N
N

N

HAL

open science

Potential theory, Maxwell Equations and the Lorentz
Force
Guy Michel Stephan

» To cite this version:

Guy Michel Stephan. Potential theory, Maxwell Equations and the Lorentz Force. 2020.

02567970

HAL Id: hal-02567970
https://hal.science/hal-02567970v1

Preprint submitted on 8 May 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

hal-


https://hal.science/hal-02567970v1
https://hal.archives-ouvertes.fr

Potential theory, Maxwell Equations and the Lorentz Force.

G. M. Stephan
8 mai 2020

Résumé

We show that Maxwell equations and the Lorentz force can be expressed in terms of the spatial and
temporal derivatives of the electromagnetic potential.

1 Introduction.

Maxwell equations are the basis of electromagnetism. They express the relationships between electro-
magnetic fields and their sources. There are several ways to write these equations [1] but all formulations
distinguish fields from sources. The fields can be expressed as functions of the spatial and temporal deri-
vatives of the electromagnetic potential. Sources are electrical charges and currents. The first aim of this
study is to show that sources can also be expressed in terms of these derivatives. In other words, we show
that Maxwell equations can be expressed with the potential derivatives only. The second objective is to
show that the Lorentz force is obtained as a direct application of these new expressions for sources.

The theory starts with a 4-potential A* at each event M in Minkowski’s spacetime. M is defined by its
coordinates . The 16 partial derivatives A’/9z* are the components of the gradient tensor D(A?). The
antisymmetric part of D(A?) is the usual electromagnetic tensor. The Lagrangian density £ at M is pro-
portional to the determinant of D(A?). It allows the calculation of the induction tensor. The antisymmetric
part of this tensor contains the usual electromagnetic induction. The symmetric part contains the sources.
An application of Euler-Lagrange equations gives the second pair of Maxwell equations. In the last section
we use the new expressions for the charge and current densities to deduce the Lorentz force. The theory is
very simple and does not need any specific form of the Lagrangian which confers a wide generality to it.
Associated to this subject is the question of the preeminence of potentials and fields which arises in stan-
dard textbooks on classical electromagnetism : In ref.[2] , electric and magnetic fields are deduced from a
4-potential. In refs.[3, 4] , the 4-potential is deduced from the fields. In quantum theory, it is the potential
which is more fundamental as illustrated by the Aharonov-Bohm effect[5, 6]. Recently, two articles[7, §]
have been published where the authors develop Richard Feynman’s idea of introducing potentials before
fields[9]. The theory which is presented here brings the proof that the potential is also more fundamental
than the fields in classical electromagnetism.

2 Electromagnetic tensors.

2.1 Electromagnetic potential and its derivatives .

The aim of this section is to describe the notations and to give the relations between the components of
the different tensors and the pseudovectors which appear in Maxwell equations.
From the beginning, it is important to stress the fact that we are dealing with quantities, scalars, vectors and
tensors having a dimensioned physical reality. These quantities can be represented in direct (or real space),
or in inverse (or reciprocal) space. A vector can be represented by its covariant or contravariant components
and both quantities are related by the metric tensor. A 2x2 tensor has 4 representations following those of
its constitutive vectors.
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One starts with the contravariant components of the electromagnetic 4-potential vector which are usually
noted A* (i = 0,1,2,3) in real space. The scalar potential is A% = ¢/c and the set A= (A% AY, A*)
represents the vector potential. An event M in real Minkowski’s spacetime is defined by its coordinates
2® = (ct,z,y,2) and to each event corresponds a 4-potentiel vector : A = A*(M). The coordinates are
defined in the cartesian frame spanned by the normalized basis vectors (€, €, €y, €.). All the theory which
is described here is local : the point M is surrounded by a volume which is as small as we want. There are
quantities, like fields, which are defined at M and densities which are defined around M.

In order to obtain the corresponding covariant components A; in the reciprocal space, we use the (+, —, —, —)
convention for the metric tensor [n;,,] and one has the relation : A; = n;, A™ written with Einstein’s
summation convention.

The 16 partial derivatives a,’ = A"/ Oz* are the components of the tensor [aki] which we write in matrix
form :

(¢/c) 2AT DAY  9A* @ .
caf cot cOt cot (¢/C),t A,t A?t A,t
» oefo s oar of (Bfc)s AL AV A
[ak] = 8(bjc) AT  9AY 9Az | = (d)/c)) AT AV AZ (1)
Oy Jy Jy Oy Y Y N Y
A/c) QAT AV  DA* (p/c) . A% AY, A%

Oz 0z 0z 0z ? ’
The compressed notation dA*/dz* = A !, is introduced for brevity. [a,’] is the representation of the partial

derivatives in direct space. Other representations exist in the inverse space under the form [a";] or in
mixtures of direct and inverse spaces (forms [a*] or [ax;] ). We will essentially use the form [a,'] because
Maxwell equations are expressed in real space. k and ¢ respectively label the line and the column index for
a reason which will appear in eq.(22).
The covariant form [ax;] will be used as a mathematical tool to split [aki] into two parts where the first is
related to the electromagnetic tensor.

The metric tensor [nm,,] is used as a lowering operator to obtain the corresponding covariant tensor :

(p/e)y —A% —AY% A%

[akl] - [; T nm;| N (¢/C)y _Afy _A%/y _A;Zy
). —AL —AV A

(¢/c), "~ % v

This tensor is divided into its symmetric and antisymmetric parts :

skl = 5 (andl + [an]) )
il = 5 (s — [au]) 3)

Covariant and contravariant tensors keep their symmetry or antisymmetry property in a coordinate change[13].
This property disappears for a mixed tensor.
The antisymmetric part of [ag;] is :

0 AL = (9/c) e —AY% —(d/c)y —A%F—(8]0).-
fg= L | @A o Ay Aoy
I | (¢fo), + AL AY - AT 0 AY, — A%
((rb/c),z + A;Zt A,Zm - A,Iz A:zy - A?z 0
The corresponding mixed tensor is :
0 A%+ (B)c) e A%+ (d/c)y A%+ (9/c) -
i mi| 1 (p/c) » + Aﬁ 0 —Aj”y + Af’z —Afj'z + Afm
[fk } = [Em: Jrm n ] 9 (p/c).y + Af’t —A}/w + Afy 0 —Af’z + Afy
(p/c) -+ Aft —A,Zx + Af”z —Afy + AZJZ 0

The components of the electromagnetic field are defined from the components of [ fki]. Below are the usual
equations which condense these definitions :

ﬁ :_ 32 —
B = culd (4)



In the following we will keep in mind that the fields which are used in Maxwell equations are pseudovectors
which are defined in the direct space. We use the special notation FX, E¥, FZ BX B" B? showing that they
are components of a [ fki] tensor. This precaution will be useful later.

The electromagnetic tensor writes :

0 —FX/c —FEJc —F¢Jc
; 1 — c _
W = 5| bk om0 B ®
“Ele B -B< 0

At the risk of being redundant, we should again insist on the fact that the sets (E*, B, F#) and (BX, B, B?)
are the components of pseudovectors originating from the mixed tensor [ fki]. Elements f,’ are defined in
the real space.

The preceding formulas are not new : they belong to the basic knowledge of electromagnetiem. This is not
the case for the symmetric part of [ag;] :

2e/c)e  —AG+(d/c)e —AL+(B/c)y —AT+(d/0):

[ ] = 1 (¢/C)’m B Aﬁ _QA’II _A’wy - AUI _A?Cz - A;Zr (6)
T (¢/c)y = Ay —Af — A —24Y, —AY, =AY
(6fe): — A, —AZ-AT Ay oan

We have named this tensor the mass part because its Lagrangian is associated to the local density of
mass (or matter) energy. This energy is complementary to the field energy related to [fx:]. [sx:] has been
ignored in textbooks[3, 2] or in specialized litterature. We have shown[10] that it can be used to describe
electromagnetic particles in the following way : being symmetric, [s ,j] can be diagonalized and if symmetry
properties are invoked, one obtains a Helmholtz equation whose solutions A*(¢,m,n) give a classification of
these particles following the value of 3 integers (¢,m,n). When expressions for A*(¢,m,n) and its derivatives
are included into the tensors, one obtains[11] a complete description of the particle (¢, m,n) at each event
M. A particle is thus represented in spacetime by a vector field A% and a tensor field [akf].

Two remarks are in order :

1- There is no scale associated to the potential : the formalism can thus be applied to the inside of an
electron or to a galaxy, and

2- The potential is an extensive quantity and thus A’ can result from the sum of two or more different
entities. For instance it can describe an electron embedded in a microwave field, or an electron crossing a
slit in a self-interference experiment.

There is absolutely no reason to reduce [aki] to its antisymmetric part | fki] and both parts contribute to
Maxwell equations. If [s,’] is neglected, which is the case in classical electromagnetism, it is necessary to
replace it by phenomenological quantities. These are charges and currents : they are perfectly adapted to
our scale but become useless if one wants to understand the femtoscopic world.

3 Maxwell Equations.

Maxwell equations write :

wE - 0 amE_ 9B

ot
wB = aii=?D.7 o

The first co%ple displays the relation between electric E and magnetic § fields. The second couple links the

%
inductions D and H to the sources p (charge density) and j (current density). The pseudovectors 37 ,

and ﬁ are all expressed in the real space (they should be elements of tensors of the form ¢,’). Inductions are
defined from a Lagrangian L. Lagrangians are quantities which are used in optics, in mechanics and more
generally, in any physics domain. The Lagrangian of a system must be invariant in a coordinate change.
The invariants of a 2 X 2 tensor are the coefficients of its characteristic polynomial.

In the following, we will associate a Lagrangian to the determinant of a mixed tensor of the form [A,f] .
In matrix notation the formula to transform such a tensor from a first to a second coordinates system is

indeed [TTJ} =M [Tkl] M~ where M is the transformation matrix. The determinant is invariant in such



a transformation.
The Lagrangian corresponding to the tensor of derivatives Hakl || is proportional to the determinant :

(¢/c)e AL A% A3
L x ||6Lk H = (qﬁ/c)’y Aa; A?y A,zy
(¢/c),z A”” AL, AL

This expression will not be explicitly used in the following. However, it shows that the induction term which
is the derivative of £ with respect to the term A,’ is the determinant of the minor relative to A4,' . For
instance :
AT AY A
oL
— A"” Ay AZ
a(((b/c)t) Aw Ay Az
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The dimension of £ is that of a density of energy in 4-dimensional space : [£] =M L~2T~2. The dimension
of the induction is that of dL/0A," which is Q L™2T 1.

3.1 First couple.

Let us express the first couple of Maxwell equation with the potential derivatives (4) :

div? =0 curlﬁ 8§

The first equation is an identity because ? is a curl and the divergence of a curl is identically zero.
The second equation is also an identity. The x component writes :

OF? [0y — OFY |0z = —0BX /0t (8)

The identity is verified by replacing E¥, F# and BX by their expressions (4).
The first couple of Maxwell equations is nicely expressed by the identity[12] :

afkl + afIZm afmk

oxm oxk + ozt =0 ©)

3.2 Second couple.
3.2.1 Inductions.

The second couple of Maxwell’s equations links electric and magnetic inductions B and ﬁ with sources
pand j :

divB:p curlH = 83 _> (10)

An element £’ ki of the tensor [L’ kl} is obtained from the derivative of the Lagrangian with respect to the

element a,’. [ﬁ/ kl} is the induction tensor. Its developed form is :

_oc 9L = oL
a(6/c). OAT DAL, DA,
_oL 9L oL
k] oL | | 3¢/0). A=, 9AY, DA 1
| — 8ai - oL ( )
k P/, DAL DAL DA,

Ap/c),- 0A®, 0AY, 0AZ,

Note that the elements of this tensor are defined in the reciprocal space. An element L’ ki is commonly
named the canonical momentum corresponding to A4,’.
Now the corresponding covariant tensor [L£'y;] is split into its symmetric and antisymmetric parts which are

then transformed into mixed tensors[14]. One obtains the separation of [ﬁ’ kl} into two parts :



[ﬁ’ kl} = [Dﬁ] + [S’ﬂ . The first part is directly linked to the usual induction tensor, it corresponds to the

antisymmetric part of [£g;]. The second part corresponds to the symmetric part of [£'g;] and will be named
the source tensor. Expressions of these tensors are :

oL oc oc o oL orc
0 9A% T 8o/, DAL T 3(p/0, DA T 0(p/0)-
) oL | 0L 0 7Y e oc
& 94T T 306/0) . 9A7, ~ dAr, 9A=, — DA%
[D%] =3 oL 4oL oL oc o EY: Y (12)
9AY, T 3(p/c), DAL — DAY DA% — DAL
e’ _oc LYY o or "0
9A% T 9(p/0. DA% A DAL — DA%,
and ;
o_or oc  _or or  _or oc  _or
o/ AT, T B6/0. DAL 3o/, DAL T Be/0n
_oL 4 oL 9_0L oL 4 0L oL 4+ 0L
Sk] — 1 A% T 34/ a 9Az, 9AT, T pAz AL T DAz, 13
[84] =5 _oL o oL Toc oL 0L | ot (13)
9A" T B(p/c),, DAY T DAw BAT, 9A%, T A
C or LYY oc  oc o oL
947 T g/, AL T aas 9A” T DAz, 254z

Electric and magnetic inductions are given by the derivatives of the Lagrangian with respect to the
components of the fields ﬁ /c and § One applies the chain rule and relations (4) to obtain :

R/ S N S N )
O(Ex/c) — 0(fc)s OAY oEx[e)  0(dfc)y OAG
L, . oL oc o
T B ). oA
0 8£:<6L’,_8E> Hyzac:<aﬁ_aﬁ> HZ:ac:<ac_ac)
0B~ \943, AL 0B~ \0A% 94, 0Bz~ \9AL 04T
(14)

We have used the special notation (Dx, Dy, Dy ) in order to make the distinction with the usual displacement
vector (Dx , Dy, Dv) which appears in Maxwell equations. These components are defined from the derivatives
of £ with respect to the electric field. The dimension of Dx is a density of dipoles in 4-space : Q L/(L%)
while that of Dx is Q L=2 T~!. Both quantities are proportional (Dx = ¢Dx,...).

We have also used an lower index notation Dx, Dy, ... to stress the fact that the components of the induction
pseudo-vectors are those of a type []D)ki] tensor :

0 —-Dx -Dv -—-»
1 -Dx 0 H, —Hv
k]t
%] = 2 -Dv —Hz 0 Hx (15)

-D Hy —Hx 0
Again, this tensor is defined in the reciprocal space. The corresponding expression in the real space is :
0 Dx D~ D~
i n mi 1 DX 0 Hz —H
[Dk]: [Zﬁknmmn ]2 o —Hz 0 Hx (16)
o F H —H< 0

The relations between the pseudo vectors DX, ..., H¥... defined in the real space and those defined in the
reciprocal space are :

DX=-Dx , DV=-D , IF=-D¢ (17)
H*=Hx , H =Hv , H* =H: (18)

In the following we will use these notations to write Maxwell’s equations in both spaces.

In passing, one should note that the splitting [E’ k,] = [Dki} + [Ski] allows the study of special cases
where one of the tensors nullifies in some regions of space while the other still exists. An illustration is the
Aharonov-Bohm effect[5] which shows that a potential can exist in a region of space even in the absence of

any field (f,* =0, D,’ = 0). One sees that in such a situation it is the source tensor [Ski] which can change
the phase of the electron when it crosses this region.



3.2.2 Euler-Lagrange equations.

Among the fundamental principles which fix the dynamics of a physical system[15] are :
1- The principle of least action which leads to Euler-Lagrange equations :

0 oL oL
E sl 55=0 (19)
- dxk <6‘A7k> 0A*
2- The symmetry principle which leads to conservation laws (Noether’s theorem) :
0 oL ;
— == A;] =0 20
Ok (&47 i vf> (20)

These equations introduce the fundamental quantities 9L/ 8A7,i which form the complete induction tensor
(11). A part of it contains the usual electric and magnetic inductions, the other part will contain the sources.

Now we will use Euler-Lagrange’s equations (19) to find the relations between the source terms in Max-
well’s equations and the derivatives of the potential. The Lagrangian density £ does not depend explicitly
on the potentials (on its derivatives only) and equation (19) reduces to the first term. It introduces the
tensor [£'"] whose elements have been written before :

Jk oL
L= 21
' Oay (21)

This tensor is defined in the reciprocal space and the summation-derivation operation ) 3, 9/ 0z* corresponds
to a contraction over the k index which is conform to the tensorial dimensionality of (19) which is that of
a covariant vector.

When 90L/0A" = 0, equation (19) can be written in matrix form :

o o0 0 0 k
—, =, =—,=— | [£'%]=1(0,0,0,0 22
This equation groups 4 equations, and is the set of the second couple of Maxwell’s equations in reciprocal
space. Now we use the splitting of [£/%;] into its two parts and write eq.(22) in compressed notation :

@) [*]=©0) o (3 ([D"])=-(® ([s5]) (23)

Expressions for D, and S¥, are given by eqgs. (12) and (13). In the following we skip the factor 1/2 before
D¥, and S* which simplifies in eq.(23).
The first term (9) (D¥,) is computed first :

0 —cDx  —cDy  —cDz
o 0 0 0 —cDx 0 H- —Hy
Ey_ (9 ¢ 9 O
@ON[D5]) = <c@t’ oz’ Oy’ 8z> —cDy  —Hz 0 Hx
—CDZ Hy —Hx O

.>
= (—c divﬁz) , <—CT>I‘1ﬁ — 8DI>> (24)

ot

—
D: = (Dx, Dy, Dz) is the symbol for the induction vector in the reciprocal space.

— — Dy
The resulting 4-vector has a time component divD:r et 3 space components (—curlﬁ — %). These are
the induction components in Maxwell’s equations.



The r.h.s. term (9) ([S¥]) in eq.(23) is computed now : :

9_0L oL oL oL oL = 0L 0L
o(¢/c) .+ A%, 9($/c)a OAY,  0(¢/c)y O0A%  B(d/c).:
_oc o oL 9 0L oL | oL L 4 OC
ISkl = (o AT T B(¢/C) dA=, 9AY, T 94z, AT, T DAz,
()[i]_() _0L L oL oL ' oL 9 0L oL | 0L
AT, T B8(p/c) .y dAY, T 9Az, dAY, 9Az, T DAY,
_ L L _oc oL | oL oL | oL 9. 0L
8A% T 8(p/c) . 9A=, T 9Az dAY, T 94z, DAz,
aL __oc __ oL __ac
0(/c) ¢ 0(¢/c) .= o(¢/c) .y o(g/c).=
_ oL oL oL oL
g o0 0 0 DAT, DA=, 9Az, DAz,
= Ot 9z 9y 9 oL oL oL oL (25)
e T oy oz A, A7, A7, A7,
- c oL oL oL
A7, A=, 0AZ, DA,

The second expression is obtained after simplification by eq.(22). Equating each component of the 4-vector
of eq.(23) gives :
g oL 0oL 00L 00L

%
VD = - o= P 2o 2
div Ot (9)c),  Ox A% Oy A% 0z A% (262)
ODx  [— o oL 9oL dOL 0L
o G Tt ()0, " owAn T oy AT, T oz A, (26D)

The two remaining equations along the y and z axis are obtained from circular permutations of x,y, z and

XY, Z.
We use these equations to introduce the following new 4-vectors in spacetime :

= oL oL oL oL
= _— _— _— _— 2
SN T PR A VR 27
pve oL oL oL oL
= —_ ==, = 2
A il T A )
Ve ( oL oL oL 8£)
g o= (0L oL ot (27¢)
N 7T PR N R
= ( oL oL oL 65)
£z = s T TAp 0 Ay (27d)
(¢/c) " Az AL AL
One sees that the r.h.s. of eqs(26a,26b) are all 4-divergences of these vectors :
_)
cdivDl = divLl;
0Dx — . ﬁ
a0 + {Curlﬁ} .= —divC,
These divergences define the source terms :
1 .. =
p = —divl, (28a)
c
Jo = —divﬁx Jy = —div/.?y Je = —divi (28b)
The lower indices x, ¥, z label the components of the covector Z = (jz, Jy, J-) in the reciprocal space.
These equations can be written in matrix form :
0 —cDx  —cDv  —cDz
i ﬁ 2 2 —cDx 0 Hz —Hy o ( . . . ) (29)
Cat’ 8:1:3 8y7 az _CDY _HZ 0 HX - Cp? ‘71‘7 ]y’ ]Z

—cDz Hy —Hx 0

Finally, Maxwell equations in the direct space are obtained after transforming the covariant quadrivec-
tor (cp, Ju, Jy,J-) (with the metric tensor) into its contravariant counterpart (cp, —j*, —j¥, —j*) and the

pseudovector Dr into B These operations give the desired result :

diVB = p

[cu_riﬁ} X = % + ? (x component)



Maxwell equations can be written in matrix form :

0 cDx  cDv  cl#
g o0 0 0 cDx 0 HZ —H¥ . . s
<Cataaxaay7az> cDY _Hz 0 Hx = (Cpa -] 7]1/, —J ) (30)
cl¥ HY —H¥ 0

One can use the above formulaes to verify the continuity equation :

div? = —%

This is described in the Annex.

4 Lorentz force.

The usual expression for the Lorentz force ? is :
?:q(ﬁ—f—?/\g) (32)

Where ¢ is the elementary charge, B the electric field , ﬁ the magnetic field and o the charge velocity.
In the following, the corresponding expression for the density of charge will be obtained from the preceding
definitions of the source terms in 4-space.

For this purpose we will start with the partial derivative of a Lagrangian £ = £L(A®, A ) with respect to a
coordinate x* :

V0L~ 0L 0A (< 0r 04
ozt - 0At Oxt — 8A7,i ozt

(33)

We use BEuler-Lagrange equation (19) to replace d£/0A" and the relation : 9A | /0x* = 0A}/0zF to
obtain[16] :

oL’k , p OAL
0= = i) Al L —— 34
Z ( k Ozt > ! ! % " Ot ( )

%

Dimensions of this equation are those of a density of force in 4-space. The null total results from the balance
between action (first term) and reaction (second term).

One introduces now the splitting of the two tensors E/ki and A J into their symmetric and antisymmetric
parts :

A =1 +1si] et %] = DK +[SY) (35)

One obtains 4 terms, each of them describes a force :

oc’t. ODF. . ISk, .
5 ) - (T 5) )z (5 5) )
k k
() v)(E)s)
i k i k

It is not the purpose of this article to study each term. However one is tempted to associate each of them
to one of the four fundamental forces which govern the behavior of elementary particles : The first term
gives the Lorentz force, the second originates from the matter (symmetric) tensors and should give the
gravitational force and the two other terms could represent the strong and weak forces.

Now we insert expressions (25) and (5) and we make use of the antisymmetry of f,* (f,* = —f%) to develop




the first term of (36) :

(s (®n))-

0 Dx D D7 0 —EX/c —FEJc —F?/c
19 9 9 9\ |D 0o B -B ||-Bje 0 -BF B
4 \cOt’ 0z’ 9y’ Oz D —HZ 0 H~ —F /¢ B 0 —bBx
D HY —HX 0 —F¢/c —-DB Bx 0
0 —EX/c —F/c —F7/c
1 S —FX/c 0 —B B gt pm gy g
__Z (Cp7 Jzy Jys ]Z) 7EY/C Bz 0 —Bx :(f7 f ) f ’ f)
—Fje —B Bx 0
(37)

Including the factor 4 inside f?, one obtains the final result :

ffo= ge B ety B Jet s B e

o= B

f' = p B 4B — B

7 = pE +j.B —j,B (38)

These are the expressions of the Lorentz force density. Their structure is the same but they are much more
general than egs.(32) which can be obtained after proper integrations over spacetime in any particular case.

5 Conclusion.

We have shown in this article that Maxwell equations and the Lorentz force can be obtained using only
the concept of a 4-potential A’ in spacetime x* together with the principles of least action (Euler-Lagrange
equations) and of symmetry (Noether’s theorem). The theory is conceptually and technically very simple.
There are two fundamental tensors :

- The gradient D(A?) = [A,] of this potential, built with the 16 partial derivatives A," = 0A"/dz".

- The induction tensor [£'¥], built with the derivatives of the Lagrangian density £ with respect to these
Al

A simple manipulation of these tensors shows that fields and electromagnetic inductions are the elements
of their antisymmetric part while the sources are deduced from the symmetric part.

These tensors can be used at any scale and the above synthesis of the inductions and the sources extends
our preceding study of electromagnetic particles[10]. Here we demonstrated the synthesis of field (described
by [ fki] ) and matter (described by [s ,j]) , which unifies the concepts of waves and particles. The situation

is more complicated here because both tensors D(A?) and [£’ kz] interact. This interplay gives rise to several
forces one of which is the Lorentz force on which we focussed our attention here. Interpretation of the other
forces can shed light on gravitational forces. The theory is local and the involved quantities are essentially
densities : applications to practical cases have to proceed through integrations over spacetime.

The potential appears to be the fundamental paradigm. It acts by following the fundamental principles
governing natural phenomena. This finding is a confirmation of Richard Feynman’s intuition that potentials
are more fundamental than fields.
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The transformation law of a doubly covariant tensor is :

Y &£ " S (39)

oxI l‘é

n n h

QJ

h=1 k=1

where Sy, is the element hk of the tensor in the first coordinate system at coordinates =" x* and ST—Z
is the element jf in the second coordinate system at coordinates z” z¢. This formula shows that if
Sk = Skn » Sje = Sij -

The transformation law of a mixed tensor is :

n
Z > gii zxe Vit (40)
h=1 k=1

which shows that such a tensor does not keep its symmetry or antisymmetry in a coordinate change.
[14] The splitting of [L’ kl} is done in the following way : : One first writes the covariant tensor [£';] whose

elements are given by the operation £'y; = >, nemL'";. This operation corresponds to a change of

sign for all elements of [E’ ki] but those of the first line. One then divides £'y; into its symmetric ([Sk;])

and antisymmetric parts ([Dy;]) and uses again the metric tensor to obtain the corresponding mixed
tensors.

[15] The relativity principle is a third fundamental cornerstone of the Physics building.
[16] The left hand side can be written with the Kronecker symbol 65 ; 0L/0z" = 6§ 0L/0x" to give :

Z axk (aAz ,2_656):0 (41)

It is this equation which introduces the elements of the energy-momentum tensor (see ref[2] §32 ).

6 Annex

The continuity equation writes :

divy = —% (42)
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This is written with the definitions(28a) :

c%t dive] + a% dive + a% dive! + % dive! =0 (43)
In extended form :
idin: 0? oc 0? oL 0? oL 0% oL
cot 20t (¢/c)y  cOt dx A% cOt dy AY  cOt 0z A3
O o O oL P @ o & o
ox T 0t Oz (/) o 0x? Az, Oy dx AY, 0z Oz A%,
D wEo oL o dor 9 o
Oy Yo cotdy(p/c)y Ox oy AL,  Oy*AY 0z 0y A3
L R TR
0z oot 0z(9fc). 0w 0z AT Oy 0z A,  02% A%
(44)
Using Euler-Lagrange equations :
o oL 0 9oL o0 oL 0 oL
— ——— + — +— b =0
cot (¢/c)e Oz (d/c)e Oy (d/c)y Oz (d/c):
0oL voc Do oL
cot A% Ox A%, Oy A%, 0z A%,
0 oL 0 090L 00L 0 OL
ot AL T oran Togan, T oz ar 0
0oL 0oL oot oo
cot A%~ Ox Az, Oy Ay, 0z A7
(45)

one obtains the continuity equation.
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