Annales de la Fondation Louis de Broglie, Volume 36, 2011 1

A new electromagnetism based on 4 photons :
electric, magnetic, with spin 1 and spin 0
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(The numeration of paragraphs and formulae follows the Part I)

11 General theory of particles with a maximum spin n.

After his New Theory of Light, de Broglie developped a General theory
of particles with spin (Broglie 4), which includes a theory of graviton.
Unfortunately, we can give here this theory only in a short form®, but
we shall see that the magnetic monopole will play a role, including the
correction of some errors.

11.1 The general process of fusion.

Extending the formulae (15), the fusion of n Dirac equations takes the
general form :

1 0¢igi... () ODiki... . HOC (p)
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where p = 1,2,...n. Thus we have n equations instead of 2, and a 4™
component wave function (a spinor of n-th rank) instead of 16 com-
ponents for the photon. And there are 4n matrices (a£1’ ))) with 42"
elements :

(a(p)
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1 Actually this paragraph 11 gives only some results that constitute a kind of guide
for the reading of (Broglie 4).



2 G. Lochak

They obey the following relations, generalising (17) :

aPa® +aPa®P) =25, ; aPal? —aDeP =0 (54)

The problem is that, there are n times too many equations. Actually
it was already the case for the equations (15), the number of which was
twice the number of functions. Here, in the general case, we have n4"
equations for 4”components of the wave function. It is easy to answer
the question, including the particular case (15) (Broglie 4).

First of all, we put (52) in a maxwellian form, putting :

0
PO = afP) = 4B (55)
T

We have the commutation relations :
FOp@ = pOp® vy g (56)

(52) takes the following form which means that the wave components
obey the Klein-Gordon equation :

104 _

2
— — P —A 12
~ S =FY6, p=12...n, (F ) A k2 (57)

By adding these equations, we find an evolution equation :

10¢ 1 —

—or = F¢; F—ng(”) (58)
p=1

Now, substracting the equations (52) one from each other in a convenient

way, we can eliminate the time derivatives and find (n-1) “condition

equations”. It may be done in many ways. For instance we can choose

the following system generalising the Maxwell “condition equations” :

FO _ p)
GPo=—"——06=0 (p=23....n) (59)

It is easy to prove that the new system (58), (59) is equivalent to (52)
r (57). Owing to (54)), one can see that F' and G commute, but their
product doesn’t equal zero, contrary to what would have happened in

the special case n=2:
GPF =FG®P £ (60)
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So, in the special case n = 2, we would have : = 0 in (60) and the con-
dition (59) would be deducible from the evolution equation (58). Never-
theless, in the general case, the commutations (60) imply that the first
members G)(4) of (59) are solutions of (58), so that, if the conditions
(59) are satisfied at an initial time ¢ = 0, they are satisfied at any time.

11.2 The quadricurrent density.
De Broglie defines a new set of matrices :

Bip) = a‘(ll)aé(f) e aipil)aiml) . .ain) (61)

And the quadricurrent density is:

1o I
Jo = —co*= PpPL . ok P
b=—cd" Y afBo i p=¢" > B0 (62)
p=1 p=1
It is easy to verify that this current density is conservative:

dp
— +0kJr =0 63
ot + Ok Jk (63)

Following de Broglie, it is interesting to calculate a plane wave for a
particle of maximum spin n/2 and then the density p ; the calculation
is rather long (Broglie 4 ), but the result is simple :

fioc? ! 2
o= (%) (64)

Where : pg = mass of the particle, W = energy, n = number of spin 1/2
particles composing the considered particle. We see that:

- If n is odd, the sign of p is positive-definite, as in the case n =1 of a
Dirac electron.

- If n is even, p has the same sign as energy, it is indefinite: it is the
case of a photon (spin 1) and it will be the case of a graviton (spin

It is interesting to note, with de Broglie, the curious presence in (64), of
the (n — 1)th power of the Lorentz contraction, which means that the
density p, integrated on a volume ([ pdv), will be contracted exactly n
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times (the number of elementary spin 1/2 particles). The exception is
the Dirac particle, for which n — 1 = 0, so that the factor disappears
and the integral is only contracted by the integration volume itself. De
Broglie conjectured that this factor is perhaps an echo of a complicated
spatial structure of the composite particle, that we can describe only as
a point, in the present state of linear quantum mechanics.

11.3 Energy density.

We begin with an elementary calculation of the energy density, using the
preceding density p for a plane wave. By definition of the density p, all
the mean values will be obtained by integration of a physical quantity
multiplied by p. So, the energy density is obtained (for a plane wave)
owing to (64) :

n—1
pW = ("55) W g (65)

So that the power of W is not (n — 1) but (n — 2) and we find a result
opposite to the result for p:

- If n is odd, pW has the same indefinite sign as energy : it was the
case for n = 1, for a Dirac electron.

- If n is even, the sign of pW is positive-definite, which is the case for
a photon and the graviton. This is confirmed by more sophisticated
calculations using the energy tensor density (Broglie 4).

Here, de Broglie introduces two classes of tensors named “corpuscu-
lar” and of “type M” (M for Maxwell), inspired by electromagnetism,
but we do not need them in the present paper.

11.4 Spin

Just as it happens for the Dirac equation, it may be shown that the
orbital moment operator is not conservative for a particle of maximum
spin n. To find a conservative operator, we must add spin operators :

Si=hY sPy (i=1,23); Si=h)> s (66)
p=1
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One can find in (Broglie 4 ), the general nomenclature of spin states and
(in the case of an even number of spin 1/2 particles) the decomposition
of wave functions in terms of tensor components. This nomenclature
is based on the Clebsch-Gordan theorem, for a product of irreducible
representations, completed by de Broglie, who defines a set of indepen-
dent constants in the case of a plane wave and the symmetry of tensors
defined by an even number of particles.

These problems were treated in a different way, by (Fierz 1), whose
work is based not on the fusion theory, but on the conditions added
to the Klein-Gordon equation, to describe a spin n/2 particle. This
point of view was developed by (Fierz & Pauli 2, 3) and on the basis
of a previous work of Dirac on the generalization of the equation of the
electron, for higher spin values (Dirac 2). But the de Broglie theory of
spin particles, based on the fusion principle with mass terms (even very
small), gives a far better harmony to the whole description, even from
the point of view of of the group theory.

Now, the most interesting case of spin particles with n > 1 is n = 4,
i.e. the case of maximum spin 2.

12 The particles with maximum spin 2. Graviton.

The first who found the analogy between the equation of a spin 2 particle
and the linear approximation of the Einstein equation of a gravitationnal
field were : (Fierz €& Pauli 2). This linear approximation was given by
Einstein himself (Finstein 2, 3) and it may be found, for instance, in
(Laue, or Méller). The paper of (Einstein 2) was the first in which
Einstein formulated the idea of gravitational waves. He even alluded
to a possible modification of gravitation theory by quantum effects, in
analogy with the modification of Maxwell’s electromagnetism.

It must be stressed that the quantum theory of gravitation, developed
by L. de Broglie, M.-A. Tonnelat and G. Pétiau (see : Broglie 4, Tonnelat
1,2) on the basis of the fusion method, is not based on a particle of spin
2 but on a particle of maximum spin 2. This point is important for two
reasons :
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1) The fusion theory raises the question : is the graviton a composite
particle, just as the photon and all the other particles of spin >1/2 ?

2) In this theory, gravitons do not appear alone. They are linked with
photons. This theory is actually a unitary theory of gravitation and
electromagnetism (at least at the linear approximation). The fields
are not gathered by an extended geometry, as in other attempts but by
the fusion of spins.

12.1 Why gravitation and electromagnetism are linked 7

Formally one could say that “Fields are linked by Clebsch-Gordan’s the-
orem” because :

D%XD%XD%XD%:DQ—I—?)Dl-i-QDO (68)

Therefore, in the fusion of four spin 1/2 particles, we must find : one
particle of spin 2, three particles of spin 1 and two particles of spin 0. In
particular, we have gravitons and photons. The zero spin photon already
appeared in the first part of the present paper.

Now, it is interesting to give an intuitive argument of de Broglie’s
theory. He defines a particle of maximum spin 2 by the fusion of two
particles of spin 1, described by quadripotentials : Af}) = {A(l),V},
AP = {A® V}, and invariants 10, 182 (19 12 = 0 because g # 0)
2. The fusion gives:

AL 5 A@: AL 5 1P 1Y x AP 1Y < 1Y) (69)

(2

The first product is a tensor of rank 2 that defines a symmetric and an
antisymmetric tensor:

A + Ay

. A;w — Aw
2 )

5 (70)

Ay = Ay =
The products Aftl) X I§2) and 12(1) X AE?) are vector-like quantities
P,El),P,SZ) and it may be hoped that they will be photon potentials.
The antisymmetric tensor Aj,,) suggests an electromagnetic field.

The symmetric tensor A(,,) cannot be interpreted at this level of ex-
position, but actually we can guess that it will be related to gravitation.

2Here, we consider only the electric case.
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De Broglie shows, owing to a study of plane waves, that bel), P,SQ)and
the antisymmetric tensor Ay, are related to the spin 1; A(,,) is linked
to spin 2, only if it is reduced to a zero trace tensor because Sp A,,) =
A(yyy is an invariant and it will be actually related to spin 0, just as the
invariant 12(1) X 152).

Now it will be shown later in the case of the photon, that the split-
ting between different spin states is not relativistically covariant because
it is based on the total spin operator which is not a relativistic invari-
ant. Therefore, in the fusion theory, gravitation cannot appear
without electromagnetism. Furthermore, it will be shown that, if
o # 0, the splitting between spin 2 and spin 0 is impossible, and the
interpretation of this fact is highly interesting.

12.2 The tensorial equations of a particle of maximum spin 2.

We give only the tensorial form, generalizing the theory of light. The to-
tal wave equations (type (15) for n = 4) would have 4*=256 components
with 168 independent quantities (Broglie 4). They give five equations
A, B1,273 5 C :

au¢(vp) —Ovo (kp) = ko‘b [uv]p

9p9 koo
A pPlpply = 0 (pv) 71)
( ) a/l.¢[po’]l/ - V¢[po];4 ¢[uy] [po] (

=9 ((ep)u)) = KoPlulp
G(uv) 18 a symmetric tensor of rank 2, ¢j,,), a tensor of rank 3 antisym-
metric with respect to the two first indices, ¢,,),s) @ tensor of rank 4

antisymmetric with respect to uv and po but symmetric with respect to
these pairs. As a consequence of (71) we have :

1
O (uvy = 0pOuPlpuiy = 05 Plpp) = §¢[up][up] ; Oud(pp) = kodpplp (72)

Now, the group (B) is divided in three sub-groups where new tensors of
rank 2, 3, 4 appear . The equations (Bz2) and (B3) are identical :

1 1 1
“QS(V)P) ”¢( ) O(bful]p

1 (1) (1)
(By) 5( d)pu]v_ [pV]u> ko (73)
Bl — Dbl = koo
O ooty ~ Ov P01, = Ko [z llpo]
O pun) = K0Py
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RPN

6HXV (1)

= ko X
1) _

X bone

a/}.Xl/ k' Xpl/

8pXEM,), kOX[W]p

(B2, Bs3)

From (B;) we deduce the identities :
Blony = Dlfpnlfpw)) =0 (74)

In (Bs2), (Bs), Xg,ly) is neither symmetric nor antisymmetric and (74)
entails : a o QM
Xpp =05 Xpw — Xop = [uv] (75)
1 _ 1), 1) (1) 1y _
Xivplp = 7 Xv 5 Xjunlp T Xjuplu T Xjpply = 0

Finally the last group of equations is :

auﬁbz(fo) =0, ELO)— k0¢(uu)
() 0,0\ = ko0, 6® (76)
00O = koo

The equations (B1), (Bs3), (Bs) are three realizations of total spin 1.
It is evident for (B3), (Bs) because putting:

Fu=kox\V s Flu = kox() (77)

and defining potentials and fields as we did in (29, Part 1), we find
Maxwell equations with mass (nevertheless, we shall see that it needs
some comments).

The correspondence is less evident for (B;). Instead of (77),
we must write:

ko 1
F, = g‘fux\upqsfm)j]w Fluy) = k0¢su) (78)

(€urvp = Levi-Civita symbol). Applying (29, Part 1), we find Maxwell
equations (same remark as above).

Now, (C) is a realization of spin 0, as it may be seen by comparison
of (76) with (31, Part 1). But here we find a difficulty (that justifies the
preceding remarks) :
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De Broglie didn’t know the magnetic monopole. He considered only
the electric photon : (30, Part 1) and he identified (76) with the non
maxwellian equations (31, Part 1). But this implies the identity
$© =1, , where ¢ is a scalar while I, is a pseudoscalar.

At the time of the reference : 1943 (Broglie 4), people were less
careful than now with parity and de Broglie wrote that (76) and (31 Part
1) “are entirely equivalent” (“at least when vectors and pseudo-
vectors are assimilated” he said). Today, we pay great attention to
parity and we cannot neglect such a discrepancy : an equality like

#) = I, is unacceptable. Two solutions may be suggested:

1) We can admit that ¢(©) = I,, if () = I, = 0. Thus the spin 0
component (C) vanishes. But there is a second spin 0 component, hid-
den in the equations (A) in the form of an invariant #©), a vector QSELO)

and a symmetric tensor ¢$)u)’ which might be defined as :

5O 40 _ g0 0 _
6O =0 1 A =Bt Dy = Clelve) — Py (79)

One can show, using (71), that these tensors obey the group C of equa-
tions (76). But, once more, if O is a true scalar, we can write ¢(0) = I,
only if (0 = I, = 0.

This implies that (71) is submitted to the condition Sp gbgg)p) = 0.
It was a priori supposed by Firz and Pauli who based their theory on
a pure spin 2 (and not maximum spin 2) particle. De Broglie criticized
this postulate as artificial and the above suggestion, based on parity,
could be considered as a justification.

But, the objection is : as it will be shown later, the splitting of
spin components is not covariant, which is thus true for the condition :
#) = I, = 0, even if, on another side, the equality Sp ¢Eg)p) =0 is
covariant : the problem thus remains unsolved. But there is a second
possibility:

2) We can ask the question: is ¢(°) = I, the good equality? Perhaps
it is rather ¢(©) = I, which is covariant because I; is a true invariant?
In such a case, (76) must not be identified with (31), but with (36). Is
it possible? : Yes.

Let us go back to (69). The products AS) X 12(2) and 12(1) X Aff),
denoted P,El), P,E2), were considered by de Broglie as vectors, but he
said, more prudently, “vector-like”: they are pseudo-vectors, be-
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cause they are the products of a polar vector by a pseudo-
scalar. Thus Plsl) and Pf) are not polar potentials but pseudo-
potentials as in (35). On the contrary, the product 12(1) X Iéz) of two
pseudo-scalars is a true scalar, of the same type as I;, which appears in
(29) and they can be identified.

The answer to the difficulty is that the third photon associ-
ated to the graviton is not electric but magnetic.

Now, suppose that, instead of electric photons, we introduce magnetic
photons in the symbolic formulae (69) : pseudo-potentials BF(LU, BELQ) and

o @

pseudoscalars I . The fusion gives:

BM x B® BY x 1 1V« B® 1V« 1P (80)
and we see that:

- The spin 2 product B;Sl) X B,(f) has the same symmetry as A;(}) X Aff),
because the axial character of B;(Al)7 B,(f) is annihilated by the product;

- For the same reason, the spin 0 product 11(1) X 11(2) is a scalar, so as
) x 17

- The spin 1 products Bﬁl) X I{Q) ; I{l) X Bff) are pseudo-vectors, as
A,(}) X 12(2) ; Iél) X AELZ): they are products of a pseudo-vector by a
scalar, while the latter were products of a polar vector by a pseudo-
scalar.

Thus we find a magnetic photon of the (35) type, wether we start
from electric or from magnetic photons: among the three photons
associated to the graviton, two are electric and one is magnetic.

12.3 Gravitation.

Now, we shall follow de Broglie and Tonnelat and consider the general
equations (A) when Sp (bgg)p) # 0. But we shall not be able to separate
the spin 2 component from its spin 0 part !

We start from (71), (72) and the Klein-Gordon equation, verified by

all the field quantities :
O¢ = —ki¢ (0= -0,0,) (81)
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The metric tensor g(,,) will be taken at the linear approximation:

Y(uv) = O + Iy (h(W) < 1) (82)

At this limit, the propagation of gravitation waves is given by:
Oguw) = 2Ry (R = 9" Ruplvo))) (83)
Where R((u][vo]) 18 the tensor of Riemann-Christoffel ; in the euclid-

ian regions of space-time we have the d’Alembert equation Ug(,,) = 0
without second member. This is true if we use “isothermic” coordinates
xy, for which Doz, = 0 ; Dy is the second order Beltrami differential
parameter: Do f = —g’1/28i(gl/29ij8jf).

Now it could seem that metrics may be defined by:
I(u) = Pluw) (84)
But Tonnelat remarked that, according to (72), this implies: 0,9,y = 0,
which is wrong because “isothermic” coordinates obey the relation?® :
1 §5m)
Oug(u) = 5909(pp) (9<pp> = Y(uw) ) (85)

and the second member is not equal to zero, thus contradicts (84). This is
why Tonnelat suggested the following metrics (which is possible because

k‘o 7é 0) 1
Y(u) = P(upllvp) = Pluv) + ;35u5u¢<pp> (86)

from which follows immediately:
Oul(u) = Ou(iuplive)) = OvPop) (87)
So we get from (72), (86), (87) :
1
9or) = 20(pp) = Ou(u) = 590 9(p) (88)

in accordance with (85).

Now, from (86) we deduce that g(,,) obey the Klein-Grordon equa-
tion, as all the field quantities:

Dg(;u/) = _k(Q)g(uV) (89)

31t must be noted that we have not: gf; = gpog”?, because this quantity, in the
present case, is equal to 4.
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We have to identify (89) with (83), and we get:

|
R = 5k590u) (90)

Now, the tensor of Riemann-Christoffel may be deduced at the linear
approximation, from (86), (71) and (72) :

9
P(lupllva)) = W2 R(uplivo) (91)

This formula is possible only if o # 0, which imposes a curvature of the

universe. Indeed, § is nothing but the cosmological constant, defined
by :
Ry = M) (92)

A is related to a “natural curvature” of space-time. In the euclidean
space: A = 0 ; in a de Sitter space of radius R we have : A = %
Therefore:

_ kg pge

= 93
2 2h2 (93)
and the mass of the graviton is related to a natural curvature of radius
R:
h/6
= — 94
Ho Re (94)
If R =10%%cm, the graviton (and photon) mass is:
po = 10~%g (95)

Now let us go back to the definitions (76) that gave the spin 0 part of
(71).
In order to separate a “pure” spin 2 component, we could write:

(2
d)(/LV) ¢ (uv) + ¢(HV

(96)
(b(;u/ = ¢ (pv) — NV¢07 ¢l(/,u/) = 6NV¢O

Thus we have: )
60 =0, B = b0 (97)

It looks quite well, as a separation between spin 2 and spin 0, and it
is easy to find the same decomposition for all the other tensors (Broglie
7). But, unfortunately, in the general case, the spin 2 components of the
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type ¢ do not obey the equations (71): there are additional terms of
the type ¢(9), corresponding to a zero spin.

The spin 0 may be eliminated from the equations of spin 2 only in
two cases:
- either by the a priori supposition that ¢ =0 (Firz equations),
- or in the limit case po = 0, when the radius of the universe is infinite:
the euclidean case.

In conclusion, the quantum theory of gravitation based on de
Broglie’s fusion theory raises the important question of a composite na-
ture of photon and graviton and above all, this theory furnishes the
beginning of a quantum unitary field theory of electromagnetism and
gravitation. Only the beginning because it is linear.

Two remarks may be made about all that:

- It could be asked if the obstinate efforts of Einstein and other great
physicists and mathematicians towards a unitary field theory had any
sense, given that we know hundreds of particles and it seems that there
is no reason to pay a particular attention to two of them : photon and
graviton. De Broglie’s theory gives a reason: these particles are those
which appear, linked by spin properties, in the fusion procedure.

The strength of this argument is that it is absolutely exterior (at least
it seems so!) to the geometrical path followed by Einstein.

- The second remark concerns symmetry : the fact that a photon asso-
ciated with the graviton could be magnetic instead of electric, as was
suggested above, signifies the intrusion of duality, chirality, magnetic
monopoles instead of electric charges and so on. It is certainly
of interest that a photon is perhaps not the one that was
expected.

13 Some words about other theories.

First of all, we must emphasize the priority of Louis de Broglie in the
quantum theory of photon considered as a composite particle. His first
paper appeared in 1934 (Broglie /) and the idea of a fusion of Dirac
particles is the starting point of the theory of particles of higher spin.
Unlike the others, de Broglie’s initial aim was not a generalization of
Dirac’s equation but a theory of light. This is why he didn’t introduce
any electromagnetic interaction.
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For reasons given above, he was the only one to suppose a massive
photon, contrary to other authors who considered a massless photon
as an evidence. As for him, he never tried to extend his theory to
massless particles and even scarcely alluded to this possibillity. The
often cited Proca equations with mass, actually do not concern photons
but electrons : an attempt to eliminate negative energies.

14 Relativistic non invariance of the decomposition spin 1—
spin 0 in the theory of light.

The spin operators s; = €15 obey the commutation rules of an an-
gular momentum and they have the eigenvalues {—1, 0, 1}. The total
spin s? has the eigenvalues [ (I + 1) = (2,0), corresponding to | = 1,0.

In the case of a plane wave in (30), (31), and (35), (36), one can
show that the group of equations (M) is associated with [ = 1, with
projections s = —1,0,+1 on the direction of propagation of the wave:
s = —1 & right circular wave, s=+1 <& left circular wave. For
s = 0, we have in both cases (due to the mass), a small longitudinal
electric wave for the electric photon, and a small longitudinal magnetic
wave for the magnetic photon. The group (NM) is associated with [ = 0.
In this sense, we can speak of (M) as of a “spin 1 particle” and of (NM)
as of a “spin 0 particle”.

However, de Broglie made an important remark (Broglie 4, Ch.
VIII): although the equations (M) and (NM) are relativistically invari-
ant, their separation in “spin 1”7 and “spin 07 is not covariant (Broglie
4). The reason is that the distinction between values 2 and 0 of the total
spin is based on the operator s?=s? + s3 + s2 which is not a relativistic
invariant.

Now, if we examine field quantities and eigenvalues of s? we find the
following correspondences :

1) For the electric photon:

AVEH L BWLE H

2022 02002 2 (98)
2) For the magnetic photon:
!/ !/ !/ / I !
BWHE LA V'IHE (99)

20 22 0200 22
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In both cases, the first group corresponds to (M) equations and the
second group to (NM). We can note, when passing from (98) to (99), the
exchanges :

- between potentials A, V and pseudopotentials B’, W’ and conversely;

- between fields E, H and anti-fields E’, H’ ; we know that E’, H’=0
in (31)) and E, H=0 in (36).

- between the invariant I;and the pseudo-invariant I, inside the group
(NM) (with I; =0 in (31) and I = 0 in (36).

But the most important fact is, that there are in both groups
(M) and (NM), field quantities with s> = 2 and s? = 0. This
means that in both groups (M) and (NM), there are spin 1
and spin 0 components: there is no true separation between
the two values of spin. Following de Broglie one can show (and now
we know that it is true for both photons) that this separation occurs
only in the proper system, because :

a) For the electric photon, the potential (A V) is spacelike, and the
pseudopotential (B, W)is timelike, so that V' and B disappear from (98)
and only s = 2 remains in (M) and s? = 0 in (NM) because in (NM),
we know that E' = H' = 0.

b) For the magnetic photon, the same happens, because this case
follows from the preceding by multiplying an electric solution by ~s,
exchanging polar and axial quantities :

(BE,H) « (H E); (V,;A) & (W,B); (I1,Iz) < (I, Ir) (100)

So that the potential (A, V)becomes timelike and the pseudopoten-
tial (B, W) spacelike. And we have once more, in the proper frame,
s? = 2 in (M) and s* = 0 in (NM), taking into account that we have
E = H = 0 instead of E' = H' = 0. In conclusion, the (M) and
(NM) groups of equations cannot be rigorously separated, except in the
proper frame, and they must be considered as forming one block, for two
reasons:

1) The difficulty to separate spin 1 and spin 0 finally signifies that
the composite photon cannot be considered as a spin 1 particle, but
as a particle with a mazrimum spin 1, just as a two-electron atom or
a two-atom molecule. It is noteworthy that the proper state, in which
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the components 1 and 0 are separated, is obviously the same for both
components.

2) On the contrary, the presence of two photons (electric and mag-
netic) is inscribed in the very structure of the theory, their separation
is covariant and seems more radical than the separation of spin states.
The simultaneous presence, in (M) and (NM) equations, of potentials
and pseudopotentials, of fields and anti-fields (even if half of them equals
zero) and the “migration” of these quantities from one group of equations
to the other, according to the type of photon, all these points constitute
another link.

Last remark : the preceding analysis was given by de Broglie only in
the photon theory, and it must be completed for the case of a graviton,
but there is no doubt about the generality of a non relativistic covariance
of the separation of spins.

References
Aharonov Y., Bohm D.; Physical Review, 115, 485, 1959.
Born M., Wolf E., Principles of Optics, Pergamon, Oxford, 1964.

Borne Th., Lochak G., H. Stumpf H., Nonperturbative Quantum Field Theory
and the Structure of Matter, Kluwer, Dordrecht, 2001.

Broglie L. de 1, L’équation d’onde du photon, C. R. Acad. Sci., 199, p. 445-
448, 1934.

Broglie L. de 2, Une nouvelle conception de la lumiére, Hermann, Paris, 1934.

Broglie L. de 3, Une nouvelle theorie de la lumiere, la mécanique ondulatoire
du photon (Tome I: La lumiére dans le vide) ; Hermann, Paris, 1940; (Tome
IT: L’interaction entre les photons et la matiére), Hermann, Paris, 1942.

Broglie L. de 4, La théorie générale des particules a spin, Gauthier-Villars,
Paris, 1943.

Broglie L. de, 5 Thése de 1924, Reedited in : Ann. Fond. Louis de Broglie,
17,1992, p. 1-108.

Jackson J. D., Classical Electrodynamics, 2"? ed., Wiley, N.Y., 1975.

Heisenberg, in : Louis de Broglie Physicien et penseur, Ed. Albin Michel,
Paris, 1953 (286).

Lochak G.1, Ann. Fond. L. de Broglie, 20, 1995, p. 111.
Lochak G. 2, Ann. Fond. L. de Broglie, 29, 2004, p. 297.

Lochak G. 3, Ann. Fond. Louis de Broglie, 25, 2000, p. 107-127 and : Ann.
Fond. Louis de Broglie, 27, 2002, p. 529 (in english).



A new electromagnetism based on 4 photons ... 17

Lochak G. 4, Int. J. Theor. Physics (I.J.T.P.), 24 (1985), p. 1019.

Lochak G. 5, The symmetry between Electricity and Magnetism and the prob-
lem of the existence of a magnetic monopole, in : Advanced Electromag-
netism, Ed. T.LW. Barrett and D.M. Grimes, World Scientific, Singapore,
1995.

Lochak G. 6, Z. fiir Naturforschung, 62a (2007) p. 231-246.

Olariu S., Iovitsu Popescu 1., Reviews of Modern Physics, 57, n° 2, 1985, p.
339-436.

Pauli W., 1, Annales de UInstitut Henri Poincaré, 6 (1936), p. 251.
Spehler D.,; Marques G.C., Int. J. Mod. Phys. A 18, 14, p. 2457, 2003

Tonnelat M. A. Les principes de la théorie électromagnétique et de la relativité,
Masson, Paris, 1959.

Tonomura® A., The Quantum World Unveiled by Electron Waves, Singapore,
1998.

Urutskoiev L., Liksonov, Tsinoev V., Observation of transformation of chem-
ical elements during electric discharge, Applied Physics (in Russian), 4, p.
83-100, 2000 ; translated in English, in: Annales de la Foundation Louis de
Broglie, 27, N° 4, p. 701, 2002, with a comment of G. Lochak, id: p. 727.

Urutskoiev L., Lochak G., Low-energy nuclear reactions and the Leptonic
monopole, Proceedings of the International Conference on Condensed Mat-
ter and Nuclear Physics, Marseille, 2004,p.421.

Urutskoiev L., Ivoilov N. Influence of “ strange ” radiation on Mossbauer
spectrum of F®"in metallic foils, Rus. Applied Physics, N° 5, 2004 (in
Russian).

”

(Manuscrit recu le 5 octobre 2010)

4The book of Akira Tonomura, written in non-technical terms, is in principle,
a popular book but it is so clear and so profound that it must be included in a
bibliography on the Aharonov-Bohm effect.



