering from too much arbitrariness.

In de Broglie’s original photon theory electric and
magnetic photons are mutally exclusive, i.e., either
electric or magnetic photons can exist, see [16],
Eq.(1.19), Eq.(1.20). On the other hand, according to
Cabibbo’s and Ferrari’s theory both kinds of photons
act simultaneously. Clearly in the generalized theory
the first step must be the proof that this simultane-
ous existence and action of both kinds of photons is
possible. Thus the first crucial step in analyzing the
fermionic monopole problem is the clarification of this
problem, for if no medium for the transmission of mag-
netic monopole effects exists, no magnetic monopole
can be detected.

To prove the simultaneous existence of these pho-
tons it is sufficient to dicuss in the generalized theory
the generalized de Broglie-Bargmann-Wigner equa-
tions which describe the structure of a composite
photon formed by two constituents (partons or sub-
fermions, respectively). As for the meaning of these
equations and their embedding into the complete the-
ory, we refer to previous papers on this topic, [17 – 20],
and to a review, [16]. Without repetitions in the follow-
ing sections the results of these calculations and inves-
tigations are used as far as they are important for our
discussion.

2. Parafermions by Symmetry Breaking

By means of the field theoretic formalism, wave
equations for single composite particles with partonic
substructure can be derived. In the most simple case,
such composite particles (or quanta) are described
by hard core states. The corresponding wave equa-
tions are the generalized de Broglie-Bargmann-Wigner
(GBBW)-equations which are the object of our treat-
ment.

It is a pecularity of the field theoretic formalism that
from the beginning this formalism is not specialized to
any definite parton number n. And although in the fol-
lowing we will exclusively deal with the parton num-

ber n = 2, the general field theoretic formulation is
needed in order to be aware of the symmetry proper-
ties of the theory.

Hence we start with this field theoretic version of
the theory of hard core states which can be expressed
by a single covariant functional equation. At this basic
level of the theory it is convenient to use only symbolic
general coordinate variables I which stand for the four
dimensional space-time coordinate x and the algebraic
indicesZ . Then in this symbolic notation this hard core
functional equations reads (using the summation con-
vention)

KI1I∂I |F〉 = UI1I2I3I4 [FI2IjI∂I4∂I3

+ FI3IjI∂I2∂I4FI4IjI∂I3∂I2 ]|F〉. (1)

Definitions of the various quantities which are con-
tained in this symbolic equation will be given below.
At first we explain the states |F〉. These states are de-
fined by

|F〉 = ϕn(I1, ..., In)jI1 ...jIn |0〉, (2)

where ϕn is a formally normal ordered matrix element
of the parton dynamics for hard core states, while the
set of base vectors {jI1 ...jIn |0〉} is defined to be a
fermionic Fock space with creation operators jI and
their duals ∂K which have not to be confused with or-
dinary particle creation and annihilation operators of
quantum field theory. They are the elements of the gen-
erating functional states and are assumed to satisfy the
relations

[jI , ∂K ]+ = δIK ; [jI , jK ]+ = [∂I , ∂K ]+ = 0;
∂I |0〉 = 0 ∀I. (3)

And although these operators are not to be identi-
fied with conventional field operators, they reflect an
essential property of the parton system.

Assuming the anticommutation relations (3) en-
forces the wave functions (or matrixelements) ϕn to
be completely antisymmetric, and this in turn means:
all partons are mutually indistinguishable.

This can be easily verified by considering matrix el-
ements for n = 2 of the full theory. In this case the
normal ordered matrix elements are identical with the
time ordered ones, i. e. ϕ2 = τ2, where for fermions
the latter are defined by

τ2 := 〈0|Θ(t1 − t2)ψZ1 (r1, t1)ψZ2(r2, t2)

−Θ(t1 − t2)ψZ2(r2, t2)ψZ1(r1, t1)|a〉.
(4)
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These elements are antisymmetric for t1 	= t2 by
definition. For equal times, however, antisymmetry can
only be achieved if the field operator algebra is exclu-
sively constituted by anticommutation relations, which
is the case if the parton fields describe indistinguish-
able quanta.

So by the relations (3) as well as by the associated
field operator algebra the hypothetical fact is expressed
that no experiments can be found which enable one to
identify different partons (even if partons are assumed
to be unobservable).

This situation is changed if symmetry breaking is
introduced. Symmetry breaking means that the invari-
ance of the Hamiltonian against a certain symmetry
group is violated. In consequence, the degeneracy of
the energy eigenvalues of the Hamiltonian with respect
to the members of group representations is removed,
i.e. the members of a multiplet aquire different energy
eigenvalues and can thus be individually identified, i.e.
they are no longer indistinguishable.

It is obvious that this fact must find its expression
in the properties of the field operator algebra. As the
field operators themselves are members of a multiplet
of the corresponding group their energetic nondegener-
acy makes them distinguishable and thus the anticom-
mutation relations for the case of the unbroken group
must be partially replaced by commutation relations
for the case of the broken group. I.e., each member
of the multiplet has its own fermion state space which
does not interact with the fermion state spaces of the
other members via the exclusion principle. This neces-
sity is simply illustrated by the fact that in the hydro-
gen atom the wave function is not antisymmetrized be-
tween proton and electron.

In this case according to Green, [21], such a con-
struction with mixed commutators and anticommu-
tators of fermion field operators should therefore be
called a parafermi statistics. In this case in the single
time limit in (4) antisymmetry is lost.

Without giving further details of this parafermi alge-
bra for field operators, see [22], we directly discuss the
effect of this modified algebra on representations. For
quantum fields an infinite number of inequivalent rep-
resentations exist. According to the GNS-construction
the choice of a special representation is effected by
fixing the vacuum, see [16]. In the case of GBBW-
equations, this construction of the representation space
is expressed and effected by the appearance of the
propagatorF in (1). The latter can be used to fix a def-
inite special vacuum. This dependence of (1) on the

vacuum can be used to introduce symmetry breaking
into the theory via a corresponding modification of the
vacuum, i. e. the propagator.

This idea was already pursued by Heisenberg, [23],
however, without using the functional calculus and
without discussing the consequences for the permuta-
tion group. Indeed the sources jI and ∂K of the gen-
erating functional must reflect the modification of the
field operator algebra in their own algebraic properties,
i.e. for symmetry breaking we expect a parafermi alge-
bra for the sources too. This in turn to some extend
removes the antisymmetry of the matrix elements ϕn

in (2), as is to be expected and required.
The preceding discussion can be summarized as fol-

lows: Any symmetry breaking of a dynamical symmetry
group induces a symmetry breaking of the correspond-
ing permutation group.

It would exceed the scope of this paper to de-
velop the parafermi algebras for field operators and
for sources in detail. Based on this summary we rather
treat the two parton GBBW-equations directly without
reference to these algebras in the background.

3. Two Body Equations with CP Violation

First we shortly review the two body GBBW equa-
tions without symmetry breaking. These equtions arise
from (1) by projection into the two body coordinate
space. With x ∈ M 4 andZ = (i, κ, α), where κ means
superspin-isospin index, α = Dirac spinor index, i =
auxiliary field index, these equations read

[Dµ
Z1X1

∂µ(x1) −mZ1X1 ]ϕX1Z2(x1, x2)
= 3UZ1X2X3X4FX4Z2(x1 − x2)ϕX2X3(x1, x1),

(5)

and in accordance with the use of the generating func-
tional algebra, defined by the relations (3), the state
amplitude ϕ must be antisymmetric.

By interchange of all arguments in (5) one obtains
a second set of equations which, however, imposes no
further conditions on the wave function ϕ, if ϕ is a
solution of (5).

In this representation the following definitions are
used:

Dµ
Z1Z2

:= iγµ
α1α2

δκ1κ2δi1i2 , (6)

mZ1Z2 := mi1δα1α2δκ1κ2δi1i2 , (7)

FZ1Z2(x1 − x2) := −iλi1δi1i2γ
5
κ1κ2

· [(iγµ∂µ(x1) + mi1)C]α1α2∆(x1 − x2,mi1),
(8)
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where ∆ is the scalar Feynman propagator. The vertex
term in (6) is fixed by the defintion

UZ1Z2Z3Z4 := λi1Bi2i3i4V
κ1κ2κ3κ4
α1α2α3α4

, (9)

where Bi2i3i4 indicates the summation over the auxil-
iary field indices, and where the vertex is given by

V κ1κ2κ3κ4
α1α2α3α4

:=
g

2
{[δα1α2Cα3α4−γ5

α1α2
(γ5C)α3α4 ]

· δκ1κ2 [γ
5(1 − γ0)κ3κ4 ]}as(2,3,4). (10)

The parameters λi originate from the regularization
procedure.

Equations (5) are relativistically invariant quantum
mechanical two body equations with nontrivial interac-
tion, selfregularization and probability interpretation.
They possess an associated exact single time energy
(relativistic Schroedinger) equation and admit exact
solutions. More details can be found in [17 – 20].

For vector bosons the exact solutions read in a gen-
eral form

ϕZ1Z2(x1, x2) = T a
κ1κ2

exp[−i
k

2
(x1 + x2)] (11)

· Aµ(k)(χµ)i1i2
α1α2

(x1 − x2|k).

The tensors T a are representations of the superspin-
isospin invariance group, see [18], and we expect that
after symmetry breaking, modified solutions will re-
place the solutions (11) for the case of unbroken sym-
metries.

Although with equations (5) only vector and scalar
bosons can be treated, it has to be emphasized that the
field theoretic model in the background of these equa-
tions is designed to comprise all kinds of interactions.
This means that in the field theoretic vacuum all kinds
of electroweak and strong symmetry breakings should
occur. Thus apart from electroweak isospin invariance
violation and electroweak parity violation also elec-
troweak and strong CP-violations have to be taken into
account. In particular the latter violations are of spe-
cial interest with respect to the formation of electric
and magnetic photons.

Therefore, in order to concentrate on this formation
of electric and magnetic photons we only treat CP-
violation in detail, while the other symmetry breakings
are only considered to that extend as far as their results
are of importance for our intended calculations. In the
case of the electroweak isospin symmetry breaking the
set of relevant observables is reduced to the electric

charge operator Q and to the fermion number operator
F , both of which are indispensible for properly dis-
cussing CP-violation.

If one excludes states with fermion number 2, which
decouple from the effective dynamics, the following
set of antisymmetric (Dirac) matrices T a is a suit-
able basis for the superspin-isospin description of elec-
troweak vector bosons:

T a = {T 0, T 1, T 2, T 3}
≡ {C,−γ5γ1C,−iγ5γ2C, γ5γ3C}, (12)

while for scalar bosons the set of symmetric Dirac ma-
trices Sa can be used for the description of superspin-
isospin properties

Sa = {S0, S1, S2, S3}
≡ {γ0C, γ5γ0γ1C, iγ5γ0γ2C,−γ5γ0γ3C}. (13)

After symmetry breaking of the isospin group, these
properties are expressed by the eigenvalues of Q
and F , where Q and F are exclusively defined in
superspin-isospin space in accordance with the field
theoretic formalism. One obtains, see [16, 18],

Q = (G3 +
1
2
F ) (14)

with the isospin generator

G3 :=
1
2

(
σ3 0
0 −σ3

)
κ1κ2

(15)

and the fermion number generator

F :=
1
3

(
1 0
0 −1

)
κ1κ2

. (16)

In the two body system an eigenstate of (14) and (16)
is represented by a superspin-isospin tensor Θ which
satisfies the conditions

Qκ1κΘκκ2 + Θκ1κQκκ2 = qΘκ1κ2 (17)

and

Fκ1κΘκκ2 + Θκ1κFκκ2 = fΘκ1κ2 (18)

simultaneously, owing to the symmetry of Q and F .
Such eigenstates can be formed by linear combina-

tions of elements of the sets (12) or (13), respectively.
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This gives the following result with states and corre-
sponding quantum numbers:

1
2
(S2 + S1) = Θ1s(q = 0, f = 0),

1
2
(S2 − S1) = Θ2s(q = 0, f = 0),

1
2
(S3 + S0) = Θ3s(q = 1, f = 0),

1
2
(S3 − S0) = Θ4s(q = −1, f = 0),

(19)

for symmetric states, and if the S-states are replaced by
T-states one obtains the corresponding antisymmetric
eigenstates:

1
2
(T 2 + T 1) = Θ1a(q = 0, f = 0),

1
2
(T 2 − T 1) = Θ2a(q = 0, f = 0),

1
2
(T 3 + T 0) = Θ3a(q = 1, f = 0),

1
2
(T 3 − T 0) = Θ4a(q = −1, f = 0).

(20)

Without additional symmetry breaking the states (20)
are associated to the quantum numbers of electroweak
vector bosons, where the photon and the Z-boson cor-
respond to linear combinations of Θ1a and Θ2a which
make via isospin symmetry breaking theZ-boson mas-
sive, while the photon remains massless. By the same
mechanism the charged bosons aquire masses. But on
the elementary level of the parton bound state forma-
tion this removal of mass degeneracy will not be fur-
ther pursued, because it can be shifted to the corre-
sponding effective theory, see [16], which is not the
topic of this paper.

The same pattern of charged and neutral bosons
is repeated in the case of pseudoscalar and vector
mesons, where for pseudoscalar mesons the symmet-
ric states (19) have to be used. Phenomenologically the
mesons are bound states of quarks. The identification
of these mesons on the parton level rises the question
why two-quark states should possess nontrivial projec-
tions into the two-parton sector, if quarks themselves
are bound states of partons. Indeed one can find a plau-
sible explanation, the discussion of which would like-
wise exceed the scope of this paper and thus will be
treated elsewhere.

Based on these considerations one can proceed to
the discussion of CP-violation. The possible modifica-
tions of the GBBW-equations are limited by the con-

dition that in any case CPT-invariance must be con-
served. For our discussion we adopt the results of a
preceding paper on discrete transformations, see [24].

According to Sect. 2, symmetry breaking takes
place via the modification of the vacuum. For GBBW-
equations the vacuum is represented by the propagator
F in (8). Written in full it reads

F := −iλi1δi1i2γ
5
κ1κ2

·
∫

d4p[(γµpµ + mi1)C]α1α2

· e−ip(x1−x2)(p2 −m2
i1)

−1(2π)−4.

(21)

In [24] the PCT-transformation of time ordered matrix
elements was derived, which, applied to F , yields the
following relation for x′ = −x

Fκ1κ2
α1α2

(x1, x2)i1i2 = −γ0
κ1κ′

1
γ5

α1α′
1
γ0

κ2κ′
2
γ5

α2α′
2

· Fκ′
1κ′

2
α′

1α′
2
(x′1, x

′
2)

′
i1i2 .

(22)

By direct calculation one can prove the invariance of
F , i. e. F = F ′.

In the same manner, by means of the formulas
of [24] the CP-transformation of F is given by

Fκ1κ2
α1α2

(x1−x2)i1i2 = (23)

(γ0γ5)κ1κ′
1
γ0

α1α′
1
(γ0γ5)κ2κ′

2
γ0

α1α′
1
F

κ′
1κ′

2
α′

1α′
2
(x′1−x′2)

′
i1i2

with x′ = (−r, t). Again by direct calculation one can
prove the invariance of F under this transformation.

From this it follows: if in F a CP-violating term
X has to be established, owing to the required CPT-
invariance this term must satisfy the condition

−γ0
κ1κ′

1
γ5

α1α′
1
γ0

κ2κ′
2
γ5

α2α′
2
X

κ′
1κ′

2
α′

1α′
2

= Xκ1κ2
α1α2

, (24)

while the CP-violation must lead to

(γ0γ5)κ1κ′
1
γ0

α1α′
1
(γ0γ5)κ2κ′

2
γ0

α2α′
2
X

κ′
1κ′

2
α′

1α′
2
	= Xκ1κ2

α1α2
.

(25)

One easily verifies that such a term can be defined by

Xκ1κ2
α1α2

= (γ5γ0)κ1κ2Cα1α2 . (26)

In the phenomenological theory, i. e., in the stan-
dard model, the PC-violation arises via the Yukawa
coupling of the hypothetical Higgs fields to the
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fermions, [12, 25]. After the change of the reference
point of the Higgs fields, the Yukawa couplings are
transformed into the mass matrix of the fermions.
Owing to the experimentally and theoretically un-
known Yukawa couplings, this mass matrix can only
be parametrized but not definitely fixed, and if in this

parametrization a special phase parameter does not
vanish, then CP-violation takes place.

To transfer this phenomenological procedure to the
parton level suggests itself. Indeed the CP-symmetry
breaking term (26) can only be incorporated into F by
means of a mass correction term. Thus, in accordance
with (26), the PC-violating propagator F (δm) can be
written in the form

F (δm) = −iλi1δi1i2γ
5
κ1κ(2π)−4

∫
d4p

[(γµpµ + mi1)δκκ2 + δmγ0
κκ2

]α1αCαα2

(p2 −m2
i1

)
e−ip(x1−x2) = F0+F1, (27)

where F0 is to be identified with (21) and where δm
contains such a phase parameter. From the represen-
tation (27) of this modified vacuum expectation value
it follows that, owing to the decomposition of γ 0 by
γ0 = σ3

Λ1Λ2
⊗ δA1A2 , the mass correction term acts

in a different way on spinors and charge conjugated
spinors, causing thus C-violation. As a consequence
of this symmetry breaking in the phenomenological
treatment, matter can be absolutely discriminated from
antimatter and an unambiguous definition of positive
charge is possible, [26]. Thus C- or CP-violation leads
to the discrimination of positive from negative charges,
even at the parton level, and thus enforces the introduc-
tion of parafermions or parapartons, which manifests
itself in the violation of the antisymmetry of states.

The introduction of such a mass correction term
into the Dirac operator of the propagator is a hypothe-
sis which has to be confirmed by calculating the phe-
nomenological fermion mass matrix of the effective
theory of leptons, quarks and gauge bosons with par-
tonic substructure. A first step to derive such an effec-
tive mass matrix was done in [27]. But further investi-
gations are needed in order to relate the properties of
F to the structure of this matrix.

For the following we accept (27) as a postulate and
study the consequences for the formation of electric
and magnetic photons.

As the starting point of this investigation we use the
integral form of the GBBW-equations (5). It reads

ϕZ1Z2(x1, x2) = 3
∫

d4xGZ1X1(x1 − x)

· UX1X2X3X4FX4Z2(x−x2)

· ϕX2X3(x, x),

(28)

and if in (28) the modified propagator (27) is substi-
tuted then, according to our discussion in Sect. 2, the

CP-invariance violation by (27) induces a violation of
the permutation antisymmetry of the wave functions
in (28).

It should, however, be noted that the symmetry prop-
erties of the vertex U in (28) are not affected, because
U is related to the dynamical law of the underlying
quantum field which does not depend on the special
representation induced by associated special vacuum
expectation values.

4. Parafermionic Photon Eigenstates

To solve (28) for the case of CP-symmetry breaking
we apply the general ansatz

ϕZ1Z2(x1, x2) = exp[−i
k

2
(x1 + x2)]χZ1Z2(x1−x2).

(29)

If the Green function in (28) is expressed by its Fourier
transform

GZ1Z2(x1−x2) = δi1i2δκ1κ2(2π)−4 (30)

·
∫

d4p(γµpµ+mi1)α1α2(p
2−m2

i1)
−1e−ip(x1−x2),

and if (27), (29) and (30) are substituted in (28), then
the center of mass motion can be eliminated and an
equation for χ only results. Without loss of general-
ity in the latter equation the special coordinate value
(x1−x2) = 0 can be considered, leading after summa-
tion over i1, i2 on both sides to a selfconsistent equa-
tion for χ̂, which is defined by summation over i1, i2
in χZ1Z2(0). With k′ := 1

2k this equation reads

χ̂κ1κ2
α1α2

=

g′
∫

d4p
∑

i

λifi+[(pµ + k′µ)γµ + mi]α1αδκ1κ
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·
∑

h

[vh
αβδκρ(vhC)β1β2γ

5
ρ1ρ2

−vh
αβ1

δκρ1(v
hC)ββ2γ

5
ρρ2

− vh
αβ2

δκρ2(v
hC)β1βγ

5
ρ1ρ]

·
∑

j

(−i)λj{fj−[(pλ − k′λ)γλ + mj ]βδCδα2γ
5
ρκ2

+ fj−δmCβα2(γ
5γ0)ρκ2}χ̂ρ1ρ2

β1β2
, (31)

where the definitions

fi+ := [(p + k′)2 −m2
i ]

−1,

fi− := [(p− k′)2 −m2
i ]

−1
(32)

were introduced. In addition, in g ′ all numerical con-
stants are enclosed, being of no relevance for our in-
tended proof.

The reduction of the two-body GBBW equation to
an algebraic equation is specific for the two body case
and allows an exact solution. GBBW equations for
n > 2 are much more complicated, see [28].

In the next step χ̂ will be expanded in terms of the
complete set of symmetric and antisymmetric Dirac

matrices {Γs}:

χ̂κ1κ2
α1α2

=
16∑

s=1

Γ s
α1α2

χκ1κ2
s . (33)

However, if this expansion is to describe a unique
solution of (31) and if this solution is to have a
physical meaning, its superspin isospin part must
be a unique eigenstate of Q and F in accordance
with (17) and (18). This requirement reduces the gen-
eral ansatz (33) to the special form

χ̂κ1κ2
α1α2

=
16∑

s=1

csΓ
s
α1α2

χκ1κ2 . (34)

Furthermore, a closer inspection shows that the omis-
sion of the elements C and (γ5C) can be selfconsis-
tently justified. Thus the most general expansion which
is acceptable from a physical point of view reads

χ̂κ1κ2
α1α2

= [Aµ(γµC)α1α2 + Bµ(γ5γµC)α1α2

+ Fµν(ΣµνC)α1α2 ]χ
κ1κ2 ,

(35)

and owing to the simultaneous appearance of symmet-
ric and antisymmetric algebra elements this ansatz is a

parafermionic one, which reflects the fact that by the mass correction term spinors and charge conjugated spinors
can be distinguished.

If this expansion is substituted in (31), after some algebraic rearrangements one obtains

[Aµ(γµC)α1α2 + Bµ(γ5γµC)α1α2 + Fµν(ΣµνC)α1α2 ]χ
κ1κ2 =

ig′′
∫

d4p
∑

i

λifi+[(pν + k′ν)γν + mi]α1α[Aµγ
µ
αβ + Bµ(γ5γµ)αβ ](χγ5)κ1ρ

·
∑

j

λj{fj−[(pλ − k′λ)γλ + mj ]βδCδα2γ
5
ρκ2

+ δmfj−Cβα2(γ
5γ0)ρκ2}.

(36)

With respect to the superspin-isospin part one observes
that for the sets (12) and (13) the relations

(T kγ0) = Sk, (Skγ0) = T k, k = 0, 1, 2, 3, (37)

or equivalently

(Θkaγ0) = Θks, (Θksγ0) = Θka, k = 0, 1, 2, 3 (38)

hold. From these relations it follows

(Θka + Θks)γ0 = (Θka + Θks). (39)

Therefore, defining

χκ1κ2
k = (Θka + Θks)κ1κ2 , (40)

the four possible superspin-isospin states χk, k =
0, 1, 2, 3 can be eliminated from (36), which yields the
system

Aµ(γµC)α1α2 +Bµ(γ5γµC)α1α2 +Fµν(ΣµνC)α1α2

= ig′′
∫

d4p
∑

i

λifi+[(pν + k′ν)γν + mi]α1α

· [Aµγ
µ
αβ + Bµ(γ5γµ)αβ ]

·
∑

j

λj{fj−[(pλ − k′λ)γλ + mj ]βδCδα2

+ δmfj−Cβα2}. (41)
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For the further evaluation we introduce the definitions

Rν+ :=
∑

i

λifi+(pν + k′nu), S+ :=
∑

i

λimifi+

(42)
and

Rλ− :=
∑

i

λifi−(pλ − k′λ), S− :=
∑

i

λimifi−.

(43)

These definitions are substituted in (41), and the right
hand side of (41) is expanded in terms of the complete
set of symmetric and antisymmetric Dirac matrices.

Comparison of the coefficients on both sides of (41)
for each element then yields 16 independent conditions
(equations) which must be satisfied by the independent
expansion coefficients Aµ, Bµ and Fµν .

In particular one obtains for the elements (γ µC) the
four equations

Aµ = ig′′
∫

d4p[Rν+Rλ−(ηνρδλµ − ηνλδρµ

+ ηρλδνµ)Aρ + S+S−Aµ] (44)

+ig′′
∫

d4p[iε νρλ
µ Rν+Rλ−Bρ+δmS+S−Aµ],

and for the elements (ΣµνC) the six equations

Fµν = ig′′
∫

d4p[−i(S+Rλ− −Rλ+S−)δλµAν

+
1
2
δmRλ

+S−εµνρλB
ρ]

+ ig′′
∫

d4p[−i(S+R
λ
− + Rλ

+S−)εµνρλB
ρ

− iδmRν+S−Aµ], (45)

where all terms on the right hand side are antisym-
metrized in µ and ν.

For the elements (γ5γµC) four equations result:

Bµ = ig′′
∫

d4p[iε νρλ
µ Rν+Rλ−Aρ + S+S−Bµ]

+ ig′′
∫

d4p[−Rν+Rλ−(ηνρδλµ − ηνλδµρ

+ ηρλδνµ)Bρ + S+S−Bµ], (46)

while the element (γ5C) yields one equation,

0 = ig′′
∫

d4p[−δmRν+S−Bν

+ (S+Rλ− −Rλ+S−)Bλ],
(47)

and the element C one equation,

0 = ig′′
∫

d4p[(S+Rλ− + Rλ+S−)Aλ

+ δmRν+S−Aν ].
(48)

Owing to symmetry properties, these equations can be
considerably simplified. The following relations hold
exactly:

∫
d4p(Rν+Rλ−ερνµλ) = 0, (49)

∫
d4p(S+Rλ− + Rλ+S−) = 0, (50)

∫
d4pRν+Rτ− = −J1kνkτ − J2ηντ ,

see [18], Eq. (71).
(51)

If the Lorentz gauge is assumed to hold for Aµ and
Bµ, then (47) and (48) vanish identically, and due
to the above relations together with the gauge condi-
tions, (44), (45) and (46) go over into the set of equa-
tions

Aµ = ig′′
∫

d4p[Rν+Rλ−(ηνρδλµ − ηνλδρµ + ηρλδνµ)Aρ + S+S−(1 + δm)Aµ], (52)

Fνµ = ig′′
∫

d4p[i(S+Rµ− −Rµ+S−)Aν + iδmRµ+S−Aν − 1
2
δmRρ

+S−εµνρλB
λ], (53)

Bµ = ig′′
∫

d4p[−Rν+Rλ−(ηνρδλµ − ηνλδµρ + ηρλδνµ)Bρ + S+S−(1 + δm)Bµ], (54)

where in (53) the right hand side must be antisymmetrized in µ and ν.
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5. Comparison with Phenomenology

To compare the results of our calculation with the
phenomenological relations of Cabibbo and Ferrari,
equations (52) – (54) have to be evaluated in detail. In
this respect use can be made of the calculations in [18].
With (71) and (72) from [18] we have

∫
d4pS+Rν− = J+

ν ,

∫
d4pS+S− = J0

(55)

with the explicit expressions for the J-terms in (51)
and (55)

J0 = −iπ2
∑
i,j

λiλjmimj

∫ 1

0

dx ln |Pji(x)|, (56)

J1 = −iπ2
∑
i,j

λiλj

∫ 1

0

dx(x − x2) ln |Pji(x)|, (57)

J2 =
i

2
π2

∑
i,j

λiλj

∫ 1

0

dxPji ln |Pji(x)|. (58)

Therefore (52) and (54) go over into

Aµ = ig′′[J1k
2 + 2J2 + J0(1 + δm)]Aµ, (59)

Bµ = ig′′[−J1k
2−2J2+J0(1+δm)]Bµ, (60)

which lead to the eigenvalue conditions

1 = ig′′[J1k
2 + 2J2 + J0(1 + δm)],

1 = ig′′[−J1k
2 − 2J2 + J0(1 + δm)],

(61)

and one obtains by addition and substraction of these
equations the equivalent set

2 = ig′′J0(1 + δm), (62)

0 = (J1k
2 + 2J2), (63)

where in the second equation (63), owing to its homo-
geneity, the factor ig ′′ was eliminated by division.

Concerning the further evaluation of (63), the con-
stants J1 and J2 are calculated in the limit of equal
auxiliary field masses mi = m, i = 1, 2, 3, which cor-
responds to the use of physical wave functions of the
photon. The formulas of this limit for integrals of the
kind (56) – (58) were explicitly given in [18], Eq.(89) –
(92). Hence J1 and J2 can be directly and exactly cal-
culated by means of Mathematica. One obtains

J1 = − iπ2

k7(−k2 + 4m2)−7/2
[k(−k2 + 4m2)1/2(k8 − 26k6m2 + 48k4m4 + 160k2m6 − 480m8) (64)

−24m2(k8−5k6m2 +4k4m4 +40k2m6−80m8)ArcTan(k(−k2 +4m2)−1/2)]

and

J2 = − iπ2

2k5(−k2 + 4m2)−5/2
[k(−k2 + 4m2)1/2(k6 − 12k4m2 + 8k2m4 + 48m6)

− 12m2(k6 − 4k4m2 + 16m6)ArcTan(k(−k2 + 4m2)−1/2)], (65)

if k2 < 4m2 holds. Without loss of generality this con-
dition is satisfied for the massless or nearly massless
photon states we are interested in. Then one can use
the approximation

ArcTan[k(−k2+4m2)−1/2] ≈ k(−k2+4m2)−1/2,

(66)

and the following explicit expression for the mass

eigenvalue equation (63) can be derived:

0 = k2 + 2J2J
−1
1 (67)

=
2k2m2(k6 + 4k4m2 + 40k2m4 − 48m6)

(k8 − 6k6m2 + 32k4m4 + 64k2m6 − 160m8)
.

Obviously this equation possesses the solution k2 = 0,
i. e., massless photon states, which is compatible with
the integrability condition given above.
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In this case one can adopt the value of J0 for k2 = 0
from [18], Eq. (93), which yields for (62)

g′′ = −5m2

6π2
(1 + δm)−1. (68)

It should, however, be taken into account that this nu-
merical result is idealized, because the separate eigen-
value equations (61) follow from simplifications which
facilitated our calculations, but which need not to be
assumed.

In particular, if the vacuum propagator (21) or (27),
respectively, differs in its space-time structure from the
Green function (30), then in (59) and (60) coupling
terms between the A- and B-fields appear, and in con-
sequence only one determinant defines the mass eigen-
value problem. The latter can be solved by assuming
k2 = 0 and calculating a corresponding value of the
coupling constant g ′′, as was done in [18].

Hence we can take k2 = 0 for granted, if a
more realistic calculation is performed, while in or-
der to achieve maximal transparency, we stick to
equations (49) and (50), regardless of the degeneracy
in (61).

As far as the field strength tensor is concerned, one
can simplify (53) to read

Fµν = g′′[2i{J+
µ Aν}as(µν) + δmRρ

+S−εµνρλB
λ],

(69)

if the δm correction to the A-term is neglected.
As Aν as well as Bν satisfy the homogeneous equa-

tions (59), (60), one can renormalize these quantities
to give for (69)

Fµν = i{kµAν}as(µν) + εµνρλ{kρBλ}. (70)

This equation is the Cabibbo-Ferrari definition of elec-
tric and magnetic photons in Fourier space. If (70) is
represented in coordinate space one obtains

Fµν = {∂µAν}as(µν) +
i

2
εµνρδ∂ρ

Bδ

= {∂µAν}as(µν) + {∂µBν}as(µν),

(71)

where the factor i is in accordance with the definition
of the magnetic vector potential in [7], Eq. (17).

From (71) it follows directly

∂ν
Fµν = ∂µ∂ν

Aν −�Aµ +
i

2
∂ν
ενµγδ∂γ

Bδ, (72)

and it can be easily verified that the last term on the
right hand side of (72) vanishes identically. Thus, using
the eigenvalue equation (59) for Aµ, which must be
satisfied for k2 = 0 if (63) holds for this value, one
obtains for (72)

∂ν
Fµν = ∂µ∂ν

Aν − �Aµ = k2Aµ = 0. (73)

In addition one gets from (73)

εµλνρ∂λFνρ = 0. (74)

On the other hand, if we define

F̄αβ =
i

2
εαβγδF

γδ, (75)

one obtains

∂β
F̄αβ = ∂β i

2
εαβγδ(∂

γ
Aδ − ∂δ

Aγ)

+ ∂β i

2
εαβγδ

i

2
εγδµν∂µBν .

(76)

In this case the first term on the right hand side van-
ishes identically, and evaluation of the second term
leads to

∂β
F̄αβ = −1

4
(∂β∂αBβ − �Bα) = k2Bα = 0.

(77)

Therefore, as a consequence of CP-symmetry break-
ing, the parton theory of photons just gives the result
which was on the phenomenological level postulated
by Cabibbo and Ferrari.

As was already emphasized in the introduction, this
result is crucial for the theory of magnetic monopoles.
Only by the simultaneous existence of electric and
magnetic photons magnetic monopoles can exert elec-
tromagnetic forces under the simultaneous presence of
electric monopoles.
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