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Abstract

This doctoral thesis aims to find a connection between two different disciplines. On
the one hand, the electromagnetic theory, one of the most known and most applied
theories in physics, properly described by the famous Maxwell equations. On the
other hand, the theory of information and communication, provided of a mathemat-
ical structure which mainly includes the concepts of probability and statistics. In
order to establish a contact point between the two, we first decided to develop a
suitable mathematical framework, which could accomodate the two theories in the
appropriate context.

We therefore chose to use the mathematical theory of exterior algebra, because it
allows to combine a simple and intuitive method coming from a classical vector
conception, with more advanced but equally effective mathematical tools. Having to
build a theory from the beginning, we have opted to consider a procedure as general
as possible and, therefore, we proceed in a space-time with arbitrary dimensions,
both as regards time and as regards space. We formulate our theory in this space-
time, utilizing multivector fields, also of arbitrary degree, in order to broaden the
classical concept of vector field.

The electromagnetic theory is thus generalized through these multivectors and the
fact of having several free parameters, such as the dimensions of space-time and
the grade of the multivectoral field, allows to identify various models, obtaining the
known ones and opening the doors to new horizons.

In practice, to build our theory we can follow two distinct but complementary ap-
proaches. In the first place, making an analogy with the classical theory, we can
directly use the generalized definitions of exterior algebra to postulate a natural ex-
tension of the electromagnetic theory in arbitrary dimensions. Secondly, we have
developed in parallel a dynamical theory, so-called Lagrangian, purposely built for
multivector fields of arbitrary grade.

Regardless of the path chosen, we have obtained a consistent theory that presents its
equations of motion, corresponding to the generalized Maxwell equations, and all the
equivalent physical quantities resulting from new conservation laws, which identify
the quantities of the system that remain unchanged, such as energy and momentum.

The connection point with the theory of communication emerges in dealing with the
electromagnetic waves coming from the solutions of Maxwell equations. Studied from
the multivectoral point of view of exterior algebra, these waves might open the doors
to a new interpretation of the transmission of signals from a different perspective.






Sommario

La presente tesi di dottorato ha ’obiettivo di trovare un punto di congiunzione tra
due diverse discipline. Da un lato la teoria elettromagnetica, una delle teorie pit
conosciute ed applicate in fisica e propriamente descritta dalle celeberrime equazio-
ni di Maxwell. Dall’altro, la teoria della informazione e comunicazione, dotata di
una struttura matematica che comprende maggiormente i concetti di probabilita e
statistica. Per stabilire un contatto tra le due, abbiamo deciso, in primo luogo, di
sviluppare una struttura matematica appropriata, che potesse conciliare le due teorie
in un giusto contesto.

Abbiamo quindi deciso di utilizzare la teoria matematica dell’algebra esteriore, per-
ché ¢ in grado di unire un metodo semplice ed intuitivo proveniente da una con-
cezione vettoriale classica, con strumenti matematici pit avanzati ma ugualmente
efficaci. Dovendo costruire una teoria dal principio, abbiamo optato per considerare
una trattazione il pint generale possibile e, pertanto, procediamo in uno spazio-tempo
con dimensioni arbitrarie, sia per quanto riguarda il tempo, sia per quanto riguar-
da lo spazio. Formuliamo la nostra teoria in tale spazio-tempo, basandoci su campi
multivettoriali, anch’essi di grado arbitrario, in modo da ampliare il concetto classico
di campo vettoriale.

La teoria elettromagnetica viene cosl generalizzata attraverso questi multivettori ed
il fatto di avere diversi parametri liberi, quali le dimensioni dello spazio-tempo ed il
grado del campo multivettoriale, permette di identificare svariati modelli, ricavando
quelli noti ed aprendo le porte verso nuovi orizzonti.

Operativamente, per costruire la nostra teoria possiamo seguire due approcci, distin-
ti ma complementari. In primo luogo, facendo una analogia con la teoria classica,
possiamo usare direttamente le definizioni generalizzate dell’algebra esteriore per po-
stulare una estensione naturale della teoria elettromagnetica in dimensioni arbitrarie.
Secondariamente, abbiamo sviluppato in parallelo una teoria dinamica, cosiddetta
Lagrangiana, appositamente costruita per i campi multivettoriali di grado arbitrario.

Indipendentemente dal percorso scelto, abbiamo ricavato una teoria consistente che
presenta le sue equazioni del moto, ovvero le equazioni di Maxwell generalizzate, e
tutte le quantita fisiche equivalenti risultanti da nuove leggi di conservazione, che
identificano le grandezze del sistema che rimangono invariate, quali I'energia e la
quantitd di moto.

Il punto di connessione con la teoria della comunicazione emerge nel trattare le onde
elettromagnetiche provenienti dalle soluzioni delle equazioni di Maxwell. Trattate
dal punto di vista multivettoriale dell’algebra esteriore, tali onde possono aprire le
porte ad una nuova interpretazione della trasmissione di segnali da una differente
prospettiva.






Resumen

Esta tesis doctoral tiene el objetivo de encontrar un vinculo entre dos disciplinas
diferentes. Por un lado, la teorfa electromagnética, una de las teorias més conocidas
y aplicadas de la fisica y debidamente descrita por las famosas ecuaciones de Max-
well. Por otro lado, la teoria de la informacion y de la comunicacion, dotada de una
estructura matematica que comprende mayormente los conceptos de probabilidad
y estadistica. Para establecer un punto de encuentro entre las dos, primero decidi-
mos desarrollar una estructura matematica apropiada, que pudiera conciliar las dos
teorias en el contexto adecuado.

Por lo tanto, decidimos utilizar la teoria mateméatica del &lgebra exterior, porque es
capaz de combinar un método simple e intuitivo proveniente de una concepcién vecto-
rial clasica, con herramientas matemaéticas mas avanzadas pero igualmente efectivas.
Al tener que construir una teoria desde el principio, hemos optado por considerar un
tratamiento lo mas general posible y, por tanto, procedemos en un espacio-tiempo con
dimensiones arbitrarias, tanto en el tiempo como en el espacio. Construimos nuestra
teoria en este espacio-tiempo, basandonos en campos multivectoriales, también de
grado arbitrario, para ampliar el concepto clasico de campo vectorial.

La teoria electromagnética se generaliza a través de estos multivectores y el hecho de
tener varios parametros libres, como las dimensiones del espacio-tiempo y el grado del
campo multivectorial, permite identificar varios modelos, obteniendo los ya conocidos
y abriendo las puertas a nuevos horizontes.

Operacionalmente, para construir nuestra teoria podemos seguir dos enfoques dis-
tintos pero complementarios. En primer lugar, haciendo una analogia con la teorfa
clasica, podemos utilizar directamente las definiciones generalizadas del dlgebra exte-
rior para postular una extensién natural de la teoria electromagnética en dimensiones
arbitrarias. En segundo lugar, hemos desarrollado, en paralelo, una teorfa dinamica,
llamada Lagrangiana, construida a propésito para campos multivectoriales de grado
arbitrario.

Independientemente del enfoque elegido, hemos obtenido una teoria consistente que
presenta sus ecuaciones de movimiento, es decir, las ecuaciones de Maxwell genera-
lizadas, y todas las cantidades fisicas equivalentes resultantes de las nuevas leyes de
conservacion, que identifican las cantidades del sistema que permanecen sin alterar,
tales como energfa y momento.

El punto de conexién con la teoria de la comunicacién surge al estudiar las ondas
electromagnéticas provenientes de las soluciones de las ecuaciones de Maxwell. Con-
sideradas desde el punto de vista multivectorial del algebra exterior, estas ondas
pueden abrir las puertas a una nueva interpretacién de la transmisiéon de senales
desde una perspectiva diferente.






Resum

Aquesta tesi doctoral pretén enllacar dues disciplines diferents. D’una banda, la
teoria electromagnética, una de les teories més conegudes i aplicades de la fisica i
degudament descrita per les conegudes equacions de Maxwell. D’altra banda, la teo-
ria de la informacié i la comunicaci6, dotada d’una estructura matematica que entén
millor els conceptes de probabilitat i estadistica. Per tal d’establir el contacte entre
ambdues, vam decidir, en primer lloc, desenvolupar un marc matematic adequat,
que pogués conciliar les dues teories en un context adient.

Per aixo hem decidit utilitzar la teoria matematica de I’Algebra exterior, perqué ens
permet de combinar un métode senzill i intuitiu provinent d’una concepcié vectorial
classica, amb eines matematiques més avancades pero igualment efectives. Havent de
constituir una teoria des de l'inici, hem optat per considerar un tractament que fos
el més general possible i, per tant, considerem un espai-temps amb dimensions arbi-
traries, tant pel que fa al temps com pel que fa a I’espai. Formulem la nostra teoria
en aquest espai-temps, basant-nos en camps multivectors, també de grau arbitrari,
per tal d’ampliar el concepte classic de camp vectorial.

La teoria electromagnética es generalitza aix{ a través d’aquests multivectors i el fet
de tenir diversos parametres lliures, com les dimensions de 1’espai-temps i del camp
multivectorial, ens permet identificar diversos models, obtenint els coneguts i obrint
les portes a nous horitzons.

Practicament, per construir la nostra teoria podem seguir dos enfocaments diferents
perd complementaries. En primer lloc, mitjancant una analogia de la teoria classi-
ca, podem utilitzar directament les definicions generalitzades d’algebra exterior per
postular una extensié natural de la teoria electromagnética en dimensions arbitra-
ries. En segon lloc, hem constituit en paral-lel una teoria dinamica, 'anomenada
Lagrangiana, construida expressament per a camps multivectors de grau arbitrari.

Independentment de ’opcié escollida, hem obtingut una teoria coherent que presenta
equacions de moviment, és a dir, equacions generalitzades de Maxwell, aixi com
totes les magnituds fisiques equivalents resultants de noves lleis de conservacio, que
identifiquen les magnituds del sistema que romanen inalterades, com ara 'energia i
I'impuls.

El punt de connexi6 amb la teoria de la comunicaci6 sorgeix en tractar les ones
electromagnétiques procedents de les solucions de les equacions de Maxwell. Tractats
des del punt de vista multivectoral de I’Algebra exterior, aquestes ones permeten obrir
les portes a una nova interpretacié de la transmissié de senyals des d’una perspectiva
diferent.
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Chapter 1

Motivation and introduction

This doctoral thesis follows an interdisciplinary approach, combining two fields of
study, namely the physical theory of electromagnetism and the mathematical theory
of communication. First, the modern communication theory would not exist without
an accurate mathematical description [Sha48]. A key ingredient thereof is signal
theory, with its mathematical representation as a linear space with a set of basis
elements [BC02, Ch. 1|. Second, and since electromagnetic waves are often used
to transmit information by modulating signals, we consider the classical theory of
electromagnetism to establish a temptative connection to physics. Electromagnetic
theory was firstly formalized mathematically by J. C. Maxwell [Max03] to describe
in a unified manner experimental results obtained in previous years by distinguished
scientists such as H. C. Oersted, M. Faraday and A. M. Ampére [Dar00]. The original
mathematical descriptions of the electromagnetic field in terms of quaternions and
vector calculus were later complemented by different frameworks, such as tensor
calculus or differential forms.

The idea that information theory and physics are closely connected has a long his-
tory, as evidenced in some works of R. Landauer [Lan96, Lan99], especially concern-
ing quantum aspects. In order to find some connections between the two subjects,
we have developed a generalized theory of electromagnetism based on multivectors
(grade-r vectors) in exterior algebra living in a space—time with k time coordinates
and n space coordinates [CFSM19, Sect. 2|.

The mathematical framework of exterior calculus brings the advantage of merging the
simplicity and intuitiveness of standard vector calculus, since formulas admit explicit
expressions, together with powerful tools of tensorial calculus and differential forms,
as formulas can be given for arbitrary value of k, n, and r» [CFSM20]. According to the
principles of relativity, space and time are not independent, but both are coordinates
in space—time [LEMW23, pp. 111-120]. Although having multiple time coordinates
leads to several physical issues [Vell2|, in the mathematical construction of space—
time these problems do not arise and in this work we consider only physical models
with k£ < 1. Having generic free parameters r, k, n, allows to build a general theory
which provides a mathematical foundation to future elaborations of signal theory of
multivectors in such space-times. This perspective changes our way to model signals,
classically written as functions of time [Gal68, Ch. 8], as explicit functions of both



space and time coordinates, thereby increasing their level of sophistication.

In the framework of exterior calculus, the generalized Maxwell equations are given
by [CFSM20, Egs. (42) and (43)]

O0_1F =17,
ONF =0, (1.2)

where @ is the derivative vector operator, F represents the generalized multivector
electromagnetic field and J corresponds to the current source density.

This process of generalization has been carried out along two complementary paths.
First, we use basic notions of exterior calculus, interior and exterior derivatives, re-
spectively written d_1 and OA as in (1.1) and (1.2), and the concepts of generalized
flux and circulation, Stokes theorems and in order to obtain multivectorial electro-
magnetism in (k,n) space-time, as an analogue to the vectorial formulation. In
parallel, we define a suitable Lagrangian density and develop a Lagrangian approach
for r-vector fields in exterior algebra and calculus. This way, we are able to construct
a Lagrangian theory compatible with multivector fields, which recovers the equations
describing the dynamics of a system.

Flux and circulation provide the integral form of Maxwell equations. The connec-
tion from the integral to the differential formulation in (1.1) and (1.2) is given thanks
to Stokes theorems in exterior calculus, which are formally defined linking general-
ized circulation to the exterior derivative and generalized flux to interior deriva-
tive [CFSM19, Sect. 3]. We also establish some links between exterior algebra and
calculus and other mathematical theories. In particular, multivectors and tensors
are strongly connected, since they can be defined in the same algebraic space—time,
despite their different basis, and mathematical operations among them are well-
defined [CFSM21b, Sect. 2.5], e.g., the divergence of a tensor is written with the
interior derivative operator.

Building on the analogy between generalized and classical formulations of electro-
magnetisim, a generalized stress—energy-momentum tensor of rank 2 is presented.
This tensor is also derived from a conservation law relating the tensor with the
generalized Lorentz force density [CFSM20, Sect. 4.2], defined as

f=J1F=(0aF)F. (1.3)

The expression of the stress—energy-momentum tensor, together with the Lorentz
force and the exterior-algebraic form of Maxwell equations, is also obtained within
the Lagrangian formulation and the invariance of the action to infinitesimal space—
time translations or to infinitesimal changes in the fields.

In the framework of exterior calculus, we have developed a Lagrangian exterior-
algebraic theory as a dynamical theory of multivector fields. For a given a Lagrangian
density, the principle of stationary action applied to variations of the field yields
the Euler-Lagrange equations, which describe the dynamics of the system. For
the generalized electromagnetic field, the Euler-Lagrange equations coincide with
generalized Maxwell equations derived following the first approach, having the form
seen in (1.1) and (1.2), [CFSM21b, Sect. 4].



Physical quantities such as energy, linear momentum, angular momentum and spin
are identified in the Lagrangian formulation and generalized to a multivector fields.
The stress—energy—momentum, including the components of energy, momentum and
the equivalent Maxwell stress tensor, is derived in an elegant manner to be manifestly
symmetric [MFSC21, Sect. 4.3]. Conservation laws for the energy-momentum and
angular momentum are deduced by applying the calculus of variations to our exterior-
algebraic Lagrangian theory, respectively to infinitesimal space—time transations and
space—time rotations. Such conservation laws are fundamental because they identify
conserved quantities, which are constant during the physical process that the system
describes.

Having described both approaches that we developed to study our problem, we can
provide a more detailed discussion about the Maxwell equations themselves. The gen-
eralized Maxwell field F is a grade-r multivector with (kj:") components [CFSM20,
Sect. 3.1]. To recover classical electromagnetism, we select one time coordinate and
the three dimensional space, namely £ = 1 and n = 3, so that the space-time is
the “ordinary” four-dimensional space-time [LEMW23, pp. 75-80]. Then, the value
r = 2 identifies a bivector F which suitably includes the six total components of
electric and magnetic fields, as said in the previous paragraph. The components
of the bivectorial Maxwell field and of the two-indices antisymmetric Faraday ten-
sor match, and the same the components of F and of the 2-form identifying the
electromagnetic field [CFSM19, Sect. 5|. In this Minkowski (1,3) space-time, the
time-space components are identified as the electric field, while the space-space as
the magnetic field.

Independently of the chosen path, purely exterior-algebraic or Lagrangian, the gen-
eralized Maxwell equations form the starting point for our work. In the absence of
charged sources, the classical Maxwell equations can be written as a set of uncou-
pled wave equations, one for every component of both electric and magnetic field,
operating some vectorial manipulations. Alternatively, the fields can be written in
terms of vector and scalar potentials, and every component of the potentials satisfies
the same wave equation [Jac99, Sect. 6.2], even in the presence of charged sources,
having chosen the appropriate gauge. The same procedure is extended to general-
ized electromagnetism. Applying the properties of interior and exterior products to
Maxwell equations in (1.1) and (1.2) allows us to define a generalized wave equation
in arbitrary dimensions, namely

(0-8)F =0. (1.4)

Like the classical case [Gri07, Sect. 9.1.2], the solutions of the wave equation in (1.4)
would lead to the expression for electromagnetic waves, possibly written in terms of
the so-called plane waves [Jac99, Ch. 7]. .

It may be instructive to express the Maxwell equations in the Fourier domain, as
suggested by the decomposition of the field in plane waves. In a analogy to the
expression in the usual four-dimensional space—time [CTDRG97, Sect. 1.B], the def-
inition of the Fourier transform is extended to multivector fields as

B(e) = /R | dge  EOT(x), (1.5)

From this definition, one could attempt to generalize the concept of propagating
waves in the vacuum, i. e. in the absence of sources.



6 1.1. Contributions

To conclude, we describe some possible future advances which may be developed
thanks to the outcomes of our research. We identify three main such lines of inves-
tigation, as briefly explained in the final chapter of this cover essay.

First of all, we deal with the number of degrees of freedom. In mathematical and
physical theories, one of the fundamental issues to tackle is the determination of the
degrees of freedom needed to solve a specific problem. Here, some interesting results
might involve the independent components of the potential, when solving Maxwell
equations or looking for the components of the spin. Secondly, we dedicate a section
to quantization. One might argue that our generalized electromagnetic theory should
be quantized, in order to find a connection with quantum communication. The topic
of quantization is not included in this thesis and it is only marginally discussed, but
the fact of having introduced the concept of spin provides an opening for this new
quantum path. Finally, it would be possible to establish some potential application
to communication and information theory by means of signal theory, generalizing
the duality between space-time and frequency/energy—momentum descriptions of
signals.

1.1. Contributions

This essay presents the content of the following three main articles,

» [CFSM19]: I. Colombaro, J. Font-Segura, A. Martinez, An introduction to
space-time exterior calculus, Mathematics (2019), 7(6): 564. [arXiv:2002.12604]

» [CFSM20]: I. Colombaro, J. Font-Segura, A. Martinez, Generalized Maxwell
equations for exterior-algebra multivectors in (k,n) space—time dimensions.
Eur. Phys. Jour. Plus (2020); 135: 305. [arXiv:2003.07709]

» [CFSM21b]: I. Colombaro, J. Font-Segura, A. Martinez, An exterior—algebraic
derivation of the Euler-Lagrange equations from the principle of stationary ac-
tion. Mathematics (2021); 9(18): 2178. |arXiv:2110.10514]

and also discusses the following papers that make part of the research project and
complement the contents provided by the previous ones:

» [MFSC21] A. Martinez, J. Font-Segura, I. Colombaro, An exterior-algebraic
derivation of the symmetric stress—energy—momentum tensor in flat space-time.
European Physical Journal Plus (2021); 136: 212. [arXiv:2104.07013]

» [MCFS21] A. Martinez, I. Colombaro, J. Font-Segura. On the angular mo-
mentum and spin of generalized electromagnetic field for r-vectors in (k,n)
space—time dimensions. Furopean Physical Journal Plus (2021); 136: 1047.
[arXiv:2110.10531]

The full version of the aforementioned publications is included in part II of this
document.


https://arxiv.org/pdf/2002.12604
https://arxiv.org/pdf/2003.07709
https://arxiv.org/pdf/2110.10514
https://arxiv.org/pdf/2104.07013
https://arxiv.org/pdf/2110.10531

Chapter 2

Research Overview

In this chapter, we present a synopsis of the research undertaken during the doctoral
project. The papers listed in 1.1 are contextualized and connected hereinafter. As
stated earlier, we deal with multivector fields in a generalized space-time with an
arbitrary number of dimensions. We build a generalized theory of electromagnetism
within the framework of exterior algebra and calculus, with the ultimate purpose of
considering signals carried by electromagnetic radiation.

2.1. Exterior calculus, multivectors and tensors

In our research, we aim to generalize the theory of electromagnetism. To maintain
the description as general as possible, we consider a framework characterized by
arbitrary k time and n space dimensions. In analogy with the four-dimensional
Minkowski space-time [LEMW23, pp. 118-120], this space—time is endowed with a
canonical basis and an inner product. Basis vector have positive (resp. negative)
unitary norm when multiplying two identical spatial (resp. temporal) components
[Nab12, pp. 9-10]; non-identical components are orthogonal.

In this space—time, we deal with multivector fields of grade r, whose basis are la-
belled by ordered lists of r indices and they are geometrically interpreted as oriented
hypersurfaces. In exterior calculus, oriented integrals may also be evaluated over
oriented m-hypersurfaces V. The orientation of V"™ is given by the multivector
differential basis orthogonal to it [CFSM19, Sect. 3.1].

The Maxwell field F, which we also refer to as generalized electromagnetic field, can
also be written in terms of a multivector potential A of grade (r — 1) [CFSM20,
Sect. 3.2|, by means of the operation of exterior derivative. As in the classical theory
of electromagnetism, there exists gauge invariance of Maxwell equations also in the
exterior—algebraic formulation.

The differential Maxwell equations admit an integral form in terms of the flux and
circulation of the Maxwell field F, which we also refer to as generalized electromag-
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netic field. In general, the flux of a generalized r-vector field across an m-dimensional
hypersurface V™ is defined as [CFSM19, Eq. (30)]

f(F,vm):/ d"x*"' JF, (2.1)

where H 1 is the inverse Hodge operation in [CFSM19, Eq. (10)]. The flux F(F, V™)
is non vanishing across the domain V™ for values of m > k +n — r. Similarly, the
circulation of a generalized r-vector field along an m-dimensional hypersurface V"
is given by , [CFSM19, Eq. (27)]

C(F,Vm):/ d"x L F. (2.2)

The circulation C(F, V™) can be defined as long as m > 7.

To have an intuitive idea of the meaning of flux and circulation in multivector fields of
grade r, we show in the following some plots about the geometrical interpretation of
the interior products inside the integral (2.2). First, we consider a setup with k& = 0,
n = 3, a multivector field of grade r = 2 and a hypersurface V? of dimension m = 2.
Since m = r, the interior product in (2.2) is equivalent to a dot product [CFSM19,
Sect. 2.2] so that the resulting scalar from the operation would be given by the area of
the projector of the bivector on the surface differential, as represented in Figure 2.1
for a specific point x¢ in the surface V2. In the figure, both d?x¢ and F(xg) are locally
represented by oriented, tangent planes, and the sign of the red area is function of the
respective orientations. For example in Figure 2.1, the surface differential is oriented
as ejg, while the bivector field as e;o — e3, oriented as es + e3 due to the Hodge
dual. As a result, the interior product between the two leads to a positive scalar. As
a remark, it is easy to see that the scalar product vanishes at the space—time points
xo where F(xg) is orthogonal to the surface. The circulation in (2.2) is the result of
integration (summing) the resulting scalar products for all x in the surface.

d2X0

F(xo)

Figure 2.1: Example of d"x¢L F(x¢) (red area) for k=0, n =3 and m =r = 2.

Our second example deals with the circulation of a bivector field F along a three-
dimensional volume, that is r = 2 and m = 3. We find a different situation in this
example, as the result of the operation is not a scalar but a vector describing the
orientation of the bivector field with respect to the three-dimensional volume. As
before, we show in Figure 2.2 the geometrical interpretation of d3xL F(x) at a given
space-time point xo in the volume. Now, d3xq is a three-dimensional differential
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that can be locally represented as a cube, F(xg) is a two-dimensional field that can
be represented as an oriented surface, as before. For the example in Figure 2.2, the
volume differential with basis ejo3 has orientation indicated by a three-dimensional
arrow along the positive directions e, es and es, while the bivector field is spanned
by —ei3 and oriented along es. As a result, the interior product between the two
leads to a vector in the ey direction, whose sign defines an orientation.

F(xo)

d3X0 '

Figure 2.2: Example of d"x¢ L F(xg) (red vector) for k=0, n =m =3 and r = 2.

Exterior and tensor calculus are closely connected. The generalized electromagnetic
field components correspond to the antisymmetric Faraday tensor F),,, [CTDRGI7,
pp. 17] in our generalized space—time [CFSM21b, Sect. 2.4]. Also, some fundamental
operations between multivectors and tensors are available. The derivative operator
9 used in exterior calculus is expressed in vector basis [CFSM19, Eq. (35)] and it can
act not only on multivectors as interior or exterior derivative, but also on tensors
as tensorial contraction [CFSM21b, Eq. (19)]. Considering the symmetric stress—
energy-momentum bitensor associated to the generalized electromagnetic field Tgem,
and evaluating its interior derivative, we find a vector as a result, corresponding to
the divergence of the tensor, as presented in [MFSC21, Eq. (66)] and [CFSM21a,
Eq. (29)]. The stress—energy-momentum tensor might be constructed in exterior
calculus by comparing the generalized theory with the classical one and proving
its role in the conservation law for the equivalent energy-momentum related to the
Lorentz force in (1.3) [CFSM20, Appendix A.2], namely

& 1 Tyem +f =0. (2.3)

Exterior calculus corresponds to working on the tangent bundle of a differential man-
ifold, thereby establishing a direct link with differential forms [Zhd20, Sect. 4.1.6]. To
give a practical example, the generalization of Stokes theorems for flux and circula-
tion in exterior calculus are proved thanks to the formulation of the generalized Stokes
theorem for differential forms [CFSM19, Sects. 3.4 and 3.5], and the same proof could
also be set with vectorial or tensorial notation [Rut89, Ch. 3|. Generalized Stokes
theorems can be properly defined and proved for flux and circulation of multivectors
and for the divergence of tensors multivectorial valued as well. Regarding multivec-
tors, two Stokes theorems also connect the circulation (resp. flux) with the exterior
(resp. interior) derivative [CFSM19, Sect. 3.4 (resp. 3.5, that is [CFSM19, Egs. (48)
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and (60)],

F(F,0V™) = F(8_JF, V™), (2.4)
C(F,oV™) = C(8 AF, V™),

where V™ is the boundary of an m-dimensional hypersurface V™. In analogy with
classical formulations, Stokes theorems allow to write the integral Maxwell equations
in (2.1) and (2.2) in their differential form as presented in (1.1) and (1.2).

We have also related Stokes theorems with conservation laws. The flux of the stress—
energy—momentum tensor is related to the conservation laws for energy and momen-
tum components [CFSM20, Sect. 4.1] and, in general, it can be applied to every sym-
metric bitensor [CFSM20, Appendix A.4]. Concerning generalized electromagnetism,
we connected the divergence of our symmetric stress—energy—momentum tensor, writ-
ten as an interior derivative, to the conservation law for the generalized energy and
momentum |[CEFSM20, Sects. 4.2 and 4.3|, as in (2.3). For the three-indices tensors,
we can also apply the Stokes theorem described in [MCFS21, Appendix A] to prove
the conservation of angular momentum.

2.2. Lagrangian Dynamics

In mathematical physics, several theories are formulated following a Lagrangian
approach. Examples include classical mechanics or analytical mechanics [LL76,
Ch. 1] and, more interesting for our aims, field theories, from the classical theory of
fields [LL87, Ch. 3| to quantum field theory [BS80, Ch. 1].

Similarly to what is presented in literature for scalar, vector and tensor fields, and
for classical field theory in general [Mag05, Ch. 3|, we have developed a Lagrangian
formulation of generalized multivector fields in (k,n) space-time. We study a La-
grangian density that integrated over a suitable region of space-time leads a math-
ematical object called action [BS80, Sect. 1.3]. Then, we identify the equations of
conservation by computing the variations of the action and imposing that it remains
unchanged under these variations.

We consider a Lagrangian density £ given by the linear combination of scalar prod-
ucts between two same graded multivector fields, properly multiplied by a suitable
coefficient [CFSM21a, Eq. (4)]. The Lagrangian density should satisfy some proper-
ties [Ram01, Sect. 1.5], e. g., it should depend only on the fields and their derivative
not exceeding the first order [CFSM21b, Sect. 1], in order to provide the definition
of the action and that the results are physically acceptable.

Once we have an adequate definition of the Lagrangian density, we can calculate dif-
ferent kinds of variations. First of all, we can vary the multivector fields by adding
an infinitesimal perturbation to them and we consequently apply the principle of
stationary action, also known as principle of least action [LL76, Sect. 2|, stating
that the path followed by the fields is invariant for the action. This procedure
leads to the dynamical equations of the system, known also as Euler-Lagrange equa-
tions [CTDRG97, pp. 15-16] which, considering a Lagrangian density depending on
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the (r — 1)-vector potential A and its derivatives, are written

OAL = (—1)""'0 1 (9onal) + (=1)"0 A (99 L). (2.6)

The generalized electromagnetic field F is related to the potential A by means of
the relation F = 0 A A, so that the last summand in (2.6) does not provide any
contribution if we consider our generalized theory of electromagnetism. To obtain
the generalized Maxwell equations as in (1.1) and (1.2), we set the Lagrangian den-
sity [CFSM21b, Sect. 4.2]

) e pigoaA (2.7)

Secondly, another kind of variations acts on coordinates instead of changing directly
the multivector fields. Perturbing the coordinates, we obtain the laws of conserva-
tion, which identify some quantities that are not changing during the evolution of
the system. For k = 1, such behavior described by the constant of motion |LL76,
Ch. IT], as the evolution of the system is interpreted across the time dimension. The
generalization of the constant of motion for our general case of (n,k,r) is left as an
open problem.

In section 2.2.1, we analyze the two main cases studied with this latter method. If
the action is invariant under infinitesimal space—time translations, then we obtain
the conservation law for the stress—energy—momentum tensor, while the conservation
of the generalized angular momentum is given because of invariance under rotations
of the coordinates. The possibility of building an exterior—algebraic Lagrangian dy-
namics and find the related conserved quantities is an important topic that deserves
a separate section in the sequel.

2.2.1. Conservation laws and conserved quantities

As anticipated, conservation laws have the advantage of identifying quantities that
are conserved independently of the evolution of the system. In [MFSC21, CFSM21a]
and in [MCFS21], the detailed procedure to find the conservation laws, respectively,
for the stress—energy-momentum tensor and for the angular momentum is described.

The stress—energy—momentum bitensor, i. e. a tensor of rank 2, includes quantities
as energy, linear momentum and the components equivalent to the classical Maxwell
stress tensor. The evaluation of the stress—energy—momentum tensor in exterior cal-
culus, by means of Lagrangian variations, is computed in [CFSM21a] and [MFSC21]
and it allows to find a tensor which is symmetric by definition. This fact could be
an advantage since, in classical field theories, the canonical stress—energy tensor is
not necessarily symmetric and we should compute further operation to obtain its
symmetrized version [FR04|.

To find the stress—energy—momentum tensor, we start by setting a Lagrangian density
function £ as the sum of terms given by scalar products of same-graded multivector
fields [CFSM21a, Eq. (4)], and we define the action S as the integral of the Lagrangian
density L over a suitable integration domain, with respect to the k 4+ n space—time
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coordinates [MFSC21, Eq. (21)]. We then introduce a perturbation in the origin of
the axis by adding an infinitesimal translation and, imposing the invariance of the
action, we obtain a conservation law for a symmetric bitensor, written in terms of the
divergence of the tensor [MFSC21, Sect. 3.6]. Due to the linearity of the Lagrangian
density £, we might write the tensor as the sum of different terms, as many as L,
and the divergence of the stress—energy—momentum tensor would be given by the
linear combination of the divergences of its summands [MFSC21, Sect. 3.1].

The divergence of the stress—energy—momentum tensor is the quantity which vanishes
for isolated systems and it describes the flux of energy and momentum across regions
of space-time [FR04|. These latter facts are confirmed in exterior algebra and we can
recover the classical physical results by setting £ = 1, n = 3 and r = 2, as already
explained above in the thesis.

We consider the simple case of the free generalized electromagnetism, obtained by
means of the first term of Lagrangian density in (2.7) without the interaction term,
namely J = 0, written

1
/-:free—gem = _§F -F. (2'8)

The consequent expression of the stress—energy—-momentum tensor associated to the
Lagrangian density in (2.8) results particularly elegant as well as symmetric [MFSC21,
Eq. (183)], and it is written

1
Tfree—gem = _g(F OF+FO F), (29)

where ® and @® are two operations defined in [MFSC21]. The conservation law
obtained for the Lagrangian density Lfee-gem in (2.8), and involving the stress—
energy-momentum tensor Tfeegem 0 (2.9), is given by the simple, coordinate-free,
expression [MFSC21, Eq. (189)]

9 1 Theegem = (1) (FL(OAF)-FL (8 1 F)). (2.10)

Besides electromagnetism, we have been able to prove the validity of our symmetric
stress—energy-momentum tensor, obtained by means of our exterior-algebraic pro-
cedure, also for different classical theories of field. We verified that the definition
works properly for the free scalar fields, given as zero-grade vector for r = 0 [MFSC21,
Sect. 4.2] and for the electromagnetic field in (2.7), with an additional term due to
the interaction with an external source [MFSC21, Sect. 4.3|, where the conservation
law corresponds to a natural generalization of the Lorentz force density. The ad-
dition of an appropriate mass term gives the free Proca field [MFSC21, Sect. 4.5],
while the concept of trace in exterior calculus [CFSM20, Eq. (78)] allows to define
the free Yang-Mills fields [MFSC21, Sect. 4.4].

Following an analogous procedure as above, but perturbing now the origin of the
axis by means of space-time rotations, allows to find the conservation laws for the
generalized angular momentum [MCFS21, Sect. 2|. The angular momentum density
is mathematically described by a three-indices tensor and it admits a conservation
law given by its divergence, for the free generalized electromagnetic field. The total
angular momentum is written as sum of four terms, the orbital angular momentum,
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the spin, one term corresponding to the center-of-mass velocity and one last sum-
mand depending on the origin of coordinates and containing the contribution of the
flux of the stress-energy-momentum tensor [MCFS21, Eq. (73)]. Each component
may also be decomposed in the normal-mode representation in the Fourier domain,
as explained in 2.3.1. Some considerations and details about the definition of the
spin are also provided in the concluding section 3.2 on quantization, since the spin
commonly arise in quantized theories.

2.3. Generalized Maxwell equations and electromagnetic
waves

Maxwell equations are one of the most used tools in the scientific world. They
describe all the phenomena related to electric and magnetic manifestations, and they
also provide mathematical tools which are applicable to several other fields of science.
In the development of the framework of exterior calculus, in Section 2.1, we have
generalized the concepts of circulation and flux in (k, n) space-time. Related to these
latter, we have stated the Stokes theorems to move from the integral formulation of
circulation and flux of a multivector field to the differential formulation of exterior
and interior derivatives of the field, respectively.

By simple comparison with the classical theory, a natural and intuitive generaliza-
tion of electromagnetism in exterior calculus has been mathematically outlined for
a generalized multivectorial Maxwell field F, which includes electric and magnetic
fields in its components. Generalized Maxwell equations are given by circulation and
flux of F in integral form [CFSM19, Sect. 4.3|, as written in (2.1) and (2.2), and
by exterior and interior derivatives of F in differential form [CFSM20, Sect. 3.1],
[CFSM19, Sect. 4.2], as in (1.1) and (1.2).

We may also refer to the generalized differential formulation of Maxwell equations
in (1.1) and (1.2) as inhomogeneous Maxwell equations, using the same terminology
of classical theory. In total analogy with vectorial electromagnetism, we can also
name the equations of motion of free generalized electromagnetism as homogeneous
Maxwell equations, written

d_F =0, (2.11)
ONF =0. (2.12)

These latter differential expressions, in absence of charged sources, have also been
computed by means of the Lagrangian approach, by applying the principle of sta-
tionary action to the Lagrangian density in (2.8), while the inhomogeneous equations
are computed thanks to (2.7).

From this setup we are able to recover the classical form of Maxwell equations by
setting k = 1 and n = 3, as ordinary Minkowski space-time, and r = 2, with the
components of the bivectorial electromagnetic field coinciding with the components of
the antisymmetric two-indices Faraday tensor [CFSM20, Sect. 1], as mentioned before
in Sect. 2.1. The bivector field in (1, 3) space—time is written in terms of the classical
electric field E and the Hogde dual of the classical magnetic field B [CFSM19, Sect. 4],
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namely
F =¢y ANE + B", (2.13)

where the time-space components correspond to the electric field and the space-space
components to the magnetic field.

The same analogy we did with classical vectorial electromagnetic theory can be done
also to obtain the formulation of electromagnetism by means of the other mathe-
matical descriptions, differential forms [Des81| or tensor calculus notation [Nabl2,
Ch. 2|. In general, there are considerable applications supporting exterior algebra
as a natural setting for an abstract yet intuitive form of Maxwell equations, for any
value of r, k and n [CFSM20, Sect. 1].

Writing the exterior-algebraic Maxwell equations in terms of the multivector po-
tential A allows to find the number of independent components of the potential
needed to solve the problem, namely (ktff) [CFSM20, Sect. 4.1], taking into ac-
count the gauge invariance, too. The same number of independent components can
also be found by making the dual formulation of generalized Maxwell equations,
where the duality is obtained by swapping the roles of interior and exterior deriva-
tives [CFSM21b, Sect. 4.4]. The independent components of the potential field,
commonly discussed also in classical electrodynamics [Gri07, Sect. 2.3], is revisited
in the concluding section on the degrees of freedom.

2.3.1. Electromagnetic waves and Fourier domain

The set of solutions of Maxwell equations include electromagnetic waves in vacuumi.
In the classical theory of electromagnetism, it is shown how the electric and mag-
netic vector fields components satisfy separately the wave equation, and the same
behaviour is followed by the components of the scalar and vector potential, with a
suitable choice of the gauge [FLS77, Sect. 18-6]. Analogously, the components of the
Maxwell field F satisfy a generalized wave equation, as written in (1.4), characterized
by an extended d’Alambert operator, which includes all the second-order time coor-
dinates derivatives with negative sign, due to the metric, and all the second-order
spatial coordinates derivatives with positive sign.

Equation (1.4) is found as a direct consequence of combining Maxwell equations by
using the basic properties of exterior algebra and it is also verified for the multivector
potential A in the generalized Lorenz gauge [CESM20, Eq. (49)] 81 A = 0. The same
wave-like behaviour is also found by employing the Lagrangian approach [CFSM21b,
pp. 12-13], to validate the multivectorial formulation of electromagnetic theory in
exterior calculus, independently of the approach.

In order to deal with generalized propagating waves, it is useful to introduce the
Fourier transform in exterior calculus. In (k,n) dimensions, we indicate the space-
time position vector as x, having the time coordinates in the first £ components and
the spatial coordinates in the following n components [CFSM19, Sect. 2|. We define
a vector &, which contains the equivalent components of the frequency and wave
number, respectively & and n, so that & and the generalized position vector x are
conjugate variable |[Jam02, Sect. 1.5].
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We can compute the Fourier transform of all the quantities involved in our theory, ob-
taining the generalized theory of electromagnetism expressed in the Fourier domain.
We can easily move from the space-time domain to the Fourier domain and vice
versa, respectively, thanks to the Fourier transform in (1.5) and its inverse [CFSM20,
Eq. (A70)] written, taking Maxwell field as an example,

P = [ d“nea(e- R, (214)

Fourier transforms are extensively applied in classical and quantum field theory, in
order to find the normal mode expansion of the fields [PS95, Sec. 2.3|. Teh inte-
gral in (2.14) can be interpreted as a linear combination of complex exponentials
of the form €2™&* each describing a plane wave propagating towards the & direc-
tion. Such observation is actually the fundamental basis to express the generalized-
electromagnetic-wave solutions of Maxwell equations in the normal mode decompo-
sition [MCFS21, Sect. 3.2|, playing a crucial role in describing propagation processes.

In general, Fourier transforms are also useful to give physical details about the dy-
namics of the system. Going beyond the topics covered by this thesis, we can find the
what is known in literature as dispersion relation, as some attentive reader could have
recognized from the Dirac delta in (2.14) [CFSM20, Sect. 3.3]. The relation £-€ =0
may be geometrically interpreted as a constraint on wave number components and
provides as such some information about the wave propagation.

The dispersion relation, which we could also note that corresponds to the wave
equation in the Fourier domain, is connected to the phase velocity, whose definition
implies the existence of propagating waves and, as a consequence, the propagation
of signals [FLS64, Sect. 31-3]. We know also that the phase velocity depends on the
frequency and wavelength, two quantities included in £ and, using these quantities,
a physical application of propagating waves in media as electromagnetic signals has
been studied in [LP73].
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Chapter 3

Conclusions and Outline for
Future Research

In this final chapter, we discuss the main conclusions of the thesis and extend some
of the key concepts. Some possible advances and a brief outline of the potential for
future work are also presented.

3.1. Degrees of freedom

The first interesting conclusion regards the subject of the degrees of freedom. In
our analysis, we deal with the number of independent components of the multivector
potential A needed to find a solution of the system of generalized Maxwell equations.

Despite the total number of components of A is (]fi?), a certain redundancy among

them leads to have D = (k”;fIQ) independent components, as found in [CFSM20,
Sect. 4.3], with basic properties of exterior calculus, and in [CFSM21b, Sect. 4.4],
thanks to the Lagrangian approach. Evaluating D for ordinary flat (1, 3) space—time
and considering a bivectorial electromagnetic field, namely r = 2, then the result
would give D = 2, corresponding to the number of polarizations associated to a

classical propagating electromagnetic field.

Concerning our multivectorial formulation of Maxwell equations, due to the general
nature of the theory, for a given set, of values of k, n and r, we might know the number
of degrees of freedom, as the number of independent components of the potential,
which are necessary to find a solution [Ros80].

Moving towards a quantum development of the subject, we find an explicit expres-
sion of the spin [MCFS21, Eq. (79)], depending on the potential components in the
Fourier domain. For the definition of the spin, the number of independent compo-
nents of the potential results to be Q = (k;f;l) [MCFS21, Sect. 3.3]. Differently
from the previous case, where we were looking at solutions of Maxwell equations,
we have followed a different procedure concerning the spin . The number Q arises
by imposing invariance of the free generalized electromagnetic field Lagrangian un-
der rotation in space-time and considering the so-called Coulomb-¢ gauge, or, from
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another perspective, considering the transverse normal modes of the multivector
field [CTDRGY7, Sec. By]. Thus, as D may refer to the polarizations of the general-
ized electromagnetic field with respect to a certain direction of propagation, then Q
may identify distinct pairs of integer unitary spin particles related to that direction,
and it would surely be worthy of studying some possible connection between D and

Q.

To deepen this branch of investigation and to find a potential application in com-
munication theory, some contact points could be found between generalized electro-
magnetism and the degrees of freedom of a communication channel. Some advances
in this direction might also be helpful to give an extensive and satisfactory inter-
pretation of how many degrees of freedom one has in a channel. A particularly
appreciable connection could be done with Landau’s eigenvalue theorem [Lan75],
where the eigenvalues identify the number of degrees of freedom of the space-time
field used for communication [Fral5.

3.2. Quantization

Together with relativity, quantization, or quantum theory, is one of the most note-
worthy topics in modern physics. Although the process of quantization is only
marginally mentioned by the papers considered for this defence, it is maybe the
most interesting topic to be further studied. The key concept of quantum processes
is that the energy is recovered in quantized levels, depending on an integer number.
Historically, this fact was first observed by Planck, in 1900, in the formula describing
the black body radiation [Pla00al, leading to the consequence that an oscillator with
frequency v should have levels of energies which are integer multiples of a minimum
quantity hr [Pla00b].

In 1905, the same relation between energy and frequency was applied by Einstein in
the explanation of the photoelectric effect [Ein05], in the publication that earned him
the Nobel prize. The constant h, called Planck constant [ZeaPDG20]|, corresponds
dimensionally to the smallest value of the action, the quantity given by the integral
of the Lagrangian density, seen in 2.2. Thus, the energy is transferred in packages
which are multiples of a small minimum amount and, surprisingly, even the zero-
point energy is not vanishing. In quantum theories, vacuum fluctuations are not
only admitted and mathematically explained, but also physically experimented, as
the example of Casimir effect [MR16].

Likewise classical Maxwell equations and the theory of electromagnetism have evolved
into quantum electrodynamics [Fey85], we may also extend the process of quantiza-
tion to our generalized theory of electromagnetism. The components of quantized
multivectorial fields could not be represented by real valued functions, but they
would be mathematically described by self-adjoin operators. As already anticipated
in 2.3.1, generalized fields can be expanded in a basis formed by a complete set of
orthonormal functions, such as the complex exponentials with suitable coefficients.

Propagating waves is one of the most profitable ways to model signals, from the
physical point of view, but it is not the only possible method. In field theories,
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propagation is also well described by the mathematical tool of Green functions,
which in quantum field theory identify fundamental objects called propagators. Green
functions can also be defined in arbitrary-dimensional space—time exterior calculus,
even if it is not explored in this essay.

A potential starting point to introduce the notion of quantization in exterior—algebraic
generalized Maxwell equations is mentioned in [CFSM20, Sect. 4.3], where the flux
of the symmetric stress—energy—momentum tensor written in the Fourier domain
suggests the quantization of the multivector potential. In fact, representing multi-
vectorial fields as inverse Fourier transforms, as explained in 2.3.1, gives an excellent
expansion for the field to be quantized, since it is expressed in generalized plane
waves basis [Mag05, Sect. 4.3.1].

Regarding the Lagrangian approach, in [CFSM21b, Sects. 4.2-4.3] we have pre-
sented the Lagrangian density for generalized electromagnetism. In presence of
a Lagrangian, quantization can be implemented by means of the canonical proce-
dure [Sre07, Ch. 55]. Beyond generalized electromagnetism, we might also be able to
provide the quantization of Yang-Mills and Proca fields, whose Lagrangian density
have been properly defined in exterior calculus.

The most precise step for advance towards quantization in exterior algebra is done
in [MCFS21]. The spin term in [MCFS21, Eq. (76)] is a bridge between classical and
quantum electromagnetism. As observed in the paper, to give an answer to [Jac99,
Problem 7.27], this definition of spin could not be fully justified from the classical
point of view, also due to its gauge dependence, even though it is a first conceptual
attempt to go beyond classical electromagnetism.

3.3. Information Theory

Last, we are going to mention some potential prospects of the connection between
multivectorial electromagnetism and information theory. Different models of infor-
mation transmission may be designed and analysed by representing signals as gener-
alized electromagnetic waves, as suggested in 2.3.1. Higher-frequency bands would
be progressively introduced for communication, taking into consideration that, in
order to select suitable frequencies, we can exploit the energy-momentum relation in
Minkowski space, which establish a link between the frequency and the components
of the spatial momentum and it comes from the relation £-& = 0 in (2.14). We could
also thoroughly investigate some physical aspects by studying of the effect of rela-
tivistic and quantum theories on communication channels [Gor62] and by exploring
their impact on the classical definition of the characteristic quantities of information
transmission.
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An Introduction to Space-Time Exterior Calculus *

IvANO CoLoMBARO!, JOSEP FONT-SEGURAY, ALFONSO MARTINEZS'1

Abstract

The basic concepts of exterior calculus for space-time multivectors are presented: interior and ex-
terior products, interior and exterior derivatives, oriented integrals over hypersurfaces, circulation
and flux of multivector fields. Two Stokes theorems relating the exterior and interior deriva-
tives with circulation and flux respectively are derived. As an application, it is shown how the
exterior-calculus space-time formulation of the electromagnetic Maxwell equations and Lorentz
force recovers the standard vector-calculus formulations, in both differential and integral forms.

1 Introduction

Vector calculus has, since its introduction by J. W. Gibbs [1] and Heaviside, been the tool of choice to
represent many physical phenomena. In mechanics, hydrodynamics and electromagnetism, quantities
such as forces, velocities and currents are modeled as vector fields in space, while flux, circulation,
divergence or curl describe operations on the vector fields themselves.

With relativity theory, it was observed that space and time are not independent but just coordinates in
space—time [2] (pp. 111-120). Tensors like the Faraday tensor in electromagnetism were quickly adopted
as a natural representation of fields in space—time [3] (pp. 135-144). In parallel, mathematicians such
as Cartan generalized the fundamental theorems of vector calculus, i.e., Gauss, Green, and Stokes,
by means of differential forms [4]. Later on, differential forms were used in Hamiltonian mechanics,
e. g. to calculate trajectories as vector field integrals [5] (pp. 194-198).

A third extension of vector calculus is given by geometric and Clifford algebras [6], where vectors
are replaced by multivectors and operations such as the cross and the dot products subsumed in the
geometric product. However, the absence of an explicit formula for the geometric product hinders its
widespread use. An alternative would have been the exterior algebra developed by Grassmann which
nevertheless has received little attention in the literature [7]. An early work in this direction was
Sommerfeld’s presentation of electromagnetism in terms of six-vectors [§].

We present a generalization of vector calculus to exterior algebra and calculus. The basic notions of
space—time exterior algebra, introduced in Section 2, are extended to exterior calculus in Section 3 and
applied to rederive the equations of electromagnetism in Section 4. In contrast to geometric algebra,
our interior and exterior products admit explicit formulations, thereby merging the simplicity and
intuitiveness of standard vector calculus with the power of tensors and differential forms.

* This work was funded in part by the Spanish Ministry of Economy and Competitiveness under grants TEC2016-
78434-C3-1-R and BES-2017-081360. Published in: Mathematics (2019), 7(6), 564. DOI: 10.3390/math7060564.
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2 Exterior Algebra

Vector calculus is constructed around the vector space R3, where every point is represented by three
spatial coordinates. In relativity theory the underlying vector space is R'*3 and time is treated as
a coordinate in the same footing as the three spatial dimensions. We build our theory in space—time
with k time dimensions and n space dimensions. The number of space-time dimensions is thus k& + n
and we may refer to a (k,n)- or (k 4+ n)-space-time, R¥+". We adopt the convention that the first
k indices, i.e., ¢ = 0,...,k — 1, correspond to time components and the indices i = k,...,k+n —1
represent space components and both & and n are non-negative integers. A point or position in this

space—time is denoted by x, with components {z; f:(?_l in the canonical basis {e; f:gl_l, that is

k4+n—1

X = Z ZT;€;. (1)
=0

Given two arbitrary canonical basis vectors e; and e;, then their dot product in space-time is

eirej={+1, i=j,k<i<k+4+n-1, (2)
0, i#j.

For convenience, we define the symbol A;; = e; - e; as the metric diagonal tensor in Minkowski space—
time [2] (pp. 118-120), such that time unit vectors e; have negative norm A;; = —1, whereas space unit
vectors e; have positive norm A;; = +1. The dot product of two vectors x and y is the extension by
linearity of the product in Equation (2), namely

k+n—1 k+n—1

k-1
xy= 3 wwyili=-Y zyi+ Y. Titi ®3)
=0 =0 i—k

2.1 Grade, Multivectors, and Exterior Product

In addition to the (k + n)-dimensional vector space R*+™ with canonical basis vectors e;, there exist
other natural vector spaces indexed by ordered lists I = (i1,...,,,) of m non-identical space and time
indices for every m =0, ...,k 4+ n. As there are (k:;") such lists, the dimension of this vector space is
(k:rn”) We shall refer to m as grade and to these vectors as multivectors or grade-m vectors if we

wish to be more specific. A general multivector can be written as
vV = Z vrer, (4)
1

where the summation extends to all possible ordered lists with m indices. If m = 0, the list is empty
and the corresponding vector space is R. The direct sum of these vector spaces for all m is a larger
vector space of dimension anﬁb (k;") = 2F+n the exterior algebra. In tensor algebra, multivectors
correspond to antisymmetric tensors of rank m. In this paper, we study vector fields v(x), namely

multivector-valued functions v varying over the space-time position x.

The basis vectors for any grade m may be constructed from the canonical basis vectors e; by means of
the exterior product (also known as wedge product), an operation denoted by A [9] (p. 2). We identify
the vector ey for the ordered list I = (41,42, ...,iy,) with the exterior product of €;,,e;,,...,€e; :

e; = ey, A\eh N ---ﬁ\eim. (5)

In general, we may compute the exterior product as follows. Let two basis vectors e; and e; have
grades m = |I| and m' = |J|, where |I| and |J| are the lengths of the respective index lists. Let
(I, J)={i1,- - imsJ1,---,Jm’} denote the concatenation of I and J, let o(,J) denote the signature
of the permutation sorting the elements of this concatenated list of m + m/ indices, and let (1, J)
denote the resulting sorted list, which we also denote by I + J. Then, the exterior product e; of e; is
defined as

erney=o(l,J)eq,y). (6)

2
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The exterior product of vectors v and w is the bilinear extension of the product in Equation (6),

V/\W:ZU['UJJQI/\QJ. (7)
1,7

Since permutations with repeated indices have zero signature, the exterior product is zero if m +m’ > k +n
or more generally if both vectors have at least one index in common. Therefore, the exterior product is
either zero or a vector of grade m-+m’. Further, the exterior product is a skew-commutative operation,

as we can also write Equation (6) as ef Aejy = (—1)””‘”&7 ANer.

At this point, we define the dot product - for arbitrary grade-m basis vectors e; and e; as
er-e;=A0r7 =8 i Diy gy Bigy s (3)

where I and J are the ordered lists I = (i1,42,...,%m) and J = (j1,72,...,Jm). As before, we extend
this operation to arbitrary grade-m vectors by linearity.

Finally, we define the complement of a multivector. For a unit vector e; with grade m, its Grassmann
or Hodge complement [10] (pp. 361-364), denoted by e¥, is the unit (k +n — m)-vector

e}-L:A[’[CT(I,IC)eP:7 (9)

where [€ is the complement of the list I, namely the ordered sequence of indices not included in I. As
before, o (I, I°) is the signature of the permutation sorting the elements of the concatenated list (I, I¢)
containing all space—time indices. In other words ej- is the basis vector of grade k + n — m whose
indices are in the complement of I. In addition, we define the inverse complement transformation as

el = Agerea(I¢, Iege. (10)

We extend the complement and its inverse to general vectors in the space-time algebra by linearity.

2.2 Interior Products

While the exterior product of two multivectors is an operation that outputs a multivector whose
grade is the addition of the input grades, the dot product takes two multivectors of identical grade
and subtracts their grades, yielding a zero-grade multivector, i.e., a scalar. We say that the exterior
product raises the grade while the dot product lowers the grade. In this section, we define the left and
right interior products of two multivectors as operations that lower the grade and output a multivector
whose grade is the difference of the input multivector grades.

As always, we start by defining the operation for the canonical basis vectors. Let e; and e; be two
basis vectors of respective grades |I| and |J|. The left interior product, denoted by _i, is defined as

er_ley :ALIU(E(I, JC)C7I)eE(I7JC)c. (11)

If I is not a subset of J, that is when there are elements in I not present in J, e. g. for |I| > |J|, the
signature of the permutation sorting the concatenated list (E(I ,JO)e I ) is zero as there are repeated
indices in the list to be sorted, and the left interior product is zero. Otherwise, if I is a subset of J,
the permutation rearranges the indices in J in such a way that the last |I| positions coincide with I
and (I, J¢)¢ represents the first |J| —|I| elements in the rearranged sequence, that is (I, J¢)¢ = J\I.

The right interior product, denoted by L, of two basis vectors e; and e is defined as
ey |_eJ:AJ7JO'(J7E(IC,J)C)eg(]u”])c. (12)

As with the left interior product, if J is a subset of I, (1¢, J)¢ = I'\ J then the permutation rearranges
the indices in I so that the first |J| positions coincide with J, otherwise the right interior product is
ZEro.

In general, we have that e; ey =e; L eI(—l)m(U'*m)7 as verified in Appendix A.1. We note that
these interior products are not commutative, unless either |J| —|I| or |I] is an even number, e. g. when
[I| = |.J], in which case both interior products coincide with the dot product of the two vectors. The
interior products may therefore be seen as generalizations of the dot product.

3
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As with the dot and the exterior products, the value of the interior products does not depend on the
choice of basis and we may thus compute the left interior product of two vectors v and w as

v_|W=Zv1wJel_|eJ, (13)
1,J

and a similar expression holds for the right interior product v L w. Both are grade-lowering
operations, as the left (resp. right) interior product is either zero or a multivector of grade m’ — m
(resp. m —m/).

The interior products are not independent operations from the exterior product, as they can be ex-
pressed in terms of the latter, the Hodge complement and its inverse (proved in Appendix A.2):

ej_leJ:(eI/\e?)H , (14)

ejLey= (e}rl /\eJ)H. (15)

If u and v are 1-vectors and w is an r-vector, then we have the following expression
ud (vAw)=(-1"(u-v)w+vA(udw), (16)
as proved in Appendix A.3. This expression can be seen as a generalization of the vectorial expression
ax(bxc)=(a-c)b—(a-b)c (17)

in the vector space R3, i.e., a k = 0, n = 3 space-time. This fact is built of the realization that the
cross product between two vectors v and w can be expressed in the following alternative ways

vxw=vVAW*  =v_awrt =v_w* (18)
Whenever it holds that I C J, the interior and exterior products are related by the following:

(e]_l e{])/\GIZA[’[eJ7 (19)
eI/\(ejl_eI):AI,[e,], (20)

Having introduced the basic notions of space—time exterior algebra, the next section focuses on oper-
ations with elements in the exterior algebra, namely integrals and derivatives of vector fields.

3 Integrals and Derivatives of Vector Fields: Circulation and Flux

3.1 Oriented Integrals

Integrals are, together with derivatives, the fundamental mathematical objects of calculus. For ex-
ample, operations on vectors fields lying in exterior algebra such as the flux and the circulation are
expressed in terms of integrals over high-dimensional geometric objects. The integral of an m-graded
vector field v over a hypersurface V™ of the same dimension, denoted as

/m d"x - v, (21)

is the limit of the Riemann sums for the dot product d™x - v over points in the hypersurface, where
d™x is an m-dimensional infinitesimal vector element. For any ¢ = 0, ..., k+n, the infinitesimal vector
element d’x is given by the sum of all possible differentials for /-dimensional hypersurfaces in a (k,n)
space—time, and is represented in the canonical basis as

dfx = Z dzrer, (22)
I=(i1,.--yic)

where for a given list I = (i1, ..., i) each differential is given by dz; = dx;, - - - dzy,.
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As in traditional calculus, the integral in Equation (21) exhibits coordinate invariance, while the
integrand d™x - v is regarded as an oriented object. Orientation is well defined for integrals along a
curve from one point to another, or integrals over a surface oriented at the direction of the normal to
the surface. Switching the extreme points of the curve, or taking the opposite direction of the normal
would induce a change of sign in the line and surface integrals. In our generalization of vector calculus,
a positive orientation is implicit in the ordering of the canonical basis. The skew-symmetry property
of the exterior product Equation (6) may introduce sign changes to compensate an eventual change of
orientation after changes of coordinates such as permutations of the space-time components.

For a given hypersurface V™, a convenient transformation for solving the integral in Equation (21)
is one such that, at a given point x in the hypersurface, the infinitesimal vector element d”x has
one component that is tangent to the hypersurface at that point. Let e; be a unit m-graded vector
parallel to V™ at point x, and let e, ... e}, ; form an orthonormal basis of R*t™ such that e =
€tnm N A e;c+n—1 for the given point x in V™. This change of coordinates from the canonical
basis to the new basis is described by a unitary matrix U, dependent on x, and that satisfies

€A Aepyn—1 = det(U) eé)/\"'/\egwrn*l' (23)

Being a unitary matrix, the determinant of U is £1. Assuming an orientation-preserving change of
coordinates, that is det(U) = 1, the infinitesimal vector element in Equation (22) for £ = m can be
expressed as

d™x = dxje; + Z dJ,’Ie/I, (24)

I=(i1,eneyim) : INLFD

where L= {0,...,k+mn —m — 1} is the set of indices for the unit vectors in the new basis orthogonal
to V™. Since all elements in the summation in Equation (24) have at least one differential element
lying outside the integration hypersurface, their integrals vanish and therefore

/m d™x = /m dx)e. (25)

In analogy to e, a multivector of grade m, we define a unit (k+n —m)-grade vector e; normal to V™
at point x such that e; Aej =eg A - Aegin_1. From Equation (10), we see that one such normal
multivector with the correct orientation is

et
€ = 1H. 1" (26)

For the common spaces considered in vector calculus, R? and R3, and according to Equation (23),
orientation-preserving changes of coordinates must respectively satisfy e; Ae; =epAe; and e Ae) =
ep A e1 A eg, where e is the basis element normal to V™. These two equalities turn out to describe
the counterclockwise (resp. right-hand rule) orientation when e; conventionally points outside an
integration path for R? (resp. a surface for R?) [5] (pp. 184-185).

Building on the concepts and operations of circulation and flux in vector calculus, the right and left

interior products lead to general definitions of circulation and flux of multivector fields in exterior
algebra along and across hypersurfaces of arbitrary number of dimensions.

3.2 Circulation and Flux of Multivector Fields

Definition 1. The circulation of a vector field v(x) of grade m along an {-dimensional hypersurface
VE, denoted by C(v,VY), is given by

C(v,V" = /W d'x L v. (27)

9

Expressing the vector field in the canonical basis and using the definition of d’x in Equation (22), the
circulation can be specified in some cases of interest. For ¢ = m, the circulation reads

/ "xov= Y Apy / dpor. -
m I=(i1,...,im) v

5
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For instance, for £ = m = 1 and R", this formula recovers the definition the circulation of a vector
field along a closed path with the appropriate orientation.

Alternatively, using Equation (25), we note that v is integrated along the direction of e, tangential
to the hypersurface, in an orientation-preserving change of coordinates, that is

/ dmxl_V:/ dre)Lv. (29)

Intuitively, the circulation Equation (27) measures the alignment of an m-vector field v with respect
to V¢ for any £ and m, with the circulation being an (£ — m)-vector if £ > m and zero otherwise.

Definition 2. The fluz of a vector field v(x) of grade m across an (-dimensional hypersurface V',
denoted by F(v, V), is given by

Fv, V= [ dx* ' Jv. (30)
Vl

9

Expressing both v and dx in the canonical basis, and using the inverse Hodge operation in Equation
(10), the flux in the special case of £ = k +n — m can be written as

/W dx*v= Y o, I“)/w dxevr. (31)

I=(i1,e . yim)

As an example in R3, the flux of a vector field v through a surface V? reads

" :/ dzjo(i,I)e; v. 32
/\22 x v WZ zro(i,l)e; v (32)

I,igl

The right-hand side of Equation (32) is a conventional surface integral, upon the identification of
> 1.i¢1 dzro(i, I)e; as an infinitesimal surface element dS.

Alternatively, using the analogous of Equation (25) for the differential vector element d’x™™", the
equivalent to Equation (29) for the flux is

%" v = / day e]*il V. (33)
ye pe

This equation implies that v is integrated along a normal component to the hypersurface since e]‘fl
is a multivector of grade k + n — £ orthogonal to V*. Intuitively, the flux Equation (30) 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. For instance, if £ = k + n, the flux of v over an
(k + n)-dimensional hypersurface V¥*™ gives the integral of v over V**"_ an extension of the volume
integral to R*+7",

/ dFnx* Tt v = / Az, iV, (34)

Vk4n

Vh+n

where we used the relation 1% = e;, implying that d**"x*"" = du;, . and that 11v = v.

----- Thtn “yiktn

3.3 Exterior and Interior Derivatives

In vector calculus, extensive use is made of the nabla operator V, a vector operator that takes partial
space derivatives. For instance, operations such as gradient, divergence or curl are expressed in terms
of this operator. In our case, we need the generalization to (k,n) space—time to the differential vector

operator 8, defined as (—dy, —02, ..., —0k—1,0k,--.,0k+n_1), that is
k+n—1
i=0
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For a given vector field v of grade m, we define the exterior derivative of v as d A v, namely

k+n—1

ONV = Z ZAiiaﬂlU(i’I)eS(i,I)' (36)
i=0 I

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 9 _1I v, namely

oav= Z Owro(I\i,1)ep;. (37)

i, I:9€l

The grade of the interior derivative of v is m — 1, unless m = 0, in which case the interior derivative
is zero, as implied by the fact that the grade of @ is larger than the grade of v. Using Equation (16)
with u = 8 and assuming that v and w are 1-vectors, we obtain a generalization of Leibniz’s product
rule

O (vAw)=v(0 -w)— (8 v)w. (38)

The formulas for the exterior and interior derivatives allow us express some common expressions in
vector calculus. For a scalar function ¢, its gradient is given by its exterior derivative V¢ = 8 A ¢, while
for a vector field v, its divergence V - v is given by its interior derivative V-v = 8 _1v. From Equation
(16) we further observe that for a scalar function ¢ we recover the relation

V- (Vg) = (V- V). (39)

In addition, for a vector fields v in R?, taking into account Equation (18) then the curl can be variously
expressed as
Vxv=(VAV)" =Vav*¥ =v_vt (40)

This formula allows us to write the curl of a vector field V X v in terms of the exterior and interior
products and the Hodge complement, while generalizing both the cross product and the curl to grade-
m vector fields in space—time algebras with different dimensions. Moreover, from Equation (16) we
can recover for r = 1 the well-known formula for the curl of the curl of a vector,

Vx(Vxv)=V(V-v)—V3v. (41)

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

ON(OAV)=0 (42)
d1(0av)=0. (43)

In regard to the vector space R?, and using Equation (18), these expressions imply the well-known
facts that the curl of the gradient and the divergence of the curl are zero:

VX (V)= (VA(VAE)* =0 (44)
V- (Vxv)=V_a(Vav¥) =0 (45)

3.4 Stokes Theorem for the Circulation

In vector calculus in R?, the Kelvin-Stokes theorem for the circulation of a vector field v of grade 1
along the boundary dV? of a bidimensional surface V2 relates its value to that of the surface integral
of the curl of the vector field over the surface itself. In the notation used in the previous section, the
surface integral is the flux of the curl of the vector field across the surface and this theorem reads

/ dx-v = / A2x* (Y x v). (46)
av? V2
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Taking into account the identity V x v = (V Av)*™" in Equation (40), we rewrite the right-hand side
in Equation (46) as

/Vz ?x* L (Vxv) = /Vz 2 (VA

:/ d’x - (VAV), (47)
V2

where we used that u-w = u*~' - w* ' = u* . w" for vectors u, w. The fluz of the curl of the

vector field across a surface is also the circulation of the exterior derivative of the vector field along
that surface.

The generalized Stokes theorem for differential forms [4] (p. 80) allows us to extend the Kelvin-Stokes
theorem to multivectors of any grade m as we do in the following theorem.

Theorem 1. The circulation of a grade-m vector field v along the boundary OV of an ¢-dimensional
hypersurface V* is equal to the circulation of the exterior derivative of v along V*:

C(v, V") = C(d A v, V). (48)
9

As hinted at above, the role of the vector curl in the right-hand side of Equation (46) is played by the
exterior derivative in this generalized theorem.

Proof. We start by stating the generalized Stokes Theorem for differential forms [4] (pp. 80)

where w is a differential form and dw its exterior derivative, represented by the operator

d=>" dz;0;. (50)
J

Expressing the circulations in Equation (48) by means of the integrals in Equation (27), we obtain

d“xLv= dxL (B AV). (51)
v ve

In the integral in the left-hand side of Equation (51), the integrand is a differential form w = d‘~'xL_v.
After expanding the interior product using the definitions of d‘~!x and v we obtain

w = (Z de‘JeJ) L <ZU} e1> = Z A]’[J(I,E(I, Jc)c)vl d.TJ €c(1,J¢)e- (52)
I

Je—1 Jo—1,0m  ICJT

Then, computing the exterior derivative of this form with Equation (50) gives

dw = Z ZALIO—(IN?(I:Jc)c)ajU]O'(j, J) dxe(jyj) €c(1,J¢)e- (53)

Jo—1,Im  ICT jEJ

We next write down the integrand in the right-hand side of Equation (51), d’x L (8 A v), that is

(Z da g eK) L <ZZAj,j3jUI o4, I) es(iJ))

Ko Im j¢I

d'x L (D AV)

- Z ZAj,jajUI dIK U(j7 [)Ae(j,l).,s(j,l)o-(g(j7 [)>E(Kc7g(j7 ]))c) ezs(K‘T,s(j,I))c

Ko L :e(3,1)CKe §E1

Z Z AI,Iaj'UI de J(j7 I)O'(E(j, 1)7 6(K67 E(j7 [))C) €c(Ke,e(4,1))s (54)
KoLy :e(3,1)CKpyq 5E1
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and verify that it coincides with exterior derivative in Equation (53). As the set of m indices Iy,
is included in the sets Jy—1 or Ky, in Equation (53) or (54), we may write Ky = &(Jy—1,J) for some
j & Je—1. Then, we obtain the following chain of equalities for the basis elements in Equations (53)
and (54):

Cc(Ke,e(jI))e = Ce(KeU{jIul)e = €e(Je\{jIU{jIUl)e = €s(Jeul)e = €c(I,Je)e- (55)
Therefore, and using that e(J¢\ {j},2(j, 1)) = J \ I, we can write Equation (54) as

dx L (OAV) = > Ag rOjvrdae(g gy o(4, Do(e(d, 1), T\ I) ec(r, yeye- (56)
Jo—1,Im, &1 :e(3,1)CSTU{5}

Comparing Equation (56) with Equation (53), the expressions coincide if this identity holds:
o(j, oL, J\I) = o(j, Do (G + 1, T\ I). (57)

To prove Equation (57) we exploit that the o are permutation signatures and that the signature of
the composition of permutations is the product of the respective signatures. We proceed with the
help of a visual aid in Figure 1, which depicts the identity between two different ways of sorting the
concatenated list (j,I,J \ I). On the left column we first sort the list (I, J \ I) to obtain J and then
sort the list (4, J). On the right column, we first sort the list (j, I) and then the list (j+ I, J\ I). This
proves Equation (57) and the theorem.

\jl I | J\I | |j| I | J\T

J\T

€. ) o (. )

Figure 1: Visual aid for the identity among permutations in Equation (57).

Finally, we note that, had we defined the circulation with the left interior product, we would have got
an incompatible relation in Equation (57), which could not be solved. O

3.5 Stokes Theorem for the Flux

In vector calculus in R?, the Gauss theorem relates the volume integral of the divergence of a vector
field v over a region V3 to the surface integral of the vector field over the region boundary 9V3. In
the notation used in previous sections, and taking into account that both the surface integral and the
volume integral can be expressed as fluxes for R3, this theorem reads

/ d2x“’1-v:/ dex* (V- v). (58)
oys V3

Making use of the identity V - v = V _1 v, we can rewrite the right-hand side in Equation (58) as
Ex*(V-v) = Ex*(Vav). (59)
V3 V3

In other words, the Gauss theorem relates the flux of the interior derivative of a vector field v across
a region V3 to the flux of the vector field itself across the region boundary V3.

The generalized Stokes theorem for differential forms allows us to extend the Gauss theorem to mul-
tivectors of any grade m as we do in the following theorem.

Theorem 2. The fluz of a grade-m vector field v across the boundary OV¢ of an £-dimensional hyper-
surface V¢ is equal to the fluz of the interior derivative of v across V¢:

F(v,oV") = F(@_v, V). (60)
q
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Proof. Expressing the fluxes in Equation (60) by means of the integrals in Equation (30), we obtain
/ A v = / A" i (8av). (61)
ave Ve

As in the proof of Theorem 1, we apply the Stokes theorem for differential forms in Equation (49)
upon the identifications w with d~'x* ' 11 v and dw with dx*" _ (0 2 v). First, for w, we get

<E dIJAJL JL(T(J J eJL> (Z’U}G[)

Je—1

S wrdaso(J )a(e(J6 19, T ec(JC, 1)
Jo—1,0m : J¢CI
= Z vpdego(Je, J)o(I\ J¢, J) ep je. (62)

Je—1,Im : JCI

Now, taking the exterior derivative of Equation (62), we obtain

dw = Z > ourdac oG, Do (Je, Ne(I\ J¢, J¢) ep ge. (63)

Jo—1,Ipm : JoCIT j@J

This quantity should be equal to d‘x™ " _i (8 _1 v) in the right-hand side of Equation (61), which we
expand as

dfxﬂ (a_l V (Z deAKc KcO'(K K)eKL> — (Z aj’l)[O'(I\j7j)e]\j>

K, I:jel

= > > s daxo(K K)o(I\ j,/)o(I\j\ K¢ K epjke.  (64)

K¢, I : KeCI\j jeI

We first consider the sets in the summations in the alternative expressions for dw, Equations (63) and
(64). Since J€¢ contains j and is a subset of I, but K¢ does not contain j and is also a subset of I (with
j € I), then we can assert that K = J U {j} so that the conditions in the summations are equivalent.
The basis elements coincide and so do the differentials and derivatives, and it remains to verify the
identity

o, D)o (I, J)a(I\ %, %) = o (K, K)a(I\ j,))o(I\ 7\ K K°). (65)

With the definition L = I'\ J¢, and expressed in terms of j, J, and L, this condition gives
o(j, J)a(J, J)o(L, ) = a(J°\ j,J + j)o(J°\ j+ L, j)o(L, J°\ j). (66)

Multiplying both sides of the equation by o(J¢,J), o(J°\ j,J + j) and o(J¢\ 4, j), and taking into
account that the square of a signature is 4+1, we obtain

o(J NG, 3)o(L, J)o (G, o (J N\ g, J +35) = o(L, T\ j)a(J\j+ L, j)o(J\ j,j)o (%, J).  (67)

We start by simplifying Equation (67) by noting that
o(JN G, j)o(L, J) = o(L, J\j)o(J\j+ L, j), (68)

with help of the visual aid in Figure 2. The permutations on the left column first merge (J¢\ j) with
j and then the resulting J¢ with L. Slmllarly, on the right column, we start with L, (J¢\ j) and {j},
then concatenate (L, J¢\ j) and then add j, getting the same result as the left column.

| L | JoNJ |j| | L | ARy |j\

[ I I | [ I I |

L Je , ‘ L4JoNg o

I I | [ I |
(L, J°) (L, J¢)

Figure 2: Visual aid for the identity o(J¢\ j,j)o(L,J¢) = o(L,J°\ j)o(J°\ j+ L, j).

10
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Therefore, we have reduced Equation (67) to the simpler form
o(G, No(J\ G, J +34) = a(J\j, j)o(J%, J), (69)

which we prove with the aid depicted in Figure 3. On the left column, j and J are first merged and
then the concatenation (J¢\ j,J + j) gives the sorted e(J¢, J). On the right column, after sorting

(J°\ 7) with j, merging it with J leads to the same final sequence. O
| JNJ Ijl J | } J\Jj IJ’I J }
— & —
e(Je, J) e(Je, J)

Figure 3: Visual aid for the identity o(j, J)o(J\ j,J +J) = a(J°\ 4,5)a(J¢, J).

4 An Application to Electromagnetism in 1+3 Dimensions

In this section, we show how to recover the standard form of Maxwell equations and Lorentz force in
1+ 3 dimensions from a formulation with exterior calculus involving an electromagnetic bivector field
F and a 4-dimensional current density vector J. In the appropriate units, the bivector field F can be
decomposed as F = Fg + Fg, where Fg contains the electric-field E time-space components and Fg
contains the space-space components for the magnetic field B. Similarly, the current density depends
on the charge density p and the spatial current density j. More specifically,

J=peo+j (70)
F:FE—‘—FB:eo/\E—FBH‘ (71)

Here the Hodge complement acts only on the space components, and B* = B*"'. The bivector field
F is closely related to the Faraday tensor, a rank-2 antisymmetric tensor.

Maxwell equations, in their differential form, constrain the divergence of the electric and the magnetic
field, Equations (72) and (73), respectively, and the curl of E and B, namely Equations (74) and (75)
[11] (p. 4-1).

V-E=p (72)
V-B=0 (73)
VxE=-3B (74)
V xB=E+]. (75)

We refer to Equations (73) and (74) as homogeneous Maxwell equations and to Equations (72) and
(75) as inhomogeneous Maxwell equations, as they include the fields and the sources given by charge
and current densities. In exterior-calculus notation, both pairs of equations can be combined into
simple multivector equations,

ANF=0 (76)
O1F =17, (77)
where 0 is the differential operator @ = —dpeg + V for k = 1 and n = 3. As a consistency check,
note that the wedge product raises the grade of F, and the zero in Equation (76) is the zero trivector;

also, as the left interior product lowers the grade of F, both sides of Equation (77) relate space—time
vectors.

Next to Maxwell equations, the Lorentz force density f characterizes, after integrating over the appro-
priate region, the force exerted by the electromagnetic field upon a system of charges described by the
charge and current densities p and j [11] (pp. 13-1-13-3),

f=pE+jxB. (78)

11



38 A. An introduction to space—time exterior calculus

In relativistic form, the Lorentz force density becomes a four-dimensional vector f [2] (pp. 153-157).
The time component of this vector is j-E, the power dissipated per unit of volume, or after integrating
over the appropriate region, the rate of work being done on the charges by the fields. In exterior-
calculus notation, the Lorentz force density vector can be computed as a left interior product, namely

f=J_F. (79)

4.1 Equivalence of the Lorentz Force Density

In this section, we prove that Equation (79) indeed recovers the relativistic Lorentz force density
by verifying that its components in both vector-calculus and exterior-calculus coincide. From the
definitions of J and F, and using the distributive property of the interior product, we get
f=(peo+j)o (Fg+Fn)
= peg Fg + pep Fp+juFg+jaFp
=peg (e ANE)+peg 1 B* +j_a(eg AE) +jaB* . (80)
Some straightforward calculations give eg 1 (eg AE) = E, eg 1 B* =0, and j (eg AE) = ¢epj- E. In

addition, the formula for the left interior product in Equation (18) gives juB" ™' = jAB)* ' =jx B,
where the cross product is only valid for three dimensions. With these calculations, we obtain

f=pE+e)j-E+jxB, (81)

namely, a time-component j-E and a spatial component equal to the Lorentz force density pE+j x B.

4.2 Equivalence of the Differential Form of Maxwell Equations

In this section, we prove that Equation (76) indeed recovers the homogeneous Maxwell equations and
that Equation (77) recovers the inhomogeneous Maxwell equations.

First, we observe that the exterior derivative @ A F gives a trivector with 4 components, while the
homogeneous Maxwell equations are a scalar, Equation (73), and a vector, Equation (74). We shall
verify that the scalar equation turns out to be given by the trivector component ejs3 of & A F, while
the vector equation is given by the trivector components eg12, €913, and ega3 of the exterior derivative.

We evaluate the exterior derivative & A F using the decomposition of F in Equation (71),

ONF =—-0peg Neg ANE —0peg AB* +V Aeg AE+V AB*
:—6060/\BH—60/\(V/\]'E)+V/\:BH
:—60/\((90BH+V/\E)+V/\BH, (82)

where we used that ey Aeg = 0 and that VAey = —eg AV in the second step of Equation (82). Taking
advantage of Equation (40) we have the equality VA E = (V x E)*, while VA B" = (V- B)™, and

ANF = —ey A (0B™ + (V x E)*) + (V- B)™. (83)

Indeed, the first summand vanishes when 9yB* + (V x E)* = 0 or, taking the inverse Hodge com-
plement, when Equation (74) holds. In terms of components, the spatial Hodge complement in this
equation transforms a spatial vector into a bivector with components ejs, €13, and es3 only and this
equation recovers the homogeneous Maxwell equation in Equation (74). After taking the exterior
product with ey, we obtain the trivector components eg12, €p13, and ego3. Similarly, the second term
vanishes for (V - B)* = 0, recovering Equation (73). In terms of components, the spatial Hodge
complement directly transforms a scalar into a trivector with a unique component ej23, recovering the
homogeneous Maxwell equation in Equation (73).

We move on to the inhomogeneous Maxwell equations. We compute the interior derivative 8 1 F,

O F = (-0veg+ V) (Fg + Fg)
= —aoE—aoeo_l B* +eV -E+V_ B*
:—60E+60V'E+V_IBH7 (84)

12



A. An introduction to space—time exterior calculus 39

since eg _I B* = 0. The interior derivative d _I F gives a space—time vector with 4 components, while
the inhomogeneous Maxwell equations are a scalar, Equation (72), and a spatial vector, Equation (75).

We can verify that the scalar equation turns out to be given by the vector component ey of 9 _I F,
while the spatial vector equation is given by the spatial vector components e, ez, and e3 of 9 1 F.
Indeed, if we match this expression with the current density vector J, then the time component e of
@ 1 F gives Equation (72). Selecting the space components of 8 1 F, the differential equation is

—0E+V_1B* =j, (85)

which, using the relation V_1 B* = V x B can be written as Equation (75).

4.3 Equivalence of the Integral Form of Maxwell Equations

After studying the exterior-calculus differential formulation of Maxwell equations, we recover the stan-
dard integral formulation. Applying the Stokes Theorem 1 to Equation (76), we find that the circulation
of the bivector field F along the boundary of any three-dimensional space—time volume V2 is zero:

/ d2x-F:/ d*x- (OAF) =0. (86)
ovs V3

At this point, Equation (86) is a scalar equation and we obtain the pair of homogeneous Maxwell
equations by considering two different hypersurfaces V3.

First, let the domain V3 = V contain only spatial coordinates. There are no tangential components to
V with time indices and the contribution of Fg to the circulation of F over V3 in Equation (86) is
Zero, i.e.,

/ d2x~F:/ d*x - Fp. (87)
ov oV

Using that u-w =u”"" - w* "' for any vectors u, w, and therefore d?x-F = d2x""" - F%fl and the
definition Fg = B*, the integral in the right-hand side of Equation (87) becomes

/ d?>x-Fg = / 2x*" . B
ov J oV

= ds - B, (88)
2%
where we used Equation (32) to write the last surface integral. Substituting Equation (88) back
into Equation (86) gives the Gauss law for the magnetic field [11] (pp. 1-5-1-9).

Let now V2 be a time-space domain (tg,t1) x S, where S is a two-dimensional spatial surface. With
no real loss of generality we assume that S lies on the e; A ey plane. Its boundary 9V? is the union
of the sets (tg,t1) x 95, to x S and t; x S. For the first set, we choose e as the vector normal to

0S pointing outwards on the plane defined by S and e, = eg A egs, where eyg is a vector tangent to
0S with a counterclockwise orientation, so that e, A e; = —eg12. Further, since e is a time-space
bivector, the contribution of Fg to the circulation of F over this first set in Equation (86) is zero, and
/ d’x-F = —/ d*xy - Fg. (89)

(to,t1)x0S (to,t1)x0S
Writing the differential vector as d?x; = dt dzeg,, parameterizing the line integral over the boundary
0S by the variable x with unit vector eg;, and using that eg, -Fg = —e, -E and therefore dzr ey, -Fg =

—dx - E, the integral of the right-hand side of Equation (89) becomes

t1
/ at [ dx E. (90)
to oS

For the second and third sets the normal vector to the integration surface pointing outwards are
e; = —eg and e} = eg respectively. Since e is a space-space bivector in both cases, then the
contribution of Fg to the circulation is zero. We express the circulations of Fg as fluxes of B and

13



40 A. An introduction to space—time exterior calculus

surface integrals as done in Equation (88).Using these observations the integral for the circulation of
F over these two sets in Equation (86) is given by

JtgxS t1 XS S S

Combining Equations (90) and (91) in Equation (86) we recover the integral over time of the so called
Faraday law [11] (pp. 17-1-17-2). Equivalently, taking the time derivative recovers the usual Faraday
law, namely

/ dx‘E+8t/dS~B:O. (92)
S S

In regard to the inhomogeneous Maxwell equations, applying the Stokes Theorem 2 to Equation (77),
we find that the flux of the bivector field F across the boundary of any three-dimensional space—time
volume is equal to the flux of the current density J across the three-dimensional space—time volume:

/ a2 -F:/ ex* (8 F):/ dx* T (93)
ov3 V3 V3

As with the homogeneous Maxwell equations, the scalar Equation (93) yields the inhomogeneous
Maxwell equations by considering two different hypersurfaces V3.

First, let the integration domain V3 be a spatial volume V. Since there are no normal components to
V with space indices only, the contribution of Fg to the flux is zero so that Equation (93) becomes

d>x*" Fg = / dx* . (94)
v v
From the definition of inverse Hodge complement in Equation (10), we write the differential vectors
dx* == " da0(0i, T)eo; (95)
Iigl
d*x" = —dVey. (96)

Plugging these expressions in Equation (94), using the definitions of Fg and J, and computing the dot
products on both sides of the equality, we obtain that Equation (94) simplifies as

_/av<z d2IIU(0i,I)eOi> . <zj:EJ’eoj> = —[/ dVey - (peo +j) (97)

I,i¢I
/ > dio(i, NE; = / avp (98)
o Vv

V Ii¢I

/W dS~E:/Vde. (99)

In Equation (98) we used that ¢ (0i, I) = o(i, ) and in Equation (99) we used that }; o, dPzro(i, ) E; =
d2x*™' . E. Since the Hodge complement is over space, the result is a surface integral with positive

orientation as in Equation (32). We recovered in Equation (99) the Gauss law for the electric field [11]
(pp. 4-7-4-9).

For V3 = (tg,t1) x S where S is a two-dimensional surface lying on the e; A es plane, the boundary
OV? is the union of the sets (tg,t1) x 85, to x S and t; x S. For the first set, since d2x*”" has no time
components, the contribution of Fg to this set is zero, that is

/ ?x* . F :/ ?x™ - Fg. (100)
(to,t1)x0S (to,t1) x9S

As in the homogeneous case, we choose e as the vector normal to S pointing outwards on the
plane defined by S and e; = eg A egs, where egg is a vector tangent to 95 with a counterclockwise
orientation, such that e, Ae; = —eg12 introduces a change of sign. Expressing dZXTf_1 and Fpg in the
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canonical basis, defining I = (0,4) so that /¢ contains only space indexes, and using that ey - €;c =1
and o(I¢,1) = 0(1°0,i) = 0(0,1¢14) = o(I¢,i), we obtain that Equation (100) simplifies to

Ex" . F = / dzro(I¢, Iege | - Bie;eo (i)
/(to,tl)x@S J(to,t1)x0S <Z ;

I

ty
—/ dt/ dzB,
Jitg J oS
t1
7/ dt/ dx - B. (101)
to S

For the second and third sets we respectively choose e; = —ey and e; = e pointing outside V3,
implying that the contribution of Fg is zero for this set as the inverse Hodge complement of e, is a
space vector. Expressing d2x*”" in Equation (95) and using similar steps as in Equations (97)—(99),
the left-hand side of Equation (93) over these two sets is given by

/ A" F +/ 2x" . F = f/ ds - E(to) +/ dS-E(t) (102)
tox 88 t1 x9S s s

Finally, for the right-hand side of Equation (93), we choose e as the vector normal to V? pointing
outside. Since e) = eg12 implies that e, A e = —eg123, we obtain that

t1
/ Bxr -J:—/ dt/ ds-j. (103)
V3 to S

We have thusly recovered the integral form of the Ampere-Maxwell equation [11] (p. 18-1-18-4) in-
tegrated over the time interval (tg,¢;) by combining Equations (101)—(103) into Equation (93), that

is
11 t1
/ dt/ dx.B:/ dt/ dS-j+/dS~E(t1)f/dS-E(t0). (104)
to S to S S S

5 Summary

In this paper, we aimed at showing how exterior calculus provides a tool merging the simplicity and
intuitiveness of standard vector calculus with the power of tensors and differential forms. Set in
the context of a general space—time algebra with multiple space and time components, we provided
the basic concepts of exterior algebra and calculus, such as multivectors, wedge product and interior
products, with a distinction between left and right products, Hodge complement, and exterior and
interior derivatives. While a space—time with multiple time coordinates leads to several issues from
the physical point of view [12], we did not deal with these problems as this paper focuses on the
mathematical constructions. We also defined oriented integrals, with two important examples being
the flux and circulation of grade m-vector fields as integrals of the normal and tangent components of
the field to a hypersurface respectively. These operations extend the standard circulation of a vector
field as a line integral and the flux of a vector field as a surface integral in three dimensions to any
number of dimensions and any vector grade.

Armed with the theory of differential forms, we proved two exterior-calculus Stokes theorems, one for
the circulation and one for the flux, that generalize the Kelvin-Stokes, Gauss and Green theorems.
We saw that the flux of the curl of a vector field in three dimensions across a surface is also the
circulation of the exterior derivative of the vector field along that surface. In exterior calculus, these
Stokes theorems hold for any number of dimensions and any vector grade and are simply expressed in
terms of the exterior and interior derivatives for the circulation and flux respectively.

As an application of our tools, we showed how to recover the classical laws of electromagnetism,
Maxwell equations and Lorentz force, from a exterior-calculus formalism in relativistic space—time
with one temporal and three spatial dimensions. The electromagnetic field is described by a bivector
field with six components, closely related to Faraday’s antisymmetric tensor, containing both electric
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and magnetic fields. The differential form of Maxwell equations relates the exterior derivative of the
bivector field with the zero trivector and the interior derivative of the field with the current density
vector. In the integral form, these equations correspond to the statements that the circulation of the
bivector field along the boundary of any three-dimensional space-time volume is zero, and that the
flux of the bivector field across the boundary of any three-dimensional space—time volume is equal to
the flux of the current density across the same space-time volume.

A Proofs of product identities

In this appendix, we verify the relations about interior products introduced in Section 2.

A.1 Relation between left and right interior products

We now prove the formula
e;tey=eyL e (—1)IUII=IID (105)

relating left and right interior products. For two lists I and J, we have

e]_leJ:A[JO'(J\I,I)eJ\], (106)
e‘]l_ejzAL]O'(I7J\I)eJ\]7 (107)
where we assumed that I C J with no loss of generality and used that (I, J¢)¢ = J \ I in this case.

The only difference between the expressions lies in the signatures, that are related by setting A = J\ I
and B = I in the following lemma.

Lemma 1. Given two arbitrary lists A and B, of length |A| and | B| respectively, then the permutations
sorting the concatenated lists (A, B) and (B, A) satisfy the formula

o(A, B) = o(B, A)(—1)IAI1BI, (108)

Al

Proof. Given a list A, let A be the reversed list, namely the list where the order of all the elements is
reversed. Counting the number of position jumps needed to reverse the list, we obtain the signature
of this reversing operation as

[Al(A[=1)
2 .

0i(A) = () = (—1) AR () (109)

The proof is based on the identity between two different ways of rearranging the concatenated list
(A, B) into the ordered list (A, B), as depicted in Figure 4.

o]
o

e(A, B)

Figure 4: Visual aid for the relation between o(A, B) and o(B, A).

First, in the left column of Figure 4 we depict how a single permutation with signature o(A, B) orders
the list (A, B). In the right column of Figure 4 we depict how a different series of permutations achieves
the same result. We start by reversing the concatenated list (A, B), an operation with signature
o.(B, A). Then, we separately partially reverse the lists B and A, operations with respective signatures
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o.(B) and o.(A). A final permutation with signature o(B, A) orders the list (B, A) into (A, B). Since
the signature of a composition of permutations is the product of the signatures, we obtain that

(A, B) = 0,(B, A)o,(A)o.(B)o (B, A). (110)

Using Equation (109) in every o, in Equation (110) and carrying out some simplifications yields Equa-
tion (108). O

A.2 Relation between interior and exterior products

We start with the expression for the left interior product Equation (14). From Equations (9) and (10),
we compute

(er A e’fyrl = (A 0(J,J%er A e‘]c),H71
= AJ,JAs(I,JC)C,E(I,JC)C J(‘L JC)U(Iv JC)O'(&‘(]7 JC)C7 ‘E(Iv JC)) €c(1,J¢)es (111)

and since A.(r jeye e(1,0)c = Ap1,u\1, We can conclude that Ay jA (g jeye o(1,50)c = Ar 1. If we now
compare the result with Equation (11), we need just to verify the identity

o (e(1, 7, 1) = o(J, J%)a(I, J)a(e(I, J9)°, (I, J%)) , (112)

or equivalently
U(E(I, J)e, I)U(J7 J) =o(e(I,J)¢ (I, J))o(I,J°). (113)

The left-hand side of Equation (113) corresponds to taking the sets (I, J°)¢ = J\ I, I and J¢, in
this order, and then merging and sorting J \ I with I and then merging and sorting the resulting set
J with J¢, as shown in the left column of Figure 5. On the right-hand side, we start we the same
three lists, but we first merge and sort I with J¢ and then we get the whole list by merging and
sorting the result with .J \ I, as represented in the right column of Figure 5. Thus, starting from the
three sets and rearranging them in different ways, we get the same final ordered list, and since the
signatures of the left-hand side and right-hand side are the same, and Equation (113) is proved. As a

consequence, Equation (14) is verified.

e(LJ) T Je L eI I, U

| J '](1

e(J,J°) | ‘

Figure 5: Visual aid for the permutations in Equation (113).

Afterwards, we prove the formula for the right interior product Equation (15). Using Equations (9)
and (10), we write
(6?71 A e(])H = (AIC’ICU(IC, I)e[c A e,])H
= Agereo(I¢ 1o (1, J) el 1e 1)
= A[c,[cO'(IC, I)O‘(IC7 J)AE(Ic,J)75([(-”])0'(6(]”7 J), E(IC, J)C) €c(1e,J)e- (114)
Using that Ac(re, gy e(re,)Ar1e,7¢ = Ay, in order to prove the validity of Equation (15), we need to

prove the relation
o(J,e(IJ)%) =o(I°1)o(1¢, J)o(e(I¢ J), e(1¢ J)). (115)

We can prove it applying Lemma 1 to obtain the expression Equation (112), or by following the same
procedure as before, paying attention to the difference that now list J is included in 1.
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A.3 Triple mixed product

Given two 1-vectors u and v and a r-vector w, we prove the relation

ud (vAw)=(-1)"(u-v)w+vA (udw). (116)

Proof. We start by evaluating u 1 (v A w) explicitly, separating terms ¢ = j and i # j, namely

ul(vAaw) = Y Ajuwwwio(f, oI+ 5\ i ier i + Y Aauvawro(i, Do(1i)er,  (117)
i il
jg{ﬂie[ iel

then, using o (4, I)o(I,i) = (—1)" and adding and removing a term (—1)" Z A; juv;wrer, we get

il
igl
u_l(vAw)= Z A uvjwro (3, Do(I + 5\ i,i)er + (=1)" ZAi,iuiviwIeI. (118)
7y, 7
ieljin !
More concretely, the left-hand side u_1 (v A w) is given by
Z A uvswro (g, Dol + 7\ i,i)ern — (=1)" Z A, juv;wrer
0.1 i1
J¢liel igl
= Y Avwwjwie(g, Do(I+j\ideri— Y, Avuwwre(f, Dol +5\i,i)er
ig, ivg, 1
i¢hiel i=iggiiiel
= Z A¢7iui’l}ijU(j, I)J(I+j \i,i)elﬂ-\r (119)
05,1
i€l jEING
Similarly, we evaluate the right-hand side v A (u_1w) as
vA(udw) = Z Aguvywro(I\ i,9)0 (5, I\ i)ery - (120)
ig,1
il g

Comparing Equations (119) and (120), it remains to prove the equality, and now we prove the equality
o(j,NNo(I+j\i,i)=0c(I\i,9)o(j,I\17). (121)
We rewrite Equation (121) multiplying both sides for o(j, I)o(j, I \ i) so that we obtain
o(j, I\)o(I+j\i,3) =0\ i4)o(41) (122)

which we verify with the help of Figure 6. On the left column, we first merge j with I\ 7 and then the
resulting list with ¢. On the right columns, the permutations first join I \ ¢ and ¢ and the resulting I
is then merged with j, getting the same result in both sides of the relation. Thus, we can write

A I\i L4y A I\i P

| 1 1 | \ 1 1 \

| AN L4y A ! |

| \ \ \ 1 \
I+ I+

Figure 6: Visual aid for the identity o(j, I \ 1)o(I + 7\ i,i) = o(I \ i,4)0(j,I).

ua(vAw) = > Ajujwro(I\i, ))o(j, T\ i)er i+ (—1)" (Z Ai,i“i”i) (Z w161> , (123)
il i T
iel,gezl\i
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where we identify the term (—1)"(u - v)w, and finally conclude

ul (vAw)—vA(uaw)=(-1)"(u-v)w, (124)

which proves our initial formula. O
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Generalized Maxwell equations for exterior-algebra multivectors in
(k,n) space-time dimensions *

IvANO CoLoMBARO!, JOSEP FONT-SEGURAY, ALFONSO MARTINEZS:1

Abstract

This paper presents an exterior-algebra generalization of electromagnetic fields and source currents
as multivectors 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
r — 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(¢,x) and j(t,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)
VXB:j—O—aE 4)

ot
Conventionally, Egs. (2) and (3) (resp. (1) and (1)) are referred to as homogeneous (resp. inhomoge-
neous) Maxwell equations.
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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. (5)

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 «, 3 of the Faraday tensor
in its contravariant form, F*? [1, Sect. 23] or [2, Sect. 6.7], are given by

o E. E, E.
-E, 0 B. -B,

-E, -B. 0 B, | (©6)
-E. B, -B, 0

FoB —

Both pairs of homogeneous and inhomogeneous equations are combined into single equations, namely
[1, Sects. 26, 30] or [2, Sect. 11.9]

0aFpy + 0pFya + 0y Fop =0 (7)
Do F P = 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]

t* = F8 J,. (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 intu-
itiveness 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].
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2.1 Exterior Algebra: Space-time, Multivectors, and Products

We build our theory on a flat space-time with k& 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;}*"~! and
adopt the convention that its first k& 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 {ei}figlfl, that is

k+n—1

i=0

As first observed by Grassmann [12], next to the (k + n)-dimensional Euclidean vector space RF*™,
for every value of the parameter m = 0,...,k + n there exist other natural vector spaces with basis
vectors ey indexed by ordered lists I = (i1, ..., %) 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
RFH7; 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 v7(x) in the canonical basis {es};ez, can be written as

v(x)= > wv(xer, (11)

Iel,,

where Z,, denotes the set of all ordered lists with m indices. The dimension of the vector space
containing all grade-m multivectors is (k;;”), the number of lists in Z,,,. We denote by |I| the length
of alist I, e. g. |[I| =m for I € Z,,, and by gr(v) the operation that returns the grade of the vector v,
e.g. grv=min (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 A;; =e; - ej, is

1, i=j,0<i<k-—1,

erej =11, i=jk<i<k+n-1L1 (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
ej-eg=A = Ailjl Aim cee Aim,jmv (13)

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

3
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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 25+, In this larger space, one could define a geometric prod-
uct 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 ey and e have grades m = |I| and m’ = |J|. Let (I,J) = {i1, ... im,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 |I| + |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

e[/\eJZO'(I,J)e[+J. (14)

Since permutations with repeated indices have zero signature, the exterior product is zero if |I| + |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 ey for the ordered list I = (i1, ..., %, ) with the exterior product of
€,,€iy,...,€; ,thatis

ef=e; Ne, AN---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
e[_le(]:A[]U(J\[,[)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 ey and e is defined as

ere;=A 50(J, 1\ J)ens (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| (rvesp. |I| — |J|).

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

e}{:A][U([,[C)eIc, (18)

where I¢ is the complement of the list I, namely the ordered sequence of indices not included in I, and
o(I,1°) is the signature of the permutation sorting the elements of the concatenated list (I, 1¢) of all
space-time indices. In other words esc is a basis vector of grade k + n — |I| whose indices are absent
from I. In addition, we define the inverse complement transformation as

el = Arepea(I€, Iege. (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 elec-
tromagnetic sources, fields, and equations.
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The exterior product (14) is a skew-commutative operation, as we have

uAv=(-1)"""y Au. (20)

Concerning the interior products, we have that
u_v :vl_u(—l)gr“‘(g“‘*g”’), (21)

and the interior products are also skew-commutative, unless gru = gr v, 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)-(WAV)=(=1)"(v-V)(w- W)+ (¥ aw) - (W LV). (22)
Or equivalently, using (20) and (21), it holds that

(v-vYw-w)=vAw) - (VAW)+(vaw) (v 2w). (23)

Consider now two vectors u and v and a r-vector w, then it holds that

ud(wrLv)=(uaw)Lv, (24)
or alternatively, using (21), we have that

ul(vaw)=—-v_(udw). (25)
As already found in [11, Eq. (16)], for the same u, v, and w it also holds that

ud (vAw)=(-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
(uAv) - w=v-(wLu)=u-(vaw), (27)
or, alternatively, using (21), we have that

(uAV)-w=(-1)""tuaw) - v=(vaw) u (28)

The relations (22), (24) and (27) are proved in A.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 operator. In our case, we need its generalization to (k,n)-space-time, the differential vector
operator O defined as (—0y, =02, ..., —0k—_1,0k, ..., Oktn—1), that is

k+n—1

=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
NV = Z Z Ao (i, 1)Ovr ejig = Z Ajio(i,1)0;vr €t 1. (30)
=0 IeT, GIET e ig]
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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 8 11 v, namely

k+n—1
dav = Z Z o(I\i,i)0wren; = Z o(I\i,i)0vrep;. (31)
i=0 €T, i I€T il

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 8 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

BB AV) =0 (32)
81 (dav)=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

A 1(OAV)=(—1D)EM(@.-8)v+OA(OBvV). (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)=(@AV)-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 = 8 Aw or the divergence
of a vector field v is given by V-v = 8_1v. As another example, the cross product of two vector fields
v and w in R? can be variously expressed as

vxw=VAW " =v_w" =v_w* (36)

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 gen-
eralization 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 exam-
ple, operations 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)
1€,
where for a given list I = (i1,...,i;) the differential is given by dz; = dz;, --- dz;,. 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)

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™.
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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"1 of an (m + 1)-dimensional hypersurface V™*! is equal to the circulation
of the exterior derivative of v along the hypersurface V™1

/f)v7n+1 dmx R \/VWH-I dm+1x ‘ (6 A V) (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 9V? 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

/ A" v (40)
e

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 V¥*". 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 V¢ of an ¢-dimensional hypersurface V* is equal to the flux of the
interior derivative of v across V:

/ d=x* v = / A i (8av). (41)
ave Ve

Armed with the relevant definitions of space-time algebra, the products defined on multivectors, and
the derivatives 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 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):

O04F =17, (42)
ONF =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 + 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, 8 _1J = 0,
follows from (42) and (33).

For given r, the Maxwell field and the source density have respectively (kt") and (’ff?) 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 F;;(x), 1,7 = 1,2,3, ¢ < j, represent the magnetic field, and whose remaining three components
with space-time indices Fj;(x), i = 0, j = 1,2, 3, represent the electric field. More precisely, we have

7
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F = ¢y AE + 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 8 = V and 81 = V-,
and using (36) to write A = V x in three dimensions, we obtain

VxE=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

VxB=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 (ff?) 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=0ANA. (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 + & 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 8 _1 A = 0. In this case, the exterior-
calculus identity (34) allows us to write the inhomogeneous Maxwell equation (42) as

O IF=(-1)""109 -9)A=1J. (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 8 1 A =0 is
satisfied, but also 8; 1 A = 85 1 A = 0, where 8; and 95 respectively represent the time and space
components of 8.

Considering an (r — 2)-vector gauge field G, the Lorenz gauge condition together with (34) imply that
O I(OANG)=(-1)"28-0)G+IN(DIG)=0. (50)

When r = 2, the interior derivative & _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 & = (&, ..., &k+n-1)

8
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and the Fourier transform () of the Maxwell field be
(¢ = / .- / dF+rx e TI2mEXR (%), (51)

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

joré 4 F =17, (52)

EANF =0. (53)

For the Fourier transform of the vector potential A(E), the identity F = 8 A A implies that F(E) =
j2mE N A(E).

In the absence of sources, the Maxwell equations (42) and (43) adopt the simpler form

gk =0, (54)
EAF =0. (55)

The first equation would seem to require that I is orthogonal to &, while the second requires that F
is 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=E1(ENF)=(-1) (- OF +EN(ELF) = (1)1 (€ EF, (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) = / / dFng eI2TEXR(£)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 presented 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" t! is zero:

/ d'x-F= / dlx - (B AF) (58)
gyr+1 yr+1

=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 (k+mn—r+1)-
dimensional space-time volume is equal to the flux of the current density J across the (k+n —7r+ 1)-
dimensional space-time volume:

/ dk+n—rXH’1 .F= / dk+n—rx7{71 . (8_| F) (60)
GYk+n—r+1 Vkt+n—r+1

:/ dk+n7r+lxﬂfl .J. (61)
Phtn—r+1

As with the homogeneous Maxwell equations, for » = 2, k = 1, and n = 3 the scalar equation (61)
yields the usual integral inhomogeneous equations by considering two different hypersurfaces V3 [11,
Sect. 4.3], respectively all-space and time-space.
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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),

t* = F8 J,. (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 T%? of the electromagnetic field [1,
Sect. 32] or [2, Sect. 12.10],

f* + 9sTP = 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 + n com-
ponents. 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=J1F=(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 7 — 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=1and n =3 [l1, 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 (’HSH) independent components at each point of space-time,
regardless of the value of the grade r,
i<j

Here, the bitensor basis elements are denoted by w;;, where (7,7) 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 Dbenefit 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,, two bilinear operations giving a vector. These products are the extension by linearity of the

10
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product of unit basis vectors given by

ey, 1=k,
€, Jujr = ujplLe = echiia i = j, (66)
0, otherwise.

Let d_1 denote the interior derivative, as in (66). We prove in A.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+01T=0. (67)

Here, the stress-energy-momentum tensor T of the Maxwell field F is given by the expression
—(FOF+FOF), (68)

where F © F and F ® F are two bitensors with components respectively given by
F@F}U = 2A“A“(ez_| F) (FLej) (69)

1
FOF| = SR (e AF) - (F Aey). (70)

In A.3 we compute the explicit expressions for T;;, namely

Tii—(Ql)TAn( > FiAn— Y FI2AH> (71)

I€T, i€l I1€T,:i¢1

Tij=— Y o(Li)o(j,L)FiyLFj AL (72)
LeZ, 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 i = j, the component T;; in (71)
is given by the sum of the squares of all (’H") components in the Maxwell field Fy, each weighted by
either +2 or —5 dependlng of the values of ¢ and I. For ¢ # j, the component T; in (72) is given by
the sum of (’H'"l 2) terms, each of this is a product of two different components of the Maxwell field
weighted by either 41 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)""'FLe;.
This implies that

(Ej_l F) . (Fl_e,) = (Fl_el) . (ej_l F) (73)
= (e A F)(=1)"" - (Fe)) (1) (74)

Therefore the components of FOF in (69) are symmetric. Concerning the components of FAF in (70),
one proves that they are symmetric by using a similar reasoning exploiting that e; AF = (—1)"(F Ae;)
from (20).

The tensor trace Tr'T = ), AT}, is given for a generic triplet k, n, and r by

T:(_UTZA?Z( Z FiA — Z FIQAII> (76)

I€Z,iel I1€Z,:i¢1
—1)r
_(Q)ZFIQAH(2121> (77)
I€Z, i€l gl
(_1)7>+1
=T(k¢+n72r)F~F, (78)

where we swapped the summation order in (77) and extracted a common factor and then we used that
F-F=),F?A and that Y, ., 1 = r and that Yiigr L =n+k—rin (78). The tensor is traceless
for kK 4+ n = 2r or in the case that F - F = 0. To any extent, the trace is a Lorentz invariant.

11
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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*¥+7 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

/ fdao.. gin1 :/ dFrx T = —/ d* T (@ T). (79)
Vk+n Vk+n VEk+n

A short extension to the proof of (41) in [11, Sect. 3.5], included in A.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 + n.
Using this form of the Stokes theorem, we obtain

/ fdzo,... pin1 = f/ dFr=ix Tt T (80)
Vk+n OYk+n

As an example, and for some fixed z, and ¢ € {0,...,k + n — 1}, consider a (k + 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
xy given by
VI = (—00,00) X (—00,00) -+ X {24} X -+ (—00,00). (82)

In the computation of the flux of T across the boundary V*™ in (80), the infinitesimal vector element
is given by
(j.kJr7L71X7-F1 = dmch(Z,EC)Aueg, (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,

/ . AR T(x) = / / dzpea (£, £9)Agep 1 T(x) (84)
oyt —o0 —o0

k+n—1

-3 - [ o[ sttt (85)

where we used the symmetry of T;; between ¢ and j and the interior product in (66). This formula
represents the fact that the component Tj(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 Véﬁ'n. 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 Tyo(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 (&) in the Lorenz
gauge introduced in Sect. 3.2. As we prove in A.5, this flux is given by

%, (86)

/ dk-’-n—lXH*l T = (—1)7‘271'20'(6,68)/ d€£C E"r
vyt Apgpgg<o S+t

|A(gs)

where £ are frequency vectors satisfying &4 - €1 = 0 given by

& = (6o, &1,V =D €8xt Ebn—1), (87)
6[: (§07'"76@71707664»17‘-'7§k+n71)» (88)

12
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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. ¢ = ¢ = 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 Hamil-
tonian. 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 deriv-
ing 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(ﬁ) If both k& and n are
positive, for any frequency vector £, we may choose a transverse gauge where not only & _| A=0is
satisfied, but also &; A= & A =0, where & and & respectively represent the time and space
components of £&. The Fourier vector potential A(E) is thus perpendicular to the vectors & and &,
and the number of available dimensions of space-time where A({) lies is reduced to a total of k+n —2.
The number of independent components of A(£ ), or degrees of freedom, is therefore (k+"1 2) 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 electromagnetic 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 r — 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 4+ 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.
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A Proofs Related to the Stress-Energy-Momentum Tensor

A.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)- ' Av) = [ 3 wwrol Dt | | 3 viwhotddesss (59)
WET3| B3]
= Z viwrviw,o (i, 1o (J, ) A1 jr- (90)
i Il
5 J:i€d

At this point, we separate the cases i = j and i # j, namely
(vAW) - (W AV) = Z vvjwiwio (i, 1)o(1, i) A Ay
iI

+ Z viviwrwlo (i, 1o (J, §) Au i A, (91)
i#5.1,d

and it is easy to note that the first term can be written as

> vwfwwio? (i, 1(=1)" Al = (—1)" (v V) (w - W) . (92)
i1

Regarding the second term, we first prove the equality

o(i,N)o(J,j) = oI\ j, 7)o, J \ i), (93)
which we can be rewritten in the form

oI\ j,j)o(i,I) = o(i, ]\ i)o(J, ). (94)
i I\j L i I\j I
[ — — [ — 1
Lh I | | I\ityj | J |
{— \ T 1

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 viwro(I'\ 7, 1) Az viwio (i, J\ ) Au Apgne = (v aw) - (W L v). (95)
i#j 1,0
(]

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(wiLv)= (Z uaea> 4 (Z vywiAppo (b, 1\ b)el\b) (96)

bel
= Z UV W1 Ag o Db p0 (b, I\ D)o (I \ b\ a,a)ep p\as (97)
a,l;e[
a#b
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while on the right side we result is

(uaw)Lv = <Z UqwiAaqo(I\ a,a ez\a> (Z 'Ubeb> (98)

acl
= Z UVpWT Ag o Dpp0 (I \ a,a)o(b, I\ a\ b)ep q\p- (99)

a,bel

a#b
Lb I\a\b [ 4 Lb I'\a\b L@
— — — 1
b I\b ‘ | I\a La,
— \ | —
I | | I |

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

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,1 \ a \ b,a) into I. This proves (24). O

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= Zu vio(i, I)e;yr (ZwJeJ> (101)
i,

= Z U,ﬂ)[ﬂ)]O’(??./ I)AH_[’J. (102)
01,7
i+I=J

The central term is

v-(wLu)= <Zv1e1> . Zuiwja(i,J\i)A,-ieJ\i (103)
1 i,J
= Y wwrwyo(i, DAGA .- (104)
i1,J
J\i=1

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

u-(vaw)= <Zuiei) . ZU}U)JU(J\I,I)A][QJ\I (105)
i 1,J
= > wvrwyo(i, DAy A6, (106)
i,J
i=J\I
which corresponds to the first two expressions since A; A = Aiyr,7 = AiA g O

A.2 Interior Derivative of the Tensor

For the sake of compactness, we define the bitensors T = F O F and Ty = F ® F to prove the
following identities

01T =(0aF)aF (107)
81Ty =(8ANF)LF. (108)
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Using equations (13), (14), (16) and (17), we write Te and Tq explicitly in terms of components.
That is, we obtain

1
TQ = 5 ;A“A]](EZ | F) . (F [ ej) u;; (109)
1 N .
=3 Z Z FiFyo(I\i,i)o(j,J\ j)Ani,g i (110)
i<j I,JEL,
and
1
T@ = §;A“A“(el/\F) -(F/\ej)uij (111)
1 . .
= 5 Z Z F]FJ O—(Z,I)O'(J7])AiiAjjA[+i"]+j u;;. (112)
i<j I,JE€TL,

We start by computing the interior derivative @ _1 T given by

a_l T@ = %ZZZ(F]@UFJ+FJauFI)

u i<j I,J
U([\sz)a(jaJ\])AI\z,J\]Auu €y — uyj;. (113)
After some mathematical manipulations, equation (113) is expanded as
91Tg = Z Z FroiFyo(I\i,i)o(j,J\ j)An,s; e
i=j 1,7
1 AN .
S E, s + FadyF)o(I\ i)\ ) Ary i e
i<j 1,7
1 LN .
t3 Z Z(FlaiFJ + Fy0:Fr)o(I\d,9)0(j, J \ ) A, ej- (114)
i<j 1,7
Since Ap;,s\; is nonzero only if J\ j = I\ 4, we can use this condition in the relation o(j,J \ j) =

o(j, I\ i) =0a(I\i,7)(—1)""! such that (114) becomes

01Ty = ZZFlaiFJU(I \ i, D)o (I\ 4, 5)(=1)" " Apin e

i=j I,J
1 . .. —
+5 SN (F10;Fy + Fp0;Fr)o(I\d,i)o(I\ i, 5)(=1)" " Ap. e
i<j I,J
1 L. .. e
+5 SN (F0Fy + FroiFr)o(I\ i, i)o(I\ 4, 5) (1) " A e (115)
i>j I,J
Exchanging the indices 7 and j and the labels I and J, we get the following simplified expression

O 1T = Y Fo;Fyo(I\i,i)o(I\i,j)An;n(—1)""e;. (116)
i 1.7

A similar reasoning can be followed for the operation 8 _1 Ty given by

1
1Ty = S NS (FrouFy + Fy0,Fr) o(i, Do(J, j)

u i<y I,J
Artig+jBuuliidjje, Ju;. (117)

The former equation can be expanded as

01 T@ = Z Z F[aiFJU(i, I)G'(J,.]')A[_H'J_;,_j e;
i=j 1J
1 . .
t3 DD (Fid;Fy + FydiFr)o (i, Do (1 ) AryisesDiil; e
i<j 1,J
1 . .
+3 Z Z(FI@'FJ + Fy0iF1)o(i, 1)o(J, j)ArtigtjDiilj e, (118)

i<j I,J
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and after a few manipulations using the properties of the signatures as done to obtain (115), from (118)
we have

1Ty =Y > FidiFo(i, oG J)(-1)"ArA e
=7 I,J
T rrilreg

1 . . .
+5 Z N7 (F10iFy + F10;F)o(i,Da(j, J)(—1)" Ap 1A e
1<j 1,J
I+i=J+j

1 . . r
+35 Z N (Fi0;Fy + F10;Fp)o(i, D)o (j, J)(—1)" Ar 1A s e;. (119)
> I1,J
I+i=J+j

Simplifying terms, we obtain

o T@ = E E F[@jE[ a(i,[)a(j, J)A],]Aj_j(—l)r €e;. (120)
i,J 1,J
! I+i=J+j

We next derive explicit forms for the operations (8 1 F) _JF and (0 AF) L F. We start by noting that
0 1 F can be expanded in terms of component as

d_F = (ZJ: Aj,jajej) _ (ZB: FBeB) (121)

= ZajFBU(B\j’j)eB\j~ (122)
B.j
jeB
As a consequence, we have that
(0F)0F = Z Fa(0;Fp)a(B\ j,7)Ap\;,5\;o(A\ (B\J), B\ j) ea\(s\j)- (123)
A,B,j
(BU)eA
Noting that A\ (B j) is a single element ¢ such that A\ i = B\ j, we finally get
(OIF)JF=>" > Fa(0iFp)o(A\i,j)o(i, A\i)Ax Ay e (124)
ij AB
DBy
=3 > Fa(@;Fp)o(A\i,5)o(A\i,i)(—=1)"" Ay e (125)
ij AB
A\i=B\j

Since (125) corresponds exactly to (116), we proved (107).

Similarly, we next write the operation (0 A F) L F and write it out in terms of components, i. e.,

(OANF)LF = <Z A;,;0;Fga(j, B)ejw) L (Z FAeA) (126)

i.B A
j]§ZB

= Y A;;Fad;Fpo(j, B)As ac(A,j+ B\ A)ejipa. (127)

J,A,B
Acj+B

Again noting that j + B\ A =1 and that A+ = B+ j, from (127) we obtain
OAF)LF =Y > Fad;Fpo(i,A)o(j, B)(—1)"Axal; e, (128)
ij AB
T AiZBg
proving the equivalence with (120) and therefore proving (108).
Combining (107) and (108) and defining the stress-energy-momentum tensor T of the Maxwell field F
as T = —(Tg+Tp), we find that the interior derivative of the tensor T satisfies the following formula
01T+ (0aF)uF+(OAF)LF=0. (129)

Therefore, from the Maxwell equations, that is 9 AF =0 and 8 1 F = J, we recover the conservation
law for energy-momentum relating the Lorentz force f (64) and the stress-energy-momentum tensor,

f+8_T=0. (130)
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B. Generalized Maxwell equations for exterior-algebra multivectors 63

A.3 Explicit Formulas for the Tensor Components for Generic r

Starting with (69), we note that

ei 1 F =Y Ayo(I\i,i)Fren; (131)
I€Z,.

Flej= Y Ajo(,J\i)Fen; (132)
JeT,

for any pair of ¢ and j, and therefore

1 N .
F ®F|ij =3 Z a(I\i,i)a(j, T\ j)FiFep; -en; (133)
1,JET,
1 Ny
=5 > o(L,i)o(j, L) Fiy L FjpLALL, (134)
LEL,_1:4,j¢&L
where we have defined the set L such that I\i = J\ j = L. The summation contains (k tf;z) non-zero
terms. For i = j, and using that o(L,i)o(i, L) = (=1)""1, it can be evaluated as
1
FOF|, = (_1)7«715 Z F2 AL, (135)
LEZL, 1:¢L
Moving on to (70), we note that
ei ANF =Y Fio(i,l)eis (136)
I€Z,
FAej= > Fio(Jjejs, (137)
JEL,

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

1
F®F|ii:§ Z Ffo(i, I)o(I,i)Aulrr (138)
I€T, i¢l
1
= (=15 Z FiA A, (139)
I€Z, ¢l

because o(i,I)o(I,4) = (—1)". Second, if ¢ # j, we can find an L € Z,_; such that L=1\j=J\1¢
and i,j # L. Then,

1 . . .
F@F‘U = §A”A“ Z FL+jFL+iO‘(’L,L+])O’(L+’L,j)ej+L+i BT R (140)
LeZ, 1
1 . . .
= 5 Z FL+jFL+iJ(Z,L+])U(L+Z,])ALL. (141)
LeT,

The product o (i, L+ j)o(L +1,7) is equal to o(L,i)o(j, L). To prove it, we write the relation o (s, L +
Jo(L+1i,7) = o(L,i)o(j, L) and we first multiply both sides by o(L + 7, j)o (4, L) to obtain o (i, L +
§)o(4, L) = o(L+1,j)o(L, i), namely the permutations sorting the lists (i, j, L) and (L, , j) respectively.
Secondly, we note that (4,4, L) = (=1)20"Va(L,4,5) = o(L,i, j).

Combining (134) and (141) into T‘ij = 7F®F‘ij — F@F’U7 we have

="
T = A > FiAn- ) FiAn (142)

IeT, el I€T,igl

Ty=— Y o(Li)o(, L)FirLFrArr. (143)
LeT,
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A.4 Stokes Theorem for the Interior Derivative of a Bitensor

Considering a bitensor field

T= Z T+ Ty, (144)

i<j

then the Stokes theorem we wish to prove states that

[ e o= [ @t o). 5)
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

dntk—=lgn™' | — Z darAgqo(q, I ZTmu“ + Z Tijuj (146)
Inyr—1:q¢1 i<j
= Y Tudwo(i,Dei+Y Y Tijdeo(G e
i Tk 15@T <) Tnsr11i@T
+3° Y Tydege(i e (147)

i<j Inyn_1:4@1

The last term can be rewritten by changing the indices i +— j and using the property of symmetry
Tji = T;j as

Z Z T‘z] dZ’IU(j, I) €;, (148)
1>] Inyrp—1:3¢1

and finally, the three terms can be compacted in

dn+k*1X7‘i71 1T = Z Z T‘Z] dIIO’(j, I) €e;. (149)
0,5 Intr—1:9¢1

Then, taking the exterior derivative [14, Sect. 36.B], we get

AT am) =30 3T 0T dene®( e (150)
0,J Injk—1:3€1

0J Lntk

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

9T = (Z Ahhaheh> Z Tiwii + Y Tijui (152)

i<j
_ZaTue7+Za Tyei+ ) 0,Tie; (153)
i<j 1<j
and the differential
,H—l
()" = | Y deger| =3 day (155)
Lotk Lyt
Then, we get
(d™Fx)™ 5 (@aT) Z > 0Ty dare;, (156)
Lypyk 4]

namely (151) and thereby proving the stated Stokes’ Theorem.
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A.5 Flux of the Stress-Energy-Momentum Tensor

The flux of the field (65) across the boundary dVF™™, denoted by <I>3V[k+n(T), is given by the integral
in (85),

400 —+o00
<1>av;°+"(T) = / . / dxgcAggO'(e,éc) e, T. (157)
The r.h.s. of (157) is computed w.r.t. Zs, 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

00 00 .
F(x) = / /_ dMES(E - €) PPTEXE(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

400 +o0 ~ A~ -
Tog [ [ atmedtig se goe ) OB 0 F(E) + BQ) 0F(E)). (159

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

1 too too
Bpyprn () = =3 Ao () [ o [T abrgatng
5(€-€)5(E - &) e %y 1 (F(§) 0 F(E) +F(€) 0 F(¢)). (160)
Since the integration w.r.t. xy- 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

“+oo “+o0
/ / dage 27 EFEx = TT 6(&n + &, )2 EeFEDmeee, (161)
—0o0 —00 m#£L
Plugging the r.h.s. of (161) in (160) and defining ¢(&,&’) as

PE.E) = —3 Do (b, )ermCrreimidure, | (R(E) © B(E) +B(E) 0 F (&), (162)

we write the flux as

r+00 +oo
Bpen(M) = [ oo [ ated g sie i €) [] o6+ EeE ). (163)

m#L

In order to solve the integration w.r.t. &, we rewrite the condition £ - £ = 0 as
Apél + &€ =0, (164)

where §; = £ — £e,. We can solve this equation for & as long as —Ag&z - £ > 0, in which case we
define x, as the positive root of the equation

Xi = —Duéi- &, (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,
equation (163) is expressed as

1
D gy (T) = /Amgigo dedpe o [ 0em+€) 3 wl6€). (160)

Age€hg5<0 £ mate Eo=Ex0,Ep=£X,
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66 B. Generalized Maxwell equations for exterior-algebra multivectors

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

£+ = (503"'7§Z713X€a€€+17"'a§k+’ﬂfl)7 (167)
E— = (503"'75@—137X€7§Z+17"'a§k+n—l)7 (168)
and the counterparts £, = —£_ and £ = —£,. Using these definitions to solve the integration
w.r.t. {)., we obtain that
1
Qavf*’”(T) = / dggc 4 2 ((10(£+7€f|») +S‘9(€+7£/—) +<ID(€77£;) +90(£77£/—)) (169)
Npr€7€7<0 Xe

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 ) = 7§Aua(é, (6)edtmxeelieg, T (170)

where for the sake of clarity we defined the tensor T; as
T, = F(gy) 0 F'(€) + F(&) 0 (). (171)

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

Trij = Dl ((ei S F(€4)) - (F*(E-)Lej) + (e ANF(E4)) - (F*(€-) Aey)) (172)
=Nl ((es A F(€4)) - (B (€-) Lej) + (1) Ay F(€4) - Fr(€-)
Q1,44 B1,ij
+(e; A F(&y)) - (B (§-) 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 & AA(9), (174)

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

ariy = 4m(=1)" 7 (e 1 (64 AN A(€4))) - (65 (6= NAT(E))) (175)
Brij = An?(—1)"Aij (€4 ANA(EL)) - (6~ ANAT(E)). (176)

We start by expanding o ;5. Using the identiy (26), we get

ay ;= 4m?(-1)"! ((*1)r_l(ei EDAEL) +H & A (e A(&—)))
()7 ey € )A€ ) + € Aoy ANE)). (17T)

Computing the products, rearranging terms and using the relations (22), (24)-(25) and (27) in various
places, we obtain

o, = 4n? ((*1)r_1AiiAjj§+,i§—,jA(£+) CAT(E)
+Njikri(ej AT (€L)) - (A(gr) L E)
+ A6 (et Agy)) - (A" (€))L &)
+ (=D& &) (eia Ay)) - (e, 1 AT (E))
+ (e (€= 2 A(En)) - (e 1 (A%(E) L EL))). (178)
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We next simplify the terms of the form £€_ _1 A(£&4) and A*(€_)L &,. To do so, we note that £, and
&_ respectively given in (167) and (168) are related as

&4 =&+ 2xvey. (179)
Recalling that the gauge condition in the Fourier domain is given by
E A€ ) =0=¢ 1A%, (180)
equations (179) and (180) imply that
& A (€)= & 1 AT(E) +2x0er I AT(E) = 2veer I AT(E), (181)
§ A&) =& D A(E) —2wer a1 A(gy) = —2xer 1 A(Ey). (182)

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

iy = 4n? (( D' AGA Gy a6 jA(EL) - AT(ED)
— 204 ixe(e; I AT(ED)) - (A(&4) Ler)
+20,6 ixe(eia A(gy)) - (A" (¢-) Ler)
+ (=1 (—200x7) (€ 2 A(g £1)) - (ej 2 A*(¢ £)
— i (eia (ee I A€L)) - (o5 (A6 ) L er))). (183)

A*
A

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

Brij = 4m* (1) Ay (=) (1) (€1 - €)(A (&) - A*(€L))

+ (€ aAT(E )) (A ( +) e —)) (184)
= 4m*(=1)" A (€4 - &) (A(€4) - AT(€-))

—4m® Ay (6 S AT (D)) - (A6 L€ ). (185)

In view of (179) and &4 - &€+ = 0, the &4 - € term in the previous equation equals
£y € =& & — 20y e = —20ux]. (186)

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

Buij = 87X} Az;<(—1)r_1AuA(E+) CAT(€) +2(ec a0 AT(EL)) - (ALEy) l—ee))- (187)

Although we derived expressions of oy ;;, a1, and f1;; in (183) and (187), needed to obtain T7 ;;
n (173) for arbitrary ij, we are only interested in such terms containing the ¢-th component, since
(€4, &) in (170) involves computing the quantity

e 1T =¢e/ ZTl,ijui]‘ =T 0D per + Z(Tuz + T 0i) Agre;. (188)

i<j i£l

We start with the first case in which i = £ # j. Using that e, _1 e, = 0, from (183) we get

aneg = 472 ((<1) 7 Aeelgés e A(EL) - AT (E-)
— 2A40&4 oxe (€5 A* (€2)) - (A(¢s) Ler)
+20556 jxe(ec I AEL)) - (A"(€-) Ler)
+2(=1) A (e I A(€) - (e 0 AY(E))). (189)

A*
A

Similarly, we also have
ay jo = 4n° ((*1)r71AeeAjj§+,j§—,eA(5+) A*(g)
— 20564 jxe(era AT (€0)) - (Agy) Ler)
+ 2006 ixe(e; 1 A(€4)) - (A"(¢-) L er)
+2(=1) A (e 1 A) - (eca AT(EL))). (190)
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Furthermore, the fact that A;; = 0 for ¢ # j implies from (187) that

Bi,e; = 0. (191)

Combining (189), (190) and (191) in the initial expression of T3 ¢; in (173), using that {1 o = %), and
writing the right interior products as left interior products, we get

T1ej = 4m* Ao ((71)T71AMAJ'J'A(£+) A€ ) xe (6 — &45)
+2(=1)"Aj5(er a0 A(gy)) - (e0 A% (€2))xe(€- s — €4.5)
+2(=1)"Ap(e; 1 A&L)) - (eea A*(€2)) (X7 — X7)
+2(=1)" A (ec 1 A(€4) - (05 1 A*(€-)) (6 — X)) (192)

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

T =0, J#L (193)

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

a0 = 4r? ((—1)T71Au‘Aez§+,i€7,eA(§+) CAT(EL)

—2(=1)"Auyixe(ec o A*(€)) - (er o A(€y))

+2(—1)"Apé oxe(es a A(EL)) - (era A*(EL))

+2(=1)" A (i 1 A€))) - (e 1 A*(€1))), (194)
i = 472 ((—1)" Dbty 6 iA(Es) - AT(E)

—2(=1)"Aubrexe(ec 1 A*(€)) - (A(gy) L er)

+2(=1)" A ixe(ee a1 A(EL)) - (e A*(€2))

+2(=1)" Darxi (e 3 A4) - (e 0 A"(E)) ), (195)

and
B1,ie =0. (196)

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

Tii=0, i#L. (197)

Regarding the last case i = j = £ we evaluate o ¢ from (183) writing all the right interior products
as left interior products

)Tl 6o A(EL) - AT(EL)

(—1)"Agesoxe(ec s A (€2)) - (er 1 A(gy))
(—1)" Ak pxe(ec 2 A(E4)) - (e A*(E2))

( ) (era A% (¢ ))7 (198)

(117” = 47‘&'2 <(71

—1)"Agexi (e A(€y)
and from (187)
Bree = 8m°(=1)"x{ (—A(€+) AT (E) +20p(er 1 AT(EL)) - (er A(@))). (199)

We substitute a1 = B1,00 from (198) and 77 from (198) into 77 (173) and considering that
&+, = £x¢, we directly get

T =0. (200)
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In conclusion, from (188) we realize that

e/ 1Ty =0. (201)

We continue studying the second summand in (169). We consider ¢(&4, &’ ) using its definition in (162)
joint with the fact that F(&' ) = F(—£,) = F*(£4) and we get

1
o€+, é4) = —EAM‘T(& £9)er 1 Ty, (202)
where the tensor To is defined as

Ty =F(&) 0 F*(§4) + F(&y) OF*(&y). (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 T5, which is written

Taij = Nl ((ei A F(€4)) - (F*(€4) Lej) + (1) AyF(€s) - F*(&4)
Qg ij B2,ij
+(ej uF(Ey) - (Fr (&) Ley)), (204)

a2, ji

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

Qg5 = 4 (ei—l (€+ A A(€+))) ) ((€+ A A*(&)) L ej)v (205)
Baij =47 (1) Aij (€4 NA(E)) - (61 AN AT(£4)). (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 =472 (1) ((=1) " (e - £1)A(E4) + &4 A (es 1 A(€L)))-
(1) (ej - € )A"(€4) + &4 A (ej 1 A"(€4))). (207)
Again, carrying out all the products, and applying (22) and (26), we obtain
g i = A ((*1)T_1Aiiﬁjjf+,if+,jA(£+) AT (&)
+Aibri(e; a0 AT(€) - (Algy) L &y)
+ A8 (e A(gy) - (AT(E) L &y)
— ()6 € (e n Alen) - (e AT(EY)
+ (€ (e AED)) - (e A% (€))L EY))): (208)
We note that (24) implies
(e 0 A%(E0) L &x = e, (A"(€0) L Ex) =0, (209)

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

an,ij = AmH (= 1) AN €4 a6 A(EL) - AT(E4). (210)
Hence, as a consequence,
ag i = AT (1) T AN 6 6y jA(EL) - AT(EL). (211)

Regarding (y,;;, we write &, A A*(€,) = (—1)""'A*(&4) A &, and we apply again (22) in (206) so
that we immediately verify that it vanishes

Bij = =4 (-1 €+ - €4 (A64) - A" (€4)
+ (62 AE) - (A€ L&) =0, (212)

24



70 B. Generalized Maxwell equations for exterior-algebra multivectors

As a consequence, the result for 75 ;; in (204) is

Tpij =87 (—1)" ¢4 a6 jA(Ey) - A*(€4) (213)
and we finally evaluate the tensor Ty as
— A 2
Ty =872 (—1)"'&ibr | A wy;. (214)
1<

We move on to the third term of (169). The equality F(Eﬁr) = F*(¢_) allows us to write w(§-,&,) as

1
o€, )= —§Aua(l’7 (°)ee 1 T3, (215)
where we defined the tensor Ts3 as follow
T; =F(¢ )oF (6 )+F(E)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
A )=0=¢ 1A (&) (217)
So, in analogy with the result obtained in (214), the final expression for T3 is
— A 2
Ty =8r" ) (-1 "¢ i€ ;A€ )| uy (218)
i<j

We conclude the evaluation of the initial integral in (169) computing ¢(€_,€"). From ts definition
in (162) and using F(&" ) = F*(£,), we get

P& &) = —5 Do (l, () I diie, 4Ty, (219)
defined, as in the previous cases,
Ty=F(E )OF (&) +F(E ) 0F (&) (220)
We can further expand (220) in components which would appear
Tuis = Bily; (e S B(E-)) - (B (€1) L ej) + (—1) Ay F(e-) - F(€4)
Qa,ij Baij

+(ej I F(E) (F*(€4) L e)). (221)

a4, ji

As in the analysis of T} ;;, we express oy ;; and (45 in terms of the potential

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

Buaij = 4m(—1)"Aij (€~ NA(E)) - (€4 NAT(£4)). (223)

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

with F(£_) and F*(£_) with F*(£, ). 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 JAE ) +2xer 1 A(E) =2xe 1 AE) (224)

- AT(Ey) =€ TAT(EL) —2xer 0 AT(E4) = —2x0e0 1 AT (&y). (225)

If we follow the same procedure applied to obtain T; with the conditions (217), (224) and (225), we
can rapidly state
e, 1Ty =0. (226)
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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
<I>ka+n(T) = 77Ag[0'(€7 [C)/ df[c 2eg_l (TQ + T3) (227)
¢ 8 Ay €<0 Xe

Using (214) and (218), we get
<I)8V2°+”(T) = (71)T7T2Aua(f7éc)eg_l
1 A ) ) )
/ d&c72(5+,i§+,j|A(€+)’ + &6 i]AEL)] )“ij~ (228)
AZ@&Z'&ZSO XZ 7/SJ

We consider that x7 = &3 , = €2 , and we expand the product e, _ u;; thanks to (35) and then use
that >, &+ ,e; = &4, so that (228) is
3

dte (oAl + EJACN). e

i (T) = (—1) 720 (£, £°) / € £

Npe€7-67<0

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

+oo +oo . 9
Bpypin (D) = (1200 () [ o [ esmieoglA©)sE . (230

Returning to (229), we split the integral into I, 4 + I, _, where

&+ 4
I = d c A.
i /A.u&z-ezgo & . |A&s)

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

_ 67 Al A*(_
= e (e ACEIA ) (232)

2. (231)

| 2

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

Ci = (COV .. '74/,717:':)(47((4»17 .. ~7Cn+k71)7

yields

= A¢ S A(CA (). (233)
Javerc<o T G

Since (233) is formally equivalent to I, y, the flux can be rewritten as

B (D) = (1228000 [ e SElAE)

. (234)
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An Exterior Algebraic Derivation of the Euler—-Lagrange Equations
from the Principle of Stationary Action *

IvaNo CoLoMBARO!, JosEP FONT-SEGURAY, ALFONSO MARTINEZS 1

Abstract

In this paper, we review two related aspects of field theory: the modeling of the fields by means
of exterior algebra and calculus, and the derivation of the field dynamics, i.e., the Euler-Lagrange
equations, by means of the stationary action principle. In contrast to the usual tensorial derivation
of these equations for field theories, that gives separate equations for the field components, two
related coordinate-free forms of the Euler—Lagrange equations are derived. These alternative forms
of the equations, reminiscent of the formulae of vector calculus, are expressed in terms of vector
derivatives of the Lagrangian density. The first form is valid for a generic Lagrangian density that
only depends on the first-order derivatives of the field. The second form, expressed in exterior
algebra notation, is specific to the case when the Lagrangian density is a function of the exterior
and interior derivatives of the multivector field. As an application, a Lagrangian density for
generalized electromagnetic multivector fields of arbitrary grade is postulated and shown to have,
by taking the vector derivative of the Lagrangian density, the generalized Maxwell equations as
Euler-Lagrange equations.

Keywords— Euler—Lagrange equations; exterior algebra; exterior calculus; tensor calculus; action principle;
Lagrangian; electromagnetism; Maxwell equations

MSC— primary 37J05; secondary 15A75

1 Introduction

In classical mechanics, the action is a scalar quantity, with units of energy x time, that encodes the dynamical
evolution of a given physical system; mathematically, the action is given by an integral functional of the
trajectory or dynamical path (or an integral of the Lagrangian density for field theories) followed by the
physical system over space-time. The principle of stationary action states that the actual dynamical path
followed by the system, subject to some appropriate boundary constraints, possibly at infinity, corresponds to
a stationary point of the action [1] (Ch. 19), [2] (Section 8). An application of the principle yields the Euler—
Lagrange equations, which describe the dynamics of the system [3] (Section 1.3), [4] (Section 3.1), [5] (Section
7.2). The historical development of the stationary-action principle—in essence, a far-reaching generalization
of Fermat’s principle—that states that light follows the shortest-time path between two points is described in
detail in [6] (Section X).

This paper revisits the derivation of the Euler-Lagrange equations for field theories from the principle of
stationary action from the point of view of exterior algebra and calculus. There exist several alternative
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mathematical representations for the fields, ranging from the original vector calculus by Gibbs [7] and Heaviside
to geometric and Clifford algebras [8], where vectors are replaced by multivectors and operations such as
the cross and the dot products subsumed in the geometric product; a modern perspective on the use of
geometric algbra in physics is given in [9]. Early in the 20th century, tensors such as the Faraday tensor in
electromagnetism were quickly and almost universally adopted as the natural mathematical representation of
fields in space-time [10] (pp. 135-144). In parallel, mathematicians such as Cartan generalized the fundamental
theorems of vector calculus i.e., Gauss, Green, and Stokes, by means of differential forms [11]. Later on,
differential forms were used in Hamiltonian mechanics, e.g., to calculate trajectories as vector field integrals
[12] (pp. 194-198). Since differential forms may be seen as the circulation or flux over appropriate space-time
regions of multivector fields, it may be preferable in some contexts to directly study the multivector fields.
Therefore, we build our analysis on the exterior algebra originally developed by Grassmann [13], which has
comparatively received little attention in the literature and leads to simple formulae that merge the simplicity
and intuitiveness of standard vector calculus with the power of tensors and differential forms [14, 15].

In Section 2, we provide the necessary background on exterior algebra and calculus, including the important
notion of multivector-valued derivative with respect to a vector v. Then, we obtain in Section 3 two related
coordinate-free forms of the Euler-Lagrange equations for the dynamics of a multivector field a of grade r as
vector derivatives of the Lagrangian density £. Our work is related to the geometric—algebraic multivectorial
formulation of the Euler-Lagrange equations in [16] (Equations (4.7) and (4.8)). The first form in (39) is valid
for a generic Lagrangian density that only depends on the first-order derivatives of the field, more specifically
on the tensor derivative & ® a in (27), and is given by

8l = 8 x (dogal), (1)

as a function of the vector and matrix derivatives 9.£ and 9sgaL in (28) and (29), respectively. The (k + n)-
dimensional differential operator 8 is defined in (20); together with the matrix product x defined in (19), the
operation in the right-hand side generalizes the concept of the divergence of a field. The second form (47),
expressed in exterior algebra notation, is specific to the case when the Lagrangian density depends only on
exterior (denoted by OA; see (21)) and interior derivatives (denoted by 8_1; see (22)) of the multivector field,
and is given by

Oal = (=1)""'0 1 (Jonal) + (—1)"0 A (9p_aL), @)

where r is the grade of the multivector field a. A complementary analysis, which shows the invariance of the
action to infinitesimal space-time translations in exterior algebra, was conducted in [17], where the stress—
energy—momentum tensor is evaluated and profusely discussed. We conclude the paper in Section 4 with an
application of our analysis to a Lagrangian density for generalized electromagnetic multivector fields that leads,
by directly taking the vector derivative of the Lagrangian density, to the generalized Maxwell equations for
multivector fields of grade r [15]. We also provide a short discussion, of independent interest, of a dual form of
Maxwell equations where the exterior derivative is replaced by the interior derivative in the definition of the
field from the potential.

2 Fundamentals of Exterior Algebra and Calculus: Notation, Definitions, and
Operations

2.1 Multivector Fields

While our space-time has four space-time dimensions in relativistic terms, it will prove convenient to consider
a generic flat space-time R**™ with k temporal dimensions and n spatial dimensions, as this generality allows
for a more natural description of the underlying algebraic structure of the equations and of their derivations.
Points and position in space-time are denoted by x, with components x; in the canonical basis {e; f;'(?_l;
by convention, the first £ indices, i.e., ¢ = 0,...,k — 1, correspond to time components while the indices
i =k,...,k+n — 1 represent space components. We let space and time coordinates have the same units.
Although we shall not make use of this fact, space-time vectors transform contravariantly under changes of
coordinates.

In exterior algebra, one considers vector spaces whose basis elements e; are indexed by lists I = (i1,...,%m)
drawn from Z,,, the set of all ordered lists with m nonrepeated indices, with m € Z = {0,1...,k + n}. Later
on, in (6), we express the basis elements e; in terms of the vectorial canonical basis e;, for an ordered list
i1,...,im. These vectors, which we identify with fields, live in the tangent space and transform covariantly
under changes of coordinates [18] (Ch. 2), [19] (Ch. V). We refer to elements of these vector field spaces as
multivector fields of grade m. While multivector fields do not cover all relevant physical models, e.g., spinor
fields or the tensor field in general relativity, they do model a number of interesting cases; for instance, a scalar
field is represented by multivectors of grade 0, the electric field, the electromagnetic vector potential and source
current by multivectors of grade 1, and the electromagnetic field by a multivector of grade 2. A multivector
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field a(x) of grade m, possibly a function of the position x, with components a;(x) in the canonical basis

{er}1ez,, can be written as
a(x)= > ar(x)er. (3)
I€Ty,

We denote by gr(a) the operation that returns the grade of a vector a and by |I| the length of a list I. The
dimension of the vector space of all grade m multivectors is (k;:"), the number of lists in Z,,.

2.2 Operations on Index Lists

As the basis elements of multivector fields are indexed by lists I, it proves convenient to define some basic
operations on such lists: permutations and their signatures, concatenations (mergers), and subtractions of lists.

First of all, if the list I is not ordered, let o(I) denote the signature of the permutation sorting the elements
of I in increasing order. If the permutation is even (resp. odd), the signature is +1 (resp. —1). If the list I
contains repeated indices, its signature is 0.

More generally, for two index lists I and J with respective lenghts m = |I| and m’ = |J|, let (I,J) =
{#1,. -, 4m, 1, ..., Jm’ } be the concatenation of the two index lists I and J. We let o(1, J) denote the signature
of the permutation sorting the concatenated list of |I| 4+ |J| indices, and let I + J, or ([, J) if the notation
I + J is ambiguous in a given context, denote the sorted concatenated list, which we refer to as merged list.

In general, we view the lists as ordered sets, and apply standard operations on sets to the lists. For instance,
I is contained in J, the list J \ I is the result of removing from J all the elements in I, while keeping the
order. As another example, we denote by I° the complement of I, namely the ordered sequence of indices not
included in I. We denote the empty list by @; it holds that o(0, K) = o(K,0) = 1 for an ordered list K, and
that ep = 1.

2.3 Operations on Multivectors

We next define several operations acting on multivectors; our presentation loosely follows [14] (Sections 2 and 3)
and [15] (Section 2) and is close in spirit and form to vector calculus. Introductions to exterior algebra from
the perspective and language of differential forms can be found in [18, 19]. A geometric algebra perspective can
be found in [9]. 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.

First, the dot product - of two arbitrary grade m basis vectors e; and e is defined as
er-e;=A0ry =Ny Digjy - Diji s (4)

where I and J are the ordered lists I = (41, 42,...,%m) and J = (j1,J2,...,Jm) and A;; = 0if i # j, and we let
time unit vectors e; have negative metric A;; = —1 and space unit vectors e; have positive metric A;; = +1.
When m = 0, we interpret the dot product in (4) as 1 since ey = 1.

The following operations to be defined are the interior and exterior products, which subsume and generalize the
operations of gradient, curl, and divergence of vector calculus to multivector fields. These operations transform
pairs of multivectors into a multivector of a different grade, introducing in the process some signs, i.e., 1.
When these signs are related to the dot product in (4), we explicitly write the signs as quantities such as Ay;.
Other sign contributions arise from the signatures of permutations ordering lists of indices. A common practice
in the literature to deal with these signatures is to write factors such as (71)”"’"‘]'. However, it seems more
convenient to explicitly keep track of the lists and write the permutation associated to this factor, e.g., (I, J),
as clearer connections between different formulae can be established by harnessing the power of group theory
for permutations.

Let two basis vectors ey and e; have grades m = |I| and m’ = |J|. As defined in Section 2.2, let (I,J) =
{#1y. -+, %m,J1,--.,Jm’ } be the concatenation of the two index lists I and J, let o(I,J) denote the signature
of the permutation sorting the elements of this concatenated list. Then, the exterior product of e; and e is
defined as

e[/\eJ:O'(I,J)e]+J. (5)

The exterior product is thus either zero or a multivector of grade |I| + |J|, since o(I, J) = 0 when the lists I
and J have elements in common. The unit scalar (multivector of grade 0) is an identity of the exterior product,
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as 1 ANer = er A1l = er. The exterior product provides a construction of the basis vector ey, with I an ordered
list I = (41,...,%m), from the canonical basis vectors e;, namely

el:eil/\eiQ/\"’/\ei,n- (6)

When I = (), we adopt the usual convention that the right-hand side is 1.

We next define two generalizations of the dot product, the left and right interior products. Let e; and e; be
two basis vectors of respective grades |I| and |J|. The left interior product, denoted by _, is defined as
Arro(J\ I, Depny, ifICJ,
er_ley = 19 (J\ Jea . (7)
0, otherwise.

Although we might have overloaded the meaning of o(J \ I,I) to be zero when I ¢ J, we prefer to list the
separate cases in (7). The vector e ; has grade |J| — |I| and is indexed by the elements of J not in common
with I. The use of the word left represents the fact that er acts from the left on e; and removes the elements
in I from J.

Analogously, the right interior product, denoted by L, of two basis vectors e; and e is defined as

(8)

A I,J\1 if I C
esL ey = IIU( , \ )e.]\I: 1 = =.77
0, otherwise.

As in the previous case, the use of the word right represents the fact that e; acts from the right on e; and
removes the elements in I from J. The unit scalar (multivector of grade 0) acting from the left (resp. right) is
an identity of the left (resp. right) interior product, as 1 _1e; =erL_ 1 =ey.

It proves instructive to evaluate the left and right interior products between two multivectors of the same
grade, i.e., if |I| = |J|. From (7) and (8), and taking into account that o(@, K) = o(K,0) = 1 for an ordered
list K, and that ey = 1, we see that

ej_ley=ejLer =erj-ey, if‘I‘Z‘JL (9)

supporting the idea that the interior products generalize the dot product. Both interior products are grade-
lowering operations, as the interior product is either zero or a multivector of grade |J| — |I|.

Finally, we define the complement of a multivector. For a multivector e; with grade m, its Grassmann or
Hodge complement, denoted by e}, is the unit (k + n — m)-vector

e}{ :A]]O'(I,]C)QIC, (10)

where I°¢ is the complement of the list I and o(1,¢) is the signature of the permutation sorting the elements
of the concatenated list (I,¢) containing all space-time indices. In other words, ere is the basis multivector
of grade k + n — m whose indices are in the complement of I. In addition, we define the inverse complement
transformation as

e}{ ! :Ajcjco'(fc,])e[c. (11)

The interior products are not independent operations from the exterior product, as they can be expressed in
terms of the latter, the Hodge complement and its inverse:
-1
er_ley = (e;/\e}{)H y (12)
-1

esLer = (ef /\eI)H. (13)
The vector calculus cross product between two vectors in R® can be expressed in several alternative ways
in terms of the interior, and exterior products and Hodge dual [14] (Equation (18)). This fact allows us to

distinguish various roles that the cross product takes in Maxwell equations and lies at the origin of generalized
electromagnetism described by multivectors in generic flat space-time [15].

2.4 Matrix Vector Spaces

We do not need to consider general tensor fields but rather the matrix field (vector) space whose basis elements
can be represented as wry, r,, where both I; and I are ordered lists of nonrepeated ¢; and /> elements,
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respectively. We may identify these basis elements with the tensor product of two multivectors of grade ¢; and
{2, namely

Wi, 1, =€ ®er,. (14)
The dimension of the vector space spanned by these basis elements is (kz;") (kgn); the elements of this vector
space can be identified with matrices A whose rows and columns are indexed by lists, I1 € Z;, and I € Zy,,
respectively,

A= Z ar 1, Wiy, Iy- (15)

€Ty, 12€Ty,

The transpose of a matrix element w, 1,, denoted as wlTl I, is defined as wr, 1, . These matrices, the underlying
vector space, and the operations that we describe next are fundamental in the study of changes of coordinates
in space-time. However, consideration of these changes is beyond the scope of this paper. To any extent, this
short section provides a perspective on matrices from the point of view of exterior algebra, highlighting the
connections between multivectors and matrices, and bypassing the standard introduction of tensor fields.

As we did with multivectors, we consider the dot product - of two arbitrary matrix basis elements wy, 1, and
W, ,J,. This dot product is written

Wi I W, gs = An g AL, (16)
The ordering within the pairs (I1,I2) and (Ji, J2) is important in (16). This dot product, when applied to two

matrices, is seen to give their Frobenius inner product, or equivalently, the square of the Frobenius norm (also
known as the Hilbert—-Schmidt norm) [20] when the product is of a matrix with itself.

We also define the matrix product x between two matrix basis elements wy j and wg 1, as
Wi,0 X Wi, L =WI,LAJK, (17)

an operation that coincides with the standard product of two matrices for matrices labeled by spatial indices.
For square matrices A indexed by grade m multivectors, it is natural to define the matrix inverse (whenever
the inverse exists), denoted as A~! such that A=' x A =1,, = A x A™', where the grade £ square identity
matrix, denoted by I, is given by

I( = Z A[[WI,[. (18)

=

Last, we define the matrix product x between a matrix wr,; and a multivector ex (or between a multivector
ex and the matrix wy r, i.e., the transpose of wr ) as

Wr,Jg X €K = €K ><WJ,I:e[AJK7 (19)

a generalization of the idea of multiplication of a row (or column) vector by a matrix.

2.5 Exterior and Matrix Calculus

In vector calculus, extensive use is made of the partial time derivative, 0, and the nabla operator V of partial
space derivatives. In our case, we need the generalization to (k,n) space-time to the differential vector operator

9, defined as (=00, —01,..., —Ok—1,0k,...,0k+n—1), that is,
=> Aie. (20)
=

As was done in [14] (Section 3), we define the exterior derivative, & A a, of a given multivector field a of grade
m as
ONa= Z Aiid(i, I)Bial €i471. (21)

€L IELy, il

The grade of the exterior derivative of a is m + 1, unless m = k + n, in which case the exterior derivative is
zero. In addition, we define the interior derivative, & _I a, of a as

O_la= Z U(I\i,i)&;afel\i. (22)

i€, I€Ty: i€]

The grade of the interior derivative of a is m — 1, unless m = 0, in which case the interior derivative is zero.

5
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The formulae for the exterior and interior derivatives allow us to recover some standard formulae in vector
calculus. For a scalar function ¢, its gradient is given by its exterior derivative V¢ = 8 A ¢, while for a vector
field v, its divergence V - v is given by its interior derivative V -v = 8 _1v. Also, for a vector fields v in
R?, taking into account [14] (Equation (18)), the curl can be variously expressed as V x v = (VA v)" ' =
vavtli=v. v* thereby generalizing both the cross product and the curl to grade m vector fields in
space-time algebras with different dimensions. Specific vector calculus formulae such as that for the divergence
of a gradient or the curl of the curl of a vector can be seen as instances of general exterior calculus formulae

such as [14] (Equation (38)) and [15] (Equation (35)),
d_1(anb)=a(d -b)—(8-a)b, (23)
8-(aab)=(8Aa)-b+ (-1)FH(@_b)-a, (24)

where in (23), a and b are 1-vectors, while in (24), a and b are (s — 1)-vector and s-vector, respectively.

The exterior and interior derivatives satisfy the property & A (0 Aa) =0 = 8 1 (8 1 a), for a general twice-
differentiable multivector field a. These identities imply the well-known facts that the curl of the gradient and
the divergence of the curl are zero.

The circulation C(a, V*) and the flux F(a, V*) of a multivector field a over an /-dimensional space-time hyper-
volume V* are defined as integrals of interior products of the field with infinitesimal integration volumes:

c@v)= [ dxia (25)
vl

F(a, V9 :/ d'x"" Ja. (26)
Vi

As a specific example for (26), the flux of a field over an (k+n)-dimensional hypervolume is the volume integral
of the field. For both of these operations, the interior product in the integrand is expressed as a differential
form, which allows us to invoke the theory of differential forms to prove a Stokes theorem. This Stokes theorem
relates the circulation (resp. the flux) of the field over the boundary of some hypervolume to the circulation
(resp. flux) over the same hypervolume of the exterior (resp. interior) derivative of the multivector field.

We also define the tensor derivative of a, & ® a, of a given vector field a of grade m as

dwa= >  Audiarwir, (27)

i€T,IE€T,

where w; 7 is a matrix vector space basis element.

To conclude this section, we define a derivative operator with respect to an element of a vector space, e.g.,
a multivector field or a matrix. A relevant example of vector derivative operator is 8, where the derivative
is taken with respect to the position vector x. In general, the vector derivative operator with respect to a
multivector field a of grade m (resp. matrix A of dimensions ¢1 X ¢2) is a multivector field (resp. matrix)
denoted by Oa (resp. da) [21] and given by

0 0

Oa=2 = 3 Aper 2 28
oa IEZI;W, 1 B )
0 0

oA = A = g AIIAJJWI,JaaI P (29)

I€Ty,,JETy,

Specifically, we shall later need the exterior vector derivative of a scalar function g(x), denoted by 9a A g(x)
or with some abuse of notation simply by da g(x), and given by

dg(x)
da A g(x) = 0a g(x) :IEXI) Arrer=5 =, (30)

and similarly for the matrix derivative. This exterior vector derivative is thus some form of generalized gradient.
We shall need the derivative of a scalar function given by a quadratic form in the field and/or its interior or
exterior derivatives. Let a and b represent two vectors of the same grade. Evaluation of the vector derivatives
is straightforward and coincides with the infinitesimal calculus expressions [21]:

Oa(a-a)=2a (31)
Oa(a-b)=Db. (32)
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3 Principle of Stationary Action: Derivation of the Euler—Lagrange Equations

3.1 General Case: Lagrangian Dependent on the Tensor Derivative

As we briefly reviewed in the Introduction, in classical mechanics, one defines the action S as a scalar quantity,
with units of energy x time, that encodes the dynamical evolution of a physical system. Mathematically,
the action S is an integral functional of the trajectory or path over space-time, or of the Lagrangian density
L(x) for field theories, followed by the physical system. The principle of stationary action states the the path
actually followed by the system, e.g., the field dynamics, corresponds to a stationary point of the action [1]

(Ch. 19), [2]
(Section 8).

In general, the application of the principle of stationary action gives the EulerLagrange equations, which
describe the dynamics of the system [3] (Section 1.3), [4] (Section 3.1), [5] (Section 7.2). We start by reviewing
how to obtain these equations in coordinate-free form with tensorial notation. Differently from the usual
approach, that gives the dynamics for the individual components of the field, our coordinate-free derivation
directly works with some twice-differentiable multivector field a of grade s and its tensor derivative 8 ® a in
(27).

For a given region R that comprises the physical system under consideration, let the action S(a) be given by

S(a) = /R A% L(a, 8 @ a). (33)

We assume that the region R is large enough to make the physical system closed, and that the fields decay fast
enough over R so that the flux of the fields over the boundary of R is negligible. We note that the Lagrangian
density L is a real-valued function of the ('HS'") components of a and the (k + n) (’“S'") components of 8 ® a,
and the Lagrangian density does not depend explicitly on the space-time components.

Let the field a be infinitesimally perturbed by an amount a., possibly dependent on the space-time coordinates,
so that the field is transformed as a — a+a. and the tensor derivative is transformed as d®a — d®a+9®a..
We assume that a. is twice differentiable. We can expand the Lagrangian density in a first-order multivariate
Taylor series, where the matrix of partial derivatives with respect to the (k+n+ 1) (kt”) variables is a block
matrix having along the diagonal the vector derivatives 0oL and dagal of the density £ with respect to the
field a and its tensorial derivative Opga, defined in (28) and (29), respectively. Neglecting terms of second and
higher order in the perturbation a. and grouping terms in the Taylor series yields

Sa+a.) = / "% (L4 (9aL) - 8 + (9ozaL) - (D @ ac) ). (34)
R

We may thus evaluate the first-order change of action 6§ as
55 = S(a+a.) — S(a) = / 47 (DaL) - 2 + (Dpzal) - (D ® a0)), (35)
R

always neglecting all the contributions of order (a.)? or higher in the action change.

Next, we note the following Leibniz product rule, an equality between scalar quantities proved in Appendix
A.1, for a multivector field a and a matrix field B with basis w; s, involving the product x defined in (19),

9-Bxa)=(0xB)-a+B-(d®a). (36)

Choosing a = a. and B = 9sgaL in (36), we can then rewrite Equation (35) as

38 :/ "7 (0aL = 8 x (9psaL) ) -2 +/ "% - ((9owaL) x ac). (37)
R R

We identify the second integrand with a flux (26) over an (k 4+ n)-dimensional hypervolume R and use the
Stokes theorem [14] (Section 3.5) to rewrite the flux of the interior derivative of a vector field as the flux of
the field itself across the region boundary OR. The second integral in (37) then vanishes if we assume that the
field a and its perturbation a. vanish sufficiently fast at infinity. Under this assumption, if the change of action
is zero for any perturbation of the field a., the integrand in the first summand of (37) must be identically



C. An exterior-algebraic derivation of the Euler-Lagrange equations 81

zero. Setting to zero the quantity between parentheses in the integrand yields the coordinate-free form of the
Euler-Lagrangian equations,

Bal = 8 x (Dagal), (38)
oL oL
Ezax(a(a@@a))' (39)

Both expressions in (38) and (39) are equivalent since they only differ in the notation for the vector derivative.
It is also possible to recover a component form of the Euler-Lagrange equations from (39) [3] (Section 1.3), [4]
(Section 3.1), [5] (Section 7.2). Explicitly writing out the definitions in (28) and (29), we obtain the standard

formula for each I € Z,,,
oL oL
72 = 2050 ) (o)

i€L

In general, the use of coordinate-free expression as in (39) is closer to the common practice of vector calculus
and allows us to better identify the algebraic structure of the underlying equations, which gets obscured when
the components are used. Moreover, expressions as (39) are better suited to generalizations, or more properly,
particularizations, to exterior calculus when the Lagrangian depends on the exterior and interior derivatives of
the field, rather than the tensor derivative. This case is explored and analyzed in the next subsection.

3.2 Derivation of the Euler-Lagrange Equations in Exterior Algebraic Form

For electromagnetism, the Lagrangian density £(x) is a function of the vector potential A, the bivector field
F, and the source density vector J. Expressed in exterior calculus notation, the Lagrangian density is given by

L(x) =-iF-F+J-A. (41)

Remark 3.1. If the field is represented by an antisymmetric tensor of rank 2, the factor before F - F becomes
—1 to account for the repeated sum over pairs of indices [3] (Section 1.5), [4] (Section 3.5), [2] (Section 27). q

The Lagrangian density depends on the field through the potential A and its exterior derivative F = 8 A A
[15] (Section 3). Instead of using (39), which was derived from the assumption that the Lagrangian density
depends explicitly only the field and its tensor derivative, it is worth obtaining the Euler-Lagrange equations
when the Lagrangian density is a function of a generic multivector field a of grade s, and its exterior and
interior derivatives.

As in (33), for a given region R that comprises the physical system under consideration, and assumed to be
large enough to make the physical system closed so that the fields decay fast enough over R and the flux of
the fields over the boundary of R is arbitrarily small, the action S(a) is given by the integral

S(a) = /R A% £(a, 8 Aa, &1 a). (42)

Again, for an infinitesimal perturbation of the field a., and neglecting all the contributions of order (ac)? or
higher in the Taylor expansion of the Lagrangian density and the action, the first-order change in action S is
given by

58 = / d’”"x((aam ‘. + (Opral) - (B Aa) + (Fp L) - (8 ag)). (43)

From (35) in [15], given a vector a and a vector b of grade gr(a) + 1, the Leibniz product rule in (24) holds.
Choosing a = a. and b = Jaral (resp. a = 0y ,L£ and b = a.) in the second (resp. third) summand inside
the integral, substituting these values in (24) and the result back into (43), we obtain
s =/ dk+"x(6a£ + (=1 1 (Baral) —(=1)*7'OA (63_,a£)) -a.
+ [ d X (ag 1 (Bonal)  + (—1)*(Fp_al) 2 as) . (44)
In the second integrand, a flux over the (k 4+ n)-dimensional region R, the Stokes theorem [14] (Section 3.5)

allows us to rewrite the flux of the interior derivative as the flux across the region boundary OR. As both the
field a and its perturbation a. vanish sufficiently fast at infinity, the first-order change in action is given by

53:/ @7 (00l (~1)°10 3 (Bonall) — (1) DA (9p0L)) - (45)
R

8
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and the principle of stationary action, namely that the first-order change in action identically vanishes, leads
to the coordinate-free form of the Euler—Lagrange equations, in one of the two equivalent forms:

Bal = (—1)°8 1 (Donal) — (—1)°0 A (9. L) (46)
Ye \ Ye \ Ye
5= (Do (78(6/\a))—(—1)8/\(78(8_“1)). (47)

It might appear that the tensorial and multivectorial expressions in (39) and (47) differ. If the Lagrangian den-
sity depends on the tensor derivative only through the interior and exterior derivatives, we verify in Appendix
A.2 that both expressions are indeed identical and the following identity holds:

oL s oL s oL
2 (wsw) =00 (swrm) -0 (o5w) )
4 Application to Generalized Electromagnetism: Maxwell Equations

4.1 Generalized Maxwell Equations

As application of the methods derived in the previous section, we study the generalized Maxwell equations [15]
and their associated fields. For a given natural number r, the Maxwell field F(x) and the generalized source
density J(x) are respectively characterized by multivector fields of grade r and r — 1 at every point x of the
flat (k, n)-space-time [15] (Section 3). The potential field A(x) is a multivector field of grade r — 1 such that

F=0AA. (49)

If we replace the potential A by a new field A’ = A + A + 8 A G, where A is a constant (r — 1)-vector and G
is an (r — 2)-vector gauge field, the homogenous Maxwell Equation (51) is unchanged [15] (Section 3). For a
given Maxwell field, there is therefore some unavoidable (gauge) ambiguity on the value of the vector potential.

Scalar fields are given by the vector potential by setting » = 1 in Minkowski space-time, namely k = 1 and
n = 3. For classical electromagnetism (r = 2, k = 1, n = 3), the bivector field is usually expressed as an
antisymmetric tensor of rank 2; electrostatics and magnetostatics are recovered for k = 0, n = 3, by setting
r =1 and r = 2, respectively. The generalized Maxwell equations for arbitrary values of r, k, and n are the
following pair of coupled differential equations:

O1F =17, (50)
OAF =0. (51)

The interior derivative in (50) and the exterior derivative in (51) are respectively defined in (22) and (21). As
we stated in Section 2.5, the interior derivative lowers the grade by one, while the exterior derivative increases
the grade by one; therefore, Equation (50) is an identity of (r — 1)-vectors while Equation (51) is an identity
of (r + 1)-vectors.

4.2 Lagrangian Density for Generalized Electromagnetism

For electromagnetism, the Lagrangian density £(x) is a function of the potential A, the Maxwell field F, and
the source density J. Expressed in exterior calculus notation, we postulate the generalized Lagrangian density
to be

E(x):¥F~F+J-A. (52)

For classical electromagnetism (r = 2, k = 1, n = 3), if the field is expressed as an antisymmetric tensor of
rank 2 the factor before F - F' becomes 7i, see Remark 1. In contrast, for electrostatics (r =1, k=0, n = 3),
the Lagrangian density is given by £ = %E - E + p¢, where E is the electric field, p the charge density, and ¢
is the opposite in sign of the usual electric potential, that is, E = 8 A ¢ = V¢ [1] (Ch. 19).

While the Lagrangian in (52) leads to the generalized Maxwell Equations (50) and (51), as we shall see in the
following section, it is not the most general Lagrangian associated to electromagnetism. Two terms that can
be added to it respectively deal with the hypothetical mass of the photon, that is, the Proca term [4] (p. 107),
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[22] (Section 12.8), and a gauge-fixing term that appears in the context of quantization of the electromagnetic
field [3] (Section I1.7), [4] (Section 7.1). This general Lagrangian density for electromagnetism is now given by

(-1

_ r—1
ﬁ(x):%F~F+J~A—%WL2A~A+T(3_| A)- (8 A), (53)
where m is the hypothetical photon mass and & is a parameter that determines the so-called R gauge; for

¢ = 1, we have the Feynman gauge, and in the limit £ — 0, we have the Landau gauge.

4.3 Euler-Lagrange Equations

For Lagrangian densities such as (52) or (53), which are essentially quadratic forms in the field and/or its
interior or exterior derivatives, evaluation of the vector derivatives is straightforward, as the derivative has the
same form as that obtained in infinitesimal calculus for the derivative of a polynomial (31) and (32). For the
Lagrangian density in (52), evaluation of the derivatives in the Euler-Lagrange Equation (47) give

oaL =1J, (54)
doral = (—1)"" (D AA), (55)
from which the Euler-Lagrange equations themselves (46), with s = r — 1, can be expressed as
J=01(NA)=0_F, (56)
namely the generalized nonhomogenous Maxwell Equation (50) for arbitrary =, k, and n. The homogeneous

Maxwell Equation (51) is also satisfied as a consequence of the definition of F = 8 A A.

The exterior algebraic formulation of the Lagrangian and the Euler-Lagrange equations brings the advantage
of allowing for a more direct derivation of the Maxwell equations, since evaluation of the vector derivatives
mimicks more closely the steps carried out in usual differential calculus to evaluate the derivatives.

The factor (—1)""! in the Lagrangian density is needed to compensate for the identical term (—1)""! that
appears in the Euler-Lagrange Equation (47). An alternative way of writing the Lagrangian density, without
this sign factor, would involve replacing one of the exterior derivatives & A A by a right exterior derivative
A A 8, where the partial derivative operator is understood to act from the right on the potential. In this case,
the skew commutativity of the wedge product, & A A = (—1)""'(A A 8) [14] (Section 2.2), cancels the sign in
the Lagrangian density and results in a somewhat neater expression for it.

As for the Lagrangian density in (53), evaluation of the derivatives in the Euler-Lagrange Equation (47) give

oAl =J —m>A, (57)
doral = (—1)"" (B AA), (58)
Oy AL = (71)“1%(3_. A), (59)

from which the Euler-Lagrange Equation (46) with the Proca and quantization Re¢-gauge terms become

8_|(6/\A)+m2A:J+%8/\(8_|A). (60)

Using the relationship (34) in [15], we may rewrite (60) in an alternative form with a wave equation,

(-1)" 8- 8)A+m*A =T+ (% 71)8/\(84 A), (61)

which somewhat simplifies in the Feynman gauge, for which £ = 1.

4.4 Dual Generalized Maxwell Equations

An interesting dual form of Maxwell equations is obtained by swapping the roles played by the interior and
exterior derivatives in the Lagrangian density and the Maxwell equations themselves. Let the “potential” A
and “source density” J be multivectors of grade s, and let us define a dual Maxwell field F of grade r = s — 1

by F =8 _ A. The Lagrangian density is now given by

L(x) = %(84 A) - (81A)+T-A (62)
- %(B_I A)-(ALd)+7-A, (63)

10
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where we used the relationship between left and right interior derivatives & 1 A = (—1)*T'(A L 8) to write
(63). Direct evaluation of the Euler—Lagrange Equation (47), with r = s — 1, gives

J=8AF. (64)

This nonhomogeneous “Maxwell” equation is complemented by a homogeneous equation & _1 F = 0, itself a
consequence of the definition of F as F =89 _1 A.

As it happened with the generalized Maxwell equations, the exterior algebraic formulation of the Lagrangian
and the Euler-Lagrange equations allows for a more direct derivation of the dual Maxwell equations. An
interesting question, which we do not dwell upon as it lies beyond the scope of this paper, is whether the
physics of the dual Maxwell equations is different from the usual Maxwell equations, or simply involves a
transformation of the fields, potential, and source density, with no new phenomena. Along this direction, and
leaving the details left as an exercise to the reader, it is relatively easy to verify that one obtains a wave
equation relating A and J in a “Lorenz gauge” where & A A = 0. Solutions to this wave equation have several
independent degrees of freedom or polarizations. The number of these polarizations is (kfff), as for the
standard Maxwell Equation [15] (Section 4.3); this number can be justified as the number of possible (r + 1)-
vectors where two dimensions, one temporal and one spatial are fixed, and the remaining r +1 -2 =r — 1
indices have to be filled with k +n — 2 possible values. We also have a “Lorentz force” density f = J L F such
that a conservation law holds for the stress—energy-momentum tensor Tem of the field [15] (Appendix A.2), as
for the usual Maxwell equations.

A

A.1 Proof of the Leibniz Product Rule in (36)

Let us consider a multivector field a of grade m and a matrix field B with basis w;, 1 = e; ® er, where |I| = m.
Using the definitions of dot and matrix product (4) and (19), the first term of the right-hand side of (36) is
evaluated as

(dxB)-a= ( Z Ajidibj re; X (e; ® eJ)) . ( Z ay el> (65)

1,JEL,JELm, I€Lm,
= < Z &-bi,(; eJ> . <Z ar e[) (66)
€L, JELm I€Zm
= Z Arrardibir, (67)
€L, IETy,

where in (65), we wrote the components of 8B and a, in (66), we computed the matrix product and removed
the j index, and in (67), we carried out the dot product and removed the J index.

In turn, the second term in the right-hand side of (36) can similarly be evaluated using the dot and times
products in (16) and (19) as

B (0®a)= < Z birei ® e1> . ( Z Ajj0ia e ®eJ> (68)

€L, IE€Tm JEL,JELm

Z Aqrbi0iag. (69)

(€L, IE€T,

Next, using again the definitions of dot and matrix product (4) and (17), the left-hand side of (36) becomes

9 -(Bxa)= <Z Aiz“%‘(,i) : ( Z Z arbj,s(e; ® es) x e1> (70)

i

i€ I€Ty JET,JETm
7]
= <Z Aiiei%) . ( Z alb/',IAIIej> (71)
i€T JELIEL,
= > Audi(arbi). (72)
i€, 1€y,

Summing (67) and (69) and applying the rule for the derivative of a product yields the desired (36).

11



oL

C. An exterior—-algebraic derivation of the Euler-Lagrange equations 85

A.2 Identity between Tensorial and Exterior Algebraic Euler—Lagrange Equations

Since both the exterior and interior derivatives are surjective linear functions of the tensor derivative, the
respective vector derivatives of the Lagrangian density are related. Each component of the exterior and interior
derivatives (21) and (22) is a scalar (affine) function of several distinct components of the tensor derivative. The
Lagrangian density depends on the components of the tensor derivative only through these scalar functions.
We thus need to compute the derivative of a function £(g1(z),...,ge(z)), where z stands for a vector with
the ¢/ = (k + n)(H") components of the tensor derivative, and (g1,...,g¢) are the (differentiable) functions
that give the components of the exterior (resp. interior) derivative from the tensor derivative, where £ = ('Zj:’f)
(resp. £ = (kf”)) By construction, a given z, = dja; appears only in one g;(z), the I component of either the
exterior or the interior derivative. In the former case, I = j + J, in the latter case I = J \ j. .

From the definition of partial derivative, and for any ¢ = 1,..., ¢, we have the relation
L ey Gi hy.o.., - L ey
oL L@ giD) e 9e(2) — £(1(2), - 90(2) -
0gi(z)  h—0 h

Then, assuming that %(:) # 0 and defining hj, =
the partial derivative z = djas appears g;(z),

, 0gi(z)
Ozk

where we used the differentiablility of the function g;. Substituting (74) back into (73) yields

a-#’ we can then write for every value of k such that
9i /02,

gl(z)+h:gl( )+h :gl(zlv"'vzk+h;k7~~'7zl’)1 (74)

E(gl(z)v' B 791'(21"' "y 2k T+ hgkv' "7Z€’)" B 794(2)) - E(g1(Z),- B 794(2)) )

0gi(z)

1
= li
0gi [0z h;irgo hl

(75)

Since the z; component appears only in one of the functions g;, the limit in (75) is the partial derivative of the
Lagrangian density with respect to the kth component of the tensor derivative, for any k, that is,

oL 1 oL

— = . 76
0gi(z)  0gi/0zk Ozk (76)
We now proceed to evaluate the vector derivative with respect to the exterior derivative. First, we have
A 7
8/\a) > 83/\ 1er, (77)

I€Zsy

where the Ith component of the exterior derivative, (8 A a); is the equivalent of g;(z) in (76). The equivalent
of k is any pair of j and J € Z, such that I = j + J and the corresponding zj, is Jja;. The partial derivative
9gi [0z in (76) is thus Ajjo(j, J), of value £1, and we therefore have for any pair of ¢ and J € Zs such that
I =j+ J that

oL 1 oL . oL
D@ A DG D) 0an) 7 oy )
Substituting (78) back in (77) yields
oL
Hora) > 8(8 < )A]]AIIJ(]v Jer, (79)

I€T 4y

where j and J are any pair such that I = j + J. Now, taking the interior derivative of (79), we obtain for any

j,J such that I =5+ J,
oL oL
A= Ajie;0; A4 )
o (8(8/\11)) ZEZI €;i0; <IEIZ+ 5@,a,) 110(j J)e1> (80)

= > Aulno (aiﬁ>o(i, I\i)o(I\i,i)en:, (81)

(€T, IET 4y HET 9(diani)
where we have selected j = ¢ and, therefore, J = I\ i. We also note that o (i, I \ i)o(I \ %,i) = (—=1)°.

We now evaluate the vector derivative with respect to the interior derivative in an analogous manner,

a_,a Z 3 AHU(J\J}J')GI, (82)

IeT,_

12
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where j and J are any pair such that I = J\ j. Now, taking the exterior derivative of (82), we obtain, for any
J,J such that I = J\ j,

oL or N
O N (m) = ;Aiieiai A (IE;I WAHJ(J \]7])91> (83)
= Z AiiAIIai(%)J([,i)a’(i,[)ei_*_h (84)

€T, 1€T,_1:igl
where we have selected j = i and, therefore, J = i 4+ I. We also note that o(I,i)o(i,I) = (=1)*"".

Putting (81) and (84), as well as the relationships between the product of permutation signatures, back into
the right-hand side of (48) yields the expression

oL oL
Z AiiA116i<a(Tal\i)>eI\i + Z AiiA110; (W)ei“' (85)

i€T, €T,y el I€T,IET,_1:i¢l

Since the basis elements are multivectors with s components, we may rewrite (85) as

> A,,a(%)eﬁ > Anai(%)ef. (86)

1€L,IELs:i¢] i€Z,I€Lsie]

The two summations in (85) might be further combined in a single summation over I € Z,. The resulting
expression coincides with the left-hand side of (48), which can be expanded using the computation in (40) into

> A,,&(%)e[. (87)

i,I€T,
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An exterior-algebraic derivation of the symmetric
stress-energy-momentum tensor in flat space-time *

ALFONSO MARTINEZ!, JOSEP FONT-SEGURAY, IvaANO CoLomMBAROS 1

Abstract

This paper characterizes the symmetric rank-2 stress-energy-momentum tensor associated with
fields whose Lagrangian densities are expressed as the dot product of two multivector fields, e.
g., scalar or gauge fields, in flat space-time. The tensor is derived by a direct application of
exterior-algebraic methods to deal with the invariance of the action to infinitesimal space-time
translations; this direct derivation avoids the use of the canonical tensor. Formulas for the tensor
components and for the tensor itself are derived for generic values of the multivector grade s and of
the number of time and space dimensions, k and n, respectively. A simple, coordinate-free, closed-
form expression for the interior derivative (divergence) of the symmetric stress-energy-momentum
tensor is also obtained: this expression provides a natural generalization of the Lorentz force that
appears in the context of the electromagnetic theory. Applications of the formulas derived in this
paper to the cases of generalized electromagnetism, Proca action, Yang-Mills fields and conformal
invariance are briefly discussed.

Keywords— exterior calculus, exterior algebra, stress-energy-momentum tensor, conservation laws, Lagrangian,
multivector fields

1 Introduction: derivations of the symmetric stress-energy-momentum tensor

The stress-energy-momentum (SEM) tensor, a symmetric, rank-2 tensor indexed by pairs of space-time indices,
describes the flux of energy-momentum across regions of space-time; in a related manner, its divergence is used
to express the conservation law for energy-momentum of isolated systems. In a different context, general
relativity, the manifestly symmetric SEM tensor is also the source of the gravitational field. Both reasons
amply support the importance of this tensor in mathematical physics. For electromagnetism, the SEM tensor
combines the density of energy (component with time-time indices), the Poynting vector (components with
space-time indices) and the Maxwell stress tensor (components with space-space indices) [1, Sect. 33], [2, Sect.
12.10]. Moreover, the divergence of the SEM tensor is (minus) the Lorentz force [1, Sect. 33],[2, Sect. 12.10]
that describes the effect of transfer of energy-momentum from the field to the charges.

In the context of field theories, the usual derivation of the SEM builds on the Lagrangian density and relates
the invariance of the action with respect to infinitesimal space-time translations via Noether’s theorem to the
existence of a conserved current, which is in turn identified with the SEM tensor (3, 4], [5, Sect. 3.2], [6, Sect.
2.5]. However, the canonical tensor obtained in this way is not necessarily symmetric and not necessarily
gauge-independent for gauge theories. In order to symmetrize the canonical tensor, the Belinfante-Rosenfeld
procedure is often used [3, 4], [6, Sect. 2.5]. An alternative method that directly leads to a symmetric SEM
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TEC2016-78434-C3-1-R and BES-2017-081360. Published in: FEwr. Phys. J. Plus 136, 212 (2021). DOI:
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tensor builds on the invariance of the action to variations in the Einstein-Hilbert space-time metric [3, 4]. In
parallel, the study of generalized SEM tensors using the formalism of fiber bundles is a fertile area of research
in mathematical physics [7, 8].

In this paper, we consider field theories whose Lagrangian densities can be expressed as linear combinations
of the dot products of some pairs of multivector fields a and b of the same grade. We apply exterior-algebraic
methods to deal with the invariance of the action of closed systems under infinitesimal space-time translations;
Sect. 2 provides a brief introduction to the necessary concepts of exterior algebra, including the formulation
of the action for several field theories in exterior-algebraic terms. By means of a direct derivation that avoids
the canonical tensor and yields a symmetric SEM tensor, we provide in Sect. 3 several alternative, equivalent
formulas for the SEM components and for the SEM tensor Ta.p itself for generic values of the multivector
grade s,

Tab=(-1)°(a@b+anb), (1)
where the operations ® and @® are defined in Sect. 2.4. A simple, coordinate-free, closed-form expression for the
interior derivative (divergence) of the SEM tensor, expressed in terms of the interior and exterior derivatives
of multivector fields, respectively, denoted by 8_1 and A and defined in Sect. 2.2, is also obtained:

O 1Tapb=a_1(0Ab)+b_1(0Na)—alL (0d_1b)—bL (0_a). (2)

This formula provides a natural generalization of the electromagnetic Lorentz force. Applications of the for-
mulas derived in this paper to the cases of generalized electromagnetism (including scalar fields and electro-
magnetism), Proca action, Yang-Mills fields and conformal invariance are briefly discussed in Sect. 4.

2 Fundamentals of exterior algebra: notation and definitions

2.1 Multivectors

We consider a flat space-time R**™ with & temporal dimensions and n spatial dimensions. We represent the

canonical basis of this (k,n)- or (k + n)-space-time by {e;}*77"~!; we adopt the convention that the first k
indices, i. e., 4 =0,...,k — 1, correspond to time components while the indices i = k, ...,k + n — 1 represent
space components. Space and time have the same units and the speed of light is ¢ = 1. Points and position in

space-time are denoted by x, with components z; in the canonical basis {e; f;};“l.

In exterior algebra, one considers vector field spaces whose basis elements ey are indexed by lists I = (i1,...,%m)
drawn from Z,,, the set of all ordered lists with non-repeated m indices, with m € {0,1...,k + n}. We refer
to elements of these vector field spaces as multivector fields of grade m. A multivector field a(x) of grade m,
possibly a function of the position x, with components a;(x) in the canonical basis {e;}rez,, can be written
as

m

a(x) = Z ar(x)er. (3)
1€
The dimension of the vector space of all grade-m multivectors is (k:;"), the number of lists in Z,,. We denote
by |I| the length of a list I and by gr(a) the operation that returns the grade of a vector a.

2.2 Operations on multivectors

We next define several operations acting on multivectors; our presentation loosely follows [9, Sect. 2 and 3] and
[10, Sect. 2]. Introductions to exterior algebra from the perspective and language of differential forms can be
found in [11], [12]. 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. First, the dot
product - of two arbitrary grade-m basis vectors e; and e is defined as

er-e;=A0rg =Ny Digjp - Diyji s (4)
where I and J are the ordered lists I = (41,1i2,...,%m) and J = (j1,J2,...,Jm) and A;; = 0if i # j, and we let
time unit vectors e; have negative metric A;; = —1 and space unit vectors e; have positive metric A;; = +1.
Let two basis vectors e; and e; have grades m = |I| and m’ = |[J|. Let (I,J) = {i1,..,%m,J1,---,Gm’} b€

the concatenation of I and J, let o(1, J) denote the signature of the permutation sorting the elements of this
concatenated list of |I| + |J| indices, and let I + J, or (I, J) if the notation I + J is ambiguous in a given
context, denote the resulting sorted list. For a generic list I, let o(I) denote the signature of the permutation
sorting the elements of the list I. Then, the exterior product of e; and e is defined as

erNey=o(l,J)ert. (5)

2
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The exterior product is thus either zero or a vector of grade |I| 4+ |J|. The exterior product provides a
construction of the basis vector e, with I an ordered list I = (i1, ...,%m), from the canonical basis vectors e;,
namely

er =e; Nej, N~ Ne;,. (6)

We next define two generalizations of the dot product, the left and right interior products. Let e; and e be
two basis vectors of respective grades |I| and |J|. The left interior product, denoted by _1, is defined as

erde;=Aro(J\I,I)eyng, (7)

if I is a subset of J and zero otherwise. The vector e ;\; has grade |J| — |I| and is indexed by the elements of
J not in common with I. The right interior product, denoted by L., of two basis vectors e; and e is defined
as

erLey :AJJU(J,I\J)EI\J, (8)

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

We define the differential vector operator @ as (—do, =02, ..., —Ok—1,0k, ..., O0k+n—1), that is
k+n—1
i=0
As done in [9, Sect. 3], we define the exterior derivative of v, & A v, of a given vector field v of grade m as
arv=" Y Auo(i,I)divreisr. (10)
i I€ Ty i1

In addition, we define the interior derivative of v as @ _I v, namely

0_1v= Z o’([ \ i, z‘)&-v[el\i. (11)

G I€L i€l

The exterior and interior derivatives satisfy the property 8 A (@ Av) =0=98 1 (8 V).

2.3 Exterior-algebraic formulation of the Lagrangian densities and the action

We review how several Lagrangian densities may be written as the linear combination of dot products of pairs
of multivector fields. First, the free Lagrangian density for generalized electromagnetism [10] is given by

-1 r—1
Efree—gern = %F . F7 (12)

where F is a grade-r multivector field related to the generalized potential A, a multivector field of grade » — 1,
as F = OAA. This is a gauge theory, since replacing the potential A by a new field A’ = A+ A+ AG, where
A is a constant (r — 1)-vector and G is an (r — 2)-vector gauge field, leaves F and therefore the Lagrangian
unchanged.

The model in (12) subsumes a number of relevant cases. Setting r =1, k =1, n = 3, and A = ¢, gives the
scalar field Lagrangian [5, Sect. 3.3], [3, 4],

Efree—scalar = %(8 A ¢) . (6 A ¢) (13)

1 2
=3 ;Aii(aid)) . (14)

For electrostatics, we set r = 1, k = 0, n = 3, and the Lagrangian density [13, Ch. 19] is given by

1
Efree—es = EE . E7 (15)
where E is the electric field and ¢ is the opposite in sign of the usual electric potential, that is E = A ¢ = V.
For electromagnetism, we set r = 2, k = 1, n = 3; in this case, when the Lagrangian is expressed in terms of
the Faraday tensor, an antisymmetric tensor of rank 2, the factor before F - F becomes —1 to account for the

1
repeated sum over pairs of indices [1, Sect. 27|, [2, Sect. 12.10], [5, Sect. 3.5], [14, Sect. 1.5]. We have instead,

1
Lfree»em = 7§F -F. (16)
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In Yang-Mills theories in Minkowksi space-time, the multivector field takes values in a Lie algebra, and the
free Lagrangian density [5, Sect. 10.2], [3, 4], is given by

1
['free—ym = _7292 Tr(F . F) (17)
1
= —— F¢.F¢ 1
2 , (18)

where ¢ is a coupling parameter, (17) is the fundamental representation and (18) the form as an linear combi-
nation of real-valued multivector fields in a given representation of the Lie algebra.

In addition to the free Lagrangian density, the action may include interaction terms. For instance, we may have
a source density, a vector J(x) of grade (r — 1) [10], such that the generalized-electromagnetism Lagrangian
density [2, Sect. 12.7], is now

(71)r—1

S—F-F+J-A (19)

ﬁgem =
For this density, the requirement that the action is gauge invariant leads to the continuity equation for the
current density, & 1 J = 0. As shown in [10, Sect. 4], the generalized Lorentz force density remains a grade-1
vector, whose value coincides with the opposite in sign of the divergence of the stress-energy-momentum tensor
related to (19).

Alternatively, the free Lagrangian density in (16) may describe a generalized Proca equation [2, Sect. 12.8], [5,
p. 107] with mass m and Lagrangian density
1

Lfree-proca = _%F -F 4+ §m2A CA. (20)

In each of the cases we have described, namely (13), (15), (17), (19) and (20), one can construct an action
Ssys from the Lagrangian densities by integrating the density over a region R that comprises the system under
consideration. We shall assume that the region R is large enough to make the physical system closed, so that
an infinitesimal translation of space-time coordinates is a symmetry of the system and the action is invariant
under this translation. We shall also assume that the fields decay fast enough over R so that the flux of the
fields over the boundary of R is arbitrarily small. In general, we may write the action Ssys as

Says = /R d*rx (Z Yab (a- b)), (21)

namely an integral over R of a linear combination of dot products of properly selected pairs of multivector
fields a and b of the same degree, with respective coefficients va . We exploit this linearity to express the
stress-energy momentum tensor associated with the action (21) as a linear combination of tensors Ta.p, as we
shall see in Sect. 3.

2.4 Symmetric tensor field spaces

In addition to exterior-algebraic vector spaces, we also need to consider symmetric tensor field (vector) spaces
and matrix field (vector) spaces. The symmetric tensor field space has basis elements u; indexed by lists
J = (j1,...,Jr) drawn from J,, the set of all ordered lists of (possibly repeated) r indices. We refer to
elements of these vector spaces as symmetric tensors of rank r. The dimension of the vector space of rank-r
symmetric tensors is (k+":'r_1), the number of lists in J,. The dot product - of two arbitrary rank-r basis
vectors uy and uy is defined as

ur-uy = Ar = Ay Diggy - Dy (22)

where I and J are the ordered lists I = (i1,42,...,%,) and J = (j1, j2,...,jr). Let two basis vectors ur and u;
have respective grades m = |I| and m’ = |J|. Then, the symmetric tensor product of u; and uy is defined as

u;Vuy =usrqyg. (23)
We may thus construct the basis vector uy, with I € 7., from the canonical basis vectors elements e; as
uzzeiIVei2\/~-~Veir. (24)

We may also define the interior product between a multivector and a symmetric tensor. Let e; and uy be
two basis vectors of respective grade |I| and rank |J|. The interior product, indistinctly denoted by _1 or L, is
defined as

er | uJZUJI_GIZAUuJ\I, (25)

4
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if I is a subset of J and zero otherwise. In this case, left and right interior products coincide.

We shall need to consider only rank-2 symmetric tensors, as the stress-energy-momentum tensor is a symmetric
tensor field of rank 2, irrespective of the grade of the multivector fields and the number of space dimensions.
In this case, it will prove convenient to have two operations, ® and ®, that generate a rank-2 symmetric tensor
from a pair of multivectors of the same grade, a and b. These operations are, respectively, defined as

i<j
aG®b= Z(A”ei_l a) - (bLejAjj)uy;. (27)
i<j

While the tensor field basis u;; is symmetric in the pair (4, 7), that is u;; = uj;, the tensors defined in (26)
and (27) are not separately symmetric, as the coefficients multiplying u;;, for ¢ # j, are not symmetric over
the pair (z,7). However, for i # j, from [10, Eq. (22)], we have that

(A”el A\ a) . (b A ejA]‘j) = (A]‘]ej | a) . (b [ eiAM), (28)

and therefore the (i, j) coefficient of a ® b, with ¢ < j (resp. j > i), coincides with the value of the coefficient
(j,i) of a® b, with j > i (resp. j < i). Therefore, the sum tensor a® b + a ® b is indeed symmetric over the

pair (i, ).

2.5 Matrix vector spaces

We do not need consider general tensor fields, but rather the matrix field (vector) space whose basis elements
can be represented as wry, 1,, where both I; and I> are ordered lists of non-repeated ¢; and ¢z elements,
respectively. We may identify these basis elements with the tensor product of two multivectors of grade ¢; and
{3, namely

Wi, =€, ®ep,. (29)

The dimension of the vector space spanned by these basis elements is (kzrln) (kZ;”); the elements of this vector
space can be identified with matrices A whose rows and columns are indexed by lists of I; € Zy,,

A= Z ar 1, Wiy, Ip- (30)

€Ty I2€Ty,

The transpose of a matrix element wy, 1,, denoted as w}lh, is defined as wy,,1,. For ¢, = {2 = £, we also
define the grade-¢ square identity matrix, denoted by 1., as

1, = Z Arrwrg. (31)

I€T,

The dot product - of two arbitrary matrix elements wy, 1, and w, J, is defined as
Wi Iy Wiy J, = AL Aryg,. (32)

We also define the dot product between symmetric tensor and matrix basis elements, ur and w, ,, as

A]y] if I = I3 J1 J2
U Wy g, =Wy, U = ’ .( »J2) (33)
0, otherwise.
We define the matrix product x between two matrix basis elements w; ; and wg 1 as
Wr,g X WKL =W LAJK. (34)

For square matrices A indexed by grade-m multivectors, it is natural to define the matrix inverse, denoted as
A~! as the matrix such that A™' x A =1,, = Ax A~!. And lastly, we define the matrix product x between
a matrix wr s and a multivector ex (or between a multivector ex and the matrix wy,z, i.e., the transpose of
wr,7) as

Wi,Jg Xeg =eg X W T ZBIAJK. (35)
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3 Variational derivation of the symmetric energy-momentum tensor as conserved
current with respect to infinitesimal space-time translations

3.1 Introduction

In all the systems described in Sect. 2.3, namely (13), (15), (17), (19) and (20), we could construct an action Ssys
by integrating the Lagrangian density over a region R that comprises the physical system under consideration.
As we stated earlier, we assume that the region R is large enough to make the physical system closed, so that
an infinitesimal translation of space-time coordinates is a symmetry of the system and the action is invariant
under this change. We also assume that the fields decay fast enough over R so that the flux of the fields
over the boundary of R is arbitrarily small. The action for the physical system under consideration, Ssys was

written in (21) as
S = [ 4 (Z Yo (2 b)>, (36)
R a,b

namely an integral over R of a linear combination of dot products of properly selected pairs of multivector
fields a and b of the same degree, with respective coefficients va,b. We exploit this linearity to express the
stress-energy momentum tensor associated with the action (36) as a linear combination, with coefficients ¥a,b,
of tensors Ta.b, associated with Lagrangian densities a - b, namely

Tsys = Z’Ya,bTa-by (37)
a,b

where the tensor Ta.p is given by Tan = (—1)°(a®b+a® b) in (102), with components given in (82) and
(83),

Tab A“( > Agxaxbc— Y AKKaKbK>, (38)
KeZIs:i¢K KeIsneK
Tg-b == Z AKKU(E(L K)z‘«—»j) (as(i,K)bs(j,K) + bs(i,K)as(j,K))v (39)
KeT,_ 1:i,j¢K

where I;,; is a list of indices where the index ¢ in I is replaced by j, for a generic I. As we shall see, consideration
of the possible internal structure of the fields a or b, e. g., a = 8 A A in generalized electromagnetism or an
analogous formula for the Yang-Mills fields, may be circumvented to directly obtain the tensor components
(38)—(39) in terms of the components of the fields a and b appearing in the Lagrangian density.

Moreover, we prove in (127) that the interior derivative (divergence) of Tsys is given by

81 Tsys = Z“fa,b (at(@Ab)+bi(dAa)—aL (81b)—bL (81a)), (40)
a,b

in terms of interior and exterior derivatives of a and b. Assuming that infinitesimal space-time translations
are a symmetry of the system under consideration and that the fields decay sufficiently fast at the boundary
of the region R, this interior derivative is zero,

81Ty =0, (41)

which yields a conservation law for the energy-momentum of the system.

3.2 Action for the Lagrangian density a-b

The linearity of the action in (42) allows us to find the tensor and its interior derivative as a linear combination
of quantities derived from the Lagrangian density a - b and its action Sa.p, given by

Sas = / a7 (a- b). (42)
R

Let us shift the origin of coordinates by an infinitesimal perturbation € and denote by {e} and {e’}, respectively,
the original and shifted basis elements, both expressed in the original basis. In general, and with some abuse
of notation, we denote the components of a multivector a by a and a’ in the original and new coordinates
respectively. Along the i-th coordinate, the basis element e; is perturbed to first order by an infinitesimal
amount

e x (0®e), (43)
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where the Jacobian partial-derivative matrix & ® € is given by
ORe = ZAiiaiijij' (44)
2%

The j-th column of the Jacobian matrix contains the exterior derivative (gradient) of the j-th component of
the perturbation in the coordinates, ;. With the identity matrix in (31), which we simply denote as 1 since
the grade of the vectors in the Jacobian matrix for € is 1, and taking into account that e; = e; +e; X (0 ®¢€),
the following relationship between the basis {e} and {e'} holds for all i,

ei=e; x (1+0®e¢). (45)

In the new coordinates, the action in (42) becomes:
Sarpr = [ A" (@ b), (46)
R/

where R’ is the new integration region and the new differential integration element is d**"x’.

In the following subsections, after expressing the multivectors and the action in the new coordinates, we shall
first find the change in action §Sa.p related to this change of coordinates. Then, we shall link the differential
form expressing the change in action with the symmetric, rank-2 stress-energy-momentum tensor. In the
process, we will obtain several equivalent, alternative expressions for this tensor and its components, as well
as a closed-form formula for its interior derivative (divergence). Finally, we shall relate the vanishing of
0Sa.b induced by the closed nature to the system to the symmetry under the change of coordinates and to a
conservation law in terms of the interior derivative of the stress-energy-momentum tensor.

3.3 Transformation of multivectors of grade s

While the basis vectors transform covariantly according to (45), the multivector field a transforms contravari-
antly, that is with the inverse transpose matrix representing the change of coordinates. When a is a scalar,
i.e., with grade 0, it simply holds that
!
a' =a. (47)

When a is a vector field with grade 1, we need two additional facts. First, multiplication by a matrix transpose
from the right is equivalent to multiplication by the matrix (untransposed) from the left, as in (34); second, as
the transformation ¢ is infinitesimal, we have (1+ 8 ® €)' =1 — 8 ® e. We therefore variously have

a=ax(1+00e) T=ax(1-00e)  =(1-0®¢)xa. (48)
In passing, and for later use, we note that the derivative operator 8 transforms as

8 =(1-0®e) xa. (49)

We shall shortly find that an s-vector a transforms in general under this infinitesimal translation as
a=a—G]xa, (50)
where G{ is a matrix that varies with the grade s, with rows and columns indexed by s-tuples, and given by

G;: Z G?,JW[,J. (51)

I,JeZs

As in (47), we have G2 = 0 for s = 0, as there is only one option for I = J, the empty set @ (in other words,
1’ =1). Similarly, for s = 1, the matrix is given by G{ = 8 ®e¢ as in (48), and therefore, G} ; = Gij = Aydie;.

From (45), we find that the basis elements in the new coordinates can be variously written as
e; =e€; + Z (‘szej (52)

J
:Zﬂ;,]‘e]‘, with Ti,j =5ij+ai€j. (53)
J
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Therefore, the basis element e/ for the s-vector in the shifted coordinates, with I = (i1,...,is), is in turn given
by
e =ej, Nej, - Aej, (54)
= (Zn],]‘e]) A (Zﬂm‘%‘) A (Zmn%) (55)
J J J
Tiv g1 oo Tirgs
= det| : Do es (56)
et Tisgi - Tisds
= Z det g e, (57)
JEZLs

where we have used in (56) the relationship between the determinant and the wedge product [12, Sect. 2.2]
and in (56) we introduced the (linear-algebraic) matrix 77gs, a submatrix of 1 + 8 ® €, explicitly given by

Tivgi -+ Tirgs
TIgs = . (58)

Tisg1 -+ Tisyjs

In the computation of the determinant in (57), we only keep terms up to the first order in the derivatives of
€. In order to remove unneeded terms, we first observe that the number of possible overlaps between I and J
ranges from 0 to s. If there are strictly fewer than s — 1 overlapping indices, the determinant is zero up to first
order, as all summands in the determinant have at least two partial derivatives multiplied together. For each
list I, we need thus consider only index lists J such that I = J or [INJ| =s—1:

e =detrrgrer + Z det rrgs €. (59)
JET | INT|=s—1

For I = J, the only non zero contribution to the determinant comes from the main diagonal and we directly
obtain
det Trgr = 1+Zai€i- (60)
il
As for the case where |I N J| = s — 1, of which there is a total number of s(k + n — s) possibilities, let us define
aset K =1NJ and two indices ¢ and j, %=1\ K and j = J \ K, such that I = ¢(4, K) and J = ¢(j, K). We
can directly infer from (55) that there is a single non zero contribution to the determinant in this case, namely

O'(L;H]') Ti,j H Tk,k > (61)

keK

where the signature is that of the permutation that orders the list of indices I;«; where 7 in [ is replaced by
j. Since 7; ; = Oie; and the terms 7% contribute to the determinant with a 1, we have

det Trgs = 0'(]“_”') 81'5_7'. (62)
As we prove in Appendix A, the permutation signature can be expressed various equivalent forms:
O'(IiHj) = O'(E(’i, K)“_;]) = U(&‘(j, K)](_H) = U(JjHi), (63)

thereby proving that the permutation signature is indeed symmetric in the pair of indices (7,7). In the same
Appendix, we prove the following identities relating the signature in (63),

o(K,i)o(j, K) = (=1)"lo(e(i, K)iosj), (64)
o(i,j+ K)o(i+ K,j) = (=)o (e(i, K)icrs)- (65)

Combining (60) and (62) into (59) yields the following expression for the new coordinate basis elements:
e} = <1+267,E7,> er + Z 0’(]“_;]') 81'5]' €c(4,K)- (66)
i€l K€L, q:,j¢K

As we did in (45), we can write (66) as
e =er x (1s + G?), (67)

where 15 is the identity matrix for grade-s multivectors, 1, = >, A;rwy s, and the matrix G¢ is such that

er X Gi = <Z 81€1> er + Z O'(I“_,j) ai{:‘j €c(4,K)- (68)

iel KeTy_1:1,j¢K

8
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Taking into account the definition of the product x, the matrix G{ is therefore given by

G; =Ae; ® (Z (9151> er +Arrer ® Z O(Iu—»_;') 61'5]‘ €:(4,K) (69)

iel KeT,_1:4,j¢K

=Aqs <Z 31‘&’) w1+ Aqr Z O-(Iiﬁj) 8i5j Wi, K)- (70)
iel KeT, 1:0,j¢K
For later use, it will prove convenient to express the matrix G¢ in the equivalent form:

i iG]

where the matrices GZ(i,4) and GZ(4,7), for all ¢ and j, with j # 4, are, respectively, given by

GZ(i,i) = Z AKKWe(i,K),2(i,K) (72)
KeT,_q:i¢K
G{(i,j) = Z Arro(e(i, K)io))We(i, k),:(,K)- (73)

KeT, 1ii.j¢K

3.4 Transformation of the action: stress-energy-momentum tensor

We now return to the expression of the action in the new coordinates up to derivatives of first order in €. We
first note that the differential d**"x appearing in the action is expressed in the new coordinates using (60)
with I including all space-time indices, that is |I| = k 4+ n, so that we directly obtain

"y = d"x (149 -€). (74)

In the new coordinates, the integration region is denoted as R’; for an infinitesimal translation, the regions R
and R’ differ only on the boundary of the former, which is located far from the origin. With the identity in
(74), together with (50) for a and b, and neglecting higher-order derivative terms, Eq. (46) becomes

_ k+nx/ a/ T
Sal b = /R/d (a'-b") (75)
:/ d""x(1+ 8 -¢€) (((1 -G xa) ((1-G) x b)) (76)
R
_ k+nx a- k+nx . a- _ k+nx s a) - _ k+nx a- s
_/Rd ( b)+/Rd (@-¢)(a-b) /Rd (G: x a)-b) /Rd (a- (G2 x b)) (77)
= a-b+68a-b7 (78)

where in (76) we used that the difference in integration regions R’ and R lies far from the origin, coupled with
the rapid decay of the fields, to replace R’ by R, and finally defined the change in action 6Sa.p is given by

SSup = [ 4*x(@-6)ab) - [

Rd"*”x (G2 x a)-b) —/ d""x (a- (G¢ x b)). (79)

R

We next prove the existence of a symmetric, rank-2 tensor Ta.p such that
S = / 4% (D @€) - Tan. (80)
R

The tensor Ta.p, may in fact be identified with the symmetric stress-energy momentum tensor associated with
the Lagrangian density a - b. In terms of the components of Ta.p, we have

Ta.b = Znajlbui_h (81)

i<j

where on- and off-diagonal components, T3 and Tf}‘b, are respectively given by

TP = Au‘( Z Axrkarxbx — Z AKKaKbK>7 (82)

KeZs:i¢K KeZgsueK

Tiaj.b — Z AKKO'(E(i, K)u_;j) (as(iyK)bE(ij) + bg(iyK)a/E(ij))- (83)
KeTy_ 1:0,j¢K
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As befits a symmetric rank-2 tensor, the coefficient Tf}‘b in (83) does not change under permutation of ¢ and
j: the factor (ae(i)K)bEUyK) + bs(i,K)aE(LK)) is clearly symmetric and the permutation signature U(a(i, K)i(-)j)
is also symmetric in 4, j, as shown in (63).

In order to prove (80), we shall establish the following identity of differential forms appearing in the integrand,
(0®e) Tapb=(0-€)(a-b)—(G: xa)-b—a- (G x b). (84)
Expanding the left-hand side of (84) and using the dot product formula for w;; and u;; in (33) yields
(8 ®E) -Tap = <Z Aiiaié‘jwij> . (Z Tﬁ‘]-l/’ui/j/> (85)
I i <!

= Z Aua E]AllA]] ‘5(21]) (86)

@]

At this point, if we expand the right-hand side of (84) into a summation whose terms are indexed by the pair
(i j ) such that each of these summands has the form of a coefficient multiplying A;;0ie;, we can directly read
;) from this multiplicative coefficient. More precisely, using the definition of 8 ¢ together with (71) yields

<Z 8i€i> a-b)— <Z Aii0ieiGe(i,1) X a+ Z Nii0ie;GE (4, §) X a) -b—

6(1 J

PR
(Z NydieiGL(iyi) x b+ Y Audig; GE(i, ) X b). (87)
1,j:1#]

It will prove convenient to distinguish the cases i = j and ¢ # j. First, for ¢+ = j and writing the relationship
between the diagonal terms in (86) and (87), we obtain

A”al&,A”A“Tflb = Bié‘i (a . b) — (A”&,ElG;(Z, 1) X a) -b— (A“&&Gg(z,z) X b) -a (88)
T3P = Au(a-b) — (G(i,7) x a) - b — (Gi(4,i) x b) - a. (89)

Taking into account the definition of G{(4,4) in (72) and carrying out the matrix products in (89), we obtain

a- (Gi(i,i) xb) =a- < Z Az‘z‘es(i,K)be(i,K)> (90)
KeT,_1:i¢K
= Z ARKac(i,K)be (i, k), (91)
KET,_1:i¢K
b (G:i(i,i) x a) = Z Ax rbe(i, k) 0e(i, ) - (92)
KeT, 1 :i¢K

Using the definition of the dot product together with (91)—(92) back in (89) yields

Tis:b = Ay Z Agrbrark — 2 Z AKKbs(i,K)as(i,K) (93)
KeTZ, KeT, 1:i¢K
= An( Z Axrbrarx — Z AKKbKaK> (94)
KeZg KeTg:ieK
= A“< Z AKKbKaK — Z AKKbK(LK>, (95)
KeTg:igK KeTIsieK

namely the desired expression for T2 in (82).

In an analogous manner, we write the relationship between the off-diagonal terms in (86) and (87), ¢ # j, to
obtain the following expressions for the off-diagonal tensor elements:

DiiBig AN Ty = — (DiiBie; GE 5, ]) xa)-b— (Aubig;G(i,j) X b) -a (96)
TP = —Aulj; (GL(,7) x a) - b — Auly; (GE(i,5) x b) - a, (97)

10



D. An exterior—algebraic derivation of the stress—energy—momentum tensor 99

where one should verify that the right-hand side of (97) is indeed symmetric in ¢ and j, as we will shortly do.
As before, using the definition of GZ(i,7) in (73) and carrying out the matrix products in (97), we obtain

a- (G{(i,j) xb) =a- < Z AjjO'(E(i,K)i(—»j)es(i,K)bs(j,K)> (98)
KeT, 1:0,j¢K
= Z AjiAiAr o (e(i, K)ioj)aegi 1)be(i, k) (99)
KET, 11,i¢K

b- (G:(i,5) x a)

Do AAAKK (i, K)iers)beti 10 8e (i, K)- (100)
KeZs_1:1,j¢K

Again, replacing both (99) and (100) back in (97) leads to the desired expression for 75, namely (83):

Tf;-'b =— Z Axro(e(i, K)u—»]‘) (@e(i,5)be(j, i) + De(i, 1) e (4K ) - (101)

KeZ,_ 1:1,j¢K

In this equation, the factor (ag(i,K)bg(]-,K) + bg(i,K)ag(j,K)) clearly remains unchanged after permutation of ¢
and j. As for o(e(¢,K)ie;), we proved in (63) that the permutation signature is indeed symmetric in 4, j.
Thus, the coefficient T[}'b does not change under permutation of ¢ and j, as befits a symmetric rank-2 tensor.

3.5 An alternative, coordinate-free, expression for the tensor

In this section, we provide an alternative, coordinate-free, expression for the symmetric stress-energy-momentum
tensor Ta.p. This expression given in terms of the operations ® and @ is defined in (27)—(26), as follows:

Tab=(-1)’(a®b+anb). (102)
The discussion after the definitions of (26) and (27) proves that the tensor field in (102) is indeed symmetric.

In order to prove the expression in (102), we make use of the tensor components in (82)—(83). From the
definitions in (26) and (27), we may, respectively, write the coefficients multiplying the basis element u;; as:

(A”el N a) . (b A ejA]'j) = (Z Aiialei A 91> . <Z Aj_,-bIe[ A e_j> (103)

I€Zs I€Zs
:< > Aiia(i,I)azeg(M)>-< > Ajja(f,j)b,egu,,)), (104)
IeZs:igl I€Zs:j¢l

where we carried out the exterior products in each of the factors, and

(Am‘ei_l a) . (bl_e]Aj]‘) = (Z A“’a[ei_l e1> . <Z A]jbIeI |_ej> (105)

I€Z, IeT,
_< > a([\i,i)alel\i> < > a(j,l\j)bfef\j) (106)
IeT el I€T  jel

where we similarly carried out the interior products in each of the factors.

In order to evaluate the dot products in (104) and (106), it proves convenient to distinguish between the on-
and off-diagonal components. First, for ¢ = j and (104), we obtain

(A“e, A a) . (b A elA”) = < Z Aiia(i, I)a;es(“)> . < Z AiiU(I, i)b[es(j,[)> (107)

I€Zs:i¢l I€Ts:i¢I
= > Aulpo(li)o(i, Narbs (108)
I€Zs:i¢l
=(-1)° Z AiiArrarby, (109)
IeTs:igl

where we used the identity o (i, o (I,i) = (=1)!l = (=1)*, i ¢ I. Similarly, for i = j and (106), we obtain

(Aye;aa)- (bLeli) = < Z U(I\i,i)aIeI\i> . ( Z a(j,]\j)b;ef\j> (110)

IeZs:iel I€Zs:jel

= > Aulpo(i, I\ i)o(I\i,i)arbs (111)

IeZsiel

= (-1 Z AyAgrarby, (112)
I€Zsiel

11



100 D. An exterior—algebraic derivation of the stress—energy—momentum tensor

where we again used the identity o (i, K)o (K,i) = (—1)*7*, for i ¢ K. Combining (109) with (112) and (82)
gives:

(Aiie; Na) - (bAeiAy) + (Aeida)- (bLeAy) = (—1)51Aii< Z Arrarbr — Z Arrarbr
I€T el I€T:i¢1
= (71)571181])7

Noticing that this expression is actually symmetric in a and b, its average with itself with the roles of a and
b interchanged gives the same expression, in correspondence with (102), as far as the on-diagonal terms are
concerned.

Concerning the off-diagonal components, ¢ # j, we start by evaluating (106) to directly obtain:

(Ajie; 1a)- (b e;A;;) = > Axko(K,i)o(f, K)acq be.x)- (115)
KeZ,_1:,j¢K

Similarly, we evaluate (104) and expand the dot product therein to obtain:

(Aiiei Aa) - (b AejA;j) = ( > Aol 1)ales<i,1)> : ( > Ajja(l,j)bfe5<j,1)> (116)

I€T gl €Ty :5¢1

AKKU(iaj +K)U(i+K1j)a]'+Kb’i+K' (117)

KET, 1:,i¢K
Using (64) and (65), we combine (115) together with (117) and (83) to write

(Ajei1a) - (bLejAj;) + (Asie; Aa) - (bAejAyy)

= (_1)8—1 Z AKKJ(e(i, K),R_,j)(ai+}(bj+[( + aj+[<bi+}() (118)
KeTy_1:0,j¢K
= (—-1)°T3", (119)

once again in correspondence with the off-diagonal terms in (102).

3.6 Conservation law for energy-momentum

The next step is to apply a generalized Leibniz rule to rewrite the integrand in (80) in convenient way. For
a vector € of grade 1 and a symmetric tensor of rank 2, denoted by T, the following generalized Leibniz rule
holds:

- eaT)=¢e-(8aT)+(0®e)- T, (120)

where the interior product between a vector and a symmetric tensor is computed according to (25). This
equation relates scalars, or zero-grade multivectors, on both sides. It is proved in Appendix B. Using (120)
and the vanishing at infinity of € to directly neglect the term in the left-hand side of (120), we express 6Sa.b
in terms of the interior derivative (or divergence) of the symmetric stress-energy momentum tensor Ta.b as

5Sab = f/ d*™x (8 1 Tab) - €. (121)
R

Assuming that infinitesimal space-time translations are a symmetry of the whole system and that the fields
decay sufficiently fast at the boundary of the region R, the fact that the variation of the action §Tsys must be
zero for all infinitesimal perturbations € implies that the interior derivative of the overall tensor Tsys in (37) is
zero,

81Ty =0, (122)

which yields a conservation law for the energy-momentum of the system under consideration.

Using the definition of interior product in (25), we directly obtain:

1 Tan = 0T e, (123)
4,7
= Z <(‘),j“ﬁbei + Z aiT:('i‘?j)ej> , (124)
i j#i

12
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where we may use the formulas for the tensor components (82) and (83) to write:

&'Tféb = Az‘z‘( Z Agk0i(brarx) — Z AKKai(bKaK)>7 (125)
KeTqigK KET €K
OTEEy == D Axko(e(i; K)iog)0i(aciibe(, k) + be(i k)0, ) - (126)

KeT,_1:1,j¢K
In addition to the identities in (124)—(126), we provide in this section a simple, coordinate-free, closed-form
expression for the interior derivative of the stress-energy-momentum tensor Ta.n:

O 1Tapb=a1(@Ab)+b_1(dAa)—aL (81b)—bL (8a). (127)

As first step in our proof of (127), we use (102) in order to rewrite the interior derivative of Ta.b,
0 1Tap=(-1)(02(a®b)+ 81 (a® b)), (128)

and analyze the interior derivatives of a® b and a ® b. Putting the definition of ® in (26) into (124), we get:

d1(apb)= Z AiiNj;0; ((emin(i,j) A @) - (B A €max(i,))€; (129)
2%}
= Z <81 ((ez A\ a) . (b A ei))e¢> + Z Z <A“A_7-j8i((enm,(iyj) A a) . (b A emax(w)))e_j> 5 (130)
i i j#L

where we wrote the equations in a convenient way as a double summation over the pair of indices 7 and j.

We now use (109) to evaluate the first summation over ¢ in (130),
Zai((ei/\a) . (b/\ei))ei = (—I)SZ Z A“’Ajjai(ajb])ei. (131)
i i I€Tyigl
In a similar manner, we use (117) to evaluate the second summation, over ¢ and j # i, in (130),
Z Z AiiDj;0i ((€mingig) A a) - (B A €max(i,g))e; =
i i
=22 > Axxo(Kmin(,j))o(max(i,5), K)0i (ac(maxtig).iobemingi.i) 1)) €5

i A KeT,_q:4,j¢K
(132)

= (_1)371 ZZ Z AKKU(i7 K)U(]7 K)ai(a‘E(max(i,j),K)be(min(i,j),K))ej7 (133)

i A1 KE€To_1:0,j¢K

where we used that (K, £) = (—1)¥lg(¢, K), and that o (min(é, j), K)o (max(i, §), K) = o(i, K)o(j, K) as
i .

We now relate (130) to a closed-form, coordinate-free expression. First, let us evaluate a_1 (8 A b), that is,

< Z aJeJ> — ( Z Aiia(i, I)é)ibIeE(M)) (134)

JeTs i TE€Ts:igl

a1 (OADb)

Z Z Aiio(i,1)as0ibres 1 e.;,1) (135)

i, IE€T il JELs

= Z Z Ao (i, I)asdibres 1 €ci,r) t+ Z Z Ajio(i,I)asOibres €c(i,I);

i I,JELsuglied i I,J€Ls:i¢l1,i¢J

(136)

where we split the summation over J in two parts, depending on whether ¢ € J or not. Let us first focus and
evaluate the second summation over ¢ in (136), namely

Z Z Asio(i,1)as0ibres Jecr) = Z Z Asio(i,1)arOibrer 1 eq, (137)

i I,JELe ¢l igJ i I€Tg:gl

:Z Z AiiArraroibre;, (138)

i I€T gl

13



102 D. An exterior—algebraic derivation of the stress—energy—momentum tensor

where we used in (137) that the constraints that J is a subset of €(i,I) and i ¢ J enforce that J = I, and
computed and simplified the interior product in (138). As for the first summand in (136), we similarly obtain

Z Z Aiia'(i, I)aﬂ?ible] | €c(i,]) = Z Z Z Aiia'(i,j + K)ai+K6ibj+Kei+K dei+j+K
i I,JeTs:i¢licd i j#i KETs_1:1,j¢ K

(139)
=30 Y Axko(ij+ K)o(G i+ K)airkOibyyce;

i A KET,_1:i,jgK
(140)

==>> > Axxo(i,K)o(j,K)airkdibji ke,
i j#TKETs 1:,j¢ K
(141)

where we rewrote the summation over I and J in (139) in terms of an index j and a set K € Z;_; such that
i,7 ¢ Kand I = £(j,K) and J = ¢(4, K), computed the interior product in (140), and used the fact that
o(i,j+ K)o(j,i+ K) = —o(i, K)o(j, K) in (141); this latter identity follows from the fact that ordering the
list (¢, 7, K) can be done in two ways, with respective signatures o(j, K)o (i,j + K) and —o (i, K)o (4,1 + K),
whose values should coincide. Substituting b for a in (136) and (141) and grouping terms, we thus obtain

a_l (8/\b)+b_l (6/\a) 2722 Z AKKG(’L',K)O'(j,K)(ai+K(9ibj+K+bi+K8iaj+K)e]'+
i j#T KETs 1:4,j¢ K

+Z Z AiiArrdi(arbr)e;. (142)

i I€Tg:igl

The second summation, over ¢ and I, in (142) can be seen to coincide with (131), apart from a factor (—1)°
which cancels out with the same factor present in (128). As for the first summation, over i, j, K, in (142), and
again apart from common factors, each of the terms in the triple summation in (142) contains the term

itk Oibor k + bitkOiary i, (143)
to be compared to the analogous term in the triple summation over ¢, j and K in (133), namely
01 (@ (max(ig), ) be(min(i,§),K)) = Qe(max(i,g),K) i (e (min(i ), k)) + e(min(i,g), 1) 0 (e (max(i,g), k) )- (144)
Adding and subtracting some terms in (144), as well as observing that the pair of max(4,j) and min(z, §) is
either (,7) or (j,4), but always contains both 7 and j, we obtain
0; (as(max(i,]‘),K)bs(min(i,j).K)) = as(max(i,j),K)ai(bs(min(i,j),K)) + bs(min(i,j),K)ai(as(max(i,j),K))
+ Ge(min(i,5), ) 0i (De (max(i,j), K)) — Ge(min(i,j), k)0 (De(max(i,j), K))
+ be(max(i,), k)0 (Ae(min(i,5), K)) = De(max(i,j),K) 0i (Ge(min(ig),k))  (145)
= (i, 1) 0i(be(3,5)) + be(i, 1) D (a5, x6))
+ aa(JK)a’L(bs('L,K)) - aa(min(i,j),K)a’i(bs(max(i,j),K))
+ b2 (5,1 0i (e (i,K)) — De(max(i,5),K) 0i (Qe(min(i,5),K) ) (146)
where some of the terms in (146) coincide with those in (143). We thus conclude that
(-1)°8a(a®b)=a_1(8Ab)+b_1(8Aa)— Rs(a,b), (147)
where the function R;(a,b) is given by
Ri(a,b) =YY" > Agxo(i,K)o(j, K)(acx)0(be(ir)) = Ge(min(i.). 1) 0 (De(max(i ) 1))
i jFKELg 1:4,j¢K

+ be 5,1 0i (A, 1)) — be(max(i,g), 1) O (Qe(min(i,j), K)) ) €5 (148)

We now get back to the remaining term in (128) and again put the definition of ® in (27) into (124) to obtain

D1 (@aob)=> AuA;;0:((€min(ij) 2 a) - (DL emax(ij))e; (149)
i
= Z (&((ei_l a)- (b ei))ei> + ZZ (AiiAjjai((emin(i,j) da)-(b Lemax(i,j)))ej> , (150)
i i i

where we rewrote the double summation over the pair of indices ¢ and j in a convenient way. In an analogous
manner to the previous analysis, using (112) to evaluate the first summation over 7 in (150) yields,

> oi((eiaa)-(bLe))e; = (—1)""'>" > AuAydi(arbr)e;. (151)

i I€Zs:iel
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In a similar manner, we use (115) to evaluate the second summation, over ¢ and j # ¢, in (150),
Z Aiij;0i ((emin(i) - @) - (b L emax(i,j)))€j =
i~

= Z Z Z Agro (K, min(i, )0 (max(i, ), K)0i (ae(min(,j), ) be(max(i ), K) ) €5
i jA KE€Tg_1:0,j¢K
(152)

SCTEY Y Akko (K )oK, )0 (tetminen b )0 (153)
i j#i K€Ly 1:1,j¢K

where we used that o(K,¢) = (—=1)!¥lg(¢, K), and that o (K, min(i,j))o (K, max(i,j)) = o(K,i)o(K,j) as
1% j.
We proceed by relating (150) to a closed-form, coordinate-free expression. First, we evaluate aL (8 1 b),

<Z (I,]GJ) L ( Z U(I\i,i)aib]el\/L) (154)

JEL, i, J€Ts:iel

L (8ab)

> > o(I\idi)asdibres Len; (155)

i, I€Ls:i€l JELs

Z Z U([\i,i)aJBibIeJl_eI\i +Z Z J(I\i,i)ajaibIeJl_eI\i, (156)

i I,JeTs:ielicd i I,JET el ig]

where we split the summation over J in two parts, depending on whether i € J or not. Evaluating the first
summation over ¢ in (156) yields,

Z Z O'(I \ i,z’)a(]aibze‘; |—eI\1 Z Z I \ Z Z CL](? b[e] [ er\i (157)

i I, JeZsnelied i I€Zgel

:Z Z aI&-bIei, (158)

i IeTsel

where we used in (157) that the constraints that I'\i is a subset of J and ¢ € J enforce that J = I, and computed
and simplified the interior product in (158). As for the second summand in (156), we similarly obtain

Z Z o(I\i,i)as0ibresLepn; = Z Z Z o(K,1)aerkOibiy etk L €K (159)

i I,JE€ELg:€l,igd i 0#i KET, 1:¢K
=33 > Axxo(K,i)o(K, Oarrxdibirxer  (160)

i 0#i KET, 1:i¢K

where we rewrote the summation over I and J in (159) in terms of an index j and a set K € Z,_1 such that
i,7¢ K and I =¢(i, K) and J = (7, K), and computed the interior product in (160).

Substituting b for a in (156) and (160) and grouping terms, we thus obtain

a|_(8_| b)+bl_ 6_|a ZZ Z AKKU(K,i)G(K,Z)(a[+Kaibi+K+bz+K8i(li+K)ez

i 0D KT, q1:¢K
+Y 0> ailarbr)es. (161)

i I€Zsuel

The second summation, over ¢ and I, in (161) can be seen to coincide with (151), apart from a factor (—1)°
that cancels out with the same factor present in (128) and a minus sign. As for the first summation, over i, 7,
K, in (161), and again apart from common factors, each of the terms in the triple summation in (161) contains
the term

arykOibitk + bey kOiaiy i, (162)

to be compared to the analogous term in the triple summation over ¢, j and K in (153), namely,

i (@c(mini,g), 5) De(max(i,g),5)) = Ge(min(i,g),K) Oi (be(max(i,i),)) + e(max(isg), 1) 0 (e (min(i,g), 1)) (163)
Adding and subtracting some terms in (163), as well as observing that the pair of max(i,j) and min(i,j) is
either (,7) or (j,4), but always contains both 7 and j, we obtain

0i (@ (min(i,j), K) De(max(i,j),K) ) = Ge(min(i,j),K) O (Be(max(i,5),K)) + be(max(i,j), k)0 (Ge(min(i,g), k)
+ Ge(max(i.j),K) 0 (be(min(i.j).K)) = Be(max(i.i). k) 0 (be(min(i.i). k)
+ be(min(i,5),5) 0 (@e(max(i ). 1)) = be(min(i.j), k) 0i(Ae(max(i,g). ) (164)
= e (5,5 0i (be(j, 1)) + De (i, 5) Oi (ae(j 1))
+ (5, 1)0i (be(i, K)) — Qe(max(i,5),K)0i (De(min(i g, k)
+ be(5,1)0i(0e(i,16)) = be(min(i,g). ) 01 (Ae(max(i.g). k) ) (165)
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104 D. An exterior—algebraic derivation of the stress—energy—momentum tensor

where some of the terms in (165) coincide with those in (162). We may therefore conclude that

(-1)*8a(a®b)=-aL (81b)—bL (81a)—Qs(a,b), (166)
where the function Qs(a,b) is given by

Qs(a,b) = Z Z Z Arro(i, K)o(j, K) (acq, k) 0i (be(j, i) — Ge(max(i), k)0 (be(min(i,f), k)
i j#KETs_1:,j¢ K
+ be (5,5 0i(Ae (j, ) — be(min(i,g), k) O (Qe(max(i,j),K))) €5 - (167)
It remains to verify that R,(a,b)+ Qs(a,b) = 0, where Rs(a, b) was given in (148). This condition is satisfied
if
e (4,5)0i (be(i, ) — @e(min(i,j),K)0i (De(max(i ), k) + be(5,5)0i(@e(i, 1)) = De(max(i,j),K) 0 (Qe(min(i,5),K))

+ e (i,5) 0i (be(j,K)) = Ge(max(i,5),K) Oi (be(min(i,5),K)) T be(s,5)0i (e, 1)) — be(min(s,5),K) 0i (@ (max(i,j),K)) = 0,
(168)

as can be verified for both possible orderings of the pair (i, 7), that is max(i,j) = ¢, max(¢,j) = j. Therefore,
we may combine (147) and (166) into (128) into the final, closed-form, coordinate-free expression in (127), that
is

O 1Tap=ad(0Ab)+ba(8dNa)—aL (0ab)—bL (8d1a). (169)

4 Examples and applications

4.1 Conformal invariance

Conformal invariance of a field theory is related to the vanishing of the trace of the stress-energy momentum
tensor [6, Sect. 4.2]. From the definition of the trace, we may compute the trace of Ta.p from (82):

TrTapb = z ATE® (170)

Z( Z Agxaxbx — Z AKK&KbK) (171)

i \KeZ,i¢gK KeT ek
= Z (Z Axrarbx — Z AKKaKbK> (172)
KETs \itig K €K
= Z ((k+n—s)Axxaxbix — sAxxaxbx) (173)
KeT,
=(k+n—2s)(a-b), (174)

where (170) follows from the definition of trace, in (171) we replaced the coefficient T2 by its formula in (82),
we reversed the summation order in (172), we counted the number of indices ¢ appearing in each summation
over 4 for fixed s-tuple K in (173), and we finally used the definition of a- b in (174). From (174), we obtain

Tr Tsys = Z%"b (k+n—2gr(a))(a-b), (175)
a,b

for the action given in (37). The formula in (175) is a function of the fields appearing explicitly in the
Lagrangian density only. In particular, if a or b have some internal structure, e. g., a = 8 A A in generalized
electromagnetism or Yang-Mills fields, this vector potential may be bypassed. The same principle holds for the
following examples, and need not explicitly consider the internal structure of the Lagrangian density terms in
our analysis.

4.2 Scalar field

In flat (k,n)-dimensional space-time, the Lagrangian density Liree-scalar Of a free scalar field ¢ is given in (13),
so we can make the identification a=b =8 A ¢ =3 Ai;0;¢pe;, and gr(a) = gr(b) = 1. Taking into account
the multiplicative factor § in £, the on-diagonal component of the tensor (81) in (82) can be directly evaluated
as:

Tieeseer = %Aii (Aiia? + Z Ajj“?) (176)
Ji#]
1 1
= =500+ 5 D il (0;9)*. (177)
jii#j
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As for the off-diagonal terms, using (83) and taking into account that Zy contains only the empty set @, we
obtain

Tif;ee—scalar = —a,a; (178)
= —AiiAjj(3i¢)(aj¢)- (179)

The interior derivative of the tensor Tscalar is computed from (127), that is

0 1 Thee-scalar = a1 (0 ANa) —aL (8a) (180)
=—(0N})(O(ONP)) (181)
=—((8-8)9)(d19), (182)

where we took into account the multiplicative factor % in the Lagrangian density and used that a = b in (

1
used that & A (O A ¢) =0 (cf. [10, Eq. (32)]) and that @ 1 a is a scalar in (181), and the identity [10, Eq. (3
in (182) to rewrite the term 8 _1 (O A ¢) as (9 - 8)¢.

80):
4)]

4.3 Electromagnetism

In flat (k,n)-dimensional space-time, the Lagrangian density Lirce-gem Of a free generalized electromagnetic
field F, a multivector field of grade r, with vector potential A, such that F = & A A, is given in (12). From
(102), we may express the stress-energy-momentum tensor Tfree gem for any values of r, k and n as '

1
Tiree-gem = —§(F OF+FOF), (183)
with on- and off-diagonal components respective given by (38) and (39),
ree-gem —1)"
pfesen = (2 2) Aii< > Fidu- Y F?m) (184)
I€Zyiel I€Z,:i¢1
Tif;ee‘gem =— Z o(L,i)o(j, L)Fir L Fj4+ 1AL, (185)

LeZ,_q:1,j#L
in alignment with [10] and with the stress-energy tensor for standard electromagnetism with bivectors, or the
Faraday tensor (r =2, k=1, n = 3) [1, Sect. 33], [2, Sect. 12.10].
While the physical interpretation remains open, we may apply (102) to find the stress-energy-momentum tensor
of the interaction Lagrangian density J - A, which denote as Tint-gem, as
Tint-gem = (—1)" ' (JOA+TOA), (186)

with on- and off-diagonal components respective given by (38) and (39),

j—vii;]t—gem:A”< Z AKKJKAK* z AKKJKAK), (187)
KeTs:i¢gK KeTIsieK
T == Y Arko (e K)iog) (Je, 0 Ac o) + Acti o) Jem) ) - (188)

KeT,_1:0,j¢K

The transfer of energy-momentum is described by the interior derivative of the stress-energy-momentum tensor.
Applying (127) t0 Ttree-gem and Tint-gem, respectively, gives:

(o] Tfrcc—gcm = (—1)T71 (F_I (3 A F) —-FL (B_I F)) (189)

O 1 Tintgem =JJ(ONA)+ A (OANT)—TL (00 A)—AL (007T). (190)

Setting now F = 9 A A, 8 1F =J and 8 AF = 0 in (189)—(190), and combining the resulting expressions
yields

8 1 (Tee-gem + Tint-gem) = (1) FL (OAF)+JAJF+A 1 (OANT)—-JL (82 A)— AL (81T) (191)
=(-D)'FLI+IJOF+A_1(OAT)-JL(80A) (192)
=—JUF+JUF+A_(BAJ)-JL (81A) (193)
=A1OANI)-TJL(61A), (194)

where we used in (192) the Maxwell equation 8 1 F = J and the continuity equation for the current 8 1J = 0,
and the identity F L J = (—=1)""'J 1 F in (193). The generalized Lorentz force density f = J _I F cancels out
from the interior derivative as f + 8 1 Ttree-gem = 0. However, the physical interpretation of the terms in (194),
including their Gauge invariance and possible connection to the tensor of the matter fields, remains open.

'We have moved a factor % from the definition of F © F and F ® F in [10]. Also, the proof in Appendix A.2 of [10]
should be amended as of (147) and (166) in this paper; the final formula for the interior derivative given in Appendix
A.2 of [10] remains unchanged.
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4.4 Yang-Mills fields

In flat (1, 3)-dimensional space-time, the Lagrangian density Leree-ym Of & free Yang-Mills field F, a Lie-algebra
valued bivector field, with connection A, is given in (17)-(18). From (102), we may directly express the
stress-energy-momentum tensor Tfree_ym as

1

Tieeeym = =55 TH(F OF + FOF) (195)
1 a a a a
=57 L EOF +F OF), (196)

with on- and off-diagonal components respective given by (38) and (39),

ree-ym -1 " a a

pireey :(42) A ( S oEAn - Y (FI)2A11> (197)

9 a \I€Z,iel I€T, i¢1

_ b
292

free-ym __
7}

a(L,i)o(], L)Fia—Lquﬁ—LALLv (198)
a L€ZL._1:,j#L

in agreement with [4, Eq. (2.11)] and [15, Eq. (46)]. The transfer of energy-momentum from the Yang-Mills
field is described by the interior derivative of Ttree-ym given in (127).

4.5 Proca field

The Lagrangian density Lproca Of a Proca field A is given in (20), with F = & A A. We obtain its stress-
energy-momentum tensor by adding to the tensor Tiree-gem With 7 = 2 another tensor Tmass-proca for the mass
terms,

1
Trnass-proca = —5m° (A O A+ A © A), (199)
with on- and off-diagonal components respectively given by (38) and (39),
2
mass-proca m
T _Ai'iz( Z Axx Ak — Z AKKA§<>, (200)
KeTqigK KeTy €K
TERssPros = > Axro(e(i, K)ics)Ac,x)Aci5)s (201)

KeT, 1:i,j¢K

in agreement with [15, Eq. (62)]. Applying (127) to determine the interior derivative of the stress-energy-
momentum tensor to the sum Tiree-proca = Tree-gem + Tmass-proca, together with (189) after setting @ AF = 0,
gives
8 1 Theoproca =FL (8UF)+m’A_1(OANA)—m’AL (81 A)
=FL(@UF)+m°’AJF —m’AL (81 A)
=m’FLA+m’AJF-m?AL(8_1A)
=-m’AL (81 A),

202
203
204

(
(
(
(205

)
)
)
)

where we used in (203) the definition F = @ A A, in (204) the equation & 1 F = m?A, and the identity
FL A = —A 1 F, obtained from the Euler-Lagrange equations of the system, in (205), as F is a bivector.
While the interior derivative of the free (generalized) electromagnetic field tensor (189) vanishes in the absence
of interaction with a current density J, the interior derivative of the Proca field tensor does not vanish unless
the Lorenz gauge condition, @ 1 A, holds, thereby breaking the gauge invariance.

4.6 Conclusions and future work

In this paper, we have provided an exterior-algebraic derivation of the symmetric stress-energy-momentum
tensor that naturally appears in field theories from the invariance of the action of a closed physical system
to infinitesimal space-time translations. Our focus lies on Lagrangian densities that are expressed as the dot
product of two multivector fields, e. g., scalar or gauge fields, in flat space-time. The analysis covers a number of
interesting cases, such as electromagnetic fields, Proca fields or Yang-Mills fields, and it leaves out the relevant
case of spinor matter fields. An extension to spinor fields is left for future work and will be reported elsewhere.
Our formalism allows us to calculate the tensor and its interior derivative, not only for free fields but also for
the interaction terms appearing in the action. It would be interesting to relate the interior derivative of the
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stress-energy-tensor associated with spinor fields, e.g., that of the electron, to the interior derivative of the
tensor associated with the interaction Lagrangian density.

Finally, while we have considered invariance of the action to space-time translations, it would be worthwhile
considering the full Poincaré group, i.e., including Lorentz transformations. A study of this case would lead
to an exterior-algebraic characterization of the angular momentum tensor, extending the analysis presented in
this paper. Moreover, considering the conserved charges associated to the stress-energy-momentum or angular
momentum tensors would lead to a redefinition of energy-momentum and angular momentum in general flat
space-times.

A Proof of o(£(i, K)iesj) = 0(2(j, K)jeri) in (63) and related expressions

With no real loss of generality, assume that ¢ < j and let K be an index set that does not include ¢ and j.
We can then write the set K as the union of three disjoint subsets as depicted in Figure 1. From the graphic
representation in 1, we can express some signatures as follows:

o(K,i) = o(Ks,i)o(K2,1), (206)
o(j, K) = o(j, K1)o (j, K2), (207)
o(i,j+ K) =o(i, K1), (208)
o(i+ K, j) = o(Ks, ), (209)
o(e(i, K)iwj) = o(j, K2). (210)

As the permutations on the right-hand sides of (206)—(210) represent the indices ¢ and j going through fixed
subsets, we may evaluate the following signatures:

o(i, K1) = o(j, K1) = (=1) %1, (211)

o(j, Ka) = 0(Ka,i) = (—1) %2, (212)

0(Ks,j) = o(Ks,i) = (=1)%3, (213)
K i Ky I K3

Figure 1: Characterization of the set K as union of three subsets, for i < j.

As the indices ¢ and j are separated by the set K3, the permutation that orders the set (i, K) when 1 is
replaced by j simply has to rearrange the set (j, K2),

o (e(i, K)iesj) = 0(j, K2) = (1)1, (214)
Similarly, the permutation that orders the set £(j, K) when j is replaced by ¢ has to rearrange the set (K>,1),
o(c(j, K)jori) = 0(Ka,i) = (-1)1%21. (215)

As Egs. (214) and (215) coincide, and the reasoning is unaffected if ¢ > j and Eq. (63) is proved,
o (e(iy K)ierj) = 0 (G, K)jeri)- (216)

In fact, one can prove two alternative characterizations of J(s(j, K) ]-Hi), as we do next. Assume again with
no loss of generality that ¢ < j. First, we compute

(—)"lo (i, K)ios) = (=) (—1) %! (217)
= (—Frl(=1)!Hsl, (218)
Then, we can verify by using (206)—(210), (211)—(213), and (218) that
o(K,1)0(j, K) = o(Ks,1)o(K2,1)0(j, K1)o(j, K2) (219)
= (—1)/sl (—) el () Kl (g 12! (220)
= (-1)fsl (-l (221)
= ()"lo (i, K)icss)- (222)
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And similarly, by using (206)—(210), (211)—(213) and (218) we find that

o(i,j+ K)o(i + K, j) = o(i, K1)o(Ks, j) (223)
= (-1l (224)
= (—1)"lo(e(i, K)iey). (225)

If we carry out the analysis for ¢ > j, we obtain the same expressions in (222) and (225).

B Proof of Leibniz rule for mixed product

We prove (120) starting by the evaluation of the left-hand side

8- (eLT)= (Z A“ﬁiei) : ((2]: ajej) a (Z szuhn>> (226)

L<m
= (Z A“&el) . (Z szE(l,j)Ajje[> (227)
i gl
= ZAJ]81 (ejTE(i,j))- (228)
W3

Then, on the right-hand side of (120), the first term can be similarly expressed as

€-(84T) = (Z ajej) : <<; Aiiaiei) _| (Z Tmuh,,)) (229)

i<m
= (Z Ejej> . (Z &'Tieee) = ZAijjaiTs(i,j)~ (230)
J i,0 i,J

Finally, the second term on the right-hand side of (120) can be expanded using (33) as

(B®e) T = (Z Audicje; ® e_,-) . (Z Tgmuzm) (231)

,J £<m
= Ay Tomin(i) mas(i.i) i€ (232)
]
=D AT 0. (233)
]

Combining the three expressions in (228), (230) and (233) proves the generalized Leibniz rule in (120).
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On the Angular Momentum and Spin of Generalized
Electromagnetic Field for r-Vectors in (k,n) Space-Time
Dimensions *

ALFONSO MARTINEZ!, IvANO COLOMBARO?, JOSEP FONT-SEGURAS 1

Abstract

This paper studies the relativistic angular momentum for the generalized electromagnetic field,
described by r-vectors in (k,n) space-time dimensions, with exterior-algebraic methods. First, the
angular-momentum tensor is derived from the invariance of the Lagrangian to space-time rotations
(Lorentz transformations), avoiding the explicit need of the canonical tensor in Noether’s theorem.
The derivation proves the conservation law of angular momentum for generic values of r, k, and
n. Second, an integral expression for the flux of the tensor across a (k + n — 1)-dimensional
surface of constant /-th space-time coordinate is provided in terms of the normal modes of the
field; this analysis is a natural generalization of the standard analysis of electromagnetism, i.e. a
three-dimensional space integral at constant time. Third, a brief discussion on the orbital angular
momentum and the spin of the generalized electromagnetic field, including their expression in
complex-valued circular polarizations, is provided for generic values of r, k, and n.

Keywords— Angular Momentum, Spin, Electromagnetism, Maxwell Equations, Exterior Algebra, Exterior
Calculus, Tensor Calculus

1 Introduction: Preliminaries, Notation, and Main Results

1.1 Generalized Maxwell Equations

For a given natural number 7, the generalized Maxwell field F(x) and source density J(x) are characterized by
multivector fields of respective grades r and » — 1 at every point x of a flat (k, n)-space-time with k temporal
and n spatial dimensions [1, Sec. 3]. For any 0 < s < k + n, grade-s multivectors belong to a vector space
with basis elements e, where [ is an ordered list of s non-repeated space-time indices; we represent space-time
indices by Latin letters. We denote by Zs the set of all such ordered lists of s space-time indices; we let
Iy = @ and we write Z for Z;. Let A;; = er - e for I € Z, be the space-time metric, where - denotes the dot
product [1, Egs. (12)—(13)]. The temporal (resp. spatial) basis elements are ep to ex—1 (resp. e t0 €xyn_1)
and have metric —1 (resp. +1). The generalized Maxwell equations for arbitrary r, k, and n are the following
pair of coupled differential equations:

8F =17, (1)
OAF =0, (2)
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TEC2016-78434-C3-1-R, BES-2017-081360 and PID2020-116683GB-C22. Alfonso Martinez is a Serra-Hunter Fellow.
Published in: Eur. Phys. J. Plus 136, 1047 (2021). DOI: 10.1140/epjp/s13360-021-02023-5.
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in units such that ¢ = 1. The interior derivative (or divergence), expressed with the left interior product ()
in (1), and the exterior derivative, expressed in terms of the wedge product (A) in (2), are both defined in [1,
Sec. 2] or [2, Sec. 2] and the operator 8 is given by 8 = >, .7 Ay;;0;. For r =2, k=1, and n = 3, Egs (1)-(2)
coincide with the standard Maxwell equations, with the identification of F as the (antisymmetric) Faraday
tensor of the electromagnetic field, in contravariant form and 8 the four-gradient [3, Ch. 4], [4, Ch. 11].

The Maxwell equations can be derived by an application of the principle of stationary action [5, Ch. 19], [3,
Sec. 8]. For a field theory, the action is a quantity given by the integral over a (k + n)-dimensional space-time
of a scalar Lagrangian density £(x). For generalized electromagnetism, the basic field in this formulation is
taken to be the vector potential A (x), a multivector field of grade r — 1, such that

F=0AA. (3)
The Lagrangian density £ is expressed in terms of the multivector dot (scalar) product [1, Sec. 2] as the sum
r—1
of two terms: a free-field density, Lem = %F - F, and an interaction term, Liny = J - A, that is
1 r—1
E:%F~F+A'J. (4)

The Euler-Lagrange equations for the Lagrangian density £ in (4) give indeed the Maxwell equation (1) as
vector derivatives of £ with respect to the potential A and its exterior derivative & 1 A, namely [6, Sec. 3.2]

AL = (=1)""'8 1 (doraL). (5)

If we replace the potential A by a new field A’ = A + A + 8 A G, where A is a constant (r — 1)-vector and
G is an (r — 2)-vector gauge field, the homogenous Maxwell equation (2) is unchanged [1, Sec. 3]. For a given
Maxwell field, there is therefore some unavoidable (gauge) ambiguity on the value of the vector potential if
r > 2. Of special interest for this work are the Coulomb-¢ gauge and the Lorenz gauge. For a space-time
index £, let us define the differential operator 87 = 3,7 A:;0;. In the Coulomb-{-gauge, the following two
conditions are imposed:

ez_lA:O, (6)
;1A =0. (7)

In classical electromagnetism, setting £ = 0 recovers the Coulomb or radiation gauge. In the Coulomb-¢ gauge,
it also holds that & 1 A = 0. In the less restrictive Lorenz gauge, it simply holds that

_1A=0. (®)

k+n

The multivectorial equation in (8) has (rfz) components, i.e. a scalar equation for r = 2.

1.2 Energy-Momentum Tensor and Lorentz Force

Energy-momentum can be transferred from the field to the source through a process modelled as a force acting
on the source. The generalized Lorentz force density f is a grade-1 vector with k + n components given by [1,
Sec. 4]

f=J1F=(0F)F. 9)

The volume integral of the Lorentz force density f over a (k + n)-dimensional hypervolume V¥*™ quantifies the
transfer of energy-momentum to the source in that volume. The conservation law relating the Lorentz force (9)
and the stress-energy-momentum tensor Tem of the free Maxwell field F is given by [1, Sec. 4], [7, Sec. 4.3],

£+ 1 Tem =0, (10)

where Tem is a symmetric rank-2 tensor for all values of r, k, and n. In analogy to the (antisymmetric)
multivector basis elements ey, we denote the rank-s symmetric-tensor basis elements by u;, where I € Js
is an ordered list of s, possibly repeated, space-time indices and Js denotes the set of all such lists. The
interior derivative (divergence) 8 _1Tem is computed according to the interior product [7, Eq. (25)], and indeed
satisfies (10), cf. [7, Eq. (40)].

The tensor Tem is expressed in terms of the ® and @ tensor products [7, Sec. 2.4]. Given two multivectors
a and b of the same grade s, the a ©® b and a ® b are two rank-2 tensors [7, Sec. 2.4] with basis elements
w;; = e; ® e; and respective (i, j)-th components given by

a® b|” = (A”ez_l a) . (bl_ A]-]-e]-), (11)
a@b‘ij = (Aiie; Na) - (bAAjjej), (12)
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where Ay and Aj; are the space-time metric defined previously. In general, neither a ©® b nor a ® b are
symmetric; however, the sum a® b+ a@® b is symmetric in its components [7, Sec. 2.4]. For all values of r, k,
and n, the tensor Tem is expressed in terms of the ® and @® tensor products [1, Sec. 4.2], [7, Sec. 4.3], as

1
T011|:_§(F®F+F®F). (13)

The diagonal, T};™, and off-diagonal, T;;" with i < j, components of Tem are explicitly given by [7, Egs (38)—

(39)]

_1\y—1

T;m:(lgAﬁ< DN ALLF£>, (14)
LEeTL,:i¢L LeZ, i€l

T;;m:_ Z ALLU(L,i)U(j,L)Fs(i,L)FE(]'YL), (15)

LET,_1:4,j¢L

where for two disjoint lists 7 and J of non-repeated space-time indices, o (I, J) is the signature of the permu-
tation that sorts the concatenated list (I,J), and (I, J) is the sorted concatenated list (I,J). If the lists I
and J are not disjoint, we adopt the convention that o(I,J) = 0.

For later use, let us define the product I between basis elements e; and uy, I = (i1,i2) € J2 as

e Nu; = Z o (4,3 )Wir c(iig)- (16)

I~el!

Here I! denotes the set of all permutations (not necessarily ordered) of I, and I™ = (if,i5) denotes one such
permuted list. The condition 45 # ¢ is implicitly enforced by the permutation signature o(%,3).

Both the conservation law (10) and the formula for the symmetric tensor Tem (13) can be derived by exterior-
algebraic methods from the invariance of the free-field action with density Lem to infinitesimal space-time
translations [7]. This exterior-algebraic derivation directly gives a symmetric tensor, without recurring to the
Belinfante-Rosenfeld procedure to symmetrize the canonical tensor that appears in a standard application of
Noether’s theorem to the invariance of the action [8, 9], [10, Sec. 3.2], [11, Sec. 2.5]. In Sec. 2 of this paper, we
show how a formula for the relativistic angular-momentum tensor can be derived by exterior-algebraic methods
from the invariance of the action for the free field with density Lem to infinitesimal space-time rotations.

Generalizing the usual electromagnetic analysis of flux as a three-dimensional space integral at constant time,
the energy-momentum flux II across the (k + n)-dimensional half space-time Vi*™ of fixed £-th space-time
coordinate ¢, for £ € {0,...,k+mn — 1}, can be expressed in terms of the transverse normal modes of the field
(1, Eq. (86)] as a multidimensional integral over Z, the set of values of &7 for which A&7 - &7 < 0, where
&7 = & — &req, namely

£ T c d&c A
' = an (-1 ) [ 555 e A I, (1)
=¢
where d&e is an infinitesimal element [2, Sec. 3.1] along all coordinates except the ¢-th, the frequency x¢ is
given by x¢ = ++/—Aw&; - &7, and §; ; = £7 + Xeee; the complex-valued normal field components are denoted
by A(€7.). In Sec. 3 of this paper, we provide an analogous formula for the angular-momentum flux and its

split into center-of-motion, orbital angular momentum, and spin components, as described in the next section.

1.3 Relativistic Angular Momentum: Background and Summary of Main Results

In classical mechanics, the angular momentum L is an axial vector (or pseudovector) with three spatial compo-
nents. The relativistic angular momentum €2 is an antisymmetric tensor of rank 2, or a bivector, that combines
the angular momentum L and the polar vector N for the velocity of the center-of-mass (also known as moment
of energy). In fact, the way Q is constructed is the same as the way the electromagnetic field bivector F is
constructed from the axial magnetic field and the polar electric field, that is @ = eg A N + L% [1, Sec. 3.1],
where L* is the spatial Hodge dual of L [1, Eq. (18)], i.e. the bivector corresponding to the axial vector. In
(k, n)-space-time, relativistic angular momentum €2 is a grade-2 multivector with (k;r") components.

In analogy to energy-momentum, a conservation law relates the transfer of angular momentum over a (k + n)-
dimensional hypervolume V¥ to the divergence of an angular-momentum tensor M, with rotation center
a. In contrast to Tem, the basis elements of Mg are of the form w;; = e; ® ey, where 1 € 7 and [ € Zo.
For classical electromagnetism, with r = 2, k = 1, and n = 3, this tensor is given in contravariant form as [4,
Sec. 12.10.B]

MY = 7P (&7 — ") — T (2P — o), (18)

where T°? are the components of the symmetric stress-energy-momentum tensor. In our notation, T°% =

TZa,p)- The vectors L and N are given by volume integrals of some appropriate functions of Ma. For

3
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instance, for & = 0, the spatial angular momentum vector L of the electromagnetic field is given [4, Prob. 7.27]
in terms of the standard cross product of the spatial position vector x and electric and magnetic fields E and
B by:

L= / da}123 (X X (E X B)) (19)

Since the spatial relativistic angular momentum bivector is the space-Hodge-dual L™, using [1, Eq. (36)] we
have

¥ = / dezs (x A (E x B)). (20)
R3

Moreover, the j-th component of the Poynting vector E x B coincides with T35 in (15), with i = 0,

Ty = Z a(J,m) Fe,m) Fe(jom) (21)
meL:m#0,j
=(ExB)|, (22)
where we have used that r = 2 to rewrite L as m € Z, that A,,,, = 1 for the spatial indices, and that

o(m,0) = —1 for any spatial m, as well as the definition of the cross-product E x B. The (%, j)-th component
of L™ in (19) is thus given by the volume integral of the quantity

ziT5; o (i,4) + ;T 0 (4,4), (23)

which in turn can be identified with the component in wo;; of the product x  Tem defined in (16). In Sec. 2,
we prove that this is no coincidence, and that in general it holds that

Mo = (x — ) B Tem. (24)
The proof is built on the principle of invariance of the action to infinitesimal space-time rotations around a.

In Sec. 3, we provide a formula for the relativistic angular momentum Y, of the generalized electromagnetic
field, including L and the center-of-mass velocity N, for any values of k, n, and r, as the flux of the tensor M
across a (k +n — 1)-dimensional surface of constant ¢-th space-time coordinate (Egs (58) and (63)), for any ¢,

Q[

/ dFF I Mg (25)
avk+n

=o(,6) J(ivj)es(i,j)/ daee (i — i) Te(e ), (26)

ij€T Rietn-t

where the flux integral is carried out with respect to the inverse Hodge of the infinitesimal element dx [2,
Eq. (19)]. The total angular momentum Q! can be decomposed as Q% = N* + L* + S° — a AII¢, ie. the
center-of-mass component N¥, the orbital angular momentum L¢, and the spin S°. In terms of the transverse
normal modes of the field, evaluated in the Coulomb-¢ gauge, these three terms are, respectively, expressed
(cf. Eqs (74)-(76)), as

N =z, ATI' +j7r(—1)"a(4,40)/_ ‘;f:[ veer A ((Be, © A" (€:4)) x Algs) - cc), @7)
L = e (-1l 0) [ 55 61 (0, 9 A" (€0) x AlEry) — <o), (28)
8 = —j2ro(6, ) [ G (A7(€,) 0 Ay, - co). (29)

where cc stands for the complex conjugate. Expressions for the bivector components of L¢ and S* are given
in (77) and (80). Of special interest are the circular-polarization-basis formulas for the orbital angular mo-
mentum and the spin, respectively given in (87) and (85). For the standard electromagnetic field, the spatial
components of the orbital angular momentum and spin in (28)—(29), computed for £ = 0, r = 2, k = 1, and
n = 3, coincide with the well-known values [12, Eq. (16) in By.2], respectively given in vector notation, rather
than as a bivector, by

[ dE & : e
L= _M/m 26;23 m;g[ % (8¢, Am(€71)) Anu€7,1) — cc), (30)
. d Ak A
s = —jom [ S (A0 (60 % Aler) o). (31)

By construction, the components of the angular momentum and spin bivectors that include the index ¢ are
Zero.
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The feasibility of the separation of angular momentum into orbital and spin parts in a gauge-invariant manner,
as well as its possible operational meaning, have been subject to some discussion, particularly in a quantum
context [13, 14, 15]. Since the consideration of quantum aspects is beyond the scope of this work, and it
seems unlikely that statements about the generalized electromagnetic field can be supported by experimental
observations to settle the issue, we do not dwell on this matter in this paper, apart from noting that we
carry out our analysis in the Coulomb-¢ gauge (or equivalently for the transverse normal modes of the field
[12, Sec. Bi]), the condition that has been found to be in best empirical agreement with observations for the
standard electromagnetic field [15].

2 Angular-Momentum Conservation Law for the Free Generalized Electromag-
netic Field

In this section, we exploit the invariance of the action with Lagrangian density Lem to infinitesimal space-time
rotations, e.g. Lorentz transformations, to derive a conservation law and an expression for the relativistic
angular-momentum tensor by direct exterior-algebraic methods, avoiding the non-symmetric canonical tensor
and the related currents in Noether’s theorem. For the sake of notational compactness, we remove the subscript
em in the tensor.

2.1 Conservation Law for Angular Momentum

Let us shift the origin of coordinates by an infinitesimal perturbation €. For a translation, each of the k +n
components is an independent function of space-time &¢. For a space-time rotation (Lorentz transformation)
around a center point «, and given an infinitesimal bivector &, with (k;”) components, it holds that

e=¢&L (x—a). (32)

Let {e'} denote the rotated (perturbed) basis elements, expressed in the original basis {e}. Along the i-th
coordinate, the basis element e; is perturbed to first order by an infinitesimal amount

ei=e; x (1+9®e¢), (33)
where 1 = ZieI A;;wi; is the identity matrix and the Jacobian partial-derivative matrix 8 ® € is given by
ORe = Z Aiiaiéﬁjwi]‘. (34)
ijeT

The j-th column of the Jacobian matrix contains the exterior derivative, i.e. gradient, of the j-th component
of the perturbation in the coordinates, €;. As proved in [7, Sec. 3.3], a similar general expression holds for the
transformation of multivector basis elements of grade s,

el =er x (15 + GY), (35)

where 1, = 37, ., Arrwr,r is the grade-s identity matrix and the matrix G¢ is given by [7, Eq. (70)]

Gi= (=11 3" > Auo(I\i,i)o(j, I\ i) dig; Wr e (36)

IE€T, i€l jeT\{I\i}

Writing the action functional over a closed region R in the new perturbed coordinates involves changing the
integrand and the differentials according to (33) and (35). For the Lagrangian density Lem, given by a scalar
product of two multivectors, the full details are given in [7, Sec. 3.4-3.5]. Let us assume that the fields vanish
at infinity sufficiently fast, e.g. the integral of € 41T = (&; L (x — &)) o1 T at infinity (the boundary of the
volume in the action) vanishes. Then, the change of action 6S¢.,, is expressed in terms of the rank-2 manifestly
symmetric tensor T, the stress-energy-momentum tensor (13) of the free generalized electromagnetic field, as

08¢, = / d*"*""x (@ ®e)- T (37)
R
= 7/ d**"x (84 T) e, (38)
R

having assumed that the integration region R is large enough to make the physical system closed, and that
the fields decay fast enough over R so that the flux of the fields over the boundary of R is negligible. This
formula for the change of action (38) holds for arbitrary grades of the generalized electromagnetic field F.
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The integrand in (38) can be rewritten using (32) and [1, Eq. (27)] as
AT (&L (x—a) =((x—a)A (82 T)) -&. (39)

Assuming that infinitesimal space-time rotations are a symmetry of the system and that the fields decay
sufficiently fast, the fact that the variation of the action dSc,,, must be zero for all infinitesimal perturbations
&, implies that

(x—a)AN(@aT)=0. (40)

This expression characterizes the conservation law related to angular momentum, in the absence of external
currents. Differently from the condition &_1'T = 0 that appears in the context of invariance to translations and
gives a the conservation law for the energy-momentum, invariance to infinitesimal rotations requires the interior
derivative (divergence) of the stress-energy-tensor to be radial, or equivalently parallel to the relative-position
vector x — .

In the following section, we provide an expression for a rank-3 angular-momentum tensor, valid for any number
of space-time dimensions and grade of the electromagnetic field.

2.2 Relativistic Angular-Momentum Tensor

In this section, we prove that (40) can be expressed as the matrix derivative (divergence) of a rank-3 tensor,
which we will identify with the relativistic angular-momentum tensor of the generalized electromagnetic field.

To start, we expand the bivector equation (40) in components as

(x—a)A (BT Z(xl —a)e; A (Z T, (;,/5)ez> (41)

i€l JET
= > 06,0 — ) Te(j e (42)
i,J,L€ET

Consider now a bivector of a similar form, where (z; — a;) and T.(; ) are swapped, i.e. (z: — ;)0 T(;0) is
replaced by T.;,¢)0; (i — ). Since 0j(x: — a;) = Jjs, this bivector can be evaluated as the zero bivector,

Y 06O 0di(wi — ey = Y oli, 0T 005060 (43)
i,J,£€T 1,J,4€T
= Z O'(’L Z) (i, 4)95(1 £) (44)
i,LET
= > (0(i,0) + 0(6,1) Teiieciiny (45)
iET i<t

where we have used that o(i,7) = 0 to keep only the terms with ¢ # ¢ and then split the summation into the
disjoint cases ¢ < £ and £ < ¢ and interchanged the roles of ¢ and £ in the latter case. Since o(i,£) = —o(¢,1), we
verify that Eq. (45) is zero. Adding this zero bivector to (42) and applying the Leibniz rule for the derivative
gives

(x=a)A@aT)= > o(i,0)((@i — )0 T + Te(0)0; (T — i) e (46)
i,7,£€T

= > 0,00 ((z: — ) Tej0) ) e (47)
i,7,£€T

It remains to prove that (47) is the divergence of a suitably defined tensor field. Let Mq = (x — o) AT be the
angular-momentum tensor field, where the product @ is defined in (16). The tensor field M is antisymmetric
in the second and third components, as its basis elements are given by w; ;1 = e; ® er. Expanding the product
(x — a) O T with the definition in (16), the tensor field M is given by

OL*ZZ '_al TIezmuI (48)

€L I€T2

DI SILEAG WY ()
€T IE€ET, Imer

= (@i — ) Tyo(i,))Wicap + D (@i — ) Tie(0(i, OWjc(i0) + 0 (i, ) Wee(i))» (50)
i,j€T i,J,0€L:j<L
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where we have split the summation over lists I € J into two, the first one for the lists I of the form (5, j) and
the second one for the lists of the form (j,¢), with j < £. Splitting further the second summation into two, and
renaming j and £ as ¢ and j, respectively, we obtain

Ma = > (@i — @) Tj0 (6, )Wicip + D (@ — @) Tyeo(i, OW e+ D (@ — @) To0 (i, OW; (o)

i,j€ET i,J,lEL:j<L i,J,LE€EL:j>L
(51)
= > (@i— )00, )W+ D (@i — ) Te( oo (i, W, e (52)
1,j€ET 1,J LEL:jF#L
= Z (i — i) Te(j,0)0 (4, )Wj e(ie) s (53)
i,j,L€ET

where we have combined in (52) the separate summations over j < £ and j > £ into one single summation over
j # ¥, and then in (53) combined this result with the first summand, expressed as a double summation over j
and £ such that j = ¢, into a triple summation over indices i, j, and £.

Computing the matrix derivative [7, Eq. (34)] of Ma, denoted by 8@ x Maq, we recover (47), that is

OxMa= Y 0i((wi—ai)T.(;.0)0(i, e (54)
i,5,LE€T
=(x—a)A(0aT). (55)

Substituting this expression in (39) and the result back in (38), we find that the change of action is given by
88r.,, = — / d*"x (8 x Ma) - €. (56)
R

The invariance of the action to rotations, 6S¢.,, = 0, implies (40) and equivalently that 8 x M = 0. In the
presence of sources, the divergence @ x Mg can be seen as an angular-momentum density, and the volume
integral of & x Mg across an (k + n)-dimensional hypervolume V**™ gives the transfer of relativistic angular
momentum from the field to the sources in the volume. In the next section, we characterize this transfer of
angular momentum in terms of the flux of M4, and provide an expression for the flux in terms of the normal
modes of the field.

3 Flux of the Angular-Momentum Tensor: Spin and Orbital Angular Momentum
of the Generalized Electromagnetic Field

3.1 Integral Form of the Conservation Law and Angular-Momentum Flux

The angular-momentum conservation law admits an integral form, which we derive next. First, the volume
integral of the divergence & X M over an (k + n)-dimensional hypervolume VE+™ gives the transfer of angular
momentum from the field to the sources. This volume integral is the flux of the divergence over V™ 1,
Eq. (40)],

/ dxo,... ktn—1(8 x Ma) = / A5 (8 x Ma), (57)
yk+n yk+n

where the flux integral is carried out with respect to the inverse Hodge [2, Eq. (10)] of the infinitesimal element
dktmx, ie. dzo,... k+n—1. A short adaptation, included in Appendix A, of the analysis in [2, Sec. 3.5]proves
a Stokes theorem for the angular-momentum tensor: the flux of Mg across the boundary 0V™ of an m-
dimensional hypersurface V™ is equal to the flux of the divergence of Mq across V™ for any m < k 4+ n. For
m = k + n, this Stokes theorem gives

/ d* %™ (8 x Ma) :/ X X M. (58)
Vh4n

oyk+n

As an example, and for some fixed z, and ¢ € Z, consider the (k + n)-dimensional half space-time region
VE™ = (00, 00) X (—00,00) - -+ X (—00,Z¢) X - - - (—00, 00). (59)
The boundary of this region is a surface of constant space-time coordinate ¢ of value z,, given by
AVET™ = (—00,00) X (—00,00) - - X {&¢} X - - - (—00, 00). (60)

Let QF, denote the flux of the tensor field My = (x — a) BT across the boundary 8Vf+". In this case, the
Hodge-dual infinitesimal vector element in the r.h.s. of (58) is given by [1, Eq. (83)]

grtn—1gnt o dzeea(€,£9) Asrer, (6D

7
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where the factor o (¢, £°) arises from the orientation such that the normal vector e, points outside the integration
region. Using (53) in (58) and using (61), carrying out the matrix product, and rearranging the expression,
yields

ﬂf; = / dafch'(f7 ZC)AMee X Z (CQ — Oéi)TE(mJ»O'(Z',j)mee(i)j) (62)
REk+n—1 imaeT
= O’(Z7 ZC) Z U(i,j)eg(i,]-) / dx e (.Z‘l - Oéi)Tg(Lj). (63)
ijer RE+n—1

An alternative, slightly more explicit, expression for (63) is the following

Qf; = U(Z,éc) Z /k+ (ill‘@c (eij (:E,, - ai)Tg(g,j) —+ e]'i(CC]' — a]-)TE(M)). (64)
(i.)€Ty TR

3.2 Normal Modes of the Field

Substituting in (62) the stress-energy-momentum tensor T by its expression in (13), the flux Q% of the angular-
momentum tensor a surface of constant space-time coordinate ¢ of value z, is given by the integral

ﬂi = —%Aua(& £°) / dzecep, x ((x —a)0(FOF+FO F)) (65)
Rk+n—1
The r.h.s. of (65) is computed w.r.t. ¢, being £° the set of indices excluding ¢. We let x; = x — z,e, and
similarly §; = £ — &ee¢ for the frequency vector defined below. We also let k¢ = 7%Auo'(f, ).

In the absence of charges, the free field F satisfies the homogeneous wave equation and can be expressed as a
linear superposition of complex exponentials €/27* such that £ - € = 0. Note that here j = \/—1; the context
will make it clear whether j refers to a coordinate label or to the imaginary number. Denoting the coefficient of
each complex exponential by F, the Fourier transform of F, and with the definition d**" = d&y--- dépin_1,
we have

Foo = [ d"es(e @R, (66)

We resolve the Dirac delta by rewriting the condition & - € = 0 in terms of &; as Aw€7 + &7 - &€; = 0. This
equation has real solutions for & only if Ag&; - §; < 0, namely the two possible values £ = £x¢, where x; is

given by
xe=+vV—-Dubr-&p (67)

Let E; be the set of values of §; for which A&7 - €7 < 0. We define the pair of frequency vectors §; , as

€10 = &7+ oxeer. (68)

for 0 € § = {+1, —1}, respectively, shortened to + and —. Using [16, p. 184], we can write the inverse Fourier
transform (66) w.r.t. the integration variables &z, now with the appropriate constraints on the integration
range so that y, exists, in various equivalent forms as

Fo = [ 5 (Z eﬂ”%"‘ﬁmz,a)) (69)

= 2Xe \ 755
dee jomgrxziat
= —— TR (&), 70
[ (€ (70)

where we have factored out a common factor e/ and defined the function F* (&) as

F(gp) = P mMT R (g ) e TR R (G, ). (71)

We may rewrite the flux QY in terms of F* by substituting (70) in (65) as

d&ee d /C j2m(E;+E7) x5 i i / e o /
= [ e [ S8 e o ((x - o) B (F(6) © F61) + 6 0 ).
(72)
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3.3 Spin and Angular Momentum of the Generalized Electromagnetic Field

In Appendix B.1 we carry out the rather tedious evaluation of this integral in terms of the transverse normal
modes in the Coulomb-¢ gauge. Under the assumption that the various field components commute, we obtain
the following formula for the angular momentum as a sum of four components, cf. Eq. (151),

QL =N +L +8 —anIl, (73)
namely the center-of-mass velocity N, the orbital angular momentum L, and the spin S, respectively, given
by

£ £ - T c ngC 2% ~
N’ = e AT 4 jm(=1)0(6,£) | 35 e A ((8e; @ A(€r.1)) x Algs ) — o), (74)
=y 4

e . r c dfl" A x ~

LY = jr(-1)o(6.6) | 56 A (9 © A™(€r1)) < Alay) —cc), (75)
=y 2
4 . c dfl“ e A

=—j52 —— (A*(&; A& ) —

' = —jmo(t,t) [ G (A (61) © Algry) —cc), (76)

where IT° is the energy-momentum flux across the region in (17) and contributes to the angular momentum
with a term dependent of the origin of coordinates a. The product ® could be replaced by @® in (76) with an
overall change of sign, since the off-diagonal transposed components of both products coincide [1, Eq. (22)],
and the diagonal components vanish in the Coulomb-¢ gauge defined in (6)—(7).

Using the various product definitions, the I-th component, where I = (i,5) € Zo and ¢ ¢ I, of the orbital
angular momentum and spin are, respectively, given by

(213@ (An&' (05, A" (&1)) - A& y) — Nis&s (05, A7 (&4)) - A& y) — CC) (77)

L = jw(—l)T'a(Z,fc)/

=¢

- 4 c déee e I 2k I
=jm(=1)"e (6,05 | 2§:€ > (AKK (An& (0e; Ak (€5.4)) A (€54) — Aui&y (35,:AK(§Z,+))AK(€Z,+)) - CC),
= KeZ,_1

(78)

and

sﬁ:—jzm(uc)/ d§zc< Z ALLU(L,i)J(j,L)A;(i,m(gM)AE(j,L)(gM)—cc>. (79)

=, 2
= Xe LET, _5:4,j¢L

By construction, the subspace of vector potential components in (79) is restricted to those lists disjoint from
I, with components different from ¢ (from the Coulomb-¢ gauge condition in (6)), and orthogonal to &; .
(from (7)). This leaves a total of k 4+ n — 4 space-time indices, to be distributed in lists of 7 — 2 different
elements. The dimension of this subspace is thus (ktf;‘l) This dimension might be related to the classification

of distinct pairs of spin-1 particles linked to the direction &; ,, a possibility to be studied elsewehere.

The feasibility of the separation of angular momentum into orbital and spin parts in a gauge-invariant manner,
as well as its operational meaning, have long been subject to some level of discussion, particularly in a quantum
context [13, 14, 15, 17, 18, 19]. As stated earlier in the paper, quantum aspects lie beyond the scope of this
work and we do not dwell further on this matter, apart from noting that our analysis is done in the Coulomb-¢
gauge (or equivalently for the transverse normal modes of the field [12, Sec. Bi]), the condition that has been
found to be in best empirical agreement with observations for the standard electromagnetic field [15].

As a complement, we include in Appendix C a “canonical” derivation of the spin components extended to
the generalized multivectorial electromagnetic field. Ignoring the quantum aspects, we have used as a basis
Sections 12 and 16 of Wentzel’s treatise on quantum field theory [20], one of the first book treatments of the
subject. Our analysis bypasses the canonical tensor that Wentzel makes use of, so the appropriate adaptations
have been made. As expected, the final formulas obtained with this extended analysis coincide with (76)
and (79).

3.4 Spin and Orbital Angular Momentum in a Complex-valued Circular Polarization Basis

From the definition of the ® product in (11), the I-th component St of the spin bivector S* in (76) is given by

. d&ge
St = —j2mo(l, £ /
T = —j2m0((, £°) ., 2

((Aiiei JAE ) (A ) Leny) — CC)’ ()
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where I = (¢,7). The component S¢ adopts a particularly transparent form in the complex-valued circular-
polarization basis. For any ¢, let the right- and left-handed basis elements, respectively denoted by e’ and
e’ be given by
el =cospAje; —jsinpAjjej, (81a)
el = —sinpAje; — jcospAjje;. (81b)
Note that the symbol j is used to represent both the imaginary unit and one of the components of I, a possible
source of confusion in expressions as (81) and others below. These vectors satisfy the orthonormality relations
el el =cos® pAy +sin® pAj;, el el =sin® Ay +cos’ pAj; and e} el =sinpcosp(Aj; — Ay), as
well as the relationships e}, A e} = e’ Ael =0 and je} Ae’ = Ajre;. The transformation in (81) has
determinant A;;Aj; and the inverse transformation is given by

Ajie; = cospel —sinpel, (82a)
Aje; = j(sinpel +cospel). (82b)

The basis elements for ¢ = 7 appears in the analysis of helicity and circular polarization [4, Problem 7.27]; for
@ =0, and apart from a factor —j, we recover the standard basis, i.e. linear polarization.

When we substitute these expressions for e; and e; in (80) we have to take into account that the complex-
conjugate operation acting on the potential also affects the basis elements. For the standard space-time basis,
this observation is irrelevant since the basis elements are real-valued. However, the polarization vectors are
complex-valued and we need to use e; rather than e; in (82a). With this observation, the component S s
given by

S = —j2mo (L, £°) /= % (j((cosapeﬂr —sinpel )" 1A (&;,))  (A(&; )L (sinpel +cospel)) — cc)
[ ()
= —j2mo(6,£) /_ ‘;f("; (7sin2e) (1" a1 A"(€:) - (Algr )L el) = (2" T A%(€;,)) - (A€ry) el )+
+jeos(2¢) (e} L A%(&1)) - (A(€rs) Lel) +cc), (84)

where we have grouped common terms under the assumption that the fields A* (¢ 74+) and A(e 7.+) commute, as
it corresponds to a classical theory. For the choice ¢ = 7/4, the basis elements satisfy e} " - e, = e_”
and e} - e’ = 1(A;; — Ay), and the components S§ adopt a particularly simple form,
4 c df[ * A % ~ * P N
st =2n0(6.6) [ S (4" S A E) - (Al )L eh) - (T T AT(E) - (A ) el)). (59)

=, 2xe

,:E

This formula extends a similar result for the standard electromagnetic field [4, Problem 7.27], and expresses the
spin as the sum of independent right- and left-handed components. For other values of ¢, the basis components
are mixed.

The I-th component L%, with ¢ ¢ I, of the orbital angular momentum bivector L* is given by (77). For the
basis change in (81) with ¢ = /4, the frequency vector components transform are expressed as a function of
&L and €' in terms of the Hermitian inverse of the transformation matrix, i.e.

1 I I
b= (el — ), (86a)
& = %m +eh), (86b)

and similarly for J¢, and 9¢;. Again, the symbol j doubly represents a coordinate label in the left-hand side and
the imaginary unit in the right-hand side of (86b). We therefore can express the orbital angular momentum
component L% in (77) in terms of the coefficients in the circular-polarization basis in (86) as

dEIZC 1 s 1 A * A
S (e € (O +0)AEr) - Algr )+

=

L = jr(—=1)"0 (£, £9) Ay

— (€L + €Ot — 0 VA1) - Aler,) — cc) (87)

= 27"(_1)76(& ZC)AM _ ;ii %(f-ﬂ— (8§iA(£Z,+))* ’ A(EZ,+) - fl— (a§{ A(EZ,Jr))* : A(EZ,+))7 (88)
=0

a formula reminiscent of that of the spin for the standard electromagnetic field [4, Problem 7.27]. As we have
seen throughout the previous pages, a large number of standard results in the analysis of angular momentum for
free electromagnetic fields naturally extend to arbitrary number of space-time dimensions and multivector field
grade. This brief discussion on the orbital angular momentum and the spin of the generalized electromagnetic
field and their relationship to complex-valued circular polarizations, for generic values of r, k, and n, concludes
the paper. The remainder is devoted to appendices with details or proofs of several results mentioned earlier
in the paper.

10

el = 3(Aii +4))
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A Proof of the Stokes Theorem

In this appendix, we prove the following statement: the flux of a tensor field M, antisymmetric in the second
and third components and with basis elements given by w; 1 = e; ® er, across the boundary 9V™ of an m-
dimensional hypersurface V™ is equal to the flux of the divergence of M across V™ for any m < k+ n, and in
particular for m = k 4+ n. This Stokes theorem thus gives

AT (@ x M) = / dM I ML (89)
VEt+n gyk+n

We prove (89) thanks to the generalized Stokes theorem for differential forms [21, pp. 80],

where w is a differential form and dw is its exterior derivative, corresponding to the operator

d=>" da;0;. (91)

JET

The procedure we follow is almost identical to what was done in [2, Sec. 3.4-3.5], and it starts by identifying
w with the integrand on the right-hand side of (89). Using (53) with M = Mg, we have

w= dzme Ammo(m, m°)em, x i — i) Te(j.00 (0, )W eie 92
Z ’ (3,0)9\% J,e(i,0)
mez i, €T
= Z dfj”o'(j7jc)(‘ri - ai)Te(j,Z)J(ivz)eE(i,Z)y (93)
i,J,LeT

having applied €m X Wj c(s,0) = Amj€c(i,r)- We then let the exterior derivative in (91) act on (93) to obtain

dw = Z Z dLEm dxjccr(j,jc)a(i,f)am((Jci — ai)Tg(j’g))eE(i,g). (94)

meZi,j,lel

Since j¢ € Tryn—1, we can identify m with j and write dx.(; ey = dz; dzjeo(f, ) to obtain

dw = Z dz(j,j0y0 (1, 0)0; ((mi — i) Te(j,0)) €c(ire)- (95)
i,J,LET

In parallel, we identify dw in (90) with the integrand of the left-hand side of (89), which can be expanded as

dw = Z dxg(j,jc)o(i,é)aj((xi — ai)TE(j’g))eg(i,g), (96)

i,j,L€T

namely the same expression as (95), therefore proving (89).

B Flux of the Angular-Momentum Tensor

B.1 Computation of the Angular-Momentum Flux

Writing x — @ = (¢ — ag)ee + X7 — @z, we may split the flux in (72) as a weighted sum, namely
QL = ke(ee — o) To + keLy — by, (97)

where the bivector-valued integrals Zy, Z; ., and Z; _ are, respectively, given by

n / . 7 ~ ~ ~ A
7 :/ daee // dé&ee &’f e]27r(€2+§2).x2(_3Z % (ez 0 (Fz(ﬁz) o Fl(ﬁ%) + FZ(EZ) ® Fqé%))), (98)
RE+n—1 EoxE, 2x¢ 2X[

dfzc dé-Zr j2m (E5+€%) %z e AU ¥4 AU
T, = dage S pr2mEptep) e (B (F(&) O F (&) + F (&) o F (& 99
o= [ e [ e er x (xe B (B'(6) 0 F'(€)) + F'(€) 0 F'(€))), (99)

dcd/c-ﬂ,,g.x, v r- ’ ‘- ‘. ’
Too= [ e [l G e e x (8 (E (69 0 B (6 + () 0 F(6D) ) (100

11



E. Angular momentum and spin of generalized electromagnetic field 121

We next evaluate these integrals, starting VV/ith Z,. Interchanging the integration order of frequency and space-
time, we evaluate the integral of e/27€+80)*z over space-time R¥+"~! as the (k + n — 1)-multidimensional
Dirac delta. After integration over £y to remove this Dirac delta, we directly obtain

7|
=y

It will prove convenient to define an integral Z,,, for m € Z, replacing e, inside the parentheses in (101) by e,

o e (o0 (F'(€) O F' (-6 + F(6) 0 F'(-€) ). (101)

dé&ge . . N .
In :/ 432 e X (em [ (F'(¢p) 0 F(—€p) + F' (&) © Fe(—&))) (102)
0 *Xe
The integral Z7 _ in (100) can now be evaluated in a similar way to Z, to obtain

IE? = Z DétIt, (103)
teEZ\L

where Z; is given by (102) setting m = ¢.
As for the integral Z; | in (99), we first rewrite the formula for Z; , by interchanging the integration order of

frequency and space-time, using linearity and making some minor rearrangements and algebraic manipulations,
as

) L . F[ _ 1:-\£ A FE _ ﬁ\l A
1. - // dte dgmx< / dMEJQ,,(wZ).xeZ@( &) o (s£+/ &) ® (@)))_ (104)
=, xE, RFk+n—1 XeXy

Under the usual assumptions that the fields vanish sufficiently fast at infinity, the space-time integral in (104)
can be evaluated by integration by parts in terms of a derivative of the Dirac delta as

e e 1
dapee??™CHED >y, = 8, (5(¢&; + £5)), 105
. an 7= 75706, (00 + €0) (105)

where the vector-derivative operator 9, is given by

e, = Y Auede,. (106)
teET\L

Now, an extension of the proof in [16, p. 26] to our multidimensional bivector-valued integrals in (104) shows
that the derivative of the Dirac delta can be evaluated as

1 , oy (€D O F(€) +F' (&) o Ff(sg))
;. =— d€pe d€pe O¢,(0(&7 7)) N 107
=5 L e delee ( e 6lec+ €)@ e (107)
ﬁé _ FZ ! Ff _ FZ A
= 7# dépe e x agi@< () OF (&) + - (€)@ (g‘f)) . (108)
J2m Jg, ) Axexy I e
&=t
Using the definition in (106), we can express (108) as
1
Iy = o > AuTis, (109)
teT\e

where the bivector-valued integrals Z;  are given by

S0 . B0 .
Toi = [ e <etm (af, () o F(og + 0n (T2 @F’%sz))). (110

Finally, we evaluate the derivative of F*(&;)/(2x¢) as

&)\ _ 0., F'(&) F(¢&)
6&( QX; >— e L4 ApeApke 2x§; . (111)

Using this expression, we may therefore rewrite (110) as
Tiv =Zi1 + DpeAuZyp, (112)

where Z; 1 and Z;  are, respectively, given by

Zon= [ 5 e x (a0 ((0aF'(6) 0 F'(-6) + (0 F(6) 0 F'(~¢0)) (113)

=y 4
Lio= /
=7

o e (o0 (F(6) 0 F'(-€) + F'(6) O F(-60)). (114)

12



122 E. Angular momentum and spin of generalized electromagnetic field

Substituting (101), (109), (112), and (103) back into (97), we obtain

K
Q= kewe Ty — Tl;r Z (AuZi1 + AwZio) — ke Z amZm, (115)
teT\L meZ

where Z,,, for m € 7 is given in (102), and Z;1 and Z; o are, respectively, given by (113) and (114).

The three bivector-valued integrands in (102), (113) and (114) are of the form e; X (e, @ B), for some index m
and some symmetric rank-2 tensor B. As for some indices I = (i1,42) € J2 it holds that e, X (e, Wus) =0,
only some components of the tensor B contribute to the integral. To determine which components of B
contribute to the integral, we compute the double product e, x (em N B) with the definition of the product N
in (16),

er X (em @B) = Z Brey x (em @ul) (116)
IeJs
= Z Z Bro(m,iz)er x (eir ®e5(mﬂg)) (117)
Ie ITell
=Au Y Bejo(m, ) ecim.j), (118)
JET\m

where we have used that I and its permutation I™ must be such that 7 = ¢, i.e. that I must be of the form
(¢, j) for some j € Z. This observation fixes also the permutation I"™ = (£, j). Besides, we can remove j = m
from the summation as o(m, m) = 0. For each m, we need thus consider only the components B, ;), where

J#m.
Computation of Ip,. In (101), the tensor B mentioned in the previous paragraph is given by
B =F'(&) 0 F'(~&) + F'(&) O F'(~¢&p). (119)
In Section B.2 we evaluate its components B, ;) needed in (118). Substituting (181) in (118) gives
e X (em BB) =28, Auxe Y o(m,j)ecim) D 0&q il A&, (120)
JET\m oeS

where (3, is given by

Br = 4n*(—1)" 1, (121)

and with some abuse of notation, o denotes in this equation both the signature of a permutation and a sign.
Substituting (120) back in (101) gives

dée

=, 2X¢

Im = BTAZZ Z U(m7j) €c(m,j5) (£2,+,j A(&[,{»)F - 52,—,_7'|A(£l7,—)‘2)' (122)

JET\m

Assume that j # £, so that {7, ; = §;, regardless of the value of o. Then, splitting the integral in two, and

making a change of variables (; = —&; in the integral with §; _ yields
dee . 4 2 / dgee A 2
— i|A(&; =— —G)|A(—=¢; — xee 123
/EZ e §ilA &) -, 2x (=GIA(=C¢z — xeer)] (123)
dcee . 4 2
AA(CS , 124
[ o OIAG) (124)

since —Cy — xeee = =gy, and |A(Ce )P = ACr ) A" (Cry) = A"(=Cr ) A(—Cry) = [A(=Cp )P thanks
to the hermiticity of A(¢; ). The second summand in the integral in (122) coincides with the first.

If j = ¢, then &; , ; = ox¢, and the integral in (122) is given by

CdEe )
/EZ Qi‘; (xel A&z ) + xel A&7 ). (125)

Splitting the integral in two, and making a change of variables (7 = —&; in the integral with £; _ shows that
the second integral in (125) coincides with the first one, as it happened in (124).

Substituting (124) and (125) back in (122) gives the final expression for Z,,, namely

. d€pe A
Lo =260 Y U(mv.])es(mﬁj)/ %52,+,]‘|A(5e’,+)|2 (126)
. =, «X¢
JET\m €
d&ee A 2
=28, Avem A | e &7 A& I, (127)
=

13



E. Angular momentum and spin of generalized electromagnetic field 123

where we have used that e.(,, j) = o(m,j)em Aej, that em Ae, = 0, and the decomposition &7 = &7+ xeer.

With the definition x, = 7%AMU(£, £9), the bivector-valued integral Z,, can be expressed in terms of the
energy-momentum flux II* in (17) across the (k + n)-dimensional half space-time V™" of fixed x., for £ €
{0,...,k+n—1},in (59) as

In= ienL A HZ~ (128)
Ke

Computation of I;o. In (114), m = ¢ while the tensor B is again given by (119). Substituting the components
B.(s,5) in (181) into (118) with m = ¢, and then back in (114) yields an analogous equation to (122), namely

S & (Gl A — € slAE ). (129)

Zio = frlee Z a(t,5) €c(t,5) 2X3
=7} £

JET\t

It proves convenient to split the integral in two and separate the cases j # ¢ and j = £. In the first case,
i.e. j # £, noting first that {; _ ; = &7 ; = {;, making a change of variables (; = —&; in the integral with £; _
gives

dége N d¢ye .
L OIAE I = [ 5 6 C6IAGP (130)
[ A
= | S GolAGr, (131)

which cancels out with the integral §; , and the integral in (129) vanishes for j # £. If j = £, &7 _ o = —&7, o = — X,

unaffected by the change of variables (7 = —&7. The integral with £; _ gives thus

| e s OF = - [ 9 (0 AG P, (132)

=, X¢ =, Xy

and the total integral in (129) vanishes too. Therefore,

Zi0=0. (133)

Computation of Iy 1. In (113), the index m is again m = t, while the tensor B is now given by
B = (95, (&) © F'(=¢&;) + (9. F' (&) 0 F*(—&p). (134)

Substituting the double product (118) in (113) gives

d&e .
Zi1 = Ageo(t,0) es(t,({)/ fTe.zBu + Age Z a(tuj)es(t,j)/
=y 4 =

déee
2 Dewd: (135)
JET\L,t =, *Xe

In Section B.3 we evaluate the components B, ;) needed in (118), namely ¢ = j and £ # j. Substituting the
expression of By in (211) into the first integral in (135), and expanding the sum over o gives

dépe déee . ) A .
/E 4i Bu = b /: 4f< (~ At Agr, )~ Aeetuta| Algs ) +2xF (0, AlEr.2) - A" (6r.0) +

13 1

la 1b 2a
£ 203 (0 AE ) - A€ ) O A A (A ) - A" (€ ) -
2b 3a
— e IR N Ny (A€ ) - A*(§Z,+)))- (136)
3b

We split the integrand in (136) into three terms, respectively, indexed by 1, 2, and 3, each with consecutive
pairs of summands labelled by a and b. In the integrand with label 1b, the change of variables {; = —&; has
opposite sign to the contribution from 1la, so the first integral is zero. Then, each of the integrands with labels
3a and 3b is an odd function of the integration variable £;, as can be verified with the change of variables
¢; = —&;. Indeed, A({g)Jr) transforms into A*(E;f) and (resp. A(ﬁgf)) into A* (&7.4)) and therefore the
third integral is zero too. It only remains the second integral, which can be expressed with the usual change
of variables {; = —&; in 2b as

/ E B :47{"(—1)"—1/5@xe((aﬁA(gg,+)) AT (E) o)), (137)

=, X0 . 2xe

where cc denotes the complex conjugate.

14



124 E. Angular momentum and spin of generalized electromagnetic field

Proceeding in a similar manner, substituting the expression for B, ;) in (212) into the second integral in (135),
and splitting the integrand into three terms, respectively, indexed by 1, 2, and 3, each with consecutive pairs
of summands labelled by a and b, gives

L5 By =1 [ (A (A €r) 0 Alee ), ~ (A (€0 0 Al )],,) -

L A7 L dxe
la
—Au (AT ) @ A )], — (A6 ) 0 Al ), ) -
1b
—2(—1)"¢& (0, A€ 1)) - A" (&5, ) +2(—1)" &5 (e, A€, ) - A" (&) —
2a 2b
_ €j41rAeeXzz€Att ((A* (517,—) ® A(£[Z+)) }]t+(A* (52,7) ® A(SZ,+)) |tj) +
3a
e (A% ) © A )|, +(AT € ) © A )],,) -
3b
(138)
As before, we consider separately the integrands. If the quantities A(gm) and A* (&7, ) commute, the change
of variables {; = —&; in the integrand 1b gives the integrand la with an opposite sign; this sign cancels
the minus sign in front. Besides, for commuting quantities, the second summand of 1la (and of 1b) is the
complex conjugate of the first summand. The same change of variables {; = —&; shows that the integrand 2b

(resp. 3b) is the complex conjugate of 2a (resp. 3a). Similarly, the same change of variables and commutativity
assumption applied in the second integrand of 3b shows that the second summand coincides with the first one.
We therefore have

/; d&e B,y = 471—2/ ;526 (Att((A*(§Z,+) ® A(§,7+)) ‘t],—cc) — (=g ((a&A(gaJr)) A*(£E+) — cc)-}—

. 4X/% =, “X¢

£ A (e (A ) © AlE )], —co)- (139)

Note that the rank-2 tensors with components (A* (£7.5,) © A({Zoz ) |tj7 cc are actually antisymmetric in the
indices t and j and can thus be seen as a bivector component with element basis e;;.

Combining (137) and (139) back into (135) gives

déoe [~ .
It11 :4772AZZAtt Z o‘(t,j)es(t’j)/_ 25:[ ((A (£[T+)®A(£Z+))|tjfcc>+
JET\L,t =
+ BBt 0eun | 5 (O Al ) A€ ) — co)+

F8:8 3 alties | o & ((0a A ) A" €ry) — o)+

JET\L =, 2xe

. dé&ee
+ AT Ap Ay Z U(tvj)es(t,j)/ s

JET\L,t =, 2xe

(B_MWA“X‘” (A* (e4)© A(Eg,)) |tj_cc>' (140)

Let us denote by Z} ; the first summand in (140); the second and third terms in (140) can be grouped into a
single summation, denoted by Z7,, over j € Z \ t. We denote by Z;, the remaining summand in (140). As
e.t,j) = —0o(t,j)ej Ae, and e; A e, = 0, the contribution of I}yl to the flux is given by

Ke 1 . . dé&ge Ak N
~Jor Z AuTy ) = j2mheAe Z Z U(tvj)es(t,j)/g e <(A (5Z,+)®A(52,+))|H—CC) (141)
teEI\L tEI\LFET\L,t 2

=2kl y > o(t,j)eg(w_)/ dgee ((A*(gm)@A(gm))}tj_cc) (142)

teT jET\t S 2xe
_ e (Ao o Aes
= ]47mzAut j;qeg(t,j) /sé e ((A (&7.)0© A(EZ&))‘M—CC), (143)

where we have extended the summations to ¢ = £ and j = ¢ since these added terms are zero in the Coulomb-¢
gauge in (142) and noted that every ordered list of non-repeated index pairs appears twice in the summation
in (143). Interpreting A*(£; ) © A(§; ) — cc as a bivector, we obtain

K A o [ dEe [an .
—2L T AuThy = —j2ro(t,() / (A" (Er4) © Alery) — cc). (144)
T e 5, 4X¢
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E. Angular momentum and spin of generalized electromagnetic field 125

Proceeding in a similar manner, we can rewrite I, 1 as
T2 _3A d&ﬂ B A A e
b= B [ 5 A (00 A (€0 0) - Al — o) (145)

= B, D / df"‘ € 1 (e, © A"(65,4)) < Ak —cc), (146)

='i

where we have also used that e; (6&1&* (€7.4)) - A(£g+) = (etde, ® A*(€Z,+)) X A(§@+), as can be seen by
direct computation. Getting back to (115), and summing over ¢ € Z \ ¢, this first term of (140) contributes to
the flux as

S AaZh = in(- Do) [ e A (06, 9 AT ) x Alg) — ). (D)
teET\L =e

It is straightforward to verify that this expression is indeed a bivector, regardless of the value of r.

Analogously, the contribution of Ifyl is given by

Z AftIt = ot ) Z Z (.7 ee(m)/ déee <87j47rAMXZIZ (A*(§Z,+) ® A(ng))hj —cc)

ey tET\LFET\L,t =, 2Xe
(148)
Under the change of variable (; = —§; and the commutativity assumption, this equation becomes
c dflc —jdmA x
KOS AT = —gmo(t0) Y olt)enen /_ S (eI (A (67,0 © AT (€7,) | ee).
T e\ tET\L FET\L,t B¢
(149)

Renaming now ¢ as j' and j as t, this equation coincides with (148), except that o (¢, j) picks a minus sign.
The integrand is thus an odd function of £; and the integral in (148) is zero, and therefore

Z AuZ?, =0. (150)
tez\/z

Combining Z,, in (127) with (133), (147), (142), and (148) into (115) gives

d ° A K ~
2§:€ i A ((855 ® A" (&) x A& L) — CC)_

) c d&ee
— 2no (L, 0
st ) [ Er

Q= (zrer — @) AT +j7r(—1)TJ(Z,€C)/
=y

(A"(€rs) @ AlE; ) - o), (151)

where TI* is the energy-momentum flux across the region in (17).

B.2 Evaluation of the Tensor Components B.(, j) for Z,,, and Z; (Lorenz Gauge)

We start by listing some useful identities relating interior and wedge products [1, Sec. 2.2]. Given two vectors
u and v and a r-vector w, the following expressions hold

ud(vaw)=-v_(uaw), (152)

and
d(vAw)=(=D"(u-v)W+VvA(udw). (153)
In addition, given two vectors v and v’ and two r-vectors w and w’, then it holds that

vAaw) - (VAW)+ (¥ aw) (vaw)=(v-v) (w-w'). (154)

Also, for a vector u, an (r — 1)-vector v and an r-vector w, it holds that

WAV)-w=(-1)""(uaw)-v. (155)

In the tensor definition in (119) we need both F*(¢;), given in (71), and FY(—¢;). The latter is evaluated
noting that the real-valuedness of the field implies that F(—£) = F*(£) as follows,

Fi(—gp) = MmN R (g ) T TR R (g ) (156)
— I2mAeexexe ﬁ\*(g[ﬁ) 4 eI Auexeme o (EE,+) (157)
SD IR (T (158)

oceS

16



126 E. Angular momentum and spin of generalized electromagnetic field

Substituting the definition of F* given in (71) together with (158) in the tensor definition (119), we obtain

B = Z 6j27rA[Z(Ul—U2)XeZ2 (ﬁ‘(fé,nl) o) P (52102) + ﬁ‘(ﬁzm) ® F*(gi,gz))~ (159)

01,02€S

Let us define B7172 as B7172 = I'A“(ng) © ﬁ‘*(ﬁzm) + F(ﬁgm) @) I'A“*(ﬁam); we need to evaluate the compo-
nents B7/,”%. Using the definition of the products ® and @ in (11) and (12), the (7, j)-th component B7'”* is
given by

BY = My (e 3 F(Er,,)) - (B (€r0,) L) + (e AF(Er,,)) - (B (6r,,) Aey)) (160)
= 83y (e a F(€r0)) - (B (€r0,) Leg) + (1) AF(Er,) - F(€r,) + (€ I F(Er,)) - (B (6r,,) Le))
(161)
= (-1)" ' Audy; ((ei—l F(&7,,)) (e aF (&5,,)) +(e; 1 F(€:,)) - (ei 1 F"(€7,,)) —AiF(€z,,) - f‘*(ﬁz,gz)),
7 7 (162)

where we have applied (154) in (161) and the identity v_1w = (—1)8MEW+eVw v [1, Eq. (21)] in (161)
and (162), and have defined the quantities a;;'”* for ease of presentation.

Substituting the potential in the Fourier domain, (&) = j2r& A A(£), and subsequently using (154) yields

F(€r0,) F(€10,) = 47" (€10, NA(E70))) - (€00 NA" (€20y)) (163)
=47 ((Er,  €00a) (A(€ry) - A" (€10,)) = (€rry 2 AlEr))) - €00y S A" (E0)) )-
(164)

We note that the wave-equation condition &7 ,-&7, = 0, together with the identity &7 ,, = &7, +(01—02)xeer,
with 01,02 € {41, —1}, implies that

i, €ioy = (0102 = ) Auixi. (165)

Also, the Lorenz-gauge condition in the Fourier domain, namely &; , 1 A 7o) =0=¢&;, 1 Ax(¢ 7.0), implies
that

bi0 2 A(Er,,) = (01 — 0o2)xrec 1 A(E7 ), (166)
€10, 2 A" (E7,,) = (01 — o2)xeer I A" (€7 ,,)- (167)
Substituting (165)—(167) back into (164) yields

F(&,,) ¥ (&, = 47T2<(0102 — 1) Auxi(AEs,,) A% (&r,,)) + (01 — 02)° X7 (ee 1 A(&z,,)) - (er A*(Ez,oz)))-
(168)

Turning back our attention to afjl‘”, substitution of the potential in the Fourier domain, F(g) = j2mEN A(g),
followed by the use of (153), gives

ei 1 F(€7,,) =520 ((-1)" (e - €70, )A(&r0,) + &7, A (i AE7,,))) (169)
= =27 (1) Aiskro, AEr,) = Eioy A (01 AlEir))): (170)
We therefore have for o172 (and similarly for aJ; ), apart from a factor 47>
g} o« ((—1)TA1‘1‘52,01,¢A(€2,01) — (&0, N (€0 A(&i,al)))) ' ((—1)TAJ‘]‘52,02,]-A*(Ez,@) ol (TN A*(ﬁz,oz))))

(171)
= Diiljj€ oy i&loy AT o)) A (E7,,) — (1) Diikr o, i A&7 y,) - (€70, N (€52 A*(Ez,az))))

— (1) D&y (Eroy N (ei D A(E7,,)) - A (€7 ,y)) + (10, A (i 0 AEL,))) - (Erpy A (65 2 AT (&7 ,,)))-
(172)
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E. Angular momentum and spin of generalized electromagnetic field 127

Using (155) in the second and third summands and (154) in the fourth summand, we have apart from a factor
47?
Al o DNiilNji€r oy 60 ;A ) AT (€7 ,,)—

— Diiioy i (€, I Ar,)) - (€ A (€0,,) = Diiioy i (€70 1 A" (€00y)) - (01 0 Al,,))

+ (€roy €r0y) (01 0 A(Er,,) - (65 0 A™(&r,,)) — (o 2 (ei 0 A(EL,)) - (0o, =t (€ 0 AT (E5,,)))
(173)

= D4l oy itos ALy, ) - A (&) -
Aii€7,04, l(fe g = A (7.0, ) €; A (&7, 02)) AV I (5[’,,01 - A*(Ei,az)) : (ei—l A(Eim))

+ (€70, €roy) (i1 A(g; o)) - (€51 A (g o)) — (e 1 (€4, A(Ez,gl))) (ej 1 (€7, - A*(Ezm)))7
(174)

where we have used (152) to swap the product order between £z ,, and e; and between §; , and e;. Finally,
substituting the identities (165)—(167) into (174) gives

a7 o i€ oy it Al 0) AT (€1 ) — Diii oy i(02 — 01)xe(ec 1 A(Er,,)) - (e, 1 A" (€7,,))—
— D&y (01 — 02)xe(e0 2 AT (€7 ,,)) - (€6 d A&y ,,)) + (0102 — DAuxi(es 2 A(&;,,)) - (e 2 A™(&;,,))+
+ (01— 02)’xi (ei 2 (ee 1 A(€7,,))) - (&5 2 (e 1 A7(¢7,,)))- (175)

We continue our evaluation of ijld? by considering separately the cases 01 = o2 and o1 # o02. First, for
01 = 02 = 0, and combining (175), both for a7!?* and aJ}??, and (168), we express By in (162) as

B = 4m® (1) Aul20860567 01670, A Er ) - AT (€q) (176)
=8 (=1)" " €p0.i610 1A (€7 )" (177)
For o1 = 0, and 03 = —0 = &, combining (175) and (168) apart from a factor 472(—1)""*A;Aj;, we express

B in (162) as

B o NiilNjj€r o165 A& ) - A (€7,) + 2067 5 ,0xe (e 2 A(€7,)) - (ej 1 A" (€7,))—
— 245, ;0% (€0 A*(ﬁz 2)) - (ei 1 A(&s,)) — 20uxi (ei 1 A(&z,)) - (65 0 A™(&,))+
+4x7 (e o (ec 2 A(g7,) ( d(eca AT(&,)))+
RAVYASHIT SRV (Ez,a) CAT(&55) 2855800 0xe (ee 1 A(€g,)) - (e AT(€q,)) -
—20ui&sioxe(ec AT (&7,)) - (e 1 A(&q,)) — 2Auxi (e5 1 A(Eq,)) - ( i
+4x7 (e 1 (eea A(€7,))) - (e (era A™(€;,)))+
— A (=280 (Algr,) - AT (€r0) + 0 (e I AEr,)) - (00 A"(E:))- (178)

We now set i = £, and note that e, _I (e, A(&Z,U)) =0, &, =0Xe, and & 5 , = —o Xy, to simplify (178) as

B o Auljioxe€is jAEr,) A (€ s) + 200xi (e 1 A(€g,)) - (e 0 A™(&7,))—
— 20505 50x0(ec 1 A (&;,)) - (ee 1 A(€,)) — 2Auxi (ee 1 A(€; a)) : (ej A& )+
— Aulji&q , ;oxeAE7,) - *(5*7) + 2065, 0% (e 1 A(E7,)) - -
+200xi (e 1 A% (&7,)) - (e5 1 A(éq,)) — 2Auxi (e5 1 As,)) - (GZ—I A*(ﬁz;))Jr

)
— Ag (280} (A (€00) A1) + 402 (o0 0 A7) - (o0 A°(61,)). (179)

Now, cancelling several common terms, Eq. (179) becomes

By o< Auuljioxe(€io s — E,0.0) A0 ) - A (€rs) — 208155 — S0 )oxe (€0 1 AT (&7 ,)) - (ec 2 A(&g,)) -

-2y (fzmm (AEr,) - A (€:,)) + 1 (euA@ 2) - (er A (E70)))- (150)
At this point, we need to distinguish two separate possibilities: j # ¢ and j = ¢. If j # ¢, it holds that
6,05 = &2,5,; and Ag; = 0, and therefore (180) vanishes. When j = ¢, then &;, ;= —§;,; = oxu, and
Ay¢j = Ay and (180) vanishes too. We conclude that BS&J) =0 if 0 # 7, regardless of the value of j.
Moreover, the same steps (179)-(180) similarly prove that B} ;) = 0 if o # & for any 1.

Since the only nonzero contribution is given by Bf in (177), substituting this latter equation in (159) yields

Beeg) =87 (=1)"'xe ) 0 51A L) (181)

oeS
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128 E. Angular momentum and spin of generalized electromagnetic field

B.3 Evaluation of the Tensor Components B. (¢, j) for Z,; (Coulomb-{ Gauge)

As this section follows similar steps to those in the previous one, the presentation is streamlined somewhat.

Substituting the expressions for 1:*‘4(51770) and FZ(—&J), respectively, given in (71) and (158) in the tensor
definition (134), we obtain
B = Z eJ'Zﬂ'Au(Gl—Oz)XzWBUl@’ (182)
01,02€S
where the rank-2 symmetric tensor B??2 is defined as

B7'72 = (0, F(¢7,,)) O F (€1,,) + (0. F(€7,,) OF (€7,,)- (183)
Following the same steps as in (161)—(162), the (4, j)-th component B]!°? is given by

BialeQ — ( )7‘ 1A”A“( 102 +a¢7102 _ Aij (aft]?‘(gé,gl)) . 13‘*(55102))’ (184)
where (1‘71”2 and similarly a”l”z, is given by
A CIICS JC)) B C M)} (185)

Substituting the potential in the Fourier domain, we obtain
06, F(&,0,) = j2mec A A (€7 ,,) + 52767 0, N (0, Ar,))- (186)

Using this identity together with (154) allows us to write the last term in (184), apart from a factor 472, as

4),
(0, F(&7,,)) " F (£r,,) < (e AA(E7,))  (E10y NA (€,,)) + (€1, A (0, A€7,,))) + (E0.0y ANA(E2,,))

(187)
= (e €70,)(Alro,) - A" (€1,y) = (Gron 2 Al€r,)) - (002 AT (€7 ,,)) +
+ (€0, €i0y) (06 A(E10,)) - A" (€00y)) = €0y =1 (06 A(EL0,))) - (€0, I A" (€2y))-
(188)
In the Coulomb-f-gauge, for which e, 1 A = 0, the conditions (166) and (167) become
€10, 2 A(7,,) =0, (189)
&0, AT (&,,) =0. (190)
Substituting the wave equation condition (165) together with (189)—(190) into (188) gives, apart from a factor
472,
(0, F(€7,,) F (€7.0,) X Dit&7 0y 1 (A(E7,,) A" (E7,,)) + (0102 — 1) A (0, Al€7,,)) - A (E7,,))-
(191)

With a similar substitution of the potential in the Fourier domain followed by (153), we write
1 (06, F(&s,,)) = jQW(Gi—I (ec NA(&z,,)) +ei (€70, A (3£tA(£z,al)))) (192)
= j2r((=1) " (ei - e)A(Er,) +ec A (e Aler,,))+
+ () (e €r0y) (O AlErs,)) + €ry A (000 (9AEr,))))  (198)
= —jQW((—l)T'AnA(ﬁzm) —ei A (eiaAg,,))+
+ (1) Dii€ro, (0, AEr ) — €roy A (000 (06AER,,))). (194)
Combining (194) with (170), we therefore have for a7'?* (and similarly for a7}”?), apart from a factor 47,
ajj o« ((—1)7.AitA(Ez,gl) —ei A (e A&y,,)) + (1) Diilio, i (0, A&r,,)) — €0y A (05 (%A(Ezm))))'
(D B350, A € 0) — (€0 A (05 1 A" (Er,)))) (195)
= DitDi€ray A0, A (€1 0y) — (1) AiA(€r,,) - (€0, A (65 3 AT (€7,,))) -
— (=) Ajst.0y.5 (0 A (ei 0 A(&r,,))) - AT (Eroy) + (0 A (€0 A€r,,))) - (€00y A (65 0 AT (€70,))) +
+ D056, .00 (06 A€l ) A" (Er0y) = (—1) Dii€roy i (0e AEry,) - €0y A (65 0 AT (E7,,))) -
— (1) D805, (€ oy A (e 2 (06, A(E7,,)))) - A" (€7,0,)+
+ (&0, A (i (06A(62,,)))) - (€l A (€5 0 AT (€70y)))- (196)
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E. Angular momentum and spin of generalized electromagnetic field 129

Using (155) in the second, third, sixth, and seventh summands and (154) in the fourth and eighth ones, together
with (152) to swap the order of the interior products between §; ,, and e;, §;,, and e;, and e; and e;, we
obtain

A} o A&y, ;A& ,) AT (€ry,) — Dir(es 2 A (&) - €10y A€ry,))—
— D83ty (00 A AT (&,,)) - (i 0 A€r,,)) + (00 €7, (i A&7 ,,)) - (€5 1 A (&q,,)) —
— (&5t (e 1 A*(&,,))) - (€1t (€r.0y 2 A7) + DiiDyi6t0y 70 (e AEq,,)) - A (€70,)—
Nii€roy,i(e) I A (€ry,))  (€r0n = (0 AEr0,))) = D5iios, (Ei0y I AT (€0,,))) - (01 1 (O, A€ ,,))+
+ (€10, €y) (00 2 (06, A(Er,,))) - (e 1 A" (€z,,))
— (&1 (670, 2 A (€7.0,)))) - (0 (€70, 2 (9 ALE70,)))- (197)

By taking the derivative of (189) with respect to &, with ¢ # £, we have

bio, 2 (06,A(Er,,)) = —er 2 A(Er,,). (198)
Substituting (165), (198), and (189)—(190) back into (197), this equation simplifies to

A} o A€ g, A&, ) AT (€r,,) + (0102 — D) Auxi (ei 1 (05, A(€7,,))) - (e 0 A" (€7,,))+
+ Dy i(es A AT (&r,,)) - (et A€ ,,)) — Dji&io,y (e 1 AT (€ ,,)) - (ei 0 A(&,))+
+Aube(eit A(€r,,)) - (65 1 A (€7,,)) + Diilijli o, ibi0s (06 AEr,,) - AT (Erp,)- (199)

As in the analysis of the tensor components for I, and Z; in B.2, we continue our evaluation of B"l‘72 by
considering separately the cases 01 = 02 and o1 # 02. First, for 01 = 02 = 0, combining (199) for a"lCrz and
aj}?? with (191) and (198), we write the tensor component Bf;” in (184) apart from a factor 42 (=1)" " A
as

B o Dinlji€0 A&r,) - A (&r,) + Djidiilr . A&, ) - A" (€7,)+
+ D0 I AT (E7,)) (0 AlEr,)) = Dijios(er 1 AT (E7,)) - (e A(gr )+
+0ji&r, (e 1A (&,) (e A A(E;,)) — Nikryi(er 1 A™(€&,)) - (e 0 A(&;,))—
+Augi(es 1 A(Es,)) (65 a A (&;,)) + Aui(e; a1 A(gg,)) - (es 0 A™(&7,))+
2007 51005 (e A7) - A (€7 ,) — AijAub& (AEr,) A" (€r,))- (200)

Evaluating (200) for ¢ = j = ¢, and noting that ¢ # ¢, gives
By = an*(<1)" (BuelutiA(Er,)| — 2 (9 Alr,) - AT (Er,) ) (201)
Similarly, evaluating (200) for ¢ = £ and j # ¢, and noting that ¢ # £ and j # ¢, gives
BZG ;) = A (1) 1A, <0X2 (ej 1 A" (&7,)) - (er a1 A(€7,)) — oxe(er 2 A™(€7,)) - (ej 1 A(€7,))+
+ 2050 x66 (e, AEr,)) - A" (€0,) (202)

= ar®(Auoxe (A" (6r,) © Ai,))],,— (A" (€00) © AEr)) ) = 20-1) oty (9 A€r,)) - A" (€x) )

tj
(203)
where we have used the definition of the ® product in (11) and the identity e; 1A = (—1)"ALe; [1, Eq. (21)].

For —o2 = 01 = o, combining (199) for aff and af with (191), we can write the tensor component B}
in (184) apart from a factor 4m%(—1)""'A;Aj; as
B o Aubis€eo ;AEs,) A*(sz 5) = 28ux7 (ei 1 (9, A(€,))) - (e 1 A™(€,0)) +
+ Dk gi(es A AT (E75)) - (00 1 AlEr,)) — Agsbro (e A" (€25)) - (611 Al€z,)) -
+ Aseéi(ei 1 A( (&7.5) ) (e; 4 A*(&; &)+ D& o i€ o (O JA(e 70)) " A%( 75)+
+ 8Nk 5 A€ ,) - AT (€r) — 200xi (65 1 (96 A(Eq,))) - (e

QAT (&) +
+ 8505 (ei 1 A" (& ,)) - (et_l A(&r,)) — Dikigi(ec 1 A™(€r5)) - (50 AlEr,)—
+Att§i(eJ—IA 5[ ( gﬁa ) +A7«7«A]J§F0‘]§F01(85 A(é (7)) A*(gz,ﬁ)i

= NijAu&(AEr,) - A% (&) + 205 80x: (9, Al&7,)) - A (&,))- (204)
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130 E. Angular momentum and spin of generalized electromagnetic field

For i = ¢, using that ¢ # £, the Coulomb-{-gauge condition ey _I A and its consequence ey _I ([“)gtA) =0, yield
BZG.j) o Auoxe(e; 1 A*(&;,)) - (er 1 A€;,)) + Auoxe(er 1 A™(&7,)) - (e 1 A(&g,))+
+ Auljioxetr s (06 Al&r,)) - AT (€r5) — Duelji&r o oxe (06, A& ,)) - A* (&7 ,)—

— N DpoxeA(€s,) A&7 ,) — D An& (A ,) - A (€,)) + 280 A0ux7 (0, A(€;,)) - A" (€75))-
(205)

If we also consider j = ¢, using again the Coulomb-/¢-gauge condition and that ¢ # ¢ in (205) gives

=4 (=1)" ApApt, (A(ﬁz,g) : A*(EZ,E))’
For j # £, noting that t # £ and j # ¢, we evaluate (205) as

BIG 5 =4 (1) " Al (AMUXZ (ej 1 A" (€7,5)) - (et 1 A(€7,)) + Auoxe(er 1 A™(€7,)) - (65 1 A(&r,))+

+ Dol jioxet; (06, Ar,)) - AT (€r5) — Deelji&oxe(0e, A(Er,)) - A¥(&r5) (208)
= 4m*(=1)" Ay (oxe (e I A7) - (e 1 AlEr,)) +oxe(er I A7) - (e I AEr,)) (209)
= —47T2Ar,t0'Xé ((A*(gi,a) © A(&Z,o‘)) ‘jt"'(A* (5[,&) © A(&Zo)) |tj> ’ (210)

where we have used the definition of the ® product in (11) and the identity e; 1 A = (—1)"ALe; [1, Eq. (21)].
Note that the product ® could be replaced by @® in (76) with an overall change of sign, since the off-diagonal
transposed components of both products coincide [1, Eq. (22)].

Finally, using (159) and, respectively, combining (201) and (207), and (203) and (210), we obtain

B = 47" (<) Y (BueBu&ilAgr,)|* = 2 (9 AlEr,) - AT (€ ,) + ™ At (AEr,) - A (€r,))),

g€eS
(211)
and
Beegy =47 Y (Buove (AT (€r0) © Alr)|, ~ (A" (60,) @ A&)) ) — 2(-1)"0xet; (9, AlEr,) - A" (E,))
oceS
—eH AT N o (B (65) © Al€r,))] (A (Er0) © Aler)) ], ) (212)

C Spin Components: “Canonical”’ Analysis

For the standard electromagnetic field, the intrinsic angular momentum is defined only for the spatial compo-
nents of the angular momentum bivector €2%. For the sake of simplicity, let o = 0. For generic ¢, we study
thus the components Q%, with I € Z», that do not include ¢, i.e. £ ¢ I. From (64), and writing I = (4, j), with
i,7 ¢ £, we have to evaluate the following integral:

Qf = O'(Z,ZC) /Rwrnicllxgc (l'iTs(Lj) = IjTE([,i)). (213)

The following analysis is inspired by Sections 12 and 16 of Wentzel’s book [20], which describe how to obtain
the spin components from the canonical stress-energy-momentum tensor. Our analysis bypasses however the
canonical tensor, and the appropriate adaptations have been made. Using the expression of the non-diagonal
components of the stress-energy-momentum tensor in (15) in the integrand in (213) gives

—zi Y Appo(L0o(G L. Fgny +2 Yy, Arzo(L 0o, L) FepyFe,p)- (214)
LeZ, _q:0,j¢L LeZ, _q:ti¢L
Let us split the summations over L into the cases where i (resp. j) belongs to L and those where it does not,

and focus of the former. When i (resp. j) belongs to L, we may define L as a set in Z,_» such that £,i,5 ¢ L,
so that the original set L is now given by L U4 (resp. L U j). We rewrite (214) accordingly as

— Z $iAiiALLU(E(i, L),E)U(j,s(i,L)))Fa(gyi,L)Fg(i_,j,L) + Z :E]'A]']'ALLO'(€(j, L),f)a'(i,s(j, L))Fs(é,j,L)Fs(i,]‘,L)
LeZ, _o:4,i,j¢L LEZ, _o:4,i,j¢L
(215)
= — Z ALL (AiiU(E(i, L),é)o’(j,€(L,i))IiFE(g’itL)Fs(i,j,L) — Aj]'O'(E(L,j),Z)U(’L',E(L,j))ijE(g’j,L)Fs(i)j?L)).
LET, _o:4,i,j¢L
(216)
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E. Angular momentum and spin of generalized electromagnetic field 131

From the definition of the field from the potential, we have

Fg(i,ij) = A”U(L E(j7 L))aiAE(ij) + ... (217)
Fegny) = 0jio(j,e(i, L) 0;Aciry + - - - - (218)

Ignoring the terms in the dots, that do not contribute to the spin, and, respectively, substituting these two
expressions in the two appearances of F.(; ;1) in (216) gives the following expression for each summand

7ALLU'(_]', €(L, i))U(i, E(j, L)) <O‘ (E(i, L), Z):L’iFs(g,i’L)aiAE(j,L) — 0'(6(L, ]), g)ijE(K,j,L)ajAs(i,L)> . (219)
We continue with the following manipulations,
TiFo0,i,0)0iAcjL) = 0i(2i A1) Fe(ei,n)) — Ay Fe(ei,n) — TiAe(j,0)0i Fe(e,i,L)- (220)

A similar expression holds for the second summand in (219). If we now neglect the third summand, as unrelated
to the spin, and argue that the first is zero after integration in (220), substituting these back in (219) yields

ALLO—(j» €(L7 i))U(i, E(jv L)) (U(S(ir L)7 Z)14s(j,L)F'5(Z,i,L) - U(E(ij)v Z)As(i,L)Fs(Z,j,L))- (221)

In the Coulomb-/¢-gauge, we also have that

Feoein) = Auo(L,e(i, L)) e Aci,r), (222)
Fejny = Deeo(£,2(5, L)) 0eAcsy, (223)

and substituting these expressions in (221), and using that a(a(i, L),0)o(t,e(i, L)) = (=1)"71, gives

AMALLU(j? Z':(L7 Z))O—(Z7 5(j7 L)) (U(E(i7 L)7 Z)U(& 8(7;7 L))As(j,L)alAs{i,L) - U(g(ij)vg)U(Zv 6(.j7 L))Ae(i,L)aZAS(j,L)> =

(224)
=(-1)"" 1AMALLU(L (L, 1))o (i,e(j, L)) (Ae(j,L)0eAci,Ly — Aci,n) 00 Ac(s L)) (225)
= ApuALLo(L,i)o(j, L) (Aej,0)00Aci,L) — Ac(i,1) 00 A1) s (226)

where we have used that —(—1)"0(j,£(i, L))o (i,e(j, L)) = o(L,i)o(j, L). Indeed, using [7, Appendix A], we
have o(L,4)o(j, L) = o (i,(j, L))o (e(4, L), j) and it also holds that (—1)""'o(j, (z L)) =o(e(i, L), j).

Getting back to the integral in (213), the ¢-spin component Sfj is then given by

Sfj = —Ayo (L) Z Apro(L,i)o(g, L)/ dxzge (As(i,L)alAs(j‘L) — As(j,L)alAa(i,L)>~ (227)

o ktn—1
LET, _o:0,i,j¢L RET™

For classical electromagnetism with r = 2, k =1, n = 3, and £ = 0, we have L = @, o(4,j)o(j,i) = —1, and
the spin components are given by the standard formula (e. g. [10, Eq. (4.83)])

/ da123 (AiboA; — A;00A;). (228)
R3

Continuing with the integral in (227), we express the potentials in terms of their normal-mode decomposition:

Ax) = (;f;” eI2mErxg (eJ%Auxm A(§ +) 4 eI AeexeTe A(ﬁg,)) (229)
. ;
AudeA(x) = / jor gi eI2mErxg (Xéejz""AMXiz[, A(52,+) _ Xéefj%AMXﬂz A(gzy_))7 (230)
= ‘

=¢
where £; = £ — €,e, and similarly x; = x — X¢€¢, X¢ = ++/—Aw€; - & and §; L = &; £ xee,. Writing
AL (gg) = ePPmhexert A(gg ) e IITR A(Ey ), (231)

we may thus evaluate the integral by using a multidimensional Dirac function as

. dére d€pe
Au/ dwee Ac(i,1)OeAcj,1) =]27T/ Lo dye
RE+n—1

’ j2m(E74+8€5) x5 14,4+ Al,— ’
EyXE, 4XZX; X[/l;wrn—ldxéce] e ZAf(ivL)(g’T)AE(JEL)(&’?)’

(232)

. dége d€)e
i [ el DAL €)L)€ (233)
=i [ ji A €AY L (€. (254)
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Expanding the Fourier components of the potential in (234) yields

AT (&) = RN A 1y (&g y ) H eI A 1) (&), (235)

and similarly
AL L (—€g) = RN A 1) (€7 + xuer) — eI A 1 (—&7 — xoer) (236)
— I2mBeexeTe As(j,L)(*éz,f) _ e I2mArexeTe Aa(j,L)(*§2,+)~ (237)

Taking the product of (235) and (237) yields

T Bexere j e,y (€z.4) Ae(j,L)(—izﬁ) — A, y(&z4) Ay (— &)+
+ A, (&) Acgny (€7 ) — eI 4, (&z-) Ay (— £7.4)- (238)

Proceeding analogously with the second summand in (234), A.(;,1)0¢ A1), gives

el Aeexeme As(] L)(ﬁ[ +) 5(1 L)( gi —) - 6(] L)(ge +) s(z L)( E’ )
Ay (&) Aciny (=€) — e TR A1 (€0 0) Aciny (—€24)- (239)

With the change of variable £ — —£;, and noting that —&; , = —(§7 % xcee) = —&7 F xeee — +&z 4, we thus
have

JATAgexeze 4
e Acgiy(=

&7 _)As(i 0)(€74) = Aoy (€7 ) Aciny (€72)+
+ Ay (—&r 1) Aciiny (&g ) — e TR A (=€ 4) Aciiny (€7,) (240)

Combining (238) and (240) with its corresponding —1 sign, cancelling common terms (assuming that the
relevant quantities commute), and grouping common terms yields the following,

—2(Aci,ny (€5 1) Aciiny (=€) — Acqiny (&) Aciiny (—€52)) = —2(Acqiny (€7 4) Al 1y (€7.4) — Aciony (€5.2) ALy (&2,

(241

N

With the change of variable £ — —&;, and noting again that £7 . — —&7 -, we thus have as final result

*Q(As(z L) &z +) 5(],L)(£€ +) - CC) (242)
Putting this equation back into (234) and then into (227) gives
. c . . d. pc A
sh=izmo(t.t) Y Auo(iol) [ (A€ A &) - ) (1)
=

LET, _o:4,i,j¢L

The (4, j)-th spin component S{; coincides with the corresponding bivector component (79).
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