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Abstract

This paper presents an exterior-algebra generalization of electromagnetic fields and source currents as multi-
vectors of grades r and r — 1 respectively in a flat space-time with n space and k time dimensions. Formulas for
the Maxwell equations and the Lorentz force for arbitrary values of r, n, and k are postulated in terms of interior
and exterior derivatives, in a form that closely resembles their vector-calculus analogues. These formulas lead to
solutions in terms of potentials of grade » — 1, and to conservation laws in terms of a stress-energy-momentum
tensor of rank 2 for any values of r, n, and k, for which a simple explicit formula is given. As an application, an
expression for the flux of the stress-energy-momentum tensor across an (n+k—1)-dimensional slice of space-time
is given in terms of the Fourier transform of the potentials. The abstraction of Maxwell equations with exterior
calculus combines the simplicity and intuitiveness of vector calculus, as the formulas admit explicit expressions,
with the power of tensors and differential forms, as the formulas can be given for any values of r, n, and k.

1 Introduction

Classical electromagnetic phenomena are described by solutions of Maxwell’s equations, a set of coupled partial
differential equations relating the electric and magnetic fields across space and time with the charges and currents
generating them. Let E(¢,x) and B(¢, x) respectively denote the electric and magnetic vector fields distributed over
time ¢ and space x, and p(t,x) and j(¢,x) respectively denote the charge and current densities. In vector-calculus
notation, and in units chosen such that the speed of light is set to 1 and all the quantities in the pairs time and
space, electric and magnetic fields, and charge and current density have the same units, the standard microscopic
Maxwell’s equations take the well-known form [1, Sects. 26, 30] or [2, Sect. 6.6]

V-E=p (1)
oB
VxE_—E (2)
V-B=0 (3)
. OE
V><B—J+§. (4)

Conventionally, Egs. (2) and (3) (resp. (1) and (4)) are referred to as homogeneous (resp. inhomogeneous) Maxwell
equations.

As a complement to Maxwell equations, the electromagnetic field creates in turn a force on charge and current
densities described by the Lorentz force density f [1, Sect. 17] or [2, Sect. 6.7], a vector field given by

f=pE+jxB. ()
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Integrated over a region of space, the Lorentz force density f(¢,x) gives the force acting upon the charges in that
region. In addition, the rate of work being done on the charges by the fields is given by j- E [1, Sect. 17] or [2,
Sect. 11.9].

In relativistic form, the charge and current densities are combined into a single vector J with four components
whose time and space components are p and j respectively, while the electric and magnetic fields are combined into
an antisymmetric tensor F of rank 2 indexed by pairs of space-time dimensions, the Faraday tensor. In the space-
time metric (—1,1,1,1), the components a, 3 of the Faraday tensor in its contravariant form, F*# [1, Sect. 23] or
[2, Sect. 6.7], are given by
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Both pairs of homogeneous and inhomogeneous equations are combined into single equations, namely [1, Sects. 26,
30] or [2, Sect. 11.9]

0oy + OpFya + 0y Fap =0 (7)
0 FP = JP. (8)

Also, the Lorentz force becomes a four-dimensional vector f, whose time and space components are j - E and f
respectively. The component « of the Lorentz force, f®, is given in its contravariant form by [1, Sect. 29] or [2,
Sect. 11.9]

f* = FP Jg. (9)

The basic equations of electromagnetism have a very rich history beyond the common vector and tensor formulas
given above. At various moments quaternions [3], six-vectors [4, 5, 6], geometric or Clifford algebras [7, 8], or
differential forms [9, 10] have all been put forward as convenient descriptions of fields, sources, and forces. Depending
on whether simplicity, generality, computation ease, or intuitiveness or some combination thereof is preferred, each
of these objects carries its own advantages and disadvantages. The purpose of this paper is to show how a
formulation by means of exterior algebra, building on historical work on six-vectors for the electromagnetic field by
Sommerfeld [4, 5], attains a good balance of simplicity in terms of notation and operations involved, with no need
of covariant and contravariant representations; generality, as the equations are naturally cast in a relativistic form
valid for any flat space-time with generalized electromagnetic fields and source densities given by r-vectors and
(r—1)-vectors respectively, objects whose appearance is obscured when differential forms are used; and computation
ease and intuitiveness shared with three-dimensional vector calculus.

In Sect. 2 we present the necessary notions and operations of exterior algebra and calculus, as needed for our
purposes. Explicit formulas for the exterior and interior products and derivatives of multivectors, and circulation
and flux of multivector fields are given. These concepts are put into use in Sect. 3, where we present the generalized
Maxwell equations and Sect. 4, presenting the generalized Lorentz force and a simple expression of its associated
stress-energy tensor. Both sections include several applications to support exterior algebra as a natural setting for
an abstract yet intuitively simple form of Maxwell equations, Lorentz force, and stress-energy tensor for any values
of the grade r and the space-time dimensions.

2 Exterior Algebra and Calculus

In this section, we present the basic notions and operations of exterior calculus; the section contents are a condensed
summary of [11].

2.1 Exterior Algebra: Space-time, Multivectors, and Products

We build our theory on a flat space-time with & time dimensions and n space dimensions identified with R¥*". We

represent the canonical basis of this (k,n)- or (k -+ n)-space-time by {e;}*Z7~! and adopt the convention that its
first £ indices, i. e. i =0,...,k — 1, correspond to time components while the indices i = k, ...,k +n — 1 represent

space components. A point or position in space-time is denoted by x, with components x; in the canonical basis
{e;}'Fr=1 that is
k+n—1

i=0
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As first observed by Grassmann [12], next to the (k + n)-dimensional Euclidean vector space R**", for every
value of the parameter m = 0,...,k + n there exist other natural vector spaces with basis vectors e; indexed by
ordered lists I = (i1, ...,1,) of m non-identical space-time indices. For instance, if m = 0, the list is empty and the
vector space is R; for m = 1 we recover the standard vector space R¥*": for m = 2 and m = 3, the exterior-algebra
basis vectors can be respectively identified with oriented plane and volume elements. This parameter m plays a
very important role in exterior algebra and we refer to it as grade and to these vectors as multivectors or grade-m
vectors if we wish to be more specific. A general multivector field v(x) of grade m, possibly a function of the
position x, with components vr(x) in the canonical basis {er}rcz,, can be written as

v(x) = Z vr(x)er, (11)

1€,

where Z,, denotes the set of all ordered lists with m indices. The dimension of the vector space containing all
grade-m multivectors is (*1™), the number of lists in Z,,,. We denote by |I| the length of a list I, e. g. |I| = m for
I € 7,, and by gr(v) the operation that returns the grade of the vector v, e. g. grv=m in (11).

As Sommerfeld observed [4, 5], the electric and magnetic fields may be combined in a six-vector with components
indexed by pairs of distinct space-time dimensions. Rather than the usual antisymmetric Faraday tensor in (6),
one has a bivector, i. e. a multivector with grade 2. We extend this observation and consider a generalized
electromagnetic field F(x) at every space-time point x given by an r-vector, of grade r, and a source density given
by a vector J(x) of grade (r — 1). We give this generalized electromagnetic field the name of Maxwell field. The
phenomenological description of the charges corresponding to this source density J(x) will be done elsewhere. As
for the generalized Lorentz force density f(x), we shall see in Sect. 4 that it remains a vector of grade 1 with k+n
components. For convenience, we often write F, J, and f, dropping the explicit dependence on x.

Having defined multivectors and their canonical bases for various grades m, we consider the operations acting
on them. While these operations may change the grades of their input objects or have different inputs with different
grades, we always consider objects with a fixed grade. In other words, these objects are not sums of multivectors
with different grades, as it would be in a Clifford or geometric algebra [13]. In order of presentation, and loosely
following [11, Sect. 2], we define the dot or scalar product, the wedge product, the interior products, and the Hodge
and inverse Hodge complements. With no real loss of generality, we define the operations only for the canonical
basis vectors, the operation acting on general multivectors being a mere extension by linearity of the former.

Given two arbitrary canonical basis vectors e; and e; in R**" their dot space-time product, also denoted by
Aij =€;- €y, is

-1, i=40<i<k-1,

€;-€e; = 1, Z:j,k’glgk‘—l-n—l (12)
0, i#j,
We adopt the convention that time unit vectors e; have negative norm A;; = —1 and space unit vectors e; have

positive norm A;; = +1. We extend the definition of dot product - to arbitrary grade-m basis vectors e; and e; as

eI-eJ:AIJ:Aillei2j2~--A (13)

TmJIm?
where I and J are the ordered lists I = (i1,42,...,%4m) and J = (j1,72, - -, jm)-

The exterior algebra is defined on the direct sum of these vector spaces over all values of m, resulting in a
larger vector space of dimension 2¥T". In this larger space, one could define a geometric product between two
multivectors, possibly of mixed grade, and thus obtain its associated geometric or Clifford algebra [13]. Using
instead the tensor product of two vectors, one would obtain the tensor algebra, for which multivectors correspond
to antisymmetric tensors of rank m. For the purposes of electromagnetism, there is no need of considering the full
machinery of tensor or geometric algebras. In the exterior algebra, the product between two multivectors is the
exterior or outer product, which we define next.

Let two basis vectors e; and e; have grades m = |I| and m’ = |J|. Let (I,J) = {i1,...,%m,J1,---,Jm’} be
the concatenation of I and J, let o(I,J) denote the signature of the permutation sorting the elements of this
concatenated list of ||+ |J] indices, and let I+ J, or ¢(I, J) if I + J is ambiguous, denote the resulting sorted list.
Then, the exterior product e; of e; is defined as

eI/\ero(I,J)eHJ. (14)

Since permutations with repeated indices have zero signature, the exterior product is zero if |I| 4+ |J| > k+n or
more generally if both vectors have at least one index in common. The exterior product is thus either zero or a
vector of grade |I| + |J|.



The exterior product constructs the basis vectors for any grade m from the canonical basis vectors e;. We do

so by identifying the vector e; for the ordered list I = (iy,...,4,,) with the exterior product of e;,,e;,,...,e;, ,
that is

e =e€;, Ne, N---Ne; . (15)

Furthermore, as we can intuitively note from (14), the exterior product is an operation that adds the grades of
the input multivectors, while the dot product subtracts their grades, yielding a scalar, i. e. a zero-grade multivector.
We now define two generalizations of the dot product, the left and right interior products of two multivectors, as
grade-lowering operations that output a multivector whose grade is the difference of the input multivector grades.

Let e; and e be two basis vectors of respective grades |I| and |J|. The left interior product, denoted by _1, is
defined as

eI_leJ:AHU(J\I,I)eJ\I (16)

if I is a subset of J and zero otherwise. The new basis e\ is a vector of grade |.J| — [I| and it presents the indices
of J excluding those in common with I. The right interior product, denoted by L, of two basis vectors e and e
is defined as

e]I_GJZAJJO'(J,I\J)eI\J (17)

if J is a subset of I and zero otherwise. Both are grade-lowering operations, as the left (resp. right) interior product
is either zero or a multivector of grade |J| — |I] (resp. |I| — |J]).

Finally, we define the complement of a multivector, a concept needed to capture the idea of orthogonal subspace.
For a unit vector e; with grade |I|, its Grassmann or Hodge complement, denoted by e¥, is a unit (k-+n—|I|)-vector
given by

e}{ :A][U(I,IC)EIC, (18)

where I¢ is the complement of the list I, namely the ordered sequence of indices not included in I, and o(I, I€) is
the signature of the permutation sorting the elements of the concatenated list (I, I¢) of all space-time indices. In
other words er. is a basis vector of grade k + n — |I| whose indices are absent from I. In addition, we define the

inverse complement transformation as
-1
e}{ = A]c]c(]’(]c,])e]c. (19)

2.2 Some Properties of the Exterior and Interior Products

This section lists some relevant commutative and distributive properties of the exterior and interior products of
multivectors of fixed grade; these properties will be needed later in our generalized electromagnetic sources, fields,
and equations.

The exterior product (14) is a skew-commutative operation, as we have

uAv=(-1)8"" vy Au. (20)
Concerning the interior products, we have that
u_iv=vL u(—1)gwierutey) (21)

and the interior products are also skew-commutative, unless gru = grv, when both are commutative and coincide
with the dot product of the two vectors.
Given two vectors v and v’ and two r-vectors w and w’, then it holds that

vAW)- (W AV)=(-1)"(v-V)(w- W)+ (Vv aw) (W LV). (22)
Or equivalently, using (20) and (21), it holds that
(v V') (wow) = (v AW) - (v AW) + (v O w') - (v w). (23)
Consider now two vectors u and v and a r-vector w, then it holds that
ud(wLv)=(uaw)Lv, (24)
or alternatively, using (21), we have that
ud(vaw)=—-v_(udw). (25)
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As already found in [11, Eq. (16)], for the same u, v, and w it also holds that
ud(vAaw)=(—1)"(u-v)w+vA(uaw). (26)
Finally, for a vector u, a (r — 1)-vector v and a r-vector w, the following equalities are true
(uAvV) - w=v-(wLu)=u-(vaw), (27)
or, alternatively, using (21), we have that
(UAV)-w= (-1t uaw)-v=(vaw) u (28)

The relations (22), (24) and (27) are proved in 1.1.

2.3 Exterior Calculus: Derivatives and Integrals, Circulation and Flux

In vector calculus, extensive use is made of the nabla operator V, a vector operator that takes partial space
derivatives. For example, the divergence and curl in Maxwell equations are expressed in terms of this opera-
tor. In our case, we need its generalization to (k,n)-space-time, the differential vector operator @ defined as
(=00, =02y ..., —Ok—1,0k, ... ,8k+n,1), that is

k+n—1

0= Z A“ez@l (29)
=0

As done in more detail in [11, Sect. 3], we define the exterior derivative of v, & A v, of a given vector field v of
grade m as

k+n—1
ONV = Z Z Ajio(i,1)0vr ey = Z Ayio(i, I)0;vr €yt (30)
i=0 €I i IET it ]

The grade of the exterior derivative of v is m + 1, unless m = k + n, in which case the exterior derivative is zero,
as can be deduced from the fact that all signatures are zero. In addition, we define the interior derivative of v as
0 _1 v, namely

k4+n—1
dav= Y > oI\ii)dwrep;= Y, o(I\ii)divrer,. (31)
i=0 I€T,, i, €T i€l

The grade of the interior derivative of v is m — 1, unless m = 0, in which case the interior derivative is zero, as can
be deduced from the fact the grade of @ is larger than the grade of v. It is easy to verify that the exterior derivative
of an exterior derivative is zero, as is the interior derivative of an interior derivative, that is for any vector field v,
we have that

ONOAV)=0 (32)
91(0av)=0. (33)

From the identity (26), we note that the interior derivative of the exterior derivative is related to the exterior
derivative of the interior derivative as

L (OAV)=(—1)FM(D-8)v+dA(Dv). (34)

From the chain of identities in (27), given a (r — 1)-vector v and a r-vector w, then the equalities convert into
the product rule for the derivative which we write

- (vaw)=@AvV)-w+ (-1)FM(@ aw) v, (35)

taking into account that the operator 8 is described by a vector basis e; but it acts as a derivative, too.

The formulas for the exterior and interior derivatives allow us express some common expressions in vector
calculus. For instance, the gradient of a scalar field w is given by Vw = @ A w or the divergence of a vector field
v is given by V- v = 8 _1 v. As another example, the cross product of two vector fields v and w in R? can be
variously expressed as

vxw=VAWH* =vaw" =v_wh (36)
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This formula allows us to write the curl of a three-dimensional vector field in several equivalent ways in terms
of the exterior and interior products and the Hodge complements, thereby providing a generalization of the cross
product and the curl to grade-m vector fields in space-times with different dimensions.

Integrals are, together with derivatives, the fundamental mathematical objects of calculus. For example, op-
erations on vectors fields such as flux and circulation are expressed in terms of integrals over high-dimensional
geometric objects. For any ¢ = 0,. .., k+n, we define an infinitesimal vector element d’x as the sum of all possible
differentials for ¢-dimensional hypersurfaces in a (k, n)-space-time. This infinitesimal vector element is represented
in the canonical basis as

dx = Z dzrer, (37)
I€eZ,
where for a given list I = (iy,...,4,) the differential is given by dx; = da;, --- da;,. A positive orientation is

implicit in (37), as the skew-symmetry of the product (14) may introduce sign changes to compensate an eventual
change of orientation after coordinates change, e. g. permutations of the space-time components.

The circulation of a vector field v(x) of grade m along an ¢-dimensional hypersurface V¢ with ¢ = m is defined
in terms of the right interior product, or equivalently the scalar product as £ = m, that is

d"xL v = / d"x - v. (38)
V"?L m

This formula recovers for £ = m = 1 and R" the definition of the circulation of a vector field along a closed path
with the appropriate orientation. Intuitively, the circulation measures the alignment of the vector field v with
respect to V™.

The Stokes theorem for the circulation [11, Sect. 3.4] states that the circulation of a grade-m vector field v
along the boundary V™! of an (m + 1)-dimensional hypersurface V™! is equal to the circulation of the exterior
derivative of v along the hypersurface V7 *1:

/(9 v /V A @av), (39)

The role of the vector curl in the usual form of the Kelvin-Stokes theorem is played by the exterior derivative in
this version of the theorem. Recall that the Kelvin-Stokes theorem for the circulation of a vector field v of grade
1 along the boundary dV? of a bidimensional surface V? relates its value to that of the surface integral of the curl
of the vector field over the surface itself.

The flux of a vector field v(x) of grade m across an (-dimensional hypersurface V* is defined in terms of the
left interior product and the inverse Hodge complement of the infinitesimal vector element (37), that is

/ dx™' . (40)
ve

For example, this formula recovers the flux across a line on the plane or across a surface in three-dimensional space.
Alternatively, if £ = k+n, one can verify that the flux of v over an (k+n)-dimensional hypersurface V¥ gives the
volume integral of v over Y+ Intuitively, the flux (40) measures the magnitude of the multivector field crossing
the hypersurface. In general, the flux is a vector of grade (m + ¢ —n — k) if £ > k +n — m and zero otherwise.

As with the circulation, a generalized Stokes theorem [11, Sect. 3.5] states that the flux of a grade-m vector
field v across the boundary 9V! of an ¢-dimensional hypersurface V¢ is equal to the flux of the interior derivative
of v across V'

/ A= Jv = / A" (@ av). (41)
oV Ve

Armed with the relevant definitions of space-time algebra, the products defined on multivectors, and the deriva-
tives and integrals in exterior calculus, we postulate in the next section the generalized Maxwell equations for
arbitrary r, k, and n.

3 Generalized Maxwell Equations

3.1 Differential Form of Maxwell Equations

For a given r, we consider a Maxwell field F(x) and a generalized source density J(x) at every point x of the flat
(k,n)-space-time. The Maxwell field F(x) is a multivector field of grade r and the source density J(x) a multivector
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field of grade (r — 1). For convenience, we often write F and J, dropping the explicit dependence on x. Going
directly to the heart of the matter, we postulate the generalized Maxwell equations for arbitrary r, k, and n to be
the following two coupled differential equations relating F(x) and J(x):

O0F =1, (42)
OANF =0. (43)

The wedge product (14) in the exterior derivative (30) raises the grade of F and the zero in (43) is the null (r 4 1)-
vector; similarly, as the left interior product (16) in the interior derivative (31) lowers the grade of F, both sides
of (42) are (r — 1)-vectors. A source density conservation law, & _1 J = 0, follows from (42) and (33).

For given 7, the Maxwell field and the source density have respectively (") and (") components at each
point of space-time. For r = 2, k = 1, and n = 3, the field is the usual electromagnetic field, in bivector form rather
than in the tensor form (6), whose three components with space-space indices Fj;(x), 4,5 = 1,2,3, i < j, represent
the magnetic field, and whose remaining three components with space-time indices Fj;(x), ¢ = 0, j = 1,2,3,
represent the electric field. More precisely, we have F = ey A E + B*, with the Hodge complement defined in (18).
Similarly, the first component of the source density represents the density of charge p(x) and the last three represent
the space current density j(x), namely J = peg + j. It can be verified rather easily that these bivector equations
are equivalent to the differential form of the vector Maxwell equations in (1)—(4) [11, Sect. 4.2].

Two other less obvious examples are r =1, k =0, and n = 3, and r = 2, k = 0, and n = 3. In the first case, the
field F is a vector field that we can identify with E, the source density is a scalar, namely p and there is no time,
and we recover the equations of electrostatics. Indeed, as & = V and 8_1 = V-, and using (36) to write OA = VX
in three dimensions, we obtain

V x E =0. (45)

In the second case, the field F is a bivector field that we can identify with the Hodge complement of B, that
is F = B*, the source density is a vector, namely j, and we recover the equations of magnetostatics. Indeed,
using (36) we obtain

V xB=j, (46)
V-B=0. (47)

Polar vectors, such as the electric field, are naturally represented by a vector. Although axial vectors, such as the
magnetic fied, can be represented as vectors in three dimensions, it might be more natural to represent them as
bivectors.

3.2 Vector Potential

As in standard electromagnetism, one can introduce a potential field A(x), now a multivector field of grade r — 1
with (it?) components. According to Poincaré’s Lemma [14, Sect. 36.G|, stated in exterior-algebra notation,
whenever the exterior derivative of an r-vector field F vanishes on a contractible domain, then F must be the
exterior derivative of an (r —1) vector. In a suitably contractible domain, this Lemma implies that the homogenous
Maxwell equation (43) is equivalent to

F=0AA. (48)

For the simple examples listed in the previous section, the potential is respectively the usual relativistic 4-potential,
the scalar potential in electrostatics and the vector potential in magnetostatics. If we replace the potential A by
a new field A’ = A + 8 A G, where G is an (r — 2)-vector gauge field, the homogenous Maxwell equation (43) is
unchanged thanks to (32). There is therefore some unavoidable ambiguity on the value of the vector potential if
r>2.

A possibly useful example is the Lorenz gauge, for which we set @ _1 A = 0. In this case, the exterior-calculus
identity (34) allows us to write the inhomogeneous Maxwell equation (42) as

O IF=(-1)""19 -9)A =17. (49)
In this gauge, the Maxwell equations become (’f,'f?) uncoupled ultrahyperbolic wave equations for the separate

components of J. Similarly, we may choose a transverse gauge where not only d _1 A = 0 is satisfied, but also
Oy 1A =8,1A =0, where 9; and 8; respectively represent the time and space components of 9.
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Considering an (r — 2)-vector gauge field G, the Lorenz gauge condition together with (34) imply that
O 1(ONG)=(-1)"2%20-8)G+IN(D_IG)=0. (50)

When r = 2, the interior derivative 8 _1 G of a scalar gauge field G vanishes and we find that (8- 8)G = 0, namely
that the gauge field G must be a harmonic function. For larger values of r, however, one should consider the full
equation (50).

3.3 Maxwell Equations in the Fourier Domain

It is instructive to express the Maxwell equations in the Fourier domain, especially to study the field propagation
in the absence of sources. Let the Fourier variable be denoted by & = (o, . .,&k+n—1) and the Fourier transform
F(&) of the Maxwell field be

F(¢) = / / dFnx eTI2TEXE (x), (51)

We also have a similar expression for the Fourier transform J (&) of the source. The Maxwell equations (42) and (43)
adopt the algebraic form

For the Fourier transform of the vector potential A (£), the identity F = & A A implies that F(&) = j2r& A A(€).
In the absence of sources, the Maxwell equations (412) and (43) adopt the simpler form

>

E1F =0, (54)
ENF=0.

The first equation would seem to require that F is orthogonal to &, while the second requires that Fis parallel to
&. The only non-trivial combination of these two possibilities is that £ has zero norm, that is £ - & = 0. This is
possible only if both k and n are positive numbers. Using (34) and these two Maxwell equations in the Fourier
domain, we have

0=¢1(EAF)=(-1)"(§-OF +EN(EF) = (-1) (& F, (56)

from which we conclude that the Fourier transform of the fields is supported only in the set & - £ = 0. With some
abuse of notation, let F denote this function with support only in the set £ - & = 0. We postulate that the inverse
Fourier transform of the fields in free space is indeed given by

F(x) = / - / g TERB(E)5(¢ - £). (57)

3.4 Integral Form of Maxwell Equations

The generalized Maxwell equations also admit an integral form obtained by using the Stokes theorem [14, Sect. 36.D].
Moreover, these integral expressions are associated with two natural operations on the Maxwell field, namely its
circulation and its flux. These associations are particularly transparent in the exterior-algebra formulation pre-
sented in this paper, while being simultaneously valid for generic values of r, k, and n. From (39) and (43), and
noting that the interior product is now a dot product, we find that the circulation of the Maxwell field F along the
boundary of any (r + 1)-dimensional space-time volume V" *! is zero:

/ d'x-F = / d'x- (O AF) (58)
ayr+1 yr+i

=0. (59)
For r = 2, k =1 and n = 3, (59) is a scalar equation and we obtain the usual integral forms of the pair of

homogeneous Maxwell equations by considering two different hypersurfaces, all-space, and time-space, as verified
in detail in [11, Sect. 4.3].



Similarly, from (41) and (42), the flux of the Maxwell field F across the boundary of any (kK +mn —r + 1)-
dimensional space-time volume is equal to the flux of the current density J across the (k +n — r 4+ 1)-dimensional
space-time volume:

/ dk+n—7'xH*1 .F= / dk+n—rxv~t*1 . (8_| F) (60)
OVktn—rtl Yhtn—rt1

:/ dk+n—T+1XH*1 .. (61)
Vhtn—rt1

As with the homogeneous Maxwell equations, for r = 2, k = 1, and n = 3 the scalar equation (61) yields the
usual integral inhomogeneous equations by considering two different hypersurfaces V? [11, Sect. 4.3], respectively
all-space and time-space.

4 Lorentz Force and Stress-Energy-Momentum Tensor

As stated in the Introduction, the action of the electromagnetic field on the charges is described by the Lorentz
force. In relativistic form and tensor notation, the four-dimensional Lorentz force density vector f is related to the
electromagnetic field F*# and the source density J” as given in (9),

f* = F*F J5. (62)

The interaction between fields and charges involves a transfer of energy and momentum between the former and the
latter. This interaction is subject to a conservation law relating the Lorentz force density f and the (symmetric)
stress-energy-momentum tensor 7%? of the electromagnetic field [1, Sect. 32] or [2, Sect. 12.10],

f* + 95TP = 0. (63)

For any values of k£ and n and irrespective of the value of r, both the Maxwell field and the source density
carry energy-momentum. This generalized energy-momentum is a vector with k& 4+ n components, the first k
(resp. remaining n) of which represent temporal (resp. spatial) components.

As we discuss in Sect. 4.1, the generalized Lorentz force density remains a 1-vector with k 4+ n components.
Integrated over a space-time region, this density characterizes the action of the field upon the source density. As
explained in Sect. 4.2; this interaction is also subject to a conservation law similar to (63). The stress-energy-
momentum tensor of the Maxwell field is found to be a symmetric bitensor of rank 2 for any values of r, k and n.
Finally, as an application, Sect. 4.3 studies the flux of the stress-energy-momentum tensor across a (k +n — 1)-
dimensional slice of space-time and gives an expression for this flux in terms of the Fourier transform of the
potential.

4.1 Lorentz Force Density

Energy-momentum can be transferred from the fields to the charges through a process modelled as a force acting
on the charges. We refer to the Lorentz force, whose density was introduced in (9). In exterior-calculus form, the
generalized Lorentz force density f is a vector of grade 1 with k + n components given by

f=J.OF=(0uF)F. (64)

The volume integral of the Lorentz force density f over an (k + n)-dimensional hypervolume V¥*" quantifies the
transfer of energy-momentum to the charges in that volume. In turn, from the discussion in Sect. 2.2, this volume
integral is the flux of f over the volume. As the grade of F is r and that of J is  — 1, and the left interior product
lowers the grade, the result has indeed grade r — (r — 1) = 1. It is rather straightforward to verify that this Lorentz
force coincides with the relativistic Lorentz force for r = 2, k = 1 and n = 3 [11, Sect. 4.1], and with the forces
upon charges or currents in electrostatics or magnetostatics.

4.2 Stress-Energy-Momentum Tensor

The flux or transfer of energy-momentum over space-time is described by means of the stress-energy-momentum
tensor T'(x), a bitensor with (’HZH) independent components at each point of space-time, regardless of the value
of the grade r,

T =Y Tjuy. (65)

1<j
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Here, the bitensor basis elements are denoted by u;;, where (4,7) is an ordered list of two (possibly repeated)
space and time indices. In the usual tensor algebra, this bitensor would be a symmetric tensor of rank 2 as we can
identify u;; as u;; = e; V e, the symmetric tensor product of e; and e;. A benefit of using exterior algebra is that
the stress-energy-momentum tensor of the Maxwell field admits a rather simple formula valid for any triplet r, k,
and n.

Before proceeding further, we define the left and right interior product of a vector e; and a bitensor u;i, two
bilinear operations giving a vector. These products are the extension by linearity of the product of unit basis
vectors given by

eini, 1=k,
e 1wy =ujpLe =14 e, =7, (66)
0, otherwise.

Let O_1 denote the interior derivative, as in (66). We prove in 1.2 the conservation law for the equivalent energy-
momentum relating the Lorentz force (64) and the stress-energy-momentum tensor T of the Maxwell field F

f+o1T=0. (67)
Here, the stress-energy-momentum tensor T of the Maxwell field F is given by the expression
T=—(FOoF+F0OF), (68)

where F O F and F ® F are two bitensors with components respectively given by
1
F@F{w = §A“‘Ajj(ei_l F) . (Fl_ej) (69)

1

{ij

In 1.3 we compute the explicit expressions for T;;, namely

(=1)"
Ty = — A Z FPA - Z FPA (71)
I€Z, icl I€T, i¢l
Tij = — Z o(L,i)o(j, L)Fiy L Fj L ALL. (72)
LET, 1

A tedious calculation would serve to verify that the tensor components in (69) and (70) indeed coincide with
the well-known electromagnetic stress-energy tensor for r = 2, k = 1, and n = 3 [1, Sect. 32]. In general, the
components of T come in two different forms. For ¢ = j, the component T;; in (71) is given by the sum of the

squares of all (ki") components in the Maxwell field F;, each weighted by either —&—% or —% depending of the values
k+n—2

1 ) terms, each of this is a product of

of ¢ and I. For ¢ # j, the component Tj; in (72) is given by the sum of (
two different components of the Maxwell field weighted by either +1 or -1.

The values of T;; in (69) and (70) do not change if we swap the values of ¢ and j so T indeed corresponds to a
symmetric tensor. To verify this fact, we note that from (21), it holds that e; 1 F = (—1)""'F L e;. This implies

that

(ej _ F) . (F [ ei) = (F [ ei) . (ej _ F) (73)
= (i I F)(=1)"" - (FLey)(-1)"! (74)
= (e, 1 F)-(FLej). (75)

Therefore the components of F ©F in (69) are symmetric. Concerning the components of F AF in (70), one proves
that they are symmetric by using a similar reasoning exploiting that e; AF = (—1)"(F A e;) from (20).
The tensor trace Tr'T = ), A;;T}; is given for a generic triplet k, n, and r by

TrT:(_Zl)TZA?z( Z FI2AU_ Z FI2AH> (76)

I€Z,..iel I€T, i¢l
_]_ T
:( 2) ZF?A]](Zl—Zl) (77)
1€, i€l qigl
(_1)r+1
= —(k+n—2)FF, (78)
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where we swapped the summation order in (77) and extracted a common factor and then we used that F - F =
> FPAr and that >, ., 1 = r and that > iigr L =mn+k—rin (78). The tensor is traceless for k +n = 2r or
in the case that F - F = 0. To any extent, the trace is a Lorentz invariant.

4.3 Flux of the Stress-Energy-Momentum Tensor

The energy-momentum conservation law also admits an integral form, which we derive next. First, the volume
integral of the Lorentz force density f over an (k + n)-dimensional hypervolume V**" gives the transfer of energy-
momentum to the charges in that volume. From the discussion in Sect. 2.2, this volume integral is the flux of f
over V¥ and from the conservation law in differential form (67), we obtain the following integral representation
of the energy-momentum transfer

/ fdo.. pyn_1 = / b o f = —/ ARy (8 T). (79)
Vk+n Vk:+n Vk:+'n.

A short extension to the proof of (41) in [11, Sect. 3.5], included in 1.4 proves a Stokes theorem for bitensors: the
flux of a bitensor field T across the boundary V¢ of an ¢-dimensional hypersurface V* is equal to the flux of the
interior derivative of T across V¢ for any ¢, and in particular for £ = k 4+ n. Using this form of the Stokes theorem,

we obtain
/ fdzg,... k4n—1 = —/ dFtn=ix™ T, (80)
Vk+7L avk+n
As an example, and for some fixed x4y and ¢ € {0,...,k + n — 1}, consider a (k 4+ n)-dimensional space-time
region of the form
VI = (—00,00) X (—00,00) -+ X (—00,2¢) X -+ (—00,00). (81)

This region is a half space-time with boundary a surface with constant space-time coordinate £ of value z, given
by
OVIT™ = (—00,00) X (—00,00) - -+ X {zg} X -+ (—00, 00). (82)

In the computation of the flux of T across the boundary OV**™ in (80), the infinitesimal vector element is given
by
dFtn—lxn = dxgca(ﬂ, fc)Aaeg, (83)

where the proper orientation carries an additional factor o (¢, £¢), the normal vector pointing outside the integration
region being e,. Using (65), the flux is an integration over all space-time dimensions other than the ¢-th,

[ e ameo = [ [ deo(t ) Aue 1 T(x) (&4
ayrtn > o

k4+n—1

_ ; N /:/_Z dzgea (£, )T (x), (85)

where we used the symmetry of T;; between i and j and the interior product in (66). This formula represents the
fact that the component T;y(x) characterizes the flux of the i-th component of the energy-momentum vector across
a surface with constant space-time coordinate ¢, namely the boundary of Vé”". For instance, for r = 2, k = 1,
n = 3, and £ = 0 the integrals in (85) give the energy (for i = 0) and the momentum (for ¢ = 1,2,3), in line with
the fact that Tpo(x) represents the energy density U and Tp;(x) the three components of the Poynting vector S. In
this case, the time component of (67) gives the standard conservation law 9yU + V - S = —fy, fo being the work
done on the charges by the field.

The flux (85) across the surface with constant space-time coordinate ¢ can also be expressed in a relatively
compact form that involves the Fourier transform of the vector potential A(S) in the Lorenz gauge introduced in
Sect. 3.2. As we prove in 1.5, this flux is given by

&+

/ AR T = (—1)"20%0 (¢, 120)/ dépe 2| A(ES)
oy, Ae€7-£750 §+7€

2

, (86)

where & are frequency vectors satisfying & - &4 = 0 given by

£+ = (507 s 75@71; + V _Aéfgz : 5[7) €€+1a s 7§k+n71)7 (87)
&= (%, &-1,0,&41, -, Epgn—1)- (88)
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This expression is reminiscent of the one appearing in the second quantization of the electromagnetic field [15,
Sect. 2], where the Hamiltonian, i. e. i = £ = 0, is picked as the starting point for the quantization procedure, and
the independent degrees of freedom of the vector potential are quantized. Eq. (86) suggests that quantization of
the vector potential does not require starting with the Hamiltonian. Having said this, a possible quantization of
the generalized Maxwell equations would have to properly deal with the gauge independence of the theory. There
exist several methods of deriving gauge-independent quantum Maxwell equations, such as path-integral and BRST
quantizations. Studying the applicability of these methods to the exterior-algebra multivectors is beyond the scope
of this work.

We conclude this section with a brief discussion on the number of degrees of freedom in the Maxwell field in
the absence of sources. Eq. (86) expresses the change of energy-momentum as a linear superposition of the squared
modulus of the Fourier transform of the vector potential A(E) If both k and n are positive, for any frequency
vector £, we may choose a transverse gauge where not only £ _i A =0 is satisfied, but also & 1 A = &s A =0,
where & and & respectively represent the time and space components of £&. The Fourier vector potential A(é’)
is thus perpendicular to the vectors & and &g, and the number of available dimensions of space-time where A(f)
lies is reduced to a total of k + n — 2. The number of independent components of A(E), or degrees of freedom, is
therefore (ktffz), e. g. two polarizations for r = 2, k = 1, and n = 3. Moreover, these independent degrees of
freedom have the form of propagating waves in space-time.

5 Conclusions and Future Work

In this paper, we have put forward exterior algebra and calculus as a natural setting for an abstract yet intuitively
simple form of generalized Maxwell equations, Lorentz force density, and stress-energy tensor for generalized elec-
tromagnetic fields (or Maxwell fields) represented by multivectors of grade r in a space-time with an arbitrary
number of dimensions. The source density is modeled as a multivector of grade » — 1. The phenomenological
description of the charges associated to these source densities will be done elsewhere.

The generalized Maxwell equations are given in terms of exterior-calculus operations. In differential form, the
homogeneous Maxwell equation states that the exterior derivative of the Maxwell field is zero; the inhomogeneous
Maxwell equation states that the interior derivative of the Maxwell field is the source density. In integral form, the
homogeneous equation states that the circulation of the Maxwell field along the boundary of any (r+1)-dimensional
space-time volume is zero; the inhomogeneous equation states that the flux of the Maxwell field across the boundary
of any (k +n —r + 1)-dimensional space-time hypervolume is equal to the flux of the current density across the
same hypervolume. The Lorentz force density is given by the left interior product of the source density and the
Maxwell field. Moreover, a conservation law relates this Lorentz force density with the interior derivative of the
stress-energy-momentum tensor of the Maxwell field.

Among several applications, a simple expression for the flux of the stress-energy-momentum tensor across an
slice of space-time with a constant coordinate is given in terms of the Fourier transform of the potentials. The
description of Maxwell fields is classical, as energy and momentum carried by the fields are continuous rather than
discrete, in contrast with the experimental observations in the ordinary space-time. There exist several methods
of postulating gauge-independent quantum Maxwell equations, such as second or canonical quantization or path
integral quantization. A study of the applicability of these methods to the generalized Maxwell equations is left
open for future work.

1 Proofs Related to the Stress-Energy-Momentum Tensor

1.1 Distributive Properties of the Interior Product

Proof of (22) To prove this equation, we first expand the vectors and multivectors in the left-hand side of (22)
in terms of their components to get

(vAW) - (W AV) = Z viwro (i, I)ejyr | - Z viwio(J, j)ejis (89)
i, 151 G, Jiigd
= Z viwjv;wf]a(i, I)O’(J,j)AiJr[’jJrJ. (90)
i1l
3 JiEd
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At this point, we separate the cases ¢ = j and i # j, namely
(VAW) - (W AV) = vjwwio(i, D)o (1) Ay Ay
i1
+ > ofwwo(i, Do, 5) Ml Apg . (91)
i£5,1,0
and it is easy to note that the first term can be written as
Z viviwwho? (i, 1) (=1)" Ay Ay = (=1)" (v - V') (w - w'). (92)
i1

Regarding the second term, we first prove the equality

o(i,No(J,j) =a(I\j,5)o(,J\1), (93)
which we can be rewritten in the form

o(I\j,j)o(i, 1) =o(i,J \i)o(J,]). (94)
Lhy I\j \j\ Ley I\j |j|
— 1 — —
Lhy I | | I\itj |j |
— \ | —

i+ 1 i+ 1

Figure 1: Visual aid for the identity among permutations in Equation (94).

In fact, with the visual help of Figure 1 it is easy to see how the sign of the permutation on the left-hand side
of (94) is the same as that on the right-hand side. Then, the second term of the expression (91) can be written

Z v;wfa(l\j,j)Ajj inf]U(i, J \ Z)A” AI\j,J\i = (V/_I W) . (W/ [ V). (95)
i#5,1,J
O

Proof of (24) To prove this identity we write separately the explicit expressions of the left and the right side
of (24). On the left side we get

ul(wrLv)= (Z uaea> _ (Z wwrAppo (b, I\ b)eI\b> (96)
a bel
= Z uavwaAa,aAb,bO—(bv I \ b)CT(I \ b \ a, a)eI\b\aa (97)
a,bel
a#b

while on the right side we result is

(uaw)Lv= <Z UgWiAg q0(I\ a, a)eI\a> L <Z vbeb> (98)
b

acl

Z U VWi Ag o Appo (I\ a,a)o (b, I\ a\ b)ep q\p- (99)
a,bel
a#b
For the expressions (97) and (99) to be identical, it is sufficient that
o(I\b\ a,a)o(b,I\b)=0c(b,I\a\b)o(I\ a,a) (100)
is satisfied. With the aid of Figure 2, we notice that both sides represent the signature of two possible permutations

reordering the list (b,7\ a \ b,a) into I. This proves (24). O
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(b I\a\b L@ b I\a\b L a

— 1 — —

b I\b | | I'\a L4

— \ | —
I I

Figure 2: Visual aid for the identity among permutations in Equation (100).

Proof of (27) We prove this relation by first writing separately the three terms of the equation. On the left-hand
side, we get

(uAv) - w= Zulma (i, 1)e;tr (Zw;e;) (101)

i1

= E uiU[wJO'(Z.,I)AH_],J. (102)
i,1,J
i+I=J

The central term is

v-(wiLu)= (Z v161> . ZuiwIU(i, J\i)Aze; (103)
I i)

= Y worwso(i, DAGA .- (104)
i1.J
TNi=T

Thus, it is easy to check that A;y 7 ;7 = Ay A 1, so that the first two terms of (27) coincide. Regarding the third
term on the left hand side, we obtain

u-(vaw) (Zuﬂ,) : ZvIwJo(J\I,I)AHeJ\I (105)
1,0
= Z uiU[w!]J(i,I)Ai7J\]A[[, (106)
i1,J
i=J\I
which corresponds to the first two expressions since A; p\ ;A7 = Aiyr g = DA - O

1.2 Interior Derivative of the Tensor
For the sake of compactness, we define the bitensors To = FOF and Ty = FOF to prove the following identities

01Ty =(0aF)JF (107)
01Ty =(0ANF)LF. (108)

Using equations (13), (14), (16) and (17), we write Tg and Ty explicitly in terms of components. That is, we
obtain

1
= §ZA“‘A]']‘(€¢_I F) . (Fl_ej)u,»j (109)
1<j
1 N .
D) Z Z FiFyo(I\ i, 1)o(j,J\ j)Anig; ui (110)
i<j I,JEL,
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and

1
T@ = §ZA”AJJ(GZ/\F) . (F/\ej)uij (111)
i<y
1 . .
=3 >N FrFro(i, Do, )Ml Aryi g wij. (112)
i<j I,JEL,

We start by computing the interior derivative 8 _iI Ty given by

d1Tg = % SN (Fi0uFy + Fs0.F))

u i<j I,J
U(I \ ia Z)U(j7 J \ ])AI\Z,J\]AUU €y J Uyj. (113)

After some mathematical manipulations, equation (113) is expanded as

01Tg = Z ZFlaiFJU(I \i,4)o(j, J\ 7)Ani,n e
i—j 1.7

1 . . .
+ ) Z Z(FI@jFJ + FJajFI)C’(I \ 4,4)o(j, J\])Al\i7J\j €;
i<j I,J
1 .. . .
5 20 S (EDES + FydiF)a(I\ i, )0\ AR ;. (114)
1<jg I,J
Since Ap\;,\; is nonzero only if J \ j = I\ 4, we can use this condition in the relation o(j,J \ j) = o(j, I \ i) =
o(I'\i,7)(=1)""! such that (114) becomes
d1To =Y > Fio;Fso(I\i,i)o(I\i,5)(-1)""'Apnin;e:
i=j 1,J
1 . . r—
t3 SN (F10;Fy + Fs0;Fr)o(I\ i,i)o(I\i,5)(=1)" "' Apin e

i<j I,J

1 N o
T3 ;;(FIajFJ + Fy0;Fp)o(I\i,i)o(I\i,5)(—=1)"""Api,n € (115)

Exchanging the indices ¢ and j and the labels I and J, we get the following simplified expression

01Tg = Z Z Fr0;Fyo(I\i,i)o(I\é,5)An:n(=1)" e (116)
ij I.J

A similar reasoning can be followed for the operation @ 1 T given by

1
DTy =53 Y > (FiduFs+ Fi0uFr) o (i, 1)o(].j)

w i<j 1,7
ArgigriDuuliiAjje, dug. (117)

The former equation can be expanded as

O 1Ty = Fi0;F;0(i,1)o(J,§)A11i 4 €
i—j I,J
1 . .
+ 5 ; ;(FlajFJ + F;0;Fr)o(i, 1)o(J, j) A1y g+i0:0j €
1<J 1,

1 . .
+3 ; IZ;(FI@'FJ + F;0iFr)o(i, 1)o(J, j)Aryi,g450::0;,5 €;, (118)
1<J 1,
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and after a few manipulations using the properties of the signatures as done to obtain (115), from (118) we have

0 T@ = Z Z F[@iFJU(i,I)U(j, J)(—l)TAI,IA]‘,j €e;

i=j  I,J

I+i J+j

+ = Z Z (F18;Fy + F0;F)o(i, 1)o(j, J)(=1) A1, ;e
Z<] I+z J-‘r]

+ - Z Z (F10,Fy + Fy0,F)o(i, )a(j, J)(=1) A1 1A €. (119)
l>] I+z J+]

Simplifying terms, we obtain

1Ty =Y >  Fr;Fyo(i,])o(j,J)A11A;;(~1)"e;. (120)
i,j 1,0
! I+i=J4+j

We next derive explicit forms for the operations (0 1 F) 4 F and (0 A F) L F. We start by noting that @ 1 F
can be expanded in terms of component as

d_F = <Z Amajej) i <Z FBeB) (121)
J B

=Y 0;Fpa(B\j.j)ep;- (122)
B,j
jeB
As a consequence, we have that
(@UF)UF = > Fa(0;Fp)o(B\j.j)Apy.po(A\ (B\J),B\j)ea s (123)
A,B,j
(BV)ea

Noting that A\ (B \ j) is a single element ¢ such that A\ i = B\ j, we finally get

(OUF)JF = Y Fa(0;Fp)o(A\i,)o(i, A\ i)A ay e (124)
Yy

=3 Z Fa(0;Fp)o(A\i,§)a(A\ i,i)(—1)" " A avi €. (125)
v A\l B\]

Since (125) corresponds exactly to (116), we proved (107).
Similarly, we next write the operation (8 A F) L F and write it out in terms of components, i. e.,

(OANF)L_F = (Z A, ;0;Fpo(j,B eJ+B> (ZFA9A> (126)

J,B
Jg€B

> A;;jFa0;Fo(j,B)Aaac(Aj+ B\ A)ejipa. (127)
7,A,B
Aejt B
Again noting that j + B\ A =i and that A+ ¢ = B + j, from (127) we obtain
OAF)LF =) Z Fad;Fgo(i,A)o(j, B)(—1)" A4l e, (128)
i.J

A+z B+j

proving the equivalence with (120) and therefore proving (108).
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Combining (107) and (108) and defining the stress-energy-momentum tensor T of the Maxwell field F as
T = —(Te + Tgp), we find that the interior derivative of the tensor T satisfies the following formula

01T+ (B8 aF)JF+(OAF)LF=0. (129)

Therefore, from the Maxwell equations, that is 3 AF = 0 and 8 1 F = J, we recover the conservation law for
energy-momentum relating the Lorentz force £ (64) and the stress-energy-momentum tensor,

f+0.1T=0. (130)

1.3 Explicit Formulas for the Tensor Components for Generic r

Starting with (69), we note that

e, 1F = Z AiiO'(I \ i, i)F[eI\i (131)
Iz,
Flej= Y Ajo(J\j)Fen; (132)
JET,
for any pair of ¢ and j, and therefore
1 Lo ,
FQF‘U‘ D) Z o(I\i,i)o(j,J\ j)FrFren; en; (133)
I,JET,
1 N
= 5 0(L,Z)U(],L)F¢+LFj+LALL, (134)

LET, _1:4,5¢L
where we have defined the set L such that I\¢ = J\j = L. The summation contains (’H:IQ) non-zero terms. For
i = j, and using that o(L,i)o(i, L) = (—1)""1, it can be evaluated as

1
Fo F’u = (=1 1§ Z FlpArr, (135)
LeZ, _1:i¢L

Moving on to (70), we note that

ei AF =" Fo(i,I)eis (136)
1€,

FAre; = Z Fyo(J,j)ejt, (137)
JETL,

and we study the cases such that the lists ¢ + I and j + J coincide. First, if ¢ = j, we have to sum over I = J such
that ¢ ¢ I, that is

1
F®F|¢i:’ Z Ffo(i, I)o(I,i) Ay (138)
I€T,i¢l
1
:(—1)5 Z FPA A, (139)
I€T, i¢l

because o (i, Io(I,i) = (—1)". Second, if i # j, we can find an L € Z,_; such that L =1\ j = J\ ¢ and i,j # L.
Then,

1 . . .
Fo F’ij = §AiiAjj > FuryiFryio(i, L+ §)o(L+i,5)ej 1 0yi- €jyLti (140)
LeZ, 1
1 . . .
=5 Z FryjFryio(i,L+j)o(L+1,5)Apr. (141)
LeZ, 4
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The product o (i, L+j)o(L+1,j) is equal to o(L,i)o(j, L). To prove it, we write the relation o (i, L+ j)o(L+1, ])
o(L,i)o(j, L) and we first multiply both sides by o(L + 1, j)o(j, L) to obtain o(i, L+ j)o(j, L) = o(L +14,5)o(L,1
namely the permutations sorting the lists (i,7, L) and (L,i,j) respectively. Secondly, we note that o(i, 7, L)
(—1)20Vo(L,i, j) = o(L, i, j).

Combining (134) and (141) into T|ij =-Fo F|Z.j -Fo F’ij, we have

1
Tn‘z( 2) Aii( Z FfA — Z F[2A11> (142)

I€T,iel I€T, i¢l

Tij = — Z o(L,i)o(j, L) Fip L Fj+1ALL. (143)
LET, 1

1.4 Stokes Theorem for the Interior Derivative of a Bitensor

Considering a bitensor field

T= Z Tiwii + > Tijug;, (144)

i<j

then the Stokes theorem we wish to prove states that
-1
/ dnth=ix* T T = (d"**z)" 2 (@aT). (145)
gyn+k yntk

The proof will follow the reasoning operating for the vector field [11, Sect. 3.5], so we start expanding the integrand
on the right-hand side

APt Tt T = Z dzrAgeo(q, I Z Tiug; + Z Tiju5 (146)
Tnyr-1:921 i<y
= Z Ty dxro(i, I) ei—|—z Z T;jdzro(j,I)e;
il p k101 1<j Inyr—1:3¢1
+> Y Tydago(il)e;. (147)

1<j Inpr—1:9¢1
The last term can be rewritten by changing the indices i «+— j and using the property of symmetry 7}; = T;; as
> > Tydwoe(i e, (148)
1>] Inyr—1:3¢1
and finally, the three terms can be compacted in
AT T =Y Y Tydare(h) e (149)
0J Ingk—1:3¢1
Then, taking the exterior derivative [14, Sect. 36.B], we get
d (an_lXHil - T) =Y Y 9Tydegnat(il)e (150)

i, I'n+k71:j€1

45 Lnyr

On the other hand, regarding the right-hand side, we first evaluate

01T= (Z Ahhaheh> ZTuu” + Z Wi (152)

1<j

= Z&‘TueﬂrZ&‘ Tijei+ »  0iTije; (153)

i<j 1<J
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and the differential

n—1
(d""'kx)ﬂ_l = Z drrer, = Z dryr. (155)
Ln+k Ln+k
Then, we get
(d"*Fx)" L (@aT) Z > 0Ty dwpe;, (156)
Ltk 4,

namely (151) and thereby proving the stated Stokes’” Theorem.

1.5 Flux of the Stress-Energy-Momentum Tensor
The flux of the field (65) across the boundary 8Vé€+", denoted by (I)avﬁ"(T)’ is given by the integral in (85),

+oo +o0
@yrin (T) = / / dage Ao (6, <) e I T. (157)
—o0 —oo

The r.h.s. of (157) is computed w.r.t. zc, being ¢ the set of indices excluding £.
We next write the flux (157) in terms of the Fourier transform of F, denoted as F(£) as in (51). Assuming that

the Fourier transform of F is supported only in the set &€ - £ = 0, as postulated in (57), we express F as

+oo +o00 R
x)= [ [ dtneae g e, (158)

Inserting (158) in (68) and using the linearity properties of ® and @, we obtain that the stress-energy-momentum
tensor T can be written as

1 +oo +oo ) , R
Tog [ e[ dedtnes(e 03 @) PO (BE) o F(E) + B 0FE). (159

Using (159) back in (157), we obtain that

1 “+o0 +oo
Bpypon (1) = =5 Buo(t.6) [ oo [ e d g da.

S(E-€)0(E - &) el E+E) e, | (F(E) O F(¢) + F(€) O F(¢)). (160)

Since the integration w.r.t. xyc only acts on the exponential term in (160), interchanging the integration order
and using the definition of the delta function, we can find the inverse Fourier transform of the exponential as

“+o0
/ / dxl e]27r(€+5)x _ H (5 fm +§ )ej27r(§@+,§z)x[Au (161)

m#L
Plugging the r.h.s. of (161) in (160) and defining ¢(&,&’) as
P&, &) = — 5 Dol () Cr Db, L ((g) 0 F(E) + F(€) 0 F(E), (162)

we write the flux as

+oo
Byypen (T / / dvrg dbrg 5 €)0(¢ - &) [T 6(6m +€0)0(6,€). (163)

m#L

In order to solve the integration w.r.t. £, we rewrite the condition £ - £ = 0 as

Al +&5-€,=0, (164)
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where & = £ — £ye0. We can solve this equation for & as long as —Ay&€7- &7 > 0, in which case we define x, as the
positive root of the equation
Xi = —Auk;- &, (165)
and we thus take for & the two possible values & = +x,. We similarly have the analogous versions of (164)
and (165) for &.
Using [16, p. 184] w.r.t. the integration variables & and &, and the limitation in the integration range, equa-
tion (163) is expressed as

1
B (D) = [y e At i TL 060600 30 old). (166)
Ape€7€7<0 m#L Eo=Fx0,§=%X]
Since the remaining Dirac delta function conditions imply that £, = —&,, for every m # £, we also have that
&, = £x¢. To further deal with the four terms in the summation in (166), we define the vectors
€+ = (507"'75@—17)((’6@4-17"'7€k+n—1)’ (167)
é— = (507"'755—17_X€a€€+1a"'7£k7+n—1)) (168)
and the counterparts &, = —§_ and § = —&,. Using these definitions to solve the integration w.r.t. ., we
obtain that
1
AV IR IS Xt

It remains to study the four summands in (169) by exploiting the properties of exterior algebra. We start by
writing ¢ (&4, &) from its definition in (162) and use the fact that F(¢,) = F(—£_) = F*(§-) to obtain

1 _
(&4, 6) = —iAggJ(f,EC)eJ‘mXMKA“eg_| T, (170)
where for the sake of clarity we defined the tensor T as
Ty =F(& ) 0F () +F(&) 0 F* (£ ). (171)

Using the definitions of ® and @ in (69) and (70) respectively, and the identity (22), we may write the ij-th
component of Ty as

Trij = Nl ((ei o F(€4)) - (Fr(€-) Lej) + (e, AF(EL)) - (F*(€-) Ney)) (172)
=Nl ((e; A F(€y)) - (Fr(€-) Ley) + (—1)"AyF(EL) - Fr(£-)
a1, B1,ij
+(ejaF(€y)) (F*(6-)Ley)). (173)

It will prove convenient to study equation (173) in terms of the (r — 1)-vector potential A, which is related to
F as in (48), or in the Fourier domain,

F(¢) =2mj € NA(€), (174)

where A(€) denotes the Fourier transform of A. Substituting (174) in the definitions of ay;; and f14; in (173)
and using the identity (21), we obtain that

ary =473 (=1)"" (e 1 (€4 ANA(EL))) - (ej 1 (€2 NA*(EL))) (175)
Brij =4 (—1)" Ay (€4 NA(€4)) - (6- NA*(E2)). (176)

We start by expanding oy ;;. Using the identiy (26), we get

o5 = Ar* (1)1 ((—1)r_1(ei AL +HE A (e; 1 A(€+)))

(1) ey €A (E ) +E A (e AT(E)). (177)
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Computing the products, rearranging terms and using the relations (22), (24)—(25) and (27) in various places, we
obtain

aij = 47T2((*1)T71AmAjj§+,z‘f—,jA(€+) AT(€)
+ Ak i(e; s AT(ED)) - (AL €o)
+ A6 (e 1 A(EL)) - (AT(€-) L€y
F (1) s &) (eia A(Ey)) - (e 0 AT(EL))
+ (e (6 1 A))) - (e (A€ LEL))). (178)

We next simplify the terms of the form £€_ 1 A(&y) and A*(¢€_) L &,. To do so, we note that &, and &_
respectively given in (167) and (168) are related as

€+ =&+ 2xcer (179)
Recalling that the gauge condition in the Fourier domain is given by
§raA(g)=0=¢ 1A (), (180)
equations (179) and (180) imply that
Er A€ ) =6 JAT(E) +2xe 1 AT(EL) = 2xer D AT(E), (181)
E-A(G) =€ T AEL) —2x0er 1 A(&y) = —2x0e0 1 A(EL). (182)

Similar relations are obtained for the right interior product. Applying (181) and (182) into (178), we obtain for
Q145 that

o1,ij = 4772((—1)r_1AiiAjjf+,i§—,jA(5+) -A*(¢)
—20i&4ixe(ej 1 A*(EJ) : (A($+) L er)
+ 20,56 xe(ei 1 A(L)) - (A*(€-) Le)
+ (=1 (—280x7) (ei L A(€4)) - (e, 1 A%(EL))
—axi(ei 1 (er I A(€4)) - (0 (A%(€ ) Le))). (183)

For B1,5, we first use (22) directly into (176) so that it is written as

Brij = 4m*(=1)" Ay (=1)" " (= )7"_1(& &) (A(gy)-AT(€)

+ (€ aAT(E) - (A& L €n)) (184)
:471-2(_1) lj(£+ )(A( ) (£ ))
— A (6 2 AT(EL)) - (Ale) L g, (185)

In view of (179) and &4 - &4 =0, the &4 - £&_ term in the previous equation equals
Ep € =& & —2x08y e = —2Aux;. (186)

Therefore, using (181), (182) and (186) we finally obtain

By = 87X Ay ((—1)T71AtzeA(5+) CAT(E ) +2(era AT(EL)) - (A6 ez))- (187)
Although we derived expressions of a1 ;;, o j; and fq ;; in (183) and (187), needed to obtain T4 ;; in (173) for
arbitrary ij, we are only interested in such terms containing the /-th component, since p(&4,&/,) in (170) involves

computing the quantity

e Ty =er Z T w5 =T e Ageey + Z(Tl,ié + T .0i) Agee;. (188)
i<y oy
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We start with the first case in which ¢ = £ # j. Using that e, 1 e, = 0, from (183) we get

g = 472 (<17 A6 sAEL) - AT(E)

— 204 oxe(ej o AT(ED)) - (A(€y) L ep)
+20;6 jxe(ect A(gy)) - (A%(€-) Ler)
+2(=1)" A (er 1 A€y)) - (e o A% (g )). (189)

Similarly, we also have

ay jo = 472 ((71)7‘71A£5A]‘j§+ o A(EL) - AT (ED)

—2A;E4 ixe (eg_l A* ) ( (E4) eg)
+ 20¢06— oxe(ej 1 A(€+)) (A (€-)Lef)
+2(=1) A (e; A A€)) - (e a A1), (190)
Furthermore, the fact that A;; = 0 for i # j implies from (187) that
Bi,e; = 0. (191)

Combining (189), (190) and (191) in the initial expression of T} ¢; in (173), using that {+ ¢ = ¢, and writing the
right interior products as left interior products, we get

Tl,ej:4772A6£Ajj((_1)r71AeéAjj (&) A" (6o xe (6 j — &)
Ajj(er a1 A(EL)) - (er A%(€-))xe( 5-,; €+,j)
Ag(e; _|A 1)) - (er a1 A™(€)) (X7 —
Aee( JA®E)) - (o AT E)) (G ~ 7 ) (192)

We note that the last two summands in the former equation trivially cancel out, whereas the remaining two also
do so because £_ ; = &4 ; for j # £. Hence,

Tiy=0, j#L (193)

We continue with the second case j = ¢ # i and we have, as in the first case

e =472 (=) AiiBeks i€ oA (EL) - AT(EL)

—2(=1)"Asi&s ixe(ee 1 A(€D)) - (eru A(€y))

+2(=1)"Ageb—oxe(e; 2 A(EL)) - (eru A*(EL))

+2(=1)"Apxi(ei 1 A€y)) - (e A™(¢ )>’ (194)
are = 4m2((—1) 7 DiiBekr 6 A(E4) - AT(EL)

= 2(=1)" Al oxe(ec 1 AT (E)) - (A(€) Ler)

+2(=1)" A&~ ixe(er A(€+)) (e A*(ff))

+2(=1)" A (e s A(€4)) - (i1 A*(€))), (195)

and
Bi,ie = 0. (196)

We rearrange (194), (195) and (196) in the initial expression (173), using &+ ¢=+,, and that {_; = &4, for
i # ¢, we obtain It results to be zero since for i # ¢ we have {_ ; = £, ;, namely

Tyw=0, i#L (197)
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Regarding the last case i = j = ¢ we evaluate ai ¢ from (183) writing all the right interior products as left
interior products

)il o AEy) - AT(ED)

—2(=1)"Aps exe(er A (¢ ) - (e A(€+))

+2(=1)"Agel_oxe(er 1 A(&4)) - (er 0 A% (EL))

+2(=1) A (e 1 A(€4) - (e 0 A (€L)), (198)

a0 = 471'2 (( 1

and from (187)

Bi,ee = 87T2(*1)TX125 (*A(&r) : A*(ﬁ—) + 2AM(9E—' A*(S—)) : (eé—' A(€+)))- (199)

We substitute ay ¢ = B1,0¢ from (198) and 1 ¢ from (198) into T3 o (173) and considering that {1, = *x,, we
directly get

T1 .00 = 0. (200)

In conclusion, from (188) we realize that
e 1T =0. (201)
We continue studying the second summand in (169). We consider ¢(€,&" ) using its definition in (162) joint
with the fact that F(¢) = F(—¢,) = F*(£,) and we get

1
P&+, &4) = —5Aua(l,%)er 1 Ty, (202)
where the tensor Tq is defined as
Ty =F(&) OF (&) + F(&y) 0 F(&4). (203)
As for Ty, we use the definitions of ® and @ in (69) and (70) and the identity (22) and we spread out the ij-th

component of Ty, which is written
Toij = Duilj (e (&) - (B (€) Ley) + (1) AyF(€y) - F7 (&)
a2,ij Ba2,ij
+(e; uF(&y)) - (F*(&y) L e)), (204)

o2,

and we substitute the Maxwell field in terms of the potential in the Fourier domain thanks to (174), so that we
find

Qg5 = 4m? (ei—l (&4 A A(€+)>) ((&e A A*(€+)> L ej), (205)
Bayij = A (—1)" Ay (€4 N A(E4)) - (€4 NAZ(E4)). (206)

We start from (205) and we use the relation (26) after writing (&4 A A*(£+)) Lej=(-1)"""tej (& A A*(£+))
Thus we get

agij =4 (—=1)" 7 (1) (e - £4)A(Ey) + €4 A (e A(EL))):
(1) (ej - &)A™ (&) + &4 A (ej 1 A™(€4))). (207)
Again, carrying out all the products, and applying (22) and (26), we obtain
g,y = 472 ((=1) 7 Dihgi i jA(EL) - A%(€4)
+ Al i(e; 1 AT(€y) - (AL g&y)
+ A8 (eia Agy)) - (AT(6p) L &y)
(07 ) (e AEY)) - (e 1 AT(EY)
(& (et AEL)) - (e 0 AT (€))L €4)) ). (208)
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We note that (24) implies
(j A" (€))L &y =ej 1 (A"(€4) L &4) =0, (209)

and we can simplify o ;; thanks to the facts that £, -§4+ = 0 and to the gauge condition &4 1 A(E+) = 0 from (180),
obtaining A A

gy =4 (1) T A A€ iy jA(EL) - AT(Ey). (210)
Hence, as a consequence,

g ji = 4T (= 1) T A A€ 6 A (EL) - AT (€. (211)
Regarding f2;, we write £, A A*(&,) = (—=1)""'A*(£,) A &, and we apply again (22) in (206) so that we
immediately verify that it vanishes

By = —4m A (-1 7164 - €4) (Alg4) - A"(62))

(& aAE) - (A€ LE)) =0, (212)
As a consequence, the result for 5 ;; in (204) is
Thij = 8% (—1)" '€y i€y jA(EL) - A (&y) (213)
and we finally evaluate the tensor Ts as
Ty =872 Y (~1) Y64 iés s |A () [Puyy. (214)

1<

We move on to the third term of (169). The equality ]?‘(S’Jr) = F*(¢£_) allows us to write 0(§-,€}) as

1
p(€-,&-) = *iﬁeég(& (“)eq 1 T3, (215)
where we defined the tensor T3 as follow
T3 =F(¢ )0F (¢ )+FE )0F (). (216)

Comparing (216) and (203), we note that the difference is only in the presence of £€_ instead of £€;. Thus, the
mathematical steps are identical, including that the relation &, - €4 = 0 has its counterpart £ -&_ = 0. The gauge
conditions in (180) can also be written as

£ 1A )=0=¢ A (&) (217)
So, in analogy with the result obtained in (214), the final expression for Tj is
Ty =872 (1) te a6 j|A(E-) [ uy;. (218)
1<j

We conclude the evaluation of the initial integral in (169) computing ¢(&€_, & ). From ts definition in (162) and
using F(€7) = F*(£4), we get
1 ,
<p(£,, §+) _ —§ANU(57 gc)e—j4ﬂxzszue€ ] T4, (219)
defined, as in the previous cases,
T, =F(E )oF (&) +F(E )0 F (&) (220)
We can further expand (220) in components which would appear
Th,ij = Diiljj((e; 2 F(6.)) - (F*(&4)Lej) + (—1)"A;F(E-) - Fr (&)
Qgq,ij Ba,ij

+ (e, I F(E) (F (1) Ler)). (221)

Qg ji
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As in the analysis of 11 ;;, we express oy ;; and 4, in terms of the potential

ayij = 4m(=1)" " e 1 (6= NA(E-))) - (e (& A A*(€4))), (222)

Baij = 47 (1) Ay (€ NA(EL)) - (€4 NAT(EL)) (223)

We can now note that the differences between (220) and (171) are in £ exchanged with £_, F(&,) with F(£_) and

F*(&_) with F*(£4). So, the differences among (222) and (223) with respect to (175) and (176) are, in addition to

the aforementioned, A(£€,) interchanged with A(€_) and A*(£_) with A*(£,). We consider (179) and the gauge
condition (217), we replace the conditions (181) and (182) with

£ A ) =€6 AL ) +2xer 1 A6 ) =2xer 1 AE) (224)

E AT (&) =& DA (&) — 2xeer 1 AT (E4) = —2x0er 1 AT (EY). (225)

If we follow the same procedure applied to obtain Ty with the conditions (217), (224) and (225), we can rapidly
state
e/ 1Ty =0. (226)

Then, we write the integral for the flux in (169) substituting the definition (162). Removing the first and the
last summands thanks to (201) and (226), it results

1 1
B ein (T) = —= Aggor (£, £°) / dée— ey 1 (Ty + T). (227)
¢ 8 AVIIR IS4 X

Using (214) and (218), we get
(I)avéwrn (T) = (71)T7T2AMCT(€, fc)eg _

1 " .
Lo e D (Eriteal A A Y @29

1<j

We consider that xj = &5 , = 2 , and we expand the product e;_iu;; thanks to (35) and then use that ), &+ je; =
&4, so that (228) is

B (1) = (170 (0,07) [

ANpe€7-€7<0

€&+ 4 2 &« 2
e (5 A + E AL, (220)

As an aside, we may use [16, p. 184] and that x, = {4, = —&_ 4 to undo the step leading to (166) to recover
the Dirac delta function

+oo +oo
r c n A 2
Bpypin () = (~1720%0(0.6) [ oo [t esaee A s(e ). (230)
Returning to (229), we split the integral into I, + + I, _, where
s = [ déi = |A(es)| (231)
Aukrge<o Sl

Taking into account that A (x) is real, we may express the squared modulus of A (£_) as |A(£,) ‘2 = A(—¢_)A*(—¢£).
Therefore the integral I, becomes

= de = A(—€ A" (~€). (232)
Ape€7-€7<0 —¢

Changing the integration variables according to £ — (7 = —&j7, together with the definition

C:I: = (CO? .. '7C€—1>:|:X€a<l+la .. ~7§n+k—1)7

yields

= dCe S A(CAT(C). (233)
AgeCp€r<0 i
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Since (233) is formally equivalent to Iy, the flux can be rewritten as

‘ 2

A (231)

Dyprin (T) = (—1)T2W20(5,€c)/ dge S+
‘ Ac€r-€7<0 §re
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