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Abstract

The early Sections of the present Thesis utilise a metric-free and connection-free
approach so as derive the foundations of classical electrodynamics. More specifically,
following a tradition established by Kottler [65], Cartan [14] and van Dantzig [137],
Maxwell’s theory is introduced without making reference to a notion of distance or
parallel transport. With very few exceptions, the relevant concepts are derived from
first principles. Indeed, Maxwell’s theory is constructed starting from three experi-
mentally justified axioms: (i) electric charge is conserved, (ii) the force acting on a
test charge due to the electromagnetic field is the standard Lorentz one, (iii) mag-
netic flux is conserved. To be precise, a strictly deductive approach requires that
three further postulates are introduced, as explained in the manual [41] by Hehl and
Obukhov. Nevertheless, a shortened formalism is observed to be adequate for the
purpose of this work. In nearly all cases, the electromagnetic medium is demanded to
be local and linear. Moreover, the propagation of light is studied in the approximate
geometrical optics regime. Lindell’s astute derivation of the dispersion equation [80]
is reformulated in the widespread mathematical language of tensor indices. The
method devised in Ref. [80] is integrated with the analysis due to Dahl [16] of the
space encompassing the physically viable polarisations. As a result, the geome-
try associated with the dispersion equation is investigated with considerable rigour.
From the literature it is known that, to a great extent, the notion of distance can be
viewed as a by-product of Maxwell’s theory. In fact, imposing that the constitutive
law is electric-magnetic reciprocal and skewon-free determines, albeit non-uniquely,
a Lorentzian metric. A novel proof of this statement is examined. In addition, the
unimodular forerunner of electric-magnetic reciprocity, defined in earlier works by

Lindell [79] and Perlick [112], is shown to preserve the energy-momentum tensor.
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Chapter 1

Introduction

1.1 Some history

The concept that gravity can affect electromagnetic propagation is often attributed
to Einstein. Yet, as early as 1784, Cavendish investigated the bending of light due
to Newton’s gravitational force [145]. In 1801 von Soldner calculated, under similar
assumptions, the deflection angle for a light ray grazing the Sun’s surface. A devi-
ation of 0.84 arcseconds was obtained [59]. This result was not known to Einstein,
whose 1911 paper [26] elegantly derived a matching figure of 0.83 arcseconds (with
an implicit Newtonian approximation). Four years later, Einstein could rely on a
well-formed General Theory of Relativity, and thus double the deflection angle to
1.7 arcseconds, since he took care of the spatial curvature of spacetime [27]. This
prediction was verified by the measurements that Eddington et al. collected during
the solar eclipse of May 1919 [24]'. Henceforward, the existence of an interaction
between gravity and light became an established fact — even in popular culture.
The above works considered the coupling of Electromagnetism to gravity (effec-

tively) within the realm of Ray Optics. In 1916 Einstein went beyond this approx-

'Earman and Glymour, amongst others, argue that Eddington’s data analysis was biased [25].
This view is opposed, for instance, by Kennefick [63]. Regardless of the controversy’s outcome,
modern observations confirm Einstein’s ray tracing with an accuracy of about 0.02% (Ref. [74]).

15



Chapter 1: Introduction

imation, casting Maxwell’s equations in a form compatible with General Relativity
[28]. Albeit implicitly, one crucial insight emerged: Mazwell’s equations could in
fact be formulated as independent of the gravitational potential, that is, the metric.
Equivalently, gravity could affect the propagation of light, but only through the
constitutive law (which will soon be defined). An identical conclusion was tacitly

implied by Weyl’s 1918 treatment (Ref. [142], Ch. 25).

The statement that Maxwell’s equations were provided with a metric-free form
became explicit with an article by Murnaghan (Ref. [100], Yr. 1921). However, it
was Kottler who first studied this property in depth. In 1922, he showed that the
foundations of Electrodynamics could be derived without reference to the gravita-
tional potential or even the affine structure [65]. One year later, Cartan’s influential
paper [14] discussed the same concept, but in an innovative way. Maxwell’s equa-
tions were represented in terms of differential (exterior) forms, which conveniently
required no metric or connection at all. Cartan’s exterior calculus was a refined and
modern instrument, but did not prove popular at first. Many pioneering works in

Electromagnetism thus continued to successfully exploit the tensor formalism.

The investigation on the metric-free and connection-free structure of Maxwell’s
equations found a capable advocate in van Dantzig. In his 1934 article [137] he
commented: “Maxwell’s equations are totally independent of any metrical relation
either Riemannian or conformal. It is remarkable that not only no fundamental
tensor or tensor-density, but also no connection, neither Riemannian nor projective
nor conformal, is needed for writing down the equations”. Subsequent research on
this topic was carried out by Schrodinger (Ref. [120], Yr. 1950), Schouten (Ref. [119],
Yr. 1951), Truesdell and Toupin (Ref. [135], Yr. 1960), Post (Ref. [113], Yr. 1962).

Undoubtedly, the developments leading to the work of Post had their roots in
Einstein’s 1916 paper. This fact notwithstanding, some earlier concepts due to Mie
played an equally important role. In 1910, Mie proposed to organise the electro-
magnetic fields in two classes [97]2. The first class was formed by the intensive
quantities, namely the electric field strength F and the magnetic field strength B;

the second class encompassed the extensive quantities, namely the magnetic excita-

2To the best of my knowledge, no English translation of this reference exists. As an alternative,
one may read Whittaker [143] (Chapter 5) or Weyl [142] (Chapter 26 of the 1952 Dover edition).
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1.2 A short comparison of two important books

tion H and the electric excitation D 3. Crucially, both the pair F' = (F, B) and its
counterpart H = (H,D) were recognised to have independent experimental defini-
tions. Accordingly, Maxwell’s equations were most appropriately expressed in terms
of the separate quantities H and F'. As many authors later noticed, this observation
immediately de-coupled Maxwell’s equations from the metric. In fact, the gravita-
tional potential could still appear only in the constitutive law, that is, only in the
relation between H and F.

The actual origin of metric- and connection-freedom in Electromagnetics was
first discussed by Kottler (Ref. [65], Yr. 1922). Taking a top-down approach, he
derived Maxwell’s equations from two conservation laws — namely, the continuity
equation for electric charge and the closure of magnetic flux lines. These conserva-
tion statements, in turn, trivially held true whether or not a metric or affine struc-
ture was defined. Maxwell’s equations, then, directly inherited the same property.
The modern reformulation of Kottler’s deductions, including the role of counting

procedures, will soon be introduced.

1.2 A short comparison of two important books

The present Thesis is strongly influenced by the joint work of Hehl and Obukhov,
and by the work of Lindell. With some exceptions, the numerous papers on electro-
magnetism due to these authors are summarised, respectively, in the monographs
[41] and [79]. It can be argued that the differences between such books are techni-
cal, even more than conceptual. As a matter of fact, the notation and formalism of
Hehl and Obukhov is often significantly distant from that of Lindell. One is thus
motivated to compare the mathematical languages used in Ref. [41] and Ref. [79].
The examination of the two symbolic approaches, in turn, proves helpful so as to
clarify where the present Thesis stands relative to the mentioned books.

Hehl and Obukhov perform many of their calculations in a component-free way.

Nonetheless, when this choice entails a burden of notational trickery, they make use

3The ISO names are: electric field for F, magnetic flux density for B, magnetic field for A, and
electric flux density for D. Notably, such convention does not match the way the electromagnetic
fields are grouped in relativity. Hence, this work follows the terminology of Sommerfeld [128] or
Hehl and Obukhov [41]. As a result, the intensive and extensive quantities are aptly distinguished.

17



Chapter 1: Introduction

of an arbitrary vector basis. More in detail, the key quantities are encoded as follows:

e The electromagnetic fields are viewed predominantly as differential forms.
However, in some cases, the tensor-index notation is employed. For example,
the magnetic field strength is considered mostly as a 2-form B. If necessary,

though, Hehl and Obukhov represent it as By, = — By, , where {a,b = 1,2,3}.

e The local and linear media are primarily described in tensor components, e.g.

ﬁaﬂw with {e,...,6 =0,...,3}. But, on occasion, they are written as maps .
e The algebra involving the medium is, by and large, carried out using indices.

Lindell’s formalism is purely component-free. As a matter of fact, the tensor-
index notation is almost absent from Ref. [79]. Instead, the author relies on an
approach that merges exterior and dyadic calculus. The dual objects of differential
forms, called multivectors, are also encompassed in such mathematical language. A

tentative summary of how the basic quantities are represented by Lindell could be:
e The electromagnetic fields are viewed as exterior forms in nearly all scenarios.

e The local and linear media are encoded as dyadics. Every one of these objects is
a symbolic sum, wherein each term is constructed by juxtaposing two vectors.

Further information is provided in the classic manual [34] by Gibbs and Wilson.

e The algebra associated with the medium is developed by extending that of
vectors, differential forms and multivectors. Indeed, the possibility of general-
ising familiar operations is one of the merits of dyadic calculus. An instructive

example is the double-wedge product arising from the standard wedge product.

Remarkably, the mathematical language of Lindell allows one to derive powerful
identities in a simple fashion. Nonetheless, it does require some additional effort to
learn. Most likely, this is the reason why the formalism of Ref. [79] is understood
only in a specific community of electrical engineers and physicists. Along with the
notation, some of Lindell’s findings are not as widely known as they deserve to be.

Both in terms of calculus, and in terms of content, this Thesis follows the ap-

proach of Hehl and Obukhov. Nevertheless, the present work does aim to review

18



1.3 What material in the present Thesis is new?

and generalise at least certain techniques and discoveries due to Lindell. Some ex-
amples are: the use of multivectors in Sec. 2.3.3, the method of discontinuities in
Sec. 2.4.1, the elegant derivation of the Fresnel equation in Sec. 2.4.2, the P-media
and @)-media in Sec. 2.5, the unimodular reciprocity introduced in Sec. 3.2, and the

mixed closure relation discussed in Sec. 3.3.

1.3 What material in the present Thesis is new?

Hereafter, a brief account is given of the material in the present Thesis which is
substantially new. In particular, a number of minor findings and technical im-
provements are not mentioned, despite the fact the advanced reader may find these

interesting. The key novelties are summarised in a list:

1. In the manual [41], Hehl and Obukhov illustrate the following property. Pro-
vided the whole of spacetime can be decomposed in sheets of constant time, the
two covariant Maxwell equations can be split globally in four familiar laws: the
Ampere-Maxwell law, Gauss’s law for electricity, Faraday’s law, and Gauss’s
law for magnetism. The analysis of Section 2.2.1 establishes that the converse
statement is true. In order to extract the mentioned 3-dimensional laws from
the 4-dimensional Maxwell equations globally, it is essential that spacetime
admits a foliation into sheets of constant time. This proposition is subject to

the topological requirement that all 1-dimensional cycles are also boundaries.

2. As discussed in Ref. [41], a local and linear medium is naturally expressed as
an operator such that k(a®+bV) = ax(P)+bk(V), where {a, b} are scalars and
{®, U} are 2-forms. Specifically, applying x on itself multiple times and taking
the trace gives rise to a family of invariants {tr(x), tr(x?),... }, some of whose
members play an important role in electromagnetism. In Section 2.3.2; the
Cayley-Hamilton theorem for the medium operator is examined. Remarkably,

a new set of invariants is thus defined, which contains the determinant det(x).

3. With the help of the transpose operation and of two Poincaré isomorphisms,
the adjoint K of the constitutive map & is introduced for the first time. Such

adjoint proves useful so as to retrieve the standard decomposition of every
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Chapter 1: Introduction

local and linear medium in a principal part, a skewon part and an axion part
(Section 2.3.4). Once the map & is available, it is also possible to generalise the
requirement for a constitutive law to be electric-magnetic reciprocal in such a

way that four closure equations are obtained, see Chapter 3 for further details.

4. Lindell’s neat derivation of the electromagnetic dispersion relation [80] is refor-
mulated using the widespread mathematical language of tensor indices, com-
bined with some exterior algebra. The elegant procedure developed in Ref. [80]
is further integrated with analysis due to Dahl [16] of the space encompassing
the physically viable polarisations. As a result, the geometry associated with

the dispersion equation is investigated with unprecedented rigour (Sec. 2.4.2).

5. The pricipal, skewon and axion parts corresponding to an arbitrary P-medium

[86], and to an arbitrary Q-medium [79, 92] are evaluated in detail, Section 2.5.

6. Unless one dictates the absence of electric charges, or the existence of mag-
netic monopoles, the electric-magnetic reciprocity transformation is physically
important for the following two reasons only [41]. First, it leaves the energy-
momentum tensor invariant and, second, it is a symmetry of the Maxwell-
Lorentz constitutive law for vacuum. In Section 3.2, the unimodular forerun-
ner of electric-magnetic reciprocity, studied in earlier works by Lindell [79] and
Perlick [112], is demonstrated to preserve the energy-momentum tensor too.
Hence, specific calculations are performed in the direction of finding all local

and linear media that are symmetric under a given unimodular transformation.

7. The requirement for a constitutive law to be electric-magnetic reciprocal is
generalised, whereby a set of four closure equations is attained. A thorough

analysis of the formal properties of these relations is carried out in Section 3.4.

8. Following the tradition described in Section 1.1, and following the approach
of Hehl and Obukhov [41], the present Thesis examines several topics in elec-
trodynamics from a metric- and connection-free viewpoint. Remarkably, the
fact that the notion of distance is not assumed from the start motivates one to
investigate whether such concept can be derived from Maxwell’s theory itself.

Expressed in other words, the problem consists in identifying requirements of
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electromagnetic nature which specify an appropriate Lorentzian metric. For
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Chapter 2

Foundations

2.1 Introduction

The present Chapter briefly describes how the structure of classical Electromag-
netism can be derived from first principles. The order and manner in which the
concepts are discussed is largely based on the book [41], wherein Hehl and Obukhov
deduce Maxwell’s theory from few experimentally justified axioms. Of course, the
exposition given in this Chapter differs from that of Ref. [41] in some aspects, and is
less systematic. The emphasis on first principles, however, remains very pronounced.
Most assumptions are thus introduced only when necessary, and not earlier. Simi-
larly, the metric structure is defined only later in the presentation.

The exterior calculus of differential forms is used throughout this Chapter, as it
facilitates the task of analysing the foundations of Electrodynamics. In order to start
implementing exterior calculus, one has to assign a differential form to each basic
Electromagnetic quantity. Conveniently, the process of associating physical fields to
exterior forms is governed by a simple observation: every crucial Electromagnetic
quantity is related to a specific integral. Accordingly, each field is characterised
by the typical dimension of an integration region. For instance, the electric charge
density p is naturally integrated over a volume, so as to evaluate the correspond-

ing charge content. One may thus conclude that p is associated to an integration
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Symbol | Name p-form | Character
¥ Electric current density | 2-form | Extensive
p Electric charge density | 3-form | Extensive
H Magnetic excitation 1-form | Extensive
D Electric excitation 2-form | Extensive
E Electric field strength 1-form | Intensive
B Magnetic field strength | 2-form | Intensive

Table 2.1: The electromagnetic fields can be easily expressed in terms of differential
forms. The extensive/intensive nature of all entries is specified (see Chap. 1 and Mie [97]).

domain of dimension 3. As a further example, the electric current density j is typ-
ically integrated over an area, such as the cross-section of a wire. Consequently, j
is clearly related to an integration region of dimension 2. At this point, it is impor-
tant to notice that a differential p-form is naturally integrated over a p-dimensional
domain [101]. By virtue of this prescription, one can obviously assign a differential
p-form to each basic Electromagnetic quantity, as required. In particular, the elec-
tric charge density p must correspond to a 3-form, while the electric current density
J must be a 2-form. Table 2.1 specifies how exterior calculus encodes the fields
{j,p,H,D, E, B}. The p-form description of most entries can be checked straight-
forwardly. For instance, the electric field strength is typically integrated along some
segment of electronic circuit, so as to obtain the associated voltage difference. The
integration of F along a curve, then, dictates that the electric field strength is cer-
tainly a 1-form (cf. Table 2.1). Interesting information on this topic can be found

in the papers [132] and [133] by Tonti.

The mathematics utilised in this Thesis, including exterior calculus, is built upon
the properties of a 4-dimensional smooth manifold, denoted X,. In particular, X, is
used as the model for a metric- and connection-free spacetime. The chosen manifold
is also required to satisfy an additional condition: more explicitly, X, is assumed
to admit a slicing (a foliation) into sheets of constant time [16, 41]. The following
discussion briefly illustrates how the manifold’s foliation is used, and clarifies the
definition of the fields in Table 2.1. As a starting point, one may introduce on Xy
a differential p-form W. Then, given any vector n and any 1-form v, the interior
product | satisfies

n|(vAV)=(n|v)¥ —vA(n|¥), (2.1)
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where the symbol A denotes exterior multiplication; re-ordering the terms yields
(nV)¥ =vA(n]¥)+n](rAY). (2.2)
Remarkably, an identity for ¥ alone is readily achieved. In fact, for any point where
(n]Jv) #0, (2.3)

it is possible to divide (2.2) by the scalar (n]v), so as to obtain the expression

vA(n]¥)  n|(vAY)
ly) ()

(2.4)

The structure of this formula can be made more explicit by casting (2.4) in the form

U="0+0, (2.5)
Ly . A @]Y)

U= wl) (2.6)

W — M , (2.7)

T ()

see Mielke and Wallner [98] or Hehl and Obukhov [41, 44]. At this point, it is useful

to interpret *(-) and (-) as two linear maps. Crucially, one can easily prove that

LL\I]:L\IJ ’

IS

=V, (L) =(v)=0, (2.8)

whence +(-) and u are two projection operators forming a complete set. Ac-
cordingly, the split (2.5) is a well-posed decomposition for all locations where (2.3)
holds true. Since n |V vanishes identically, the component ¥ is said to be transverse
to n. Correspondingly, W is called the longitudinal part with respect to n. The

shorthand ¥, := (n]v)~*(n]¥) is often convenient, and allows one to write
U=V +U=vAT, +V. (2.9)

Leaving the decomposition (2.9) momentarily aside, one may now prescribe that

the manifold X, admits a slicing (a foliation) into 3-dimensional sheets. More ac-
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Figure 2.1: The foliation of X, into 3-dimensional submanifolds: there exists a smooth
function 0 =¢(p) such that each leaf corresponds to a hypersurface h, of constant o.

curately, one may now demand the existence of a set of connected, embedded, 3-
dimensional submanifolds — called sheets, leaves or folia. Any intersection of sheets
is required to be empty, while the union of all leaves coincides with X,. Moreover,

each folium must be precisely one level set h, of the smooth function
¢: Xy =R  suchthat p—o=c<(p), (2.10)

see Figure 2.1. Physically, if o is viewed as a time-label with the appropriate dimen-
sion [o] = t, the submanifolds h, can be interpreted as a simple model of 3-space’.
Although this statement is entirely adequate for the scope of the present Thesis, it
is worth mentioning that the concept of a “point in space” is specified in full only
after the world-lines defining an extended observer are known. The construction of
the space manifold explained by Kurz and Auchmann in Ref. [67] is more rigorous,

and takes due care of the subtlety just alluded to.

Operating on the function ¢ with the exterior derivative d(-) immediately yields
the 1-form d¢. A standard abuse of notation is also implemented, whence dg is
hereafter referred to as “do”. Remarkably, the definition of the manifold’s foliation

ensures that the 1-form do is non-zero for all points on X (see Exercise 5.6 of Lee’s

!The following remarks are somewhat interesting: 1. Strictly speaking, it is possible to define a
foliation even if the leaves are immersed, but not embedded. In this scenario, however, the 1-form
d¢ vanishes at the critical points of ¢ [75]. 2. The time dimension ¢ is to be understood as a segment
in affine geometry. When this definition is employed, the concept of ¢ is meaningful even in the
absence of a metric. An observation is of help in clarifying these statements. Despite the fact that
a metric is not available, one can compare two vectors v; and vs inasmuch as they are projected
along the time direction. More explicitly, one can compare the scalars v1 |ds and vs|ds. Resorting
to similar notions, it is possible to introduce the dimension of length ¢ in a metric-free guise [41].
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book [75]). Accordingly, it is always possible to find a vector n such that (n|do) is
nowhere vanishing. Since this statement matches the condition (2.3) globally, the

split (2.9) can be utilised throughout X, for the specific choice v = do,

do A (n|¥) n|(doAD)

U=+ =do AT, + T =
RSN R T T (n)do)

(2.11)

The significance of ¢ as a time label provides a clear physical meaning for the
assignment v = do: indeed, the expression (2.11) is a true space+time decomposition
for all differential p-forms. Crucially, the fields listed in Table 2.1 are obtained by
applying (2.11). For example, given the charge current density 3-form .J, one has

J=doNJ +J=—doAj+p. (2.12)

In a similar way, the field excitation 2-form H and the field strength 2-form F' satisfy

H=doAH, +H=+do AH+D, (2.13)
F=doANF +F =—-doANE+B. (2.14)

As demonstrated in the article [56] by Itin and Hehl, the signs preceding the quan-
tities {j, p} and {H, D} in (2.12) and (2.13) originate from well-established conven-
tions. For example, it is required that the outward direction from a bounded spatial
volume is positive. The overall sign of F'is derived from an accepted convention as
well. In electrostatics, the Lorentz force on a positive charge is agreed to be in the
direction of the applied electric field. Ergo, only the relative sign of {F, B} in (2.14)
demands an additional physical input to be specified, namely Lenz’s law. To recap,
the manifold X, is assumed to support a foliation into 3-dimensional leaves?. This
introduces the prototypes (o, h,) of time and space, with respect to which (2.11)
decomposes all p-forms. Hence, one can formulate the expansions (2.12)—(2.14),

whereby the correct experimental definitions of {j, p, H, D, E, B} are achieved [41].

2 According to Delphenich [19], the existence of a foliation by hypersurfaces should be a derived
concept, and not a foundational assumption. This suggestion could be the topic of further work.
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2.2 Charge, force and flux

2.2.1 Electric charge is conserved

The statement that electric charge is conserved has been verified in a number of
experiments®. For example, Klapdor-Kleingrothaus et al. [64] considered a decay
forbidden by charge conservation, namely e~ — 1, + 7, and measured that the
corresponding mean life time is larger than 1.22 x 10%° years. Accordingly, it is
reasonable to expect that any decay that requires electric charge to be created or

destroyed must be extremely rare, or impossible.

The equality in magnitude of the electron and proton charge is related to charge
conservation [72], and is furthermore a well-tested fact. One of the best experimental
setups, in this context, is due to Dylla and King [23]. A resonator filled with gas is
driven by a time-dependent electric field, so that a sound is generated. In turn, if
a finite acoustic signal is recorded at the driving frequency, the electron and proton
charges do not agree in modulus. Recently, Bressi et al. [11] revisited this procedure,

thus establishing the upper limit

Ge + qp
Ge

<107, (2.15)

Here, the (signed) electron and proton charges are denoted g. and g, respectively.

Clearly, the electron-proton charge asymmetry is either very small, or exactly zero.

Given the appropriate caveats, a slow time-variation of the fine-structure con-
stant could imply a gradual change in the value of the electron’s charge (see Beken-
stein [5]). Charge conservation would then be violated, albeit over the course of a
long period. In any system of units (cf. Hehl, Itin and Obukhov [40, 43, 45]), the

fine-structure constant oy can be written as

2Ry’

Qg (2.16)

where )y is the vacuum impedance and Ry is Klitzing’s constant — that is, the

3The introduction provided here is based on the article [72] by Liammerzahl, Macfas and Miiller.
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quantum Hall resistance. If oy has a time-dependence and €2y does not, the quantity

h
Rg = —

7 (2.17)

will change slowly. Thereby, provided Planck’s constant h does not fluctuate, a non-

zero variation (a¢/as) can indeed be interpreted as a non-vanishing (4./q.), since

(5)-+(¢)

Crucially, at least for the moment [136], only one experimental setup has confirmed
that «af is evolving in time (namely the Keck-Hires system [141], which analyses the
spectrum emitted by distant quasars). Moreover, even if the fine-structure constant
was observed to change, the electron charge could still be invariant. In fact, the
alleged fluctuations of ay could be due to a time-dependent € [40, 43, 45], whereby
charge conservation would hold true unaffected.

In what follows, the discussion is given a fresh start. After some restrictions are
imposed on the spacetime manifold, charge conservation is introduced as the first
axiom of electromagnetism. The experimental evidence provided so far thus becomes

fundamental, as it guarantees that charge is indeed conserved on all physical scales.

The first axiom of classical electromagnetism

In order to develop the theory of electromagnetism from first principles, it is neces-
sary to define an appropriate model of spacetime. Following Lee [75], a 4-dimensional

smooth manifold X, consists of a topological space X that obeys these conditions:

1. For any two distinct points p; € X and p; € X, one can find two open
sets V1 € X and V5, C X which respectively contain p; and ps, but have no

intersection V; (Vo = @. In technical terms, X is required to be “Hausdorff”.

2. Let &€ be a collection of open sets in X such that every open set in X is equal to
the union of one or more elements in £. Accordingly, the family £ is said to be
a basis for the topology of X (see [76]). Here, X is demanded to have a basis

& which is a countable set. In other words, X must be “second-countable”.
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3. At any point p € X, there exists a pair (U, ) such that U C X is an open set
containing p, while ¢ is a homeomorphism® mapping U to an open set ¢(U) in
R%. Since ¢ assigns four coordinates ¢(p) = {2%(p),...,23(p)} € R* to each
point p € U, the pair (U, p) is called a coordinate chart on X. In brief, the

topological space X is thus prescribed to be “locally homeomorphic to R*”.

4. Whenever two charts (Uy, ¢1) and (Us, ¢2) have a finite overlap U (Us # &,
it is possible to define a transition map 15 := @10, ' from @, (U; (Us) C R*
to o1 (U1 Uz) C RY More explicitly, given a point p € U (| Us, one can
always specify a coordinate change 115 from o(p) = {3°(p),...,v3(p)} to
o1(p) = {2°(p),...,23(p)}. A collection of charts {(U;, p;)|i € I} is called
an atlas of X if the set {U;|i € I} satisfies | J,.; U; = X, and is thereby an
open cover of X. Crucially, we impose that the topological space X has an
atlas {(U;, ¢;)} which is also smooth — for all finite overlaps U; (U; # @, the

corresponding transition maps 1;; := ¢; o (pj’l have to be “C*-differentiable”.

Throughout this Thesis, the spacetime continuum is represented by a 4-dimensional
smooth manifold X, — subject to three additional restrictions. Firstly, spacetime
is assumed to be “connected”, that is, every two points on X, can be linked by a
continuous path. Secondly, the chosen manifold is constrained to be “orientable”.
In other words, one can always find an atlas {(U;, ¢;)} of X} such that all transition

maps have a strictly positive Jacobian determinant,

m

0
J(1ij) = det (a—;) >0, (u,v=0,...,3) (2.19)

where p; = {2°...,2%} and p; = {y°,...,4*}. Crucially, the condition (2.19)
implies that a single orientation can be extended across all overlaps U; (U, # @.
Here, X, is immediately demanded to be connected and orientable for simplicity:
these two properties can be enforced gradually, but the corresponding discussion
is more involved (cf. Dahl [16]). Finally, the spacetime continuum is required to
support a foliation into 3-dimensional submanifolds of constant “time”, see Sec. 2.1.

At this point, it is possible to introduce the first aziom of electromagnetism,

which can be formulated as follows [41]. There exists a 3-form J, defined to have

1

4A homeomorphism ¢ is a continuous invertible map, whose inverse ¢! is also continuous [101].
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dimension of charge [J] = ¢, whose integral over any 3-dimensional cycle vanishes
% J=0, 0C; =0 . (2.20)
Cs

Notably, O( - ) is the boundary operator, and the integration region C3 C X is said
to be a cycle precisely because dC3 = 0 [101]. The axiom (2.20), concerning the
charge current density 3-form J, dictates that electric charge is a conserved quantity.
One ought to mention that, in SI units: [J] = ¢ &1 C. The International System of
Units (SI) is defined in the SI Brochure [12]. Furthermore, Appendix A is of interest.

It is useful to observe that the cycle C3 could coincide with the boundary 0=,
of a 4-dimensional domain =, C X,. Indeed, every p-dimensional boundary 0=,
is also a cycle, as the operator d(-) is nilpotent: 9(9=Z,.1) = 9*°Z,41 = 0. By
contrast, not all p-dimensional cycles can, in general, be written as the boundary
of a (p 4+ 1)-dimensional region. Accordingly, one can set C3 to equal 0=, for some
domain =4 C Xy, but this corresponds to a particular choice — unless otherwise

specified. Selecting the integration cycle in (2.20) to take the form C3 = 0=, yields

0:}(5 J:/E dJ (2.21)

where the last equality makes use of Stokes’s theorem [75, 101]. Clearly, the quantity

f54 d.J must vanish for any 4-dimensional region =Z4. As a consequence, one obtains
dJ =0, (2.22)

which is the differential version of charge conservation. In summary, (2.20) prescribes
that the integral of J over an arbitrary “3-cycle” is zero, and (2.22) states that J
is a “closed” 3-form. Equivalently, since de Rham’s map is one-to-one (see Frankel

[33]), one can guarantee the existence of a 2-form H such that
dH =J . (2.23)
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The inhomogeneous Maxwell equation is thus attained, that is, the current density
J is shown to be an “exact” 3-form®. Following Hehl and Obukhov [41], H is called
the field excitation 2-form. The dimension of H is evidently charge, [H] = ¢ 2.
It is also worth noting that the field excitation is defined up to a closed 2-form K,

H =H+K with dKk =0 = dH' =dH+dK=dH=J.  (2.24)

Conveniently — however — the simple assumption that the response field H vanishes
when the applied field F is zero dictates that K = 0 [41]. It is important to remark
that the excitation 2-form H is a measurable, extensive quantity [43, 97, 132, 133].

Longitudinal+transverse decomposition of (2.23)

The following derivation aims to decompose the inhomogeneous Maxwell equation
(2.23) with respect to (2.9). For future reference, the split (2.9) is initially applied
to the general case ® = dW, where VU is some exterior p-form. The decomposition
of J = dH is then retrieved by setting p = 2, and assigning {®, V} — {J, H}.

In the procedure below, most difficulties emerge when the operators *( - ) and )
in (2.9) interact with the exterior derivative. It is therefore appropriate to assume
that the vector n, the 1-form v, and the quantity 7 := (n|v)™'n are smooth fields.

Hence, for all points where 71 is neither zero nor divergent, the (p 4+ 1)-form & reads
P=10+P=vAD, +P=vAR|DP)+R|(¥AD). (2.25)

The projection +® = v A @ is dealt with first. Recalling that ® is exact leads to
Lo =+(dV) = v A (1]d0) . (2.26)

In the contraction (n|d¥), a key identity can be used to exchange the operators

n|(-) and d(-). More explicitly, the Lie derivative £; obeys the property (see [41])

£20 = (]dT) + (i) D) | (2.27)

°As an aside, it is instructive to replace the axiom (2.20) with the weaker condition §,- J = 0.
In this scenario, equation (2.22) still holds true — but it does not necessarily imply (2.23). More
accurately, every closed 3-form J is also exact if and only if each 3-cycle constitutes a 3-boundary.
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and thus: (n|d¥) = £, ¥ —d(n]¥). Substituting this result into (2.26) implies that
Ld =y A[£y0 — ()] . (2.28)

Notably, (2.28) is defined up to the longitudinal component +(A) of some p-form A,
UA[£aU —d(U) +H(A)] = v A [£:0 —d(T)] =+ . (2.29)

Given any differential form ©, one can easily prove that v A© = v A ©. Corre-

spondingly, it is possible to eliminate the freedom illustrated in (2.29) by imposing

Lo = v A[(£30) —d(TL)] . (2.30)

One can further invoke the split ¥ = +W + ¥ | and thereby achieve the expression

Lo =uA | Li(P T+ D) — d(xm} —uA {fﬁ@) —d(TL) + La(v A \h)] . (2.31)

Crucially, the Lie derivative has a Leibniz rule with respect to the exterior product

(cf. [41]), whence: £i(v AV ) = £;,(V) ANV +v A L5(¥ ). Accordingly, one finds

L(I):l//\ £ﬁ(£) —d(\I/L)—i—fﬁ(V)/\\I/L—f—V/\fﬁ(\I/L) . (232)

The quantity v A £ (W, ) vanishes identically, as ¥ A © = 0 for any exterior form ©.
Moreover, the same theorem that was used in (2.27) can be implemented to attain

Lyv = (n]dv) +d(njv) = (dv), +d(1) = (dv),. As an outcome, (2.32) turns into

Lo =v A [L£4(9) —d(V)) + (dv) AT, | . (2.33)

By virtue of the properties of the interior product (see Section A.1.7 of [41]), one can

show that (dv); AV, = (dv), AV, . Consequently, equation (2.33) is simplified to

Lo =v A | L£3(0) —d(U)) +(dv) AT, | . (2.34)

At this point, it is useful to notice that (£;0), =n|(£:0) = £5(n]|O) = £4(O 1),
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for every differential form ©. In fact, one can re-cast the term £;(¥) in (2.34) as

£a(W) = £3(¥) = v A [£a(P)]L = £a(¥) —v A Ly[(¥) 1] = £:(¥).  (2.35)

When the equality £;(¥) = £5(¥) is substituted in (2.34), and the convenient

abbreviation d(-) := d(-) is introduced, an important result is obtained — namely,

J'(I)II//\(I)J_:V/\[Jgﬁ(g)—d<\pj_)+(dV)J_/\\Ifl] . (236)

One can now consider the component @, which is transverse to n. Neglecting for a

moment the shorthand d(-) := d(-), one may start by performing the manipulation

Q=dU=d("V+ ) =dV +d("V) =d¥ +dr AV,) . (2.37)

For every differential form ©, the exterior derivative satisfies an anti-Leibniz rule of

the form: d(r A©) = (dv) A© —v A (dO), see [41]. Hence, equation (2.37) becomes

where the last term is zero (cf. the remark following (2.32)). By exploiting the
laws of the interior product (cf. the remark following (2.33)), one can prove that

(dv) AW, =dv AW, . As a consequence, a crucial expansion is achieved — that is:
O =d(¥)+dv) AV, (2.39)

where the definition d(-) := d(-) is re-implemented. In (2.36) and in (2.39), one

may assign {®, U} — {J, H}. Equivalently, the Maxwell equation (2.23) is split as

J=£y(H)—d(H)) 4+ (dv), NH, (2.40)
J=dH)+dv)NH, , (2.41)

for all points on the manifold where the vector field 7 is neither zero nor divergent.
The expansions (2.36) and (2.39) agree with the formula (4.10) reported in the paper

[30] by Fecko. In that article, however, the vector i and the 1-form v are considered
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to be related via the metric. Here, such assumption is eliminated, for it is in contrast

with the principle that the notion of distance ought to be invoked only when needed.

Space-+time decomposition of (2.23)

If v = do, and 7 is neither zero nor divergent everywhere, (2.9) becomes the global

space—+time decomposition (2.11). In this scenario, v is exact and therefore closed:
dv=0. (2.42)

Accordingly, both the 1-form (dv), and the 2-form d(v) := (dv) obviously vanish,

and the general expressions (2.36) and (2.39) are simplified to

Py = Ly(¥) —d(¥,), (2.43)
®=d(¥). (2.44)

By replacing {®, U} with {.J, H}, one obtains the required space-+time split of (2.23),

J= £:(H)—d(H,) , (2.45)
d(H) . (2.46)

Following Tonti [132, 133] and Hehl+Obukhov [41], (2.45) and (2.46) can be recog-
nised to be the equations used to experimentally define H and D (cf. Table 2.1).
Equivalently, (2.45) and (2.46) are identified to be the 3-dimensional Maxwell laws

j=dH — £;D (Ampere-Maxwell law), (2.47)
p=dD . (Gauss’s law for D). (2.48)

Here, it is instructive to recall the space+time decompositions of J and H, namely

J=doNJ +J=—-doANj+p, (2.49)
H=doNH +H=do ANHA+D, (2.50)
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see Sec. 2.1. Since the dimension of J and H is charge, while [do] = ¢ 2 5 one finds
=M =gt Ea, W=D =¢¥cC. (2.51)

Remarkably, at any one time instant o, the quantities {j, p, H, D} can be viewed as
smooth fields on the 3-dimensional submanifold h,. In particular, it is possible to

construct a basis {v!, v? v?} for the co-tangent space of h,, and consequently write®

1 1

j= 5jab(va AUY) p= gpabc(Ua AP AV) | (2.52)
1
H=H,v", D= 5Dab(va AP) (2.53)

One can always demand that {v',v? v3} all have dimension of length, that is,

[V =4 S Asa result, the so-called physical dimension of {j, p, H, D} is attained:

o) = gt 022 Am~2 lpare] = ¢ 2 Cm™® | (2.54)
2 8I

Mol =qt ' EAm™ D] =qt 2L Cm™2. (2.55)

An accurate dimensional analysis of classical electromagnetism can be found in
Schouten [119], Post [113], or Hehl and Obukhov [43]. Appendix A is also relevant.
To summarise, the manifold X, is provided with a foliation into constant-time
sheets, whereby one can select v to coincide with do. When the 1-form v is chosen
to be exact, the condition (2.42) is fulfilled identically. Therefore, provided n is
well-behaved for all p € Xy, (2.40) and (2.41) become the space+time laws (2.47)
and (2.48). Remarkably, this chain of reasoning can be reversed — to some extent.

In fact, the key results (2.47) and (2.48) emerge from (2.40) and (2.41) solely when

(dV)J_/\ HJ_ =0 s (256)
d(v) NH, =0 . (2.57)

Since H is an arbitrary solution of (2.23), the requirements (2.56) and (2.57) impose
that (dv), and d(v) both vanish, whence dv = v A (dv); +d(v) = 0. In other words,

5From this point onwards, Einstein’s summation convention is implemented. Those indices that
range from 0 to 3 are represented by Greek letters. Latin letters, instead, take the values {1, 2, 3}.
The (co-)bases used in this work are assumed to be non-holonomic, except where stated otherwise.
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(2.56) and (2.57) prescribe that the 1-form v is closed — but not necessarily exact.
In the specific case where the manifold’s 1-dimensional cycles are all boundaries,
de Rham’s theorem [33] does indeed guarantee that v is exact, that is, v = do. If,
in addition, the laws (2.47)-(2.48) and the associated decompositions (2.49)-(2.50)
are to hold true globally, one is forced to conclude that v = do # 0 everywhere.
Accordingly, by virtue of the regular level set theorem [75], the spacetime X, must

support a foliation whose leaves are the embedded 3-dimensional submanifolds A, .

Counting procedures and twisted forms

In the calculation below, the differential version (2.22) of the first axiom (2.20) is
shown to imply a well-known statement of charge conservation — namely: let (I's),
be a simply-connected volume in space ((I's), C h,), the net current flowing out of
(T'3), is equal to the decrease rate of the total charge within (I's),. As a starting
point, it is useful to note that every 4-form Y satisfies T = +(T). Thus, (2.22) reads

dJ =*+dJ)=vA(dJ). =0. (2.58)

The 4-form dJ = 0 is obviously a sub-case of the (p 4+ 1)-form d¥ = & analysed
previously. Hence, the identity (2.36) can be used to expand +(dJ). One finds that

HAdJ) =vA[£4(d) —d(J) + (dv), AT =0, (2.59)
= (dJ)L:fﬁ(i)—d(JL)—i—(dV)l/\JL:O. (260)

When the choice v = do is enforced, (dv), A J, is zero. Therefore, (2.60) becomes
d(J) = £a(d) , (2.61)

which is clearly the 3-dimensional charge continuity equation, in differential version:
dj=—Lp., (2.62)
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cf. (2.49). Integrating both sides of (2.62) over a simply-connected (I's), C h, yields

/ = —/ Lip . (2.63)
(FS)U (FB)O‘

In order to achieve an alternative expression for the term f(rg) £5p, some prepara-

&

tion is necessary’. The Lie derivative £30 of an arbitrary p-form © is defined as:

£:0 = [d N*(@)} iy MO = N6 (2.64)

de° e=0 70 &
If ¢ is a real parameter sufficiently close to zero, IV, is a diffeomorphism from some
neighborhood of each p € X, to some neighborhood of N.(p) € X,. More specifically,
the family of points Ny (p) constitutes an integral curve of the vector field 7.

Indeed, NV, is said to be the flow generated by n, and obeys three intuitive properties:
N'=N_, N, o N, = Ngj e, , Ny =1d, (2.65)

see [75]. Since Ny coincides with the identity map, the trajectory Njo(p) starts at
p € X4. One final aspect of (2.64) is still to be clarified, namely the meaning of
pull-back operator N. Given two vector fields v and v, providing the directional

derivatives u(f) and v(f) for any C*°-function f, one may try and select v so that

v(f) =u(foN;) . (2.66)

Conveniently, when || is small enough, V. is a local diffeomorphism. Hence, for
each vector field u, one can guarantee (cf. Lee [75]) the existence and uniqueness of
a matching v that satisfies (2.66). In the standard terminology, the vector field v is
said to be the push-forward of u by N... Equivalently, one can write v = N, (u).
The contraction of the exterior form © with p vectors {us, ..., u,} produces a scalar,

O(uy,...,up). One can thus introduce the pull-back of © by N from the condition

(NXO)(uq, ..., up) = O(Neyuq, ..., Newuy) (2.67)

"The fact that (2.62) is globally valid demands that the field # has no zeros and no singularities.
In what follows, these restrictions are momentarily lifted, and 7 is merely assumed to be smooth.
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see [101]. On account of (2.67), the Lie derivative (2.64) is now properly defined.

Then, it is easy to observe that the integral of £;0© over any p-dimensional =, obeys

/E p £:0 = /: p {%NS(@)L_O = [d% /: p N:(@)LO = [d% /N 5@,,)@ LO, (2.68)

as reported by Mullen et al. [99]. The formula (2.68) allows one to express the
right-hand side of (2.63) in an alternative way. In fact, the term f(r3) Lyp reads

d
Lap = {—/ p} : (2.69)
/(F?,)(, de Jn.(rg).) oo

Since 7 := (n]v)™'n and v = do, a simple calculation shows that (7]do) = 1.
Crucially, this property implies that N.[(I'3),] is indeed a subset of the leaf h, .,
where a proof can be constructed as follows. Given that N(f) := f o N, for any

function f [33], the Lie derivative £5f can be considered to be a sub-case of (2.64):

d d

= | LA S i o=/
Laf = [dgNs (f)} o ldef NE] o lim : (2.70)

e—0 g

Because of the standard notational abuse affecting the 1-form do (see Section 2.1),
one can write (n|do) = (n]ds) = 1. The theorem (2.27) further prescribes that
£is = (n]ds), whence the result £;¢ =1 is achieved. Accordingly, (2.70) leads to

lim
e—0

F o Ns(pg) - C(p)} 1 (2.71)

for all p € X,. By performing a trivial rearrangement, one obtains the key identity
colN(p) =<lp) +e,  (el<1). (2.72)

Remarkably, the condition |¢| < 1 can be relaxed somewhat. In order to illustrate
this idea, it is useful to introduce a set of infinitesimal parameters {e1,¢€s,...,x}.

The flow of the vector field n obviously specifies a matching family of points, namely:

{p17p27 cee vpk} = {N€1 (p)’ Naz(pl)v ) Nak(pk—l)} . (273)
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By invoking the second property described in (2.65), one can immediately note that

pe = Ngx_ ., (p) - (2.74)
It is important to recall that each parameter ¢, is infinitesimal, that is, |¢,| < 1 for
a=1,...,k. On account of this condition, it is possible to apply (2.72) iteratively,

S(p) = <o [Nog_e, ()] = <o [Nges <p>]+sk:---=<<p>+iea. (2.75)

a=1%a
a=1

Assigning ¢’ := S2F_ &, further reveals that (2.75) has the same structure as (2.72),
so[Na(p)]=s(p) +¢, (2.76)

where & := 3% ¢, does not necessarily satisfy || < 1. More accurately, in (2.76)
the quantity |¢’| must be small enough for the flow N/ () to be defined. However, it

can occur that the parameter €’ is not infinitesimal. Since (I's), C h,, (2.76) yields
so No[(T3)o] =<[(Ts)s] +' =0 +¢". (2.77)

The desired property is thus verified: the normalisation (n|do) = 1 entails that the
flow of the vector field 7 maps the region in space (I's), to a domain N.[(I'3),]
that is a subset of the leaf h,,.,. To stress this point, one can make use of the
notation (I's),4er := Ne/[(T'3),] which is encountered, for example, in the article [20]

by Deschamps. With the help of the abbreviation just described, (2.69) turns into:

d d
ol Rl e
[FS)U d€ (r3)a'+€ e=0 dO- (FS)G

Upon substituting the result (2.78) in the conservation law (2.63), one achieves that

d
Qj:——{/ p} : (2.79)
/(rsxf do |/ (ry),
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2.2 Charge, force and flux

Here, the operator d( - ) is simply the exterior derivative associated with the “spatial”

manifold h, [41]. Therefore, it is possible to implement Stokes’s theorem, and write

‘ d
7{ ]:—d—{/ p} : (2.80)
o('s)o 0 LJ(Ts)s

Accordingly, the net current fa(rg)g j exiting (I'3), is equal to the decrease rate of the
total charge [ ('), P 8BS expected. In other words, for every charge leaving (I'3),, the
region (I's),4 || must contain one charge less. This last statement invokes the simple
act of counting, which one can perform without referring to a notion of distance
or parallel transport. Indeed, the law (2.80) is both metric- and connection-free,
precisely because it is based on a pure counting procedure. The same conclusion

holds true for the axiom (2.20), and for the entire formalism discussed so far [41, 44].

Hereafter, an argument is presented which verifies that the charge current density
J and the field excitation H are twisted differential forms. In fact, under a change of

4-dimensional co-basis ¥ :Laa/ﬁa, the components of these quantities transform as

Ja/ﬁl,-y/ = sgn[det(Lpfj)]La?‘Lﬂ?LJJaﬂv ) (281)
Ho g = sgnldet(L ) LS Ly Hag, (2.82)

where La"/L#,ﬂ = 02, Furthermore, §° is the Kronecker delta symbol, taking the
value one if @« = 8 and zero otherwise. In accord with the nomenclature used by
Burke [13] or Hehl and Obukhov [41], the factor sgn[det(L /)] is called the twist.
The objective of the analysis below is to demonstrate on physical grounds that the
twist found in (2.81) and (2.82) is mandatory. From the transformation rules just

described it is possible to establish that the components of p shown in (2.52) obey:
paye = sgn[det(L, )L Ly LS pape - (2.83)

under a change of 3-dimensional co-basis v* = L,*v®. One observes that .J and H
are twisted if and only if the electric charge density p is also twisted. As a result,
the investigation can focus on this last quantity. It is useful to examine an arbitrary
region (X3), belonging to the folium h,, that is, an arbitrary volume in space.

Evidently, the total charge contained in such domain is given by @ = f(Zg)g p. To

43



Chapter 2: Foundations

make the discussion easier, (33), is assumed to fit within the overlap of two spatial

/

charts, giving rise to the coordinates {z!, 2% 2°} and {2, 2% 2%}. As explained
above, one can determine the total charge inside a volume by using a simple counting
procedure. Therefore, evaluating the integral () = f(23)0p with respect to {z!, 22, 23}
or {xll, 27, x3'} must yield the same outcome. In particular, the quantity () cannot

depend on the relative orientation of the two charts. Stated in brief, the expressions

Q = %pabc dxa A dxb A dl’c :/ £123 dxl A dl’Z A dl‘3 s (284)
(Z3)0 (X3)e

Q= L payeda® Ada? A da = / priyy det’ Adz? Ada? (2.85)
(Z3)o (£3)o

are interchangeable. To proceed, one restricts the attention to the scenario wherein
the coordinates are linked via (2", 2%, 2%) = (+a!, +2%, —2*). Applying this orienta-

tion reversing transformation to the volume form of the integral (2.85) specifies that

Q= (—praz)dzt Ada? A da?. (2.86)
(Z3)o

Except for the requirement introduced when defining the charts, the portion of space
(33)s C hy is arbitrary. Thus, upon equating (2.86) and (2.84), one concludes that
pry = —p1o3. Because of the minus sign appearing in this result, it is established
that the charge density p is twisted, as prescribed in (2.83). Accordingly, J and H
are twisted too, see (2.81) and (2.82). One technical comment is in order: although
the argument relies on two holonomic bases, the conclusions remain true when two

anholonomic bases are examined [41].

2.2.2 The Lorentz 4-force density

The axiom (2.20), prescribing charge conservation, is certainly important. However,
it is not sufficient to construct a full-fledged theory of electromagnetism. Some key
building blocks are still missing. Most notably, the field strength F' (cf. (2.14)) has
not been defined rigorously — yet. In order to clarify the meaning of F', it is useful
to consider how the electric field strength E := —F', is often introduced. A number
of authors define E in the context of electrostatics, as the force exerted on a point

particle of unit charge. More specifically, the field emitted by the particle itself is
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2.2 Charge, force and flux

neglected, and the force is said to act on a test charge (see Jackson [57], or Griffiths
[37]). In brief, the concept of electric field strength is derived from that of force.

Accordingly, it appears natural to introduce the 2-form F' in a similar way.

But before our discussion is extended beyond electrostatics, it is appropriate to
modify the definition of F so that every reference to point-like charges is eliminated.
As a matter of fact, the first axiom does not mention discrete particles, and the
charge current density .J is modelled as a smooth field.® The total electrostatic force

on a charged body — occupying the finite volume (I's), C h, — is easily found to be

3= / [ = / Ep. (2.87)
(T3)o (T3)o

where p must correspond to a smooth distribution of test charge. Every single

quantity {f, f,,f5} is a force density, typically integrated over a 3-dimensional region

51 12/ f1, 52 12/ fa 53 12/ fg - (2.88)
(I's)o (T's)o (I's)o

As explained in Section 2.1, this last remark implies that f,,f, and f; are all 3-forms.
The treatment below aims to establish whether or not these 3-forms carry a twist.

Given a basis {v!, v?, v3} for the co-tangent space of h,, each f; can be expanded as
! PAvTAU" 2.89
fz' - 6 quri(v v v ) : ( : )

The specific identity operator, mapping any 3-form on the manifold A, to itself, has

components 5 ¢ = €€, More explicitly, " and é,,, are the Levi-Civita symbols

+1 if pgr is an even permutation of 123 |
Par

A =140 if pqr includes a repeated index , (2.90)
€pgr
—1 if pgr is an odd permutation of 123 .

8The fact that (2.80) was analysed in terms of discrete particles and a counting procedure entails
no contradiction: one can view each point-like charge as the suitable limit of a smooth distribution.
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When the change of basis v = L, v is performed, the objects e*? and é,,, satisfy

7" = [det(L,)]" LY L7 L e (2.91)

epgr = [det(L)]" LFL AL, épgr | (2.92)

where L,* L,/ = 6/, and w; = —w, = 1. One may therefore say that e’ and &,

are two tensor densities, of respective weight w; = +1 and ws = —1 (see Ref. [41]).

Substituting the identity f,,.; = (1/6) 05 furui = (1/6) € fgp; €pgr into (2.89) yields
1 stu 1 ~ D q r M RN

fi = G© Fstui é%qT(U AVTAUT) | =€, (2.93)

provided one sets f; := (1/6) € f,; and € := (1/6) éygr (VP A 07 A0"). Crucially,
the quantity f; is comparable with the force density that emerges from the Euler-

Lagrange equations (cf. Krause [66]). Hence, f; must be a twisted covector density

= sgn[det(L,)][det(L,F)]“ L, f; (2.94)

Z‘/

of weight w = +1. A simple calculation then shows that the 3-forms {fi,fy,f3} are
twisted, and obey f; = L,"f; . Equivalently, the mechanical force density f; is found
to be a twisted covector-valued 3-form (cf. Bossavit [10], or Hehl and Obukhov [41]).

Now that the properties of f; have been thoroughly discussed, one can utilise the law
fi=Eip, (2.95)

as the required electrostatic definition of £. Of course, (2.95) is a trivial consequence
of (2.87), ergo p is still assumed to be a test charge density. The 3-form f; is known to

carry a twist; on account of (2.81), the same statement holds true for p. Accordingly,
Ey = L,)E; , (2.96)

that is, the electric field strength is a 1-form without twist. Returning to the topic of

electrodynamics in Xy, the structure of (2.95) suggests the following second aziom.
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2.2 Charge, force and flux

The Lorentz “4-force” density f,, acting on a test charge current density J, reads:
Ja=(ea] F)N T, (2.97)

where {e,} is a vector basis [41, 56]. On the left-hand side of (2.97), the 4-force
density is a twisted covector-valued 4-form, whose dimension is given by [f,] = hlea].
In this formula, A is the dimension of action, not to be confused with Planck’s
constant?. The second axiom (2.97) provides an operational definition for the field

strength 2-form F'. In particular, one can readily obtain the dimension of F' through

[F] = [fallea) 17 = hlealleal "a™" = hg ' Z Wb . (2.98)

Under the frame change e, = L, e, , the components of F' transform according to

Fuy =LJLJF,

2R

(2.99)

with La“'LM,B = 67 . In other words, the field strength F is found to be a 2-form

without twist (see (2.96)). At this point, it is useful to recall the space+time split'®

F=—-doANE+B, (2.100)
see Section 2.1. Indeed, since it is known that [F] = hq~! and [do] = t, one achieves
E]=hg 't 2V, [B] =hg ' £ Wh . (2.101)

At any one time instant o, both £ and B are smooth fields on h,, and accordingly

1
E = Eq*, B = 5Bab(ua AP (2.102)

90me can harmlessly denote the dimension of action and Planck’s constant with the same letter.
In fact, a dimensional equation is always easy to recognise, and furthermore [Planck’s constant]|=h.
0Tn Section 2.2.1, the decomposition (2.9) was considered first, and the limit (2.11) was calcu-
lated at a later stage. Here, the space+time split (2.11) is implemented straight away, for brevity.
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Hence, by imposing that [v?®] = ¢, one attains the physical dimensions of F and B,
EJ=hg 't " EvVvm™,  [Bul=hge ¢ 2ZWbm2=T. (2.103)

By virtue of (2.100), the contraction (e, | F') appearing in (2.97) can be expanded as
(o] F) = —€o](do A E) + (eq| B) = (€| E)do + (ea| B) — (eq]do)E . (2.104)
Substituting (2.49) and (2.104) into the second axiom f, = (e, | F) A J implies that

fa=do Allea] E)p+j A (ea] B) = (ealdo) j A B} =(fa) , (2.105)
(fa)r = (ea] E)p+j A(ea] B) = (ea]do) j A E . (2.106)

On the sheet h,, one can always construct a vector basis {eq, ¢s, ¢3}. In turn — when

the choice (eq, e,) = (1, ¢,) is enforced — one obtains that (e, |do) = (1,0,0,0) and:

fo:=(fo)L=—JAE, (2.107)
fa = (fa)L:(eaJE)p+j/\(eaJB) : (2108)

Here, f, is the Lorentz “3-force” density, which generalises the electrostatic quantity
(2.95). Moreover, the 3-form f, is easily recognised to be the electric power density.

Selecting a frame {ey, 5, e3} characterised by [e,] = £71, allows one to observe that
[fo] =2 EW, [f,]=he T EN (2.109)

The physical dimensions of f, and f, merely include an extra factor of £73 (cf. (2.89)).
Two comments are in order: firstly, the field strength 2-form F' is an intensive quan-

tity; secondly, the axiom (2.97) does not depend on a metric or an affine structure.

Active charge, passive charge

Problems in electrodynamics are typically classified in three broad classes, according
to the required solution strategy, see Jackson [57]. In the first class of problems, a

distribution of charge and current is given, and the resulting electromagnetic fields
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are calculated. Equivalently, the electric charge is modelled solely in its source
(active) role. In the second class of problems, some applied fields are specified, and
the consequent charge motion is computed. Hence, only the test (passive) role of the
electric charge is taken into account. Finally, there exists a third class of problems,
where one must analyse a complicated interaction: the charge motion affects the
electromagnetic fields, and vice versa. Usually, a problem that falls in the first or
in the second class does so in an approximate sense. Therefore, strictly speaking,
most questions in electrodynamics actually belong to the third class.

When the electric charge is regarded solely in its active role, the axiom (2.97)
has no relevance. Conversely, if the electric charge is considered only in its passive
nature, f, = (€] F) A J is the total electromagnetic 4-force density. Ergo, both
in the first and in the second class of electrodynamic problems, the interpretation
of (2.97) is simple. By contrast, when the mutual interaction of charge motion and
electromagnetic fields is examined, the meaning of the second axiom is not as trivial.
Given a problem of the third class, one may assume that the solution emerges from
the interplay of two steps — respectively assigning a source and a test role to the
electric charge. Then, for the duration of the passive step, the familiar formula
fo = (ea]F) N J is still fundamental. This idea is illustrated well by Jackson’s
calculation of the self-force acting on a charged sphere (Chapter 16 of Ref. [57]).

2.2.3 Magnetic flux is conserved

The magnetic field strength B is a 2-form, achieved from the space+time decompo-
sition (2.100). Correspondingly, B is typically integrated over an oriented surface
(I'3)s C hy, in order to obtain the magnetic flux f(FQ)
analysing a single-loop alternator, one integrates B across the rotating loop’s area,

B. For instance, when
o

so as to evaluate the oscillatory magnetic flux. Crucially, given an oriented volume
in space (I's), C h,, the integral fa(rg)aB is invariably zero. This statement is of
central importance to electrodynamics, and is known as the law of magnetic flux con-
servation. Intuitively, the vanishing of §a(r3)UB demands that any magnetic flux line
entering (I's), via 9(I'3), must subsequently exit (I's), through 9(I';),. Hence, one
can easily show that the magnetic flux is conserved if and only if magnetic charges

do not exist. To date, no detection of magnetic monopoles has ever been con-
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firmed. The experimental search for magnetic charges is ongoing, and continuously
improving its accuracy (cf. Nakamura et al. [102]). For example, the production of
Dirac monopoles was recently investigated in particle collisions of the hadron-hadron
[2, 62], lepton-lepton [1] and hadron-lepton [3] type. Accordingly, the conservation
of magnetic flux is a frequently tested law, which one can reasonably adopt as the

third axiom of classical electrodynamics.

The third axiom of classical electromagnetism

The third axiom of electromagnetism can be formulated as follows. The integral of

the field strength 2-form F' over any oriented 2-dimensional cycle Cy is zero [41, 56]:
7{ F=0, 0C=0, (2.110)
Co

where (2.110) expresses the law of magnetic flux conservation in the spacetime Xj.
Since the operator J( - ) is nilpotent, the boundary 0=3 of each 3-dimensional domain
Z3 is identically a cycle: 9(0=3) = §*Z3 = 0. Thus, whilst there may exist some
2-cycle which is not a boundary, one can always choose Cs so that it coincides with

0Z3. Implementing this selection in (2.110) — and using Stokes’s theorem — leads to
O:j{ F:/ dF . (2.111)

0=3 =3
Given that Z3 is an arbitrary 3-dimensional region, (2.111) immediately implies that
dFF =0. (2.112)

The homogeneous Maxwell equation is therefore attained, that is, the field strength
F is found to be a closed 2-form. Remarkably, by considering the properties (2.110)

and (2.112) in combination, one can further demonstrate that F' is an ezact 2-form,
F=dA, (2.113)
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because de Rham’s map is one-to-one [33]''. The field A is called the electromagnetic

potential, and is a 1-form carrying no twist. From (2.113), one can also deduce that

(Al =[F]=hg ' L Wb . (2.114)
It is important to note that the potential A is only defined up to a closed 1-form ¥,

A=A+y with dy=0 = dA' =dA+dy=dA=F (2.115)

where the excitation 2-form H was observed, in (2.24), to have a similar behaviour.
Besides this remark, there is a fundamental difference between A and H. As ex-
plained in Section 2.2.1, the assumption that H = 0 when F' = 0 specifies H
uniquely. By contrast, no such argument is available so as to constrain A [41].

Accordingly, the excitation H is a measurable quantity, while the potential A is not.

Space+time split of (2.112) and (2.113)

The process of decomposing dF = 0 in space+time is simplified by the previous
analysis performed on d¥ = ®. Indeed, by replacing {®, U} with {0, F'}, one can
readily apply the identities (2.43)-(2.44) to (2.112). The split of dF' = 0 thus reads'?

Li(F) —d(F1) =0, d(F)=0. (2.116)
Now, it is possible to substitute (2.100) in (2.116) and obtain the familiar equations

dE+ £,B =0, (Faraday’s law) (2.117)
dB =0, (Gauss’s law for B) (2.118)

where (2.118) is the crucial law of magnetic flux conservation, in differential version.

As one might expect, (2.113) can be decomposed in space+time by making use of

" As an aside, one could replace the axiom (2.110) with the weaker condition §,- F' = 0. In this
scenario, (2.112) would still hold true. Yet, (2.113) would not necessarily retain its global validity.
12Ty Section 2.2.1, the decomposition (2.9) was invoked first, and the true space+time split was
calculated at a later stage. Here, the intermediate step (2.9) is not discussed, for the sake of brevity.
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(2.43) and (2.44). In particular, F' = dA has the same structure as ¢ = d¥, whence

Fi =£5A) —d(AL), F=d(4). (2.119)
Implementing (2.100) in (2.119) allows one to interpret the projections A; and A as

A=Ado+A=—pdo+ A, (2.120)

where the fields ¢ and A are the 3-dimensional scalar and covector potentials,

respectively. By virtue of (2.119), E and B can be expressed in terms of ¢ and A,

E=—dp—£yA, (2.121)
B=dA. (2.122)

The dimensions of ¢ and A are straightforwardly derived from the expansion (2.120),

18I —1 81

o] = [Ajt™  =hg 't =V, [A] = [A] = hg ' = Wb . (2.123)
Given a basis {v*} for the co-tangent space of h, — with [v*] = ¢ — one finds that:

A=A = [AJ=hg "2 Wbm . (2.124)
Integral laws and counting procedures

In what follows, the integral versions of (2.117) and (2.118) are calculated. One can
begin the manipulation of (2.117) by considering an oriented surface (I'y), C h,,
across which f(rg)ng + f(FQ)UfJﬁB = (0. The useful identity (2.68) then implies that

d
/ dF = — [—/ B } | (2.125)
(T2)o de Jn.(r2).]  Jemo

In the analysis following (2.69) it is demonstrated that, as a result of the normali-
sation (n|do) = 1, the flow N, maps points in h, to points that strictly belong to
heie. Applying this observation to the domain of integration on the right-hand side
of (2.125) verifies that the area N.[(I'2),] is a subset of the leaf h,.. One is thus
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motivated to introduce the notation (I'y),4c:= N:[(I'3),], and to express (2.125) as

/ yu?{i/‘ B} :—E{/ B]. (2.126)
(FQ)O' d{‘: (F2)0'+5 e=0 dO' (FQ)cr

By invoking Stokes’s theorem in the leftmost integral [, (I')s dF , it is established that

l% E:—E{/ B], (2.127)
A(T2)o do [Jir,),

which is Faraday’s law in the well-known integral version. Clearly, (2.118) leads to

/ dB =0, (2.128)
(FS)U

for any oriented (I's), C h,. By invoking Stokes’s theorem, one can therefore write

74 B=0, (2.129)
oO('3)o

whence the integral version of Gauss’s law for B is obtained. Equation (2.129)
demands that every magnetic flux line entering (I's), via 0(I's), must then exit

(T'3), through 0(T'3),. In other words, magnetic flux is always a conserved quantity.

The following example illustrates the properties of Gauss’s law for B. A spherical
sample of some type-II superconductor is placed in the middle of a very long solenoid.
The temperature of the sphere T is kept constant, below the critical value T, for the
chosen superconductor. Initially, the current flowing through the solenoid is zero.
However, it is subsequently increased by a small amount, so that a weak magnetic
field is applied on the superconducting sample. Under these conditions, provided
the radius of the sphere is large [146], a considerable fraction of the magnetic field
is expelled from the sample’s interior. This phenomenon is known as the Meissner-
Ochsenfeld effect. When a stronger current is run through the solenoid, and the
resulting field overcomes a certain threshold, quantised magnetic flux lines begin
to pierce the sphere (cf. Figure 2.2). Equation (2.129) then prescribes that the
number of flux lines entering the sample’s surface must be equal to the number of
flux lines leaving the sample’s surface. Evidently — in the proposed example — the

conservation of magnetic flux can be verified through a counting procedure, which is
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' T e IIJ:
Supercondu torL

Quantised
Flux Line

Figure 2.2: When the magnetic field applied on a type-II superconductor exceeds a
critical value, thin filaments of material can re-gain a finite electric resistance. As a result,
quantised magnetic flux lines are allowed to pierce through the sample. The spherical
geometry depicted here is endowed with a number of interesting properties, see Ref. [146].

not related to the concept of distance or parallel transport. This is a manifestation
of the fact that the axiom (2.110) is both metric- and connection-free [41]. The
behaviour of a spherical type-II superconductor, subject to a uniform magnetic field,
was investigated numerically by Xu, Milosevi¢ and Peeters [146]. It may be argued
that the choice of a spherical geometry forces the discussion to be rather abstract. As
a matter of fact, a literature search appears to indicate that the setup just considered
has never been tested in a real experiment. Hence, it is not possible to supplement
the above example with laboratory data such as the critical temperature or the value
of the magnetic field. By contrast, such information is readily available when a slab
geometry is investigated, as in Hehl and Obukhov’s manual [41].'* Having mentioned
these drawbacks, the spherical shape is convenient for analysing a remarkable effect.
The current across the solenoid is reduced, whereby the magnetic field is decreased
below the threshold value again. Ergo, the quantised flux lines are banned from the
sample’s interior due to the Meissner-Ochsenfeld phenomenon. Notably, for a field
line to be expelled, two opposite locations where the surface of the sphere is pierced

have to migrate towards the equator. There, the entrance and exit points annihilate.

13 Another problem is that, in order to define a sphere, one needs to refer to a metric. Thankfully,
as regards the counting of flux lines invoked in an earlier argument, such observation is unimportant.
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2.3 The constitutive relation

2.3 The constitutive relation

For reasons of brevity, the course of this Thesis now departs from the axiomatic
structure put forward by Hehl and Obukhov [41, 44]. A substantial effort has been

made so as to ensure that this choice does not affect the rigour of the presentation.

Section 2.2.3 brought the derivation of Maxwell’s equations to a successful end.
One can therefore take a step forward'*, and attempt to solve dH = J and dF = 0
as part of an initial value problem. For instance, given a configuration of D and B
on the folium h,,, one can set about calculating the electromagnetic fields over some
neighborhood of h,. In carrying out this task, the Maxwell laws (2.48) and (2.118)
are found to serve a different purpose as opposed to (2.47) and (2.117). Specifically,

dD =p and dB =0 (2.130)

are used on the leaf h,, so as to constrain the initial data for D and B; by contrast,

dH - £;,D=3j and dE+ £;B=0 (2.131)

are used in order to evolve the fields away from the sheet h,. Once the equations in
(2.131) have been applied, it is necessary to ensure that the conditions in (2.130) are
still satisfied: remarkably, provided electric charge is always conserved (dj = —£;p),
one can guarantee that this is the case. At this point, it is essential to observe that
the present discussion is subject to a crucial caveat. As a matter of fact, unless
further restrictions are introduced, the Maxwell system (2.130)—(2.131) is under-
determined. More explicitly, while the laws in (2.131) amount to 2 x 3 = 6 evolution
equations, the fields {H, D, F, B} consist of 4 x 3 = 12 independent components.
Accordingly, there are 12 — 6 = 6 variables that need to be specified further [41].

The additional elimination of 6 entries is achieved by defining the electromagnetic

4The introduction provided here is largely based on a recent article by Perlick (see Ref. [112]).
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response of spacetime, that is, the spacetime relation. Two important examples are

H=HD.B), (2.132)
E = E(D,B),
H=HEB), (2.133)
D =D(E,B),

where (2.132) and (2.133) are not mutually exclusive. Indeed, some specific response
laws can be expressed, equally well, in the form (2.132) or in the form (2.133). The
spacetime relations (2.132) and (2.133) are said to be local [41], respectively because

/

H at p € X, depends on the fields D and B at the same p € Xy, (2.134)
E at p € X, depends on the fields D and B at the same p € X4,
H at p € X, depends on the fields £ and B at the same p € Xy, (2.135)
D at p € X4 depends on the fields £ and B at the same p € Xj.

Following a different terminology, if the electromagnetic response of spacetime is
local, one can assert that there is no dispersion'®. Both the property that a space-
time relation can be formulated as (2.132) and the possibility of writing (2.133) have
useful consequences: on the one hand, only when one obtains H = H(D, B) and
E = E(D, B), there exists a chance that the initial value problem (2.130)—(2.131) is
well-posed [112]; on the other hand, if one achieves H = H(E, B) and D = D(FE, B),

the electromagnetic response of spacetime takes on a truly 4-dimensional meaning,

H=H(F). (2.136)

It is also worth noting that the laws (2.132) and (2.133) are not necessarily linear!®.

15Mashhoon [95] proposed that the observer’s acceleration could induce dispersion in vacuum.

6The literature investigating non-linear effects in vacuum is dominated by two alternative
models, the Born-Infeld theory [8] and the Heisenberg-Euler theory [49]. The Born-Infeld and
Heisenberg-Euler spacetime relations are special cases of Plebanski’s more general ansatz (cf. [41]).
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2.3 The constitutive relation

2.3.1 Fixing some assumptions

The spacetime relation is henceforward assumed to be local, with the specific form
H=k(F). (2.137)

Of course, the operator k(- ) maps 2-forms at the point p € X, to twisted 2-forms at
the same location. Furthermore, (2.137) is obviously a re-statement of (2.136) with
an improved notation. The response of spacetime is hereby restricted to be linear.

Equivalently, given any two functions a : X; — R and b : X, — R, one requires that
k(aVy + bVy) = ar(Vy) + br(Ws) | (2.138)

where Uy and U, are arbitrary 2-forms. Dispersionless linear laws of the type (2.137)
are often studied in the electrodynamics of laboratory media. As a matter of fact,
they constitute a valid approximation for the material response under specific types
of illumination. More explicitly, (i) the continuous medium picture demands that
the applied fields vary slowly-enough in space; (ii) the material’s polarisation and
magnetisation properties are non-trivial solely when the applied fields vary slowly-
enough in time; (iii) non-linear phenomena can only be neglected provided the light
intensity is sufficiently low; (iv) the effect of dispersion can be disregarded almost
exclusively if a plane-wave is considered. Admittedly, these restrictions are rather
severe. Nonetheless, naively interpreting H = x(F') as the electromagnetic response
for a linear laboratory medium allows one to derive several key results. Accordingly,
equation (2.137) is now assumed to represent a spacetime relation or a material rela-
tion, depending on the context. The “neutral” names constitutive law and medium
response are used to indicate H = x(F) in general. One final comment is in order:
the conditions (ii) and (iv) limit the analysis of light propagation in materials to
the steady-state regime. Correspondingly, one is obliged to study a largely static
situation, which contains no information about the evolution and the well-posedness
of the initial-value problem. This remark partly justifies why, in subsequent work,

the constitutive law (2.137) is never required to take the form (2.132).
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Chapter 2: Foundations

2.3.2 Properties of the constitutive tensor

Let {e,} be a vector frame on the manifold X, whose dual {9} satisfies e, |9° = §7.

Because the map k is defined to be local and linear, one can achieve the expansion

1 v an
K= Z,‘iaﬁu (W AIP) @ (e Ne,) (2.139)

1L

where ® is the tensor product [101], and the components Kog " obey the symmetries

/ﬁlaﬁwj = —/{Bawj = —Kjaﬁyu . (2140)

The excitation H and field-strength F' can be easily expressed in terms of {9}, as

1
H = 5 Has(9% A 97) (2.141)

1
F= 5Faﬁwa ADP) (2.142)

Hence, by substituting (2.139), (2.141) and (2.142) into (2.137) one readily attains

1
Hop = 5of" Fiuv - (2.143)

Under the frame change e, = L% e, , the laws (2.82) and (2.99) then prescribe that
Kosl = sgn[det(L,) L, Ly’ LY L" k5" (2.144)

with L L#,B = 67 . Accordingly, the map «( - ) is found to carry a twist, as expected.
By observing that H,3 = —Hp, and F,g = —Fjp,, one can show that H,sz and Fiz

only contain 6 independent entries. In turn, these can be arranged in two columns:

Hy, For
HOQ F02
m, — | o , Jo L (2.145)
Hoys Fa3
Hs, F3
_H12_ _F12_
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2.3 The constitutive relation

Hereafter, capitalised Latin indices {I, J, ...} are assumed to represent pairs of anti-

symmetric spacetime indices {[af], [uv], ... }. In particular, the identification rule
{lap] = [01],]02], [03], [23], [31], [12]} — {I =1,2,3,4,5,6} , (2.146)
is used throughout. As an example, one can re-state (2.143) in the alternative form
H;=r,"F;, (2.147)

whereby it appears evident that the medium response ﬁaﬁ“ Y consists of 6 x 6 = 36

independent components. The indices {1, J, ...} are also useful to study the powers

K0 :=1d, & (k%) =67, (2.148)
k' i=k, & (&Y, = r,7, (2.149)
K* =Kok, & (K%)= kK7, (2.150)
K =Kokok, & (%), b or,? (2.151)

I = K/I I{Il K/IQ ,

with 07 = 1if I = J and 6/ = 0if I # J. It is interesting to note that the operators
{rk', k3, K5, ...} are endowed with a twist, whilst the maps {x°, k?, k% ...} are not.

Calculating the trace of the expressions (2.148)—(2.151) leads to a family of invariants

tr(x?) = 6, (2.152)
tr(x') = K’ (2.153)
tr(k?) = nlllﬁhj, (2.154)
tr(k*) = Iil—hlﬁhblié, (2.155)

where {tr(x%),tr(x?),tr(k%),...} and {tr(x'),tr(x?®),tr(x%),...} are, respectively,

true and twisted scalars. As an aside, the Cayley-Hamilton theorem dictates that:

6
Z(—l)“cam6_“ = cok® — kP + - — st + g’ =0, (2.156)
a=0
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for a set of real coefficients {cy, c1, . .., s} that can be calculated through the scheme
co=1, (2.157)
c1 = cotr(x'), (2.158)
¢ — %[cltr(ﬁl) p—— (2.159)
| 1 ¢ at1 a
=7 ;(—1) Co_atr(k?),  (b>1), (2.160)

cf. Serre [124]. More explicitly, one can successfully obtain {cy,c1, ..., cs} by apply-
ing the formulae (2.157)-(2.160) in strict order. 1t is trivial to demonstrate that the

invariants {c1, ¢, 5} are twisted, whilst the invariants {cy, ¢, ¢4, ¢} are not. Since
ce = det(r) = det(r,”), (2.161)

evaluating the determinant of the 6 x 6 matrix #;” clearly generates a true scalar.

From (2.137), the constitutive map & is found to have dimensions of inverse resistance
5] = [H][F]™' = h7'q® = (hg )" 2 Q7 (2.162)

see Appendix A. Therefore, upon inspecting (2.148)—(2.160), one can conclude that
K] = (") = [e] = (hg )" 2 Q7 (b2 0). (2.163)

It is essential to remark that the existence of a medium response does not necessarily
imply a notion of distance. In fact, it will soon be shown that a metric can be

deduced from the constitutive law (2.137) solely if severe restrictions are imposed.
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2.3 The constitutive relation

P p-multivector | Typical basis set
p=1 vectors | {eg, €1, 62, €3}
p=2 bivectors | {eg A ey, eq A eg,eq Aes,eq Aeg, ez Aep,eq Aest
p=3 trivectors | {e1 Aea Aesg,eg Aes Aea,eg Nep Aes,eqg Neg Aert
p =4 | quadrivectors | {eg A ey Aex Aes}

Table 2.2: A summary of the multivector types in 4-dimensions. Each entry is equipped
with an example of basis set. Whenever p is known, it is preferable to use the specific
names “vector” (p=1), “bivector” (p=2), “trivector” (p=3) and “quadrivector” (p=4).

2.3.3 The 4-dimensional Levi-Civita symbols

In what follows, several manipulations make use of the Levi-Civita symbols [41, 113]

s +1 if a6 is an even permutation of 0123 ,
)

R =40 if B0 includes a repeated index , (2.164)
€apBvs
—1 if afvd is an odd permutation of 0123 ,

defined in 4-dimensions. When a change of frame is performed, €*#7% and é,4,5 obey

P = [det(L )" LY LY LY LY e (2.165)

p

éa’ﬂ"‘/’(s’ = [det(Lp,p)]w2 La/a 5/6[/77[/5/5 éaﬁ’yg 5 (2166)

with w; = —wy = 1. Thus, according to the terminology of Hehl and Obukhov [41],
€*B7% and €apys are tensor densities of weight w; = +1 and wy; = —1, respectively.
It is worth noting that the 4-dimensional Levi-Civita symbols can be expressed in

terms of the indices {1, J,...}. Referring back to (2.164), one can easily prove that

: (2.167)

with Q343 and [3.3 being the 3 x 3 null and unit matrices. Hereafter, the so-called
multivector fields (cf. Table 2.2) are employed. A detailed introduction to these
objects can be found in Lindell [79]. Every p-multivector field can be expanded as

1
C = —|C’O‘1'“‘"”(ea1 N Nea,) (2.168)
p!
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where exchanging any two indices in C'“'% generates a sign flip, that is, C'*** is

fully antisymmetric. Moreover, given any transformation ¥ = L_“ 9%, one has that

Colitly — [ 0% L% Coon (2.169)

aq

As one might expect, twisted multivectors and multivector densities do exist — see

Burke [13], Jancewicz [60] and Schouten [119]. For such fields, (2.169) is replaced by:

O = sgnldet(L,f)] L. .. Lo» Coov (2.170)
O+ = [det(L,/)]" L. .. L2 OO (2.171)

Returning to the topic of Levi-Civita symbols, one is now in the position to show
that €*#7° defines an operator, mapping each p-form to a (4 — p)-multivector density.

Starting from © = %@51._517 (1951 A A 1951’), it is instructive to form the contraction

" 1
@al...a4_p — H 6041...&4—p51--~/5p @B1~~ﬁp X (2172)

Indeed, by invoking (2.165) and assuming Og;..5, :Lﬂiﬁl. . Lﬁff’ ©3,..3, , One obtains

!
ay

O ip = [det(L,2)] Lay'... Loyt O s (2.173)

whence a (4 — p)-multivector density of weight 41 is immediately specified, namely

1
(4 —p)!

0= O (€0 A+ Aeay ) - (2.174)

Reconsidering (2.172), it therefore appears evident that ¢*#7? does induce an operator

0 =<$p(0), (2.175)
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as anticipated; the label of <, obviously indicates that the map’s input is a p-form'".

In order to better understand equation (2.175), it is useful to consider the expansions

o = %EQ'BV‘;(% NegAey Aes), (2.176)
O = %eaﬁw(ea NegNey) ®es, (2.177)
o = ieam‘s(ea Neg) @ (ey N es), (2.178)
O3 = %EQW a @ (€5 A ey Aeg), (2.179)
Oy = %6“675(6(3( Neg AeyNes). (2.180)

Crucially, the identities (2.176)—(2.180) suggest that an additional family of opera-

tors is available. In fact, one can exploit the Levi-Civita symbol €,3,5 , and construct:

$o = %éaw(ﬁ“ AP AT A, (2.181)
$1 = %Aaw(ﬂa AP ANYT) @, (2.182)
Oy = iéaw(ﬁa A9P) @ (97 A9°), (2.183)
O3 = %éaw 9@ (9P AT A, (2.184)
Oy = %Aam(ﬂ“ AP AT A DY), (2.185)

where {,(-) relates any p-multivector to a (4 — p)-form density of weight —1. The
operators (2.176) and (2.180) or (2.181) and (2.185), as represented in terms of a
(co)-frame, pairwise display the same structure. Besides this fact, the maps g
and {4 or <A>0 and {>4 are not equivalent, in that they accept different inputs. The

identity operator, mapping each exterior form in spacetime to itself, has components

1
ar..ap
6,31---517 o (4 _p)!

Eal...ap’y1‘..’747P€[31...5p'71~--747p . (2186)

17Tt is important to remark that the space of 0-forms coincides with the set of all C*°-functions.
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In the standard terminology, (5?55 is said to be the generalised Kronecker delta

symbol (cf. [41, 75]). Two manipulations based on (2.186) lead to the key formulae

$apoOp = (=1)PUPIA (2.187)
Oupodp = (—=1)PEPId . (2.188)

Following Greub’s book [36], which provides a rigorous treatment, <, and <A>p are
called the Poincaré isomorphisms. As Hehl and Obukhov [41] or Kurz and Heumann

[68] observed, the operators (2.176)—(2.185) are entirely metric- and connection-free.

2.3.4 The principal-skewon-axion decomposition

Every linear map can be expanded by means of the tensor product'®. This simple
statement is illustrated well by the decompositions (2.139) and (2.176)—(2.185). One
can thus attain the transpose of a linear operator merely by interchanging the basis

elements that appear on each side of ®, see Lindell [79]. For instance, one has that

I 1w a
K,Zzlﬁaﬁ# (W AIP) @ (e Ne,), = mt:me“ (ep Aey) @ (9 ADP), (2.189)

where ' maps each twisted bivector to a true bivector'. An alternative example is:

1 1
O3 = 31 eMeg Ney Nes) @ eq = 3 % eg Ney Nes) @eq = =1 (2.190)

Remarkably, the identity (2.190) can be generalised, so as to achieve (cf. Greub [36])

b = (—1)P POy, (2.191)
St = (-1, . (2.192)

18Since no infinite-dimensional vector spaces are considered, the ensuing difficulties are excluded.
YGiven two vector spaces U and V, let K : U — V be a linear operator. One can easily
demonstrate that K* is a map from the dual space of V to the dual space of U (see Nering [103]).
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2.3 The constitutive relation

In addition, one can combine (2.187)—(2.188) with (2.191)—(2.192), and prove that

O =4, (2.193)

p

St =0, (2.194)

The notion of taking the transpose of a linear map has been discussed in sufficient
detail. It is therefore possible to construct the operator & := <A>2 o k' o {y, which
has the same domain and co-domain as . Ergo, the maps k and « are said to be
compatible. The motivation for defining & is to introduce a crucial decomposition of
the medium tensor. Hereafter, the properties of k are analysed more in depth. By

applying (2.178), (2.183) and (2.189), one can obtain the expansion in components

_ v 1A 9 v
Fog" = Zeaw(%” )eSm. (2.195)

Given the sum v’ = ak; + bks, where a and b are two scalars, the operator &’ obeys

K = aky + bRy . (2.196)

Moreover, it is easy to demonstrate that the map k = <A>2 o k¥ o {4 coincides with &,

N
I
N

(2.197)

When £’ consists of two operators being composed (k' = k1 0 k3), one can show that

—/

R = k2 0Ky. (2.198)
Finally, % is a bijection if and only if x is a bijection too. In particular, the relation
(F) ' = ($20k 0 00) =00 (k) 00y = (1), (2.199)

holds true for every invertible medium response. On account of the fact that the

maps k and K are compatible, one can meaningfully construct the important identity

R= ot ;“:<+>/<;+<*>m. (2.200)
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As a result, the constitutive operator x is found to split in two pieces, which satisfy

g BER_ L RTR Loy (2.201)
2 2

Op=F"F_ FTR_ o 2.202

re F_ o, (2.202)

by virtue of (2.196) and (2.197). The trace of & coincides with that of the standard &,

tr(R) 1= 3F5"" = Feapys(hip, )P = 1680k, 0 = k0 =t tr(k), (2.203)

where the formulae (2.195) and (2.186) are employed. In turn, (2.203) demands that

o (Pr) = w — tr(k) (2.204)
tr(k) — tr(r)

tr (k) = 5

0. (2.205)

One is thus motivated to dissect ‘Pk into a traceless contribution and a residue, as
+) (1) ®3) ) ! 1

k="k+YK=|"K— étr(/@)ld + étr(/ﬁ)ld. (2.206)

After (2.206) is substituted into (2.200), 'k is assigned the new name P, so that

k=g 4+ @k Of (2.207)

Equation (2.207) illustrates the crucial decomposition of the medium response into a
principal part, a skewon part and an azion part. Specifically, the elements (1)ma5“ Y
(2)’%5“ Y and ©® Kog  encompass 20 + 15 + 1 = 36 independent entries, respectively.

The derivation leading to (2.207) can be summarised by re-stating the key properties

W =4+0k, tr (V) =0, (2.208)
@f = -k, tr (Pk) =0, (2.209)
Of =+, tr ((3)/{) =tr(k), (2.210)
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see Rubilar et al. [117]. Notably, the skewon component and the axion component

(@k and ®k) can be represented in an alternative way. Indeed, one can prove that

v _ suvo . 1

(2)’ia6“ - 556/} o s with $aﬁ = _5(2)/€apﬁp g (2.211)
1

B kg = adly, with o= E@)%PU : (2.212)

[47, 114]. Hereafter, the quantities $,” and « are called, respectively, skewon field
and Abelian azion field. Furthermore, the slash notation §,° is used to indicate that

the skewon field is traceless. As a matter of fact, by virtue of (2.209), one has that

1
g = —§<2>npgﬂff = -k, = —tr (Pk) =0. (2.213)
In particular, the identity (2.213) guarantees that $,° appropriately contains as
many independent entries as (2)’{&6“ " (15 parameters). So far, nothing was said

about the possibility of measuring a non-zero skewon or axion part?’.

In 1962, Post [113] suggested that the requirement ®x = 0 was valid for all
spacetime relations and naturally occurring materials. Ten years later, in the light
of novel experiments [51], the same author recognised that a finite azion piece was
in fact allowed for some crystals [114]. More than two decades after this, Lakhtakia
and Weiglhofer considered the condition ®x = 0, and proposed to adopt it as a
universal law [69]. Accordingly, they argued against the existence of an axion com-
ponent in spacetime relations, natural materials and artificial media; the dogma
(3)) = 0 was also given a name, “Post’s constraint” [71]. Various objections to the
paper [69] were raised by Sihvola [125], thus motivating Lakhtakia and Weiglhofer to
write a rebuttal [70]. Nowadays, there is enough observational evidence to conclude
that, for certain crystals, the axion part is non-vanishing — see de Lange and Raab
[18] or Hehl, Obukhov, Rivera and Schmid [46]. As far as man-made samples are
concerned, Lindell and Sihvola [90] recently put forward the idea of a pure-axion

medium x = @

k, whose behaviour is that of a perfect electromagnetic conductor
(PEMC). The metamaterial design examined in [91] gives rise to a PEMC interface,

and is within reach of laboratory fabrication. As an aside, the pure-axion medium

20Tt is of course understood that most optical media have a non-vanishing principal component.
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of Lindell and Sihvola is strictly related to the so-called gyrator, an electric network
element invented by Tellegen in 1948 [131] and built by Hogan in 1953 [50]. To
summarise, Post’s constraint remains a viable hypothesis solely in the study of ex-
otic spacetime relations. In fact, no measurement testing a matter-free region, and
signalling a finite ®)x has been confirmed to date. The existence of an Abelian axion
field in spacetime was first suggested by Dicke [21] and Ni [104]. Promising exper-
imental results were reported in 2006 by the PVLAS collaboration [147], however,
the findings were later attributed to instrumental artifacts [102, 148]. Some of the
crucial theoretical aspects of this topic are discussed by Wilczek [144] and Itin [52].
The earliest articles to consider a material response with s # 0 were written
by Nieves and Pal [105, 106] in 1989 and 1994. Some years later — in 2002 — Hehl,
Obukhov and Rubilar carried out a more comprehensive study [47]. Since then,
various works analysing the properties of the skewon piece have appeared (e.g. Lin-
dell [81, 83], Sihvola [85] and Bergamin [6], or the papers [48, 109]). Nonetheless, a
literature search seemingly indicates that the quest to detect a non-zero P has yet
to begin.
As a final remark, it is worth noticing that the fields $.” and o carry a twist. By

combining the equality v = gtr(x) with the result (2.163), one can also observe that:

] = [tr(k)] = (hg2) P 2 QL. (2.214)

2.3.5 The medium response and y***

In previous Sections, the field excitation was encoded by means of the twisted 2-form

H. As an alternative, and with no loss of generality, numerous authors make use of

. . 1
H := {o(H), & HP = 5eaﬁwztl,w. (2.215)

For example, barring some obvious notational differences, Schouten [119] and Post
[113] formulate the theory of electromagnetism in terms of H®® and F,s. In this

equivalent convention, the local and linear constitutive law (2.137) clearly becomes

. . 1 1
H=3y0k(F)=x(F), & HY= Zeaﬂp"/@po“”FW = §Xaﬂ“”FW. (2.216)
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2.3 The constitutive relation

The quantity y*** := %eaﬁp‘% o' s which represents the properties of the medium,

is a twisted tensor density of weight +1 [41]. Indeed, (2.144) and (2.165) imply that
X = | det(L ) L Ly LY LY . (2.217)

It appears evident that the constitutive law can be cast in the form H! = x'/F}.
Hence, one finds that y*** correctly encompasses as many independent entries as

Kog (36 parameters). Invoking the decomposition (2.207) then generates the split

abur —  (1)yafur | (2)yafur 4 (3)yafuw
X X X X, (2.218)
36= 20 ® 15 ® 1,

where the elements {1y (2)yafu (3)yaBurl are characterised by the symmetries

(W1 — O IT Wy leBr] — (2.219)
@1 = ()T @)y lefu] = (2.220)
B 1T — 4 @)\ T @)y labu] — y leBu] (2.221)

cf. (2.208)—(2.210). The square brackets appearing, for instance, in the statement

(M ylefr] = denote index alternation [113]. To conclude, one can prove that [41, 47]

(2)Xa5uu _ eaﬁp[u$pu] _ Euup[a$p5] ’ (S)onﬁ;w — B (2.222)

2.3.6 Space-+ttime split of the medium response

When probing a material for engineering applications, one normally considers a
single frame of reference. More accurately, a fixed slicing of the manifold X, into
leaves of constant ¢ is employed. In this context, it is therefore natural to express
the constitutive law (2.137) in the space+time decomposed way (2.133). Hereafter,
the local and linear medium response H,3 = %fiaﬂu “F,,, is taken as a starting point,
and the procedure leading to the split (2.133) is described. One can demonstrate
that, in the co-frame {do, v}, the identifications Hy, = H, and H,, = D, hold true.
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As an immediate outcome, the constitutive law is separated in two relations, namely

1 1

H, = Hy, = §/€OGMVFMV = K Foe + §ROaCdFCd, (2.223)
1 1

Dy = H,y = §mab“l'FW = ki, Fye + émadech. (2.224)

Expanding the field strength 2-form with respect to the co-basis {do, v*}, one attains
the equalities Fy, = —FE, and Fy, = By,. Accordingly, (2.223) and (2.224) become:

1

Ho = —ko, Fe + §/<;Oachcd, (2.225)
1

Doy = —k 3 °F, + imadeBcd. (2.226)

It appears evident that (2.225) and (2.226) provide a true space+time decomposition
of the medium response H,pg = %I{aﬁu “F,,. In order to link the present discussion

with Lindell’s treatment of the topic [79], one can introduce the following definitions

ﬂac = _'%anc7 (lu_l)aCd = K’OaCd7 (2227)
ehC = =K, = R (2.228)

Here, £/, is the permittivity, (u '), is the inverse permeability, while 3,¢ and «a,,*

are the magneto-electric couplings. The constitutive law is then formulated as [79]

1

Ha= Bu Ee+ (1) Bea (2.229)
1

Do = €/, °E. + §aabchcd. (2.230)

It is important to remark that the name and symbol for (1) are a mere historical

artifact. In other words, one need not prescribe that the map (1), has an inverse.

Now, the alternative expression for the medium response H®? = %X‘lﬁ“"FW is

decomposed in space+time. The assignments H%=:D* and H* =:H imply that:

3 1
Dt = —\V0cp 4 §X0achcd, (2.231)
3 1

H = R 4 éxabchcd. (2.232)
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2.3 The constitutive relation

Drawing an analogy with (2.227)-(2.228), it is appropriate to define the quantities

1 1
é/ac — _XOaOC — §€apq€;qc ’ dacd — XOacd — §€apqapch ’ (2233)
v ~ L abcd
5abc — _XabOC — Eabpﬁpc ’ (,u_l) — Xabcd — Eabp(u—l)pcd ) (2234)

where the Levi-Civita symbol €%*¢ was introduced in (2.90). One thus obtains that

§ 1
D= R+ Ed“dBcd, (2.235)
“rab Habe 1 ¥ 1y abed
H = "B+ 5 (™) Bea- (2.236)

It is easy to show that, upon selecting co-frame {do, v}, the arrays H; and F; read

Hy, Hy Foy —E
Hy, H, Foo —F,
H, - Hogs _ Hs | P, = Fos _ —E3 . (2.237)
Hos Dos Fog Bas
Hs D3y Fs3 Bz
| M2 | D1z | | F1z | | B2 |

One can substitute the expansions (2.237) in the constitutive law H; = ;7 F;, and

compare the outcome with (2.229)—(2.230). As a consequence, k;” is found to satisfy

=60 =B =80 () ()t ()
=Bt =B =B (). () (wh),'?
o = e S el G P T U Pl (2.239)
_5/231 _5/232 _5,233 042323 042331 042312
_5311 _5512 _5313 O43123 a3131 a3112
el —€lt —e’ | ap”® gyt ap'?
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It is obvious that !’ can be represented in a similar way: one can demonstrate that

_é/ll —<€V/ 12 _EV/ 13 d123 éé131 d112

_EV/ 21 —F:J 22 _éx/ 23 d{223 d231 d212

. _é:/ 31 —é/ 32 _é:/ 33 d323 d33l d312
X7 = - . (2.239)

_6231 _6232 _6233 ('u 1)2323 (M 1)2331 (u 1)2312
_/5)311 _5312 _5313 (,u 1)3123 (” 1)3131 (,u 1)3112
_6121 _5122 _5'123 (M 1)1223 (,U 1)1231 (M 1)1212

When the medium response is skewon-free, equations (2.219)—(2.221) require that
the matrix (2.239) is symmetric. Then, {&/%, &2¢, fobe (;=1)abd} must comply with

~ . abed ~ . cdab
e,:z/ab _ éz/ba7 vabc _ ﬁbca (qul) — (,ufl) . (2240)

When (instead) the axion part vanishes, solely the off-diagonal blocks in the tableau

(2.239) are restricted. More accurately, one demands that their traces sum to zero,

G2 Gl gB2 G2 812 3128 g o glebd  glabd _ (2.241)

2.4 The dispersion equation

The aim of this Section is to compute the propagation of electromagnetic fields in a
general local and linear medium. From experience it is known that, even if the con-
stitutive law is relatively simple, the task of deriving an exact solution of Maxwell’s
equations is often arduous. Nevertheless, without constraining the electromagnetic

response H,g = " F,, any further, it is indeed possible to satisfy dH = .J and

2 Rag
dF = 0 in an approrimate sense. More explicitly, one can always invoke the geomet-
rical optics limit as a coarse method of solution. This amounts to following either

of two mathematical procedures, which are known to be equivalent in all situations:

a) The field strength F' is set to be equal to a sum of plane waves. All terms are
assumed to share the same phase ¢ = A\Q, for some positive constant A. By
contrast, the amplitudes of successive contributions are weighted by increasing

powers of A1, After substituting this ansatz into Maxwell’s equations, the
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2.4 The dispersion equation

problem is restricted to the analysis of high frequencies, A — +oc. Therefore,
a first approximation towards solving dH = J and dF’ = 0 is achieved, namely,
geometrical optics [112]. Higher order corrections are also obtainable [16]. In

the approach just described, ¢ is a slowly-varying function called the “eikonal”.

b) A hypersurface S is considered, across which the electromagnetic fields are
discontinuous. In particular, it is demanded that Maxwell’s equations are
obeyed both on and in the vicinity of S. Crucially, a set of requirements is
thus derived, which governs the propagation of electromagnetic fronts. Hence,
the geometrical optics limit is easily retrieved. The so-called method of weak
discontinuities was developed by Hadamard [39], in 1903. A detailed treatment
can be found in Section 2.4.1, or in the paper [88] by Lindell and Jancewicz.

When studying the properties of a laboratory material, one should apply the pro-
cedures a) and b) with great care. As a matter of fact, they both dictate that the
illumination must change rapidly in space and time. It is important to remember
that the conditions (i) and (ii) in Section 2.3.1 called for the fields to be slowly-

varying. Accordingly, if one is not vigilant, several difficulties can arise.

2.4.1 Hadamard’s method of weak discontinuities

Two charge density 3-forms J; and Jy are introduced, which are separately conserved

dJ; =0, dJy=0. (2.242)

Following the discussion in Section 2.2.1, a pair of field excitations is thereby defined

Jy = dH; Jo = dH,. (2.243)

Moreover, it is assumed that the field strength 2-forms F} and F3 exist, and satisfy

dF =0, dFy =0. (2.244)
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Now, {Hy, Hy} and {F}, F5} are implemented so as to build the linear superpositions

H = ’YlHl + ")/QHQ s (2245)
F = ’71F1 + ’}/QFQ s (2246)

where vy, and 7y, are smooth functions. By differentiating (2.245)—(2.246), and invok-

ing the properties of the exterior derivative [101], one readily attains the expressions

dH = d("}/lHl + ’}/QHQ) == (d')/l) A Hl -+ (d"}/g) VAN H2 + ’YlJl + ’}/QJQ s (2247)
dF = d(vlFl + ’)/QFQ) = (d’}/l) VAN F1 + (d’)/g) A Fg s (2248)

on account of (2.243) and (2.244). Hereafter, the quantities dH and dF are subject

to different treatments. As far as equation (2.247) is concerned, one trivially assigns

J:=dH = ")/1J1 —+ ’}/QJQ + R, (2249)

By contrast, a new requirement is imposed on the 2-form F' := v, F| + 2 F5 , namely:

At this point, one demands that v, + 2 = 1. Hence, by virtue of (2.245) and
(2.246), the fields H and F' become weighted averages of {Hy, Ho} and {F}, F»}.
Upon noting that dy; = d(1—12) = —d~,, one can formulate (2.250) and (2.251) as

R = (dvy) A (Hy — Hy), (2.252)
0 = (dy) A (F— F). (2.253)

It appears evident that 5 can be written as y5 = 10 ¢, for some smooth functions

v: Xy =R such that p— ¢ =p(p), (2.254)
n:p(Xy) =R such that o —n(p). (2.255)
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2.4 The dispersion equation

If /() is the ordinary derivative of 7(¢), a simple proof further demonstrates that

dy2 = (0" o) dp, (2.256)
cf. Lee [75]. Crucially, equation (2.256) allows one to represent (2.252) and (2.253) as

©) [dp A (Hy — Hy)] (2.257)

R:=(n
0 = @) [dp A (Fy = F1)] . (2.258)

! @)
U
whence it is possible to introduce an additional constraint: the 1-form dy must be
nowhere vanishing. By definition, the level set Sy C X4 includes those points in

spacetime such that ¢(p) = ¢, for a specific ¢ € p(Xy). Accordingly, one has that?!

S [0 =2, (2.259)

whenever two distinct elements of ¢(X,) C R are considered, ¢; # ¢o. Moreover,

it is easy to observe that the union of all level sets coincides with the manifold X},

U So=Xu. (2.260)

PEP(Xa)
since the domain of ¢ is the entire spacetime. The condition that dy does not vanish
anywhere on X, now plays a crucial role, as it guarantees that dy # 0 throughout
Se C X4. Remarkably, this fact dictates that each level set S, is a 3-dimensional
embedded submanifold (see Corollary 5.24 in Ref. [75]). On account of the properties
(2.259) and (2.260), it is then clear that the function ¢ determines a foliation of Xy,

cf. Figure 2.3. The next step towards deriving Hadamard’s method is to assume that

1(¢) = (¢ — ¢o) , (2.261)

where A is a real parameter, ¢ is a fixed element of (X)), and 7, (¢ — ¢o) satisfies

yi% [77,\(¢ - ¢0)} = 6(¢ — o) , (2.262)

21To avoid pathological complications, every map discussed in the present work is single-valued.
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S

£ mn(aﬁ)

Figure 2.3: The function 7o ¢ is constructed by applying ¢ first and 7 last. Since dy is
non-zero for all points on X4, the manifold must support a foliation into hypersurfaces Sy.

provided & is the Heaviside step function. For example, one can appropriately select

(@ — ¢o) = % [1 + tanh (¢ _A%)] : (2.263)

(6 — o) ZeXp{—eXp {— (qb;%)]} , (2.264)

or any of the numerous existing alternatives. Equation (2.261) trivially implies that

R| =n\((p) — o) [do A (Hy — Hy)]| (2.265)

p

0 =13(p(p) = ¢o) [de A (Fr = F1)]

p7

(2.266)

P )
at every spacetime point p € X,4. In particular, when the limit A\ — 0 is enforced,
75 ((b— ¢0) approaches the Dirac delta function §(¢— @) = &' (¢ — ¢yp), and therefore

R‘ = d(v(p) — ¢o) [d<ﬂ A (Hy — Hl)} (2.267)

p

0= 3((p) = ¢o) [dp A (Fo = F1)]] . (2.268)

P Y

In fact, one can always write R|p = 6(p(p) — o) [(dp) AL]

,» 8o that (2.267) becomes
d(p(p) — ¢o) [dSO N (Hy — Hy — Lﬂ |p =0, (2.269)
with L being a twisted 2-form. Since d(¢(p) — ¢o) # 0 solely if p € Sy, , one achieves

[de A (Hy — Hy — L)] 0, (2.270)

‘s% -
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which is the first cornerstone of Hadamard’s method; the formalism is completed by
[do A (F — FY)) \S% =0. (2.271)

A closer look at the calculation leading to (2.270) and (2.271) reveals that the
electromagnetic fields are discontinuous across the folium Sg,. More precisely, they
undergo an abrupt transition from {Hy, F1} to {Ha, Fy}, where (2.243) and (2.244)
ensure that Maxwell’s equations are obeyed for ¢(p) < ¢¢ and ¢(p) > ¢o. In
a similar way, the requirements (2.270) and (2.271) guarantee that dH = J and
dF = 0 are satisfied on the leaf Sy, .

The hypersurface S4, can represent a boundary between two different media.
In such situation, (2.270) and (2.271) are the conditions ruling light transmission
and reflection at the interface Sy,. The charge and current densities located on the
boundary are encoded by means of the 2-form L. Further information can be found
in Luneburg [93, 94], Costen [15], Burke [13], Warnick [140], Kurz and Heumann
[68], or Itin [54]. Hereafter, an alternative physical scenario is considered: the folium
Se, is taken to correspond to a sharp electromagnetic front, whose propagation is
governed by (2.270) and (2.271). Accordingly, one can interpret ¢ as the phase
function, ¢ := dg as the familiar wave-covector, and (2.270)—(2.271) as the key
laws of geometrical optics. The restriction that ¢ := d¢ is nowhere zero forbids the
occurrence of optical singularities (vortices) [107]. As an aside, Huygens’s principle
employs the 2-form L to describe the “secondary” sources located on the signal’s

edge Sy, [88]. Since this application is limited in scope, it is customary to set L = 0.

2.4.2 Electromagnetic fronts and the dispersion equation

By construction, the field jumps (Hy — H1)|g¢0 and (F» — Fl)\5¢0 are defined on
and throughout the folium Sj,. With this understanding, it is possible to make the

reference to the electromagnetic front Sy, implicit by virtue of the compact notation

h:= (Hy — Hl)}quo : (2.272)

f=F—-FR) (2.273)

Seo
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After L is set to zero, the geometrical optics equations (2.270)—(2.271) thus become

gAh =0, (2.274)
gAf=0. (2.275)

It is straightforward to prove that the only solutions to (2.274) an (2.275) are [41, 79]

h=qAb, (2.276)
f=qna, (2.277)

where the 1-form a is the polarisation that is measured in all standard experiments.
Furthermore, the twisted 1-form b is the corresponding quantity associated with the

jump h. One observes that, if H; and H, are respectively equal to x(F}) and k(F3),

K(f) = k(Fy — FY)|, = [k(F) — k(F)]|, = (Hs— Hl)]Sd)O —h,  (2.278)

Seo Seo

provided the medium is linear, see (2.138). Substituting (2.278) into (2.274), yields

1 14 14
gNE(f)=qNK(@Na)=0, < §q[anm]“ Juw = Qabipe) qua, =0, (2.279)

on account of (2.277). Hence, if the last expression in (2.279) is contracted by %ea”"ﬁ ,

1 opo 4 1 « loa 14 o 174
56 # ’Bq[a/ipo]“ quay = 56 Bp /@pa" 4aluty = X B Gaquoy = 0. (2.280)

Upon introducing the map (W,)?” ::Xaﬂ‘“’qaqu, one obtains the compact equation,
W)"a, =0, <  Wya)=0. (2.281)
Notably, the operator W, is linear in the sense that, for any two scalars ¢; and (o,
Wo(Gz + Gy) = GWo(z) + GW,(y) - (2.282)

Given a specific choice of wave-covector ¢, it is possible to use (2.281) so as to

determine the polarisation 1-form a. Nonetheless, selecting a fixed g evidently pro-
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vides too little information about the problem. A more in-depth analysis is thus

mandatory: to begin with, (2.281) states that a must belong to the kernel of W,,**
a € ker(W,). (2.283)

If ¢ is an arbitrary function, one can readily show that 1W,((q) vanishes identically,

(Wo)?Caw = ¢ [X*™ Gaquan] =0, (2.284)

because the indices {p, v} are antisymmetric. Therefore, (g lies within ker(W,), and
dim(ker W,) > 0. (2.285)

Then, rather than considering an individual ¢, it appears more fruitful to identify
all wave-covectors for which dim(ker W,) > 1. In other words, one constrains ¢
according to the requirement that there exists a polarisation a such that W,(a) =0

and f =¢gAa#0 (cf. Dahl [16]). The following calculation aims to establish that:
dim(ker W,) > 1 if and only if ¢ satisfies the dispersion equation. (2.286)
Leaving (2.286) momentarily aside, it is worth observing that, provided a € ker(W,),
a=a+Cq €ker(W,), (2.287)

that is, @’ = a + (q is also a solution of (2.281). In particular, the remark (2.287)
is closely related with the gauge freedom (2.115). To indicate that two elements of
ker(W,) differ by a 1-form proportional to ¢, one can employ the notation o’ ~ a.

As a matter of fact, the link established via ~ is reflective, symmetric and transitive,

an~a, (2.288)
a~a = a~d, (2.289)
d'~d & d~a = d'~a, (2.290)

22The concepts of linear algebra invoked hereafter are explained well in Nering’s book [103].
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whence ~ is a so-called equivalence relation, dictating a partition of ker(W,) into
mutually disjoint subsets [101]. Each subset is an equivalence class [a], encompassing
every solution a’ of (2.281) such that o’ — a € span(q). Remarkably, when all
classes are brought together, a linear vector space V; is achieved, which includes the
physically relevant polarisation directions. This statement is illustrated well by the

property dim(V,)=dim(ker W,) —1, and by the consequent reformulation of (2.286),
dim(V,) > 0 if and only if ¢ satisfies the dispersion equation. (2.291)

Returning to the proof of (2.286), it is convenient to define the ezterior p' power of

W,, denoted AW, : one prescribes that, for any selection of 1-forms {ay, ..., a,},
NWolag A Nay) = Wolan) A+ AWy(ay,), (2.292)

see Flanders [31] and Lindell [79]**. The highest value of p such that A"W, # 0
coincides with the rank of W, , that is, with the dimension of the operator’s image.

For example, a direct calculation reveals that the 4™ exterior power of W, vanishes
AW, =0, (2.293)

whereby the map W, cannot be of full rank, dim(im W,) < 4. Moreover, since [103]
dim(ker W) + dim(im W,) =4, (2.294)

the observation (2.285) is immediately retrieved. Now, by virtue of theorem (2.294),
the condition dim(ker W,) > 1 in (2.286) can be expressed as dim(im W) < 3; thus,

dim(ker W,) >1, <  A’W,=0. (2.295)

23 According to the nomenclature of [79], one would call APW,, the “double-wedge power” of W,,.
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Decomposing the 3™ exterior power of W, with respect to a frame {e,} then leads to

1 [e% a202 Q
N W= o (W) (Wy)2222 (W)™ (e, A €y €ay) @ (€5, s, A e5,)

1
B gxo‘o‘lﬂﬁ (%>a262 (m/;])%ﬂg(]a(eoq N €ay /N €a3) ® qﬂ(eﬂl A €8, N 653)

1 ao o «
= @X 196 (%) QﬁQ(M/Z]) 353(1[@(6&1]/\ Caz N\ eas) ® q[ﬁ(eﬁl] A €8y A 653)? (2'296>

on account of (W,)*? := X““ﬁl’quqy. A simple, but lengthy, calculation implies that

Qa(€ar] A €as A €as) = 2qia(€a; A €ay Aeag)) + ..., (2.297)

qis(ep) A ey N ep) = 2qi(ep, Negy Negy) + .. (2.298)

where the ellipses indicate terms that do not contribute to (2.296) because of the
identity (W,)**q, = (W,)?*q, = 0. The index alternations on the right-hand sides
of (2.297) and (2.298) can be replaced by two generalised Kronecker delta symbols,

1

Qja(€ay] N €ay N €ay) = Eéggigggg Qulep Ney, Nepy) + ..., (2.299)
1 14 %R 1%

qia(esy) N epy A esy) = 75055 0% Gul€n Ay Aeyg) + ... (2.300)
12

Further making use of the p = 4 sub-case of equation (2.186) allows one to achieve

1

Qja(€ar) N €ay N €ay) = E€aa1a2a3e“m“2“3 Quleps Nepy Neps) + ..

1,
= Slacasasty T (2.301)

1,
qia(esy) N epy N egy) = E%Blﬁgﬁ&"'m”‘?’ Qu(ev, New, Ney) + ...

L,
= 56551/32/336(1 4+ ... s (2302)

where €, := (1/6)e7727¢q. (e, Ne,, A€, ) is a trivector density of weight +1. Hence,
q A TN PR

it is appropriate to substitute (2.301) and (2.302) into (2.296), so as to observe that

1

G(q) = éaa1a2a3éﬁﬁ1ﬁzﬁgxaalﬁﬁl(%)aQﬁz(%)QSﬁS
= €aa1a2a3€ﬁﬁ1ﬂ2ﬂ3xaalﬁﬁlXa2p620xa3T63UQpQUqTQU . (2304)
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By implementing the formula (2.303) in (2.295), one completes the proof of (2.286),
dim(ker W) > 1, & G(q)=0. (2.305)
Accordingly, if and only if the dispersion equation (the Fresnel equation) is satisfied

g(Q) = gaalagagéﬁ,&ﬁgﬁgxaalﬁﬁlXanﬁQUXa?’TBSUquJqTQU = 07 (2306)

one or more polarisations do exist such that W,(a) =0 and f=gAa is non-vanishing.
With respect to the wave-covector, the quantity G(q) is a quartic homogeneous
polynomial, whose coefficients depend in a cubic manner on the medium parameters.
In addition, one can easily show that G(q) is a twisted scalar density of weight +1.
A long computation, first carried out by Obukhov (see the Appendix of Ref. [53]),

demonstrates that (2.304) can be written in several equivalent ways. The expression

g (Q) = éaal g0 €536251 BXaoqB3pxaa2ﬁ27XUa3/Bl5QanQTqv (2 . 307)

is particularly widespread in the literature [41, 115, 117, 121]. Formulating (2.304) as

G(q) = G"""4p0547qv (2.308)

demands that a suitable twisted tensor density of weight +1 is introduced — namely:

gpm—v o 1

T géaalcmas €6515253Xaa1,351 Xaz(palﬁzxa3|TU)ﬁ3 ) (2309>

where the round brackets denote index mixing [119]. A “fourth order metric” akin
to GP7™ was considered in Tamm’s 1925 article [130]. In 2002, Rubilar [116] ac-
complished a complete and rigorous derivation of (2.307). Correspondingly, the
structure G*°7Y is called the Tamm-Rubilar tensor density [41]. The procedure em-
ployed above in order to attain the dispersion equation is based on a paper by
Lindell [80]. Further information concerning the quartic Fresnel polynomial can be
found in Obukhov, Fukui and Rubilar [108], Itin [53], Perlick [112], or Dahl [16]. By
combining the split v = Wyadu 4 2 abur 4 (3)yabur with the result (2.304),
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one can establish that

G[Ix] (@) + [(Dx 7 8,78,") ptot-ao] - (2.310)

aaiooas 66516263 (1)Xaa1ﬁ,81 (1)Xa2pﬁ20(1)XQSTﬁSUQpQUQTQU . (2311)

G(q)
G[Mx](q) =

M>

It is straightforward to observe that, if ) y®#* =0, the dispersion equation vanishes

identically. Moreover, the axion part ®)x*#* does not contribute to G(q) at all [116].

2.5 Important examples

2.5.1 (@Q-media

Following Lindell and Wallén [92], the constitutive law of a Q)-medium is encoded by
Koy = XeappoQQ", (X £ 0), (2.312)

where Q*? obeys the transformation rule Q%= La""LgﬁlQo‘ﬂ, and is not necessarily
invertible or symmetric. In addition, X # 0 is a twisted scalar density of weight +1.
The calculation performed hereafter identifies the principal, skewon and axion parts

of (2.312). As astarting point, one can evaluate the tensor &, 4" for any @-medium,

— v 1 ~ ~ g 14

’%5“ — Zeaﬁ'w (xen%CQépQC ) eNon
— X, S OPOST = X¢ up Vo 231
- 5604/3/)0 gc@ Q - 6045,00@ Q . ( 3 3)

Then, it is convenient to implement the decomposition Q% = [E]Q*? + Q8 with:

[S}Qaﬁ — (Qaﬁ + Qﬁa) 7 - [S]Qaﬂ — +[5]Q,3a : (2.314)

N~ N~

[a}Qaﬁ — (Qaﬂ . Qﬂa) ’ = [G]QO‘IB — _[G]Q'Ba . (2315)
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When the split of Q*# is substituted in equations (2.312)—(2.313), one achieves that

HQBMV — Xé08p0 ([S]QPM[S]QUV + [a]qu[a} QUV)
+ Xéappo ([S]qu[a]wa + ld] qu[S] QUV) , (2.316)
Raﬁuv = Xéapp0 ([S]Qup[S]QW + [a]Qup[a}wa)
+ Xappo ([S]Qup[a]Qw 4 la] QMP[S]QVU)
= Xluppo ([S]Qtw[S]QUV + [a]QW[a} QOV)
— Xéoppo ([S] Q/w[a]foV + [a]QPH[S]QUV) 7 (2.317)

Accordingly, the contributions Wk ;" and k" defined in (2.200) take the form

(+),€a6uv = Xéappo ([s]qu[S]QUV + [a]qu[a]QUV) ’ (2.318)
(7)’%/3”” = Xéupps ([S]qu[a}Qov + [a]Qpﬂ[s}QUV) ) (2.319)

Thus, it is easy to conclude that the principal, skewon and axion parts are given by

v ~ S S ov a a ov 1 ~ a a v
(1)'%6# — %Eaﬁpg([ ]qu[ ]Q 4 }Q/m[ ]Q )"‘E%(En@&[ ]Qn9[ ]QEC) 5567 (2.320)
(Z)KaBW: xgaﬁpa([S]qu[a]Q0V+[a]qu[S]QUV) : (2.321)

14 1 ~ a a 174
(3),430(&“ = _E%(EU%C[ Ignet }QEC) 55{3‘ (2.322)

In order to compute the fields $,” and o, one can make use of (2.211) and (2.212),

48— %:{ganm (1 eBlel gon y lel gelsl gom)
= _%% gapm([S]Qpﬁ[a]Qan + [a]QpB[S]QUn)
_ _%x(gamm sl gpenlal azas) (2.323)
o= —%%(éaalazag lalenlel gozes) (2.324)

The determinant of a 4-dimensional alternating bilinear form, such as 4 Q, satisfies

det(1Q) = [PE(1Q)]* (2.325)
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where Pf ([“]Q) is the so-called Pfaffian. In the case being considered, one has that:

1A a aoa |a [aDYe%
Pf(lQ) = geaalam[ lQaatladazas (2.326)

Hence, it appears evident the Pfaffian of [UQ) is a scalar density of weight —1 [124].
Remarkably, the axion piece is closely related to the quantity (2.326), more explicitly

2 2

3 v a v _ a

B ks = —3% PE(Q)aky, a=-3X Pf(Q) . (2.327)

In a similar manner, one can formulate the principal component of a ()-medium as

v ~ S S ov a a ov 2 a v

(1),_%5# = %gaﬁpg([ ]qu[ ]Q ! ]qu[ }Q ) + 5% Pf([ ]Q)(ggﬁ_ (2.328)

At this point, it is appropriate to compute the dispersion equation for (2.312). Since
1 ~ v « v « v av

X = SRy QY = XOTQMQY = X(QQY - QMQ™), (2.329)

the operator (W{])B”zxo‘ﬁ“”qaqﬂ, introduced in Section 2.4.2, is readily expanded as

(Wy)? = X(Q*Q™ — Q™Q™)qagy = X [Q(g,0)Q™ — (Q™¢,)(Q%qa)] , (2.330)

with Q(q, q) := Q*?q.qs. The next step consists in combining (2.330) with (2.306).

Yet, instead of analysing the Fresnel equation in its entirety, the partial contraction
éaa1a2a3€ﬂ,@15253 (WQ)OQEQ (WQ)QSB?) = Maalﬁﬁl (2'331)

is examined in isolation. By employing the ()-medium expression for IW,, one obtains

Maaiss =X2Q(4, 4)*€aniazaséam s, Q222 Q%
QU0 ) oo (@0, Q)
~XQ(0:) oo ans @ Q1) (@ 4r)
X masns €5 (@700 (@0 ) QU 0) (@), (2332)

85



Chapter 2: Foundations

where the last term is zero because of a sum involving opposite index symmetries. A

simple re-labelling {ay, B2} <+ {ag, B3} in the third line of (2.332) promptly leads to

Maalﬁﬁl = %2Q(q7 q)2€a&1a2a3€5515253Qa2ﬂ2Qagﬁg

— 2X°Q(0, 9)€aa205€881 525, Q" (Q74,) (Q77 ¢ ) (2.333)

In addition, factorising the quantity X2Q(q, q)€aayasas s 20: @727 allows one to write

Maoﬂﬁﬁl = %2Q(Q> q)gaalagaggﬁﬁlﬁg,%QaQﬁQ X
% [Q(q, q)Qa363 _ Q(Qaapqp)(Qaﬁaqa)} ) (2334)

To extract the dispersion equation from the formula (2.334) it is sufficient to observe

that G(q) = x*PP Moa, 58, = 2X Maa, 5, QP Q*P1. A direct expansion verifies that

g(q) = QX?’Q(C], Q)éaalazasgﬁ&ﬁzﬁsQaﬁQalﬁl QOQ/BQ X
x [Q(g, Q™™ — 2(Q**¢,)(Q7"4,)] , (2.335)

where the first factor is proportional to the transpose of the classical adjoint of @,

: 1 ~ ~ 1% 1% 1%
(adj Q)W = gevuwzmewwzqum 1QIE QIS (2.336)

By virtue of the property (adjQ),,Q" = (det Q)d};, one can reach the key conclusion,

G(q) = 12Q(q, ) X*(adj Q) [Q(q, Q™ — 2(Q"q,)(Q"" 45 )]
= 12Q(g, ¢)X*(det Q)[4Q(q, ¢) — 2Q(q, q)] = 41X (det Q)[Q(q, ¢)]*;  (2.337)

the procedure used hereinbefore to derive (2.337) was based on Lindell’s paper [80].
As an aside, since [1Q(q, q) = [a]Qo‘Bqaq[g vanishes identically, it is easy to note that

G(q) = 42%(det Q) (MQ(q, q))’, (X #0). (2.338)

When Q% is assumed to be invertible, G(q) is proportional to the square of a
quadratic polynomial in ¢, via a non-zero factor. This important property defines

the electromagnetic media that are non-birefringent (cf. Favaro and Bergamin [29]).
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Returning to the case where the rank of Q® is arbitrary, it is instructive to show that
the constitutive law r,,,"" = Xéup,0Q" Q7" satisfies the equation Kok = str(kor)Id.

By substituting (2.312)—(2.313) in the component representation of Kok one achieves

1 X2,

g — 14 a2~ 14 %2 ~ ~ g 14
3hag Fpe' = 5 Eapnp@" QY Epoec QM Q™ = 5 CapnoCorec@™ Q7 QRMQ™. (2.339)

The contraction engaging the indices of €,,¢¢ is simplified by employing the identity

RY“RY 7212 505 = (det R)e™ ", (2.340)

€ po 3

which holds true for every tensor R*’. As a direct outcome, (2.339) is expressed as

1
inaﬁpg’%paﬂy = 5%2((1613 Q)ga&ﬁenem’- (2341)

One may convert the quantity %€a5n96"9“” into a generalised Kronecker delta symbol,

1
émaﬂp%pa“” = X*(det Q)07 . (2.342)

Hence, it is concluded that the class of electromagnetic ()-media is indeed a solution
of Kok = itr(kok)Id. A calculation similar to (2.339)—(2.342) further reveals that:

1
Egaﬁf’%pgw = X*(det Q)d%; . (2.343)

One can therefore observe that the (Q-media also obey the alternative equation

Rok = %tr(/%o k)Id. As explained in Chapter 3, the so-called mixed closure relations

Kok = =tr(kok)ld, (2.344)

Rok = —tr(kok)ld, (2.345)

do not have the same solution set, in general. More accurately, there exist some
electromagnetic responses that satisfy only one of (2.344)—(2.345). The fact that

each (-medium complies with both mixed closure relations is a special property.
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Computing the trace on both sides of (2.342), and on both sides of (2.343) leads to

tr(k o &) = 6X*(det Q), (2.346)
tr(k o k) = 6X*(det Q) , (2.347)

whenever /{aﬁ“ " is encoded by (2.312). It is important to remark that, given any

local and linear constitutive law, the scalars tr(x o k) and tr(< o k) coincide trivially

1 1
tr(koR) := Zmnepak o — né

oo 1o B PP =itr(Rok). (2.348)

no

To stress that (2.346) and (2.347) are related by the identity (2.348), one may write
tr(k o k) = tr(Ro k) = 6X*(det Q). (2.349)

It is interesting to split (2.349) in two equations, concerning the modulus and sign

of tr(k o k) = tr(k o k) respectively. Since X is assumed to be non-zero, one attains

tr(k o &)| = |tr(R o k)| = 6X?|det Q) (2.350)
sgntr(x o k)] = sgn[tr(k o k)| = sgn[(det Q). (2.351)

Thus, Q” is a tensor of full rank if and only if tr(k o &) = tr(K o) is non-vanishing.

Moreover, one can easily deduce the sign of (det @) from that of tr(ko&) = tr(kok).

If o and [ are two arbitrary covectors, the dimension of the bilinear form () is
defined by the ratio [Q(«, 5)]/[a][f] =: [@]. Once this concept is established, it is
possible to demonstrate that [det Q]=[Q]*. Ergo, because of (2.349), X must satisfy

N |=

(%] = ([det @) fex(r 0 R)])? = ([QI[5]*)7 = [Q (K] = [Q]*(hg™>) ™" (2.352)

Although it appears natural to demand that () is dimensionless, pre-metric electro-
dynamics provides no simple physical motivation for imposing [@Q] = 1. In other
words, besides the fact that attaining [X] = [x] 2 -1 is desirable, there is no obvi-
ous reason to fix the dimension of X in a specific way, see (2.352). One additional

comment is in order — the mixed closure relations are insensitive to the sign of X.

88



2.5 Important examples

2.5.2 Reducing the ()-medium to a Hodge star

In the present Section, the @-medium (2.312) is analysed at a point in spacetime

such that Q*# is invertible. Equivalently, a location p € X, is considered, for which

det(Ql,) #£0. (2.353)

As a consequence of (2.353) and of the requirement X # 0, one is allowed to define
Y|, == [det(Ql,)| X" (2.354)
The constitutive law (2.312), as expressed in terms of the new parameter Y|,, reads

(’dp)aﬁwj = T|;1(/\é|p)aﬁuy7 (2355)
(Blp)ag™ = |det(Ql,)| *Easp QL Q7" (2.356)

It is important to note that the operator |, has the following features:

(i) Given a change of basis in the tangent space of X4 at p, the quantity Y|,

transforms as a true scalar. Accordingly, /|, is just a “normalised” copy of k|,
(ii) The map k|, is dimensionless, that is to say, one can show that [Y] = [k] " 2a.

(iii) Since the electromagnetic response (2.312) satisfies both mixed closure rela-
tions, the same property is inherited by &[,. More specifically, the scaling

(2.355) gives rise to the compact formulae &|, o %[, = +Id and k|, o k|, = £Id.
(iv) The operator &|, is invariant under the replacement @)|, — (Q|, for any ¢ € Ry.

Hereafter, the statement (i) is verified by means of a direct strategy. In fact, the
transformation behaviour of Y|, is derived from that of its constituents, namely
X|," and ‘det(@]p)r%. From the treatment of Section 2.5.1, it is known that the
parameter X! is twisted scalar density of weight —1. Hence, one is left with the

task of analysing the quantity |det(Q|p)‘7§. As a first step, it is useful to recall that
QLY'=LNML Q. (2.357)
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In particular, by computing the determinant on both sides of (2.357), the expression
det(Q\gl”/): [det(Ln”/)]2 x det(Q[L") = [det(Ln,”)]_2 x det(Q[5), (2.358)
is obtained. Thus, ‘det(@]l,)’_5 is found to be a twisted scalar density of weight +1,

[det(QX)| 7% = |det(L, )] x |det(Q[2)| 2
— sgn[det(L,")] x [det(L,")] x |det(Q)=)] 2. (2.359)

To complete the proof, one invokes (2.354) and observes that Y|, is a true scalar.
Correspondingly, the maps k|, and k|, are related by a simple “normalisation” factor.
Our discussion may now proceed to the issue of demonstrating that (ii) holds true.

The definition (2.354) and the identity [det Q] = [Q]* lead to the dimensional formula
] = [det Q)2 [%X] " = [Q]*[x] . (2:360)

Employing (2.352) allows one to expand [¥X]!, so that a key conclusion is achieved
M= QA = [QQP T =W =he 20 (2361)

On account of (2.355), the operator &|, must evidently be dimensionless. As an
aside, it is worth noting that the dimension of Y|, does not depend on the choice of
[@]. This property should be compared with equation (2.352), and with the remarks
concerning [X]. In what follows, proposition (iii) is verified. An appropriate starting

point is to substitute the “normalisation” (2.355) in the results (2.342) and (2.343),

Tl;Q(’%lp ° ’2|p) = x|;2> det(Ql,)Id, = £&|,o ’é|p = T|;22 %|;2) det(Q|p)Id, (2.362)
T|;2(’¥f|p o klp) = %‘129 det(Qp)Id, = &l,0k],= T|12>%|;2> det(Q[,)Id.  (2.363)

Then, the right-hand sides of (2.362) and (2.363) are simplified by means of (2.354),

ilp o K|, = sgn[det(Q],)]Id = +1d, (2.364)
Klp o il = sgn[det(Q],)]Id = £Id. (2.365)
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Ergo, the statement (iii) is indeed correct, and (iv) is the only item still missing a
proof. Conveniently, this gap is easily filled. Given a non-vanishing parameter (,

one can make use of the scaled tensor @)’ |g” = Q|g” so as to construct a new map,

1
(B |p)og™ = [det(Q'],)] 2 Eappr @I Q17"

= C[det(CQl)| easpe QIR QL7 (2.366)

which is a suitably modified version of i|,. It is important to observe that, by virtue

of the familiar identity det(¢Q|,) = ¢* det(Q),), the operator (2.366) is expressed as

~32 ov v v
(K [p)og™ = |det(Qp)| 2 Eapoe@I2F Q1Y =: (Rlp)ag™ - (2.367)

One thereby concludes that &|, is invariant under the transformation Q1" — ¢QI4",
for every non-zero scalar (. Hereinbefore, the properties (i)—(iv) were demonstrated
by means of four independent derivations. Nonetheless, it is possible to take a

different approach. For example, one may view (ii) as a consequence of (iii) or (iv).

The analysis of the specific Q-media that obey (2.353) is completed by the follow-

ing remarks. It is easy to show that the response (2.355) gives rise to the equations

klp 0 Bl = sgn[det(Ql,)] Y], *Id = £7| ?1d (2.368)
Rlp o Klp = sgn[det(Q],)] Y|, *1d = 7| *1d . (2.369)

Applying the trace on both sides of (2.368), and invoking the identity (2.348) leads to
tr(kl, o &lp) = tr(R|, o kl,) = 6sgn[det(Q|,)] Y|, >. (2.370)

It is instructive to split (2.370) in two formulae, encoding the sign and modulus of

tr(k|, o K|,) = tr(R|, o k|p). Accordingly, one obtains that

sgutr(kl, o &|p)] = sgn[tr(i], o &[,)] = sgn[det(Q],)], (2.371)
’tr(’dp © R|p)’ = ‘tr(’ﬂp © “|p)‘ = 6T|;27 (2.372)
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where (2.371) is a restatement of (2.351). By contrast, (2.372) allows one to deter-

mine the absolute value of Y|, from the constitutive map alone,
_1 ~ -1
‘T|p‘ =6 }tr(fi]p o R\p)| > =./6 }tr(fﬁ|p o /f\p)} . (2.373)

It is worth noting that (2.370) does not indicate whether Y|, is positive or negative.

In what follows, the special -media that obey (2.353) are subject to an addi-

tional restriction. More explicitly, it is demanded that, at the usual location p € X4,
“Ql, =0, that is, Ql, =qQl,. (2.374)

It is important to observe that, when the requirement det(Q|,) # 0 is combined with
the symmetry (2.374), the map Q|, becomes a metric (cf. Wald [139]). Correspond-
ingly, a notion of distance makes its appearance in the metric-free theory developed
so far. While this is a crucial observation, there are good reasons not to be alarmed.
Firstly, the metric Q|, is not assumed from the start. Rather, it is a derived quan-
tity, obtained by gradually constraining the medium response. Secondly, the notion
of distance enters the formalism in one precise place, namely, the constitutive law.
The evident conceptual clarity that follows cannot be achieved in the traditional
approach. For instance, when Maxwell’s equations are expressed in terms of vector
calculus, a metric is employed in several “well-hidden” places. Lastly, the notion of
distance is hereby invoked as part of a didactic example. In fact, the whole of the
present Section is to be regarded as a pedagogic detour from the strict development

of metric-free electrodynamics.

Under the condition [@Q|, =0, the medium encoded by (2.355)(2.356) turns into

(Klp)ag™ =TI (klp)as™ (2.375)
(*|p)a6wj = ‘det([S]Q|p)|7§€aﬁpU[S]leu [S]ngy 5 (2376)

where |, is the so-called Hodge star map, regarded in its action from 2-forms to
twisted 2-forms, see Flanders [31]. Equivalently, if ()|, is both invertible and symmet-
ric, the operator |, becomes the Hodge star commonly encountered in differential

geometry. It follows that the properties of &|, are inherited by *|,, so that the
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remarks (i)—(iv) apply unaltered to the Hodge star. In addition, one can verify that:

(v) The skewon and axion components of |, are zero. When the observation that

the skewon part vanishes is combined with (iii), one obtains that *|,0x|,==Id.

(vi) Tt is always possible to find a basis of the tangent space at p which is or-
thonormal. More accurately, there exists a basis such that Q" = [S]Qw” is a
diagonal matrix, whose non-zero entries are equal to +1. Provided r is the
number of +1 signs, and s is the number of —1 signs, the difference t = r — s is
the signature of Q|,= [5}Q|p. A simple calculation indicates that the signature
of a 4-dimensional metric is restricted to the values {0, 42, £4}. Hence, the
expression (2.376) defines three “kinds” of Hodge star, associated with the
three allowed choices of |¢t|. One further comment is in order. The property
(iv) dictates that all conformally related metrics (¥1Q'|, =¢¥1Q|,) give rise to
the same Hodge star, *'|,=*|,. Upon selecting an orthonormal basis, one can
show the converse statement: all coinciding Hodge star maps (¥'[, =%|,) are
induced by conformally related metrics, Q)'|, = ¢(¥!Q|,. A rigorous proof of

this theorem is available in the paper [22] by Dray, Kulkarni and Samuel.

(vii) The scalar Y|, relating |, and *|, should be interpreted as a signed impedance.

For the purpose of analysing (v), it is convenient to return to a previous point in
the discussion. In particular, one momentarily suspends the condition that @Q|, is
symmetric, and reconsiders the constitutive law (2.355)—(2.356). Since the elec-
tromagnetic response (x[,) 5" = Y|, (Klp) 45" is a specific type of Q-medium, it
is possible to compute the skewon and axion fields from (2.323) and (2.327). The
quantities ($],),” and al,, as derived from the constitutive law (2.355)—(2.356), read

(8lp)” = —%T\p1|det(Q|p)\‘5 (Cacmazas QLI Q[02) | (2.377)
aly =~ (@l HPi(9,) 279

When the antisymmetric part of @], is set to zero again, cf. (2.374), the medium
response (k)4 = Y|, (klp),g" turns into (2.375)-(2.376). At the same time,
the skewon and axion fields (2.377)—(2.378) vanish trivially. It follows that the

constitutive law x|, = 'x[, is formed solely of a principal contribution, |, = Wk,
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Since this statement holds true for the Hodge star map itself, the first remark in (v)
is evidently correct. The next step consists in deducing the relation *|, o x|, = +Id.

Given that the Hodge star is free of skewon, the properties (2.208)—(2.210) imply that

|p = *|p . (2.379)

Moreover, it is known that |, satisfies (iii), whereby one is allowed to replace &|,

with %[, in equations (2.364) and (2.365). As an outcome, it is readily verified that

«[, o %], = sgn[det(Ql,)]Id = +1d, (2.380)
%, 0 %], = sgn[det(Q|,)]1d = £Id. (2.381)

By substituting (2.379) either in (2.380) or in (2.381), one attains the desired relation
x|, 0 x|, = sgn[det(Ql,)] Id = +1d. (2.382)

As an aside, it is worth noting that the electromagnetic response [, =T1|; x|, obeys
Klp o K|, = sgn[det(FQ],)] T|,°Id, (2.383)

in view of (2.382). Therefore, calculating the trace on both sides of (2.383) leads to
tr(kl, o kl,) = 6sgn[det(FQl,)] 1|, 2. (2.384)

One may split (2.384) in two formulae, encoding the sign and modulus of tr(k|,0x|,),

sgn[tr(xl, o xl,)] = sgn[det(Q|,)], (2.385)
|tr(klp o K[,)| = 67],% (2.386)

The result (2.386) is useful in determining the absolute value of Y|, from x|, alone,
_1
Y]] = V6 [tr(xl, o wlp)| 2. (2.387)

By contrast, it is important to remark that the sign of T|, is not constrained at all.
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Now that the treatment of (v) is complete, it is appropriate to discuss the remark
(vi). The existence of an orthonormal basis is guaranteed by the following two facts.
Firstly, |, is assumed to be a metric, that is to say, a non-degenerate (2.353) and
symmetric (2.374) bilinear form. Secondly, a crucial theorem in linear algebra states

that every symmetric matrix can be diagonalised over the real numbers (Serre [124]).

More accurately, in view of the condition Q|, = [S]Q|p, it is always possible to

find a basis { fo, . .., f3} of the tangent space at p such that Q|4 is a diagonal matrix

Qly = diag(Q[)’, QL', Q2%, Q[>%)
=QIYfo® fo+ QAR A+ QPR L+QIf® f;. (2.388)

In addition, because of the requirement det(Q|,) # 0, the entries {Q[2°,..., Q[>*}

are non-zero. Therefore, one is allowed to scale the vectors { fy, ..., f3} according to
_1 _1
fo=1QL°[ 2 5, fr=l1QL 2 A,
_1 _1
f2={QR 215, fs=1QI| 2 f3. (2.389)
Crucially, when the map @), is expressed in terms of {f{, ..., f3}, it takes the form

Qlp =+ sgn(QI2) fi ® fo + sgn(QL") f1 @ f1
+sgn(Q7) f3 ® f3 +sgn(Q2*) f5 @ f3, (2.390)

which, in a simplified notation, reads Q|, = diag(£1,...,+1). It follows that an
orthonormal basis { f.} for the tangent space of X, at p does indeed exist, see (vi).
As an aside, it is worth noting that the vectors {f{, ..., f4} are characterised by the
same dimension, [f] = [f]] = [f3] = [f4] = [@]2. One route towards demonstrating

this property starts from the formula (2.388), which is employed so as to infer that

Q%] = [fo]*[Q), (@] = [A]7*[Q),
Q%] = [£2]7*[Q), Q%] = [f:]7°[Q). (2.391)
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The equalities in (2.389) demand that the elements of the orthonormal basis satisfy

[f5] = 1@ [fo), 1] = QM2 (A1),
15 = [Q%)3[fa), 115 = Q)2 [fs). (2.392)

Ergo, upon substituting (2.391) in (2.392), one achieves the desired conclusion — i.e.
1
[fol = [A] = [fs] = [fs] = [QI7. (2.393)

At this point, some further aspects of (vi) are examined. It is important to recall
that, if the expansion (2.390) contains r plus signs and s minus signs, the difference
t = r—sis the signature of the metric @)|,. Given that )|, is assumed to be invertible,
the non-negative integers r and s obey the equation r + s = 4. Consequently, one
deduces that the allowed values of t are {0,4+2,+4}. The signature of a metric
does not depend on the choice of orthonormal basis [139], whereby ¢ is said to be an
invariant [31, 75]. As a matter of fact, all metrics are legitimately classified according
to their signature. It is also possible to show that, on account of the formula (2.376),
each value of |¢] is associated with one “kind” of Hodge star operator. The absolute
value appearing in this statement is a specific manifestation of the property (iv),
which dictates that +Q)|, and —@Q)|, give rise to the same map *|,. In order to clarify
the existence of three “kinds” of Hodge star, it is convenient to inspect the cases

lt] € {0,2,4} individually.

Hereafter, the option |t| = 0 is illustrated by employing the typical representative

Qb =fo® fo+ i@ fi—f®f;— [z f; = diag(+1,+1,-1,=1).  (2.394)

H arising from

More specifically, the electromagnetic response (#lp) "= Y| (*[p) 45
the metric (2.394) is calculated. After the normal form (2.394) is implemented in
the formulae (2.375)—-(2.376), the resulting constitutive law is expressed as a 6 x 6

matrix, in the manner described in (2.238). Hence, the following tableau is achieved,

(8lp) " = YIp (el =TI : (2.395)
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where Q3,3 is the 3 x 3 null matrix, and Kj.3 := diag(+1, —1,—1). A direct com-
parison of (2.395) with (2.238) allows one to identify the permittivity, the inverse
permeability and the magneto-electric couplings at p € X,. It is observed that, for
the medium being analysed, the tensors 3,¢ and «,“ vanish. Such property is due
to the fact that the basis adopted in (2.394) sets the components Q' = QY to
zero. In the tableau (2.395), the permittivity and inverse permeability are encoded,
up to a sign, by the bottom-left and top-right 3 x 3 blocks. Each of these blocks is

found to be diagonal. More accurately, the tensors /,¢ and (1), at p € X, read:

€hs' E€hy” €93° _T|;1 0 0
e’ = et e et =] 0 4Tt 0 |, (2.396)
et ep? ey’ 0 0 +7°
O T T P (7 N I 4 P B
(D= ()2 ()™ (w2 | = 0 =Tt 0 | (2:397)
_(M71)323 (075 ()5 0 0 =T

In order to obtain the Fresnel polynomial corresponding to the constitutive law
(2.395), it is sufficient to make use of the formula (2.338), which holds true for
any Q-medium. The electromagnetic response being considered, gives rise to the

non-birefringent dispersion equation
_ 2
Glq) =4 % (qg +af — a5 —a3) = 0. (2.398)

In the situation where (2.395) describes a laboratory material, being illuminated
by a plane wave, it is possible to interpret gy as the angular frequency. Similarly,
one is allowed to regard ¢; as the spatial wave-covector. As a consequence, the
ratio (g;/qo) must represent the inverse phase velocity. When studying a laboratory
material, the occurrence gy = 0 is rarely of interest, as it prescribes the formation
of standing waves. Because of this fact, one assumes that ¢y is non-vanishing, and
divides (2.398) by the angular frequency. An equation governing the inverse phase

velocity is thus achieved (see Figure 2.4),

JONOROES
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Figure 2.4: The “modified” Fresnel surface encoding the inverse phase velocity for the
material (2.395). It appears evident that (2.399) defines a hyperboloid of one sheet, whose
axis of symmetry is (q1/qo). Aside: this plot was generated using the software Grapher®.

Above, the Hodge star map induced by a metric of signature ¢ = 0 is analysed
by making use of the typical representative (2.394). However, one could select an
alternative normal form, in which the +1 and —1 signs along the diagonal are ordered

differently. For example, it is equally appropriate to choose:
Ql, = diag(+1, -1, —1,+1). (2.400)

Conveniently, when (2.400) is employed instead of (2.394), it is not necessary to
re-derive the expressions (2.396)—(2.398). Indeed, one can follow a more efficient
strategy, and re-label the elements of the orthonormal basis. As a first step, it is
important to observe that, if the basis vectors f{ and f; are exchanged, the typical
representative (2.394) transforms into (2.400). Hence, the same scheme is applied

to (2.396) and (2.397). Accordingly, one implements the switch 1 <+ 3 to the tensor
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indices, and obtains the permittivity and inverse permeability arising from (2.400):

-5,231 6,232 5/233 _T|;1 0 0
e = et e et = o =Tt 0 |, (2.401)
_‘5/12]L 6I122 6/123 0 0 +T’;1
(D (e e [T 0 o
(W= (D) ()™ (w2 = 0 +Yt 0 |, (2402)
_(M_1)323 (Lh)5* (n1)s" 0 0 _T‘;l

at p€ X4. Given that the exchange 1+ 3 leaves the property Q) = Q[ =0 unal-

cd

tered, the magneto-electric terms 3,¢ and o, remain vanishing. In addition, the

re-labelling of basis vectors being enforced converts the Fresnel equation (2.398) into
_ 2
Glq) =47, (g5 —di — 5 +43)” =0. (2.403)

A laboratory medium characterised by the constitutive law (2.401)—(2.402) is exam-
ined in the article [127] by Smith and Schurig, see Figure 2 therein. More specifically,
they consider an interface between the material (2.401)—(2.402) and vacuum, for the
purpose of investigating the refraction of light?*. An interesting feature is thus ob-
served: the options T > 0 and T < 0 are associated, respectively, with positive and
negative refraction. Determining the extent to which this statement depends on the
choice of interface will be the topic of future research. In Ref. [127], Smith and
Schurig also explain how an appropriate metamaterial structure can generate the
permittivity and inverse permeability tensors (2.401) and (2.402). As a matter of
fact, it is demonstrated that the required medium parameters can be accomplished
by means of a suitable array of metal rods and split rings. Notably, a similar meta-

material design can be used to realise the medium (2.396)—(2.397) in the laboratory.

In what follows, the second “kind” of Hodge star is examined, that is to say, the
operator *|, is analysed in the case where the signature of ()|, obeys |t| = 2. For the

sake of simplicity, the calculations are carried out with respect to the normal form:

Ql=rf®fo—MO[—-fL®f,—fi©f;=diag(+1,-1,-1,-1).  (2.404)

240f course, when solving an interface problem, one takes into account more than a single p € X4!
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As a first task, one evaluates the 6 x 6 constitutive matrix (k|,),;”= Y| ' (*[,),;” gen-
erated by the typical representative (2.404). Ergo, the metric (2.404) is substituted

in the expressions (2.375)—(2.376), and the ensuing medium response is encoded as

Osx3 ‘+H3><3
_H3><3 ‘ @3><3

(klp)r" = T () = T, : (2.405)

where 3,3 is the 3x 3 unit matrix. A direct comparison of (2.405) with (2.238) allows
one to recognise the permittivity, the inverse permeability and the magneto-electric
couplings at p € X4. It is thus observed that the tensors 3,¢ and a,, vanish,
consistently with the fact that the basis adopted in (2.404) sets the components
QY = Q| to zero. The permittivity and inverse permeability, as represented by

3 x 3 blocks, are found to be diagonal. More explicitly, at the location p in spacetime,

Ehy' €hy” €h3” T),t 0 0
e’ = | et e et =] 0 Tt oo |, (2.406)
_5/121 P 0 0 T[,!
() ) ] [Tt 0o
(/fl)aCd: (71)® (p1)* (W), | = 0 T|;1 0 . (2.407)
_(N71)323 (h)s™ ()5 0 VI

In order to obtain the Fresnel polynomial arising from the constitutive law (2.405),

it is sufficient to make use of (2.338). Obviously, the resulting dispersion equation,
_ 2
Glq) =40 (- - —a6) =0, (2.408)

is non-birefringent. In (2.408), it is possible to interpret ¢q as the angular frequency
of a plane wave. Correspondingly, one can regard ¢; as the spatial wave-covector,
and (g;/qo) as the inverse phase velocity. When ¢q is zero, the electromagnetic
fields appear to be stationary in space, that is to say, one observes the formation
of standing waves. In the context of the present discussion, this scenario is not of
interest. Accordingly, one assumes that ¢y is non-vanishing, and divides (2.408) by

the angular frequency — thus obtaining an equation for the inverse phase velocity,
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Figure 2.5: The “modified” Fresnel surface defined by (2.409), which encodes the inverse
phase velocity for the medium (2.405). Aside: the plot was generated using Grapher®.

) (@) - ()=

see Figure 2.5. It is now appropriate to consider some examples of media whose elec-
tromagnetic response is of the type (2.405)*. Provided one demands that T > 0, the
tableau (2.405) may represent a simple dielectric, or the familiar Maxwell-Lorentz

vacuum. In the latter case, the parameter Y is merely the impedance of free space,
ST
Qo ~ 1370Q. (2.410)

When — instead — one demands that T < 0, the constitutive law (2.405) gives rise
to the negative refracting medium put forward by Veselago [138] in 1968. The
first experimental group to realise an artificial material with the optical properties
described in Ref. [138] was that of Smith and co-workers [126], who achieved this
result in 2000. Few months later, Pendry [110] suggested that a slab-shaped lens,
built of Veselago’s negative refracting medium, is capable of imaging objects which
are smaller than the diffraction limit. In 2004, Grbic and Eleftheriades [35] verified

Pendry’s conclusions by successfully producing a lens with sub-wavelength resolution

25In analysing such examples, one assumption is relaxed: for the sake of simplicity, we neglect
the fact that all formulae developed in this Section refer to a single point in spacetime, p € Xy.
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(at microwave frequencies).

In (2.404), a typical representative is selected, whose signature is t = —2. Never-
theless, it is indeed possible to employ an alternative normal form, such that every
sign along the diagonal is reversed, and ¢t = 4+2. As stated previously, making use of
this “sign-conjugate” typical representative is devoid of physical consequences. In
fact, because of the property (iv), the metrics +@|, and —@Q)|, generate the same
Hodge star, and thus the same Fresnel equation. The following remark concerns the
signatures t = —2 and t = 42 examined individually. Among the normal forms with
t = —2, one is allowed to choose any representative obtained by permuting the diag-
onal elements of (2.404). It appears evident that a corresponding statement applies,

mutatis mutandis, to the option t = +2. To summarise, one has that, for example:
le = dlag(_17_17_17+1)7 (2411)

is a valid alternative to (2.404). Conveniently, when (2.411) is employed instead of
(2.404), it is not necessary to re-derive the matrix ;7 and the dispersion equation
from first principles. As a matter of fact, by exchanging the basis vectors fj and fj,
one achieves the required expressions in an efficient way. It is interesting to note
that a suitable metamaterial can reproduce the permittivity and inverse permeability
tensors emerging from (2.411). A detailed explanation is available in the paper [127]

by Smith and Schurig, where the relevant medium is dubbed “never-cutoft”.

Hereafter, the third and last “kind” of Hodge star is examined. In other words,
the map |, is analysed under the assumption that the signature of @|, obeys |t| = 4.

Consistently with the usual plan of action, we base our treatment on a normal form,

Q|p == fé ® f(/) - f{ ® f{ - fé ® fé - fé ® fé = diag(_L —-1,-1, _1)' (2412>

The first objective is to calculate the 6 x 6 matrix (k|,),;”= Y|, " (*[,);” generated by
the typical representative (2.412). For this purpose, the metric (2.412) is substituted

in the expressions (2.375)—(2.376), and the ensuing medium response is encoded as

(5lp) " = TL (L) =T (2.413)
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A direct comparison of (2.413) with (2.238) allows one to recognise the permittivity,
the inverse permeability and the magneto-electric couplings at p € Xy. It is thus

observed that the tensors §,¢ and a,,° are zero, while ¢/, and (u™!),° are diagonal,

8/231 5/232 8,233 _T|;1 0 0
e = et e et l=] o —Tt o0 |, (2.414)
_5/121 5/122 8,123 0 0 _T|;1
() (071 (071" Yt 0 0
(= )2 ()M w2 = 0 TRt oo |- (2.415)
_(N_1)323 (L=h)3% (u™1)s" 0 0 T|;1

To obtain the Fresnel polynomial arising from the constitutive law (2.413), it is suffi-

cient to make use of (2.338). Since the resulting dispersion equation is bi-quadratic,
_ 2
Glq) =4 (—go —i —a3 —a3) =0, (2.416)

the medium (2.413) is non-birefringent, at least in the mathematical sense of the
term. Besides this fact, it is not possible for the components of the 4-dimensional
wave-covector to be all real, and to simultaneously fulfill (2.416). More explicitly,
the constitutive law (2.413) does not support the propagation of electromagnetic
waves. The solutions of (2.416) may be regarded as physical only in specific cases,
and at the price of ignoring several conceptual problems. As an example, it is useful
to consider an interface between vacuum and the material (2.413), subject to plane-
wave illumination. One can show that the radiation incoming from empty-space is
reflected without loss. Correspondingly, the fields inside the material are observed to
decay in an exponential guise. These evanescent waves are described by a covector

do = (90, q1, G2, q3) which is a solution of (2.416), and whose entries are not all real.

It is now appropriate to examine some artificial and naturally occurring materials
whose electromagnetic response is of the type (2.413) — see Footnote 25. Provided
one demands that T > 0, the constitutive law (2.413) may represent an ionised gas
(a “plasma”) driven by monochromatic light at a frequency below the critical value
(the “plasma frequency”). Remarkably, across a particular region of the spectrum,

metals behave like plasmas. In addition, the same statement holds true for a 3-
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dimensional array of conducting rods [111]. As a consequence, the electromagnetic
response (2.413) with T > 0 also describes a metal or a lattice of wires. The medium
parameters originating from the option T < 0 require a suitable metamaterial to be
achieved. More accurately, the constitutive law (2.413) is successfully mimicked by

a cubic arrangement of split-ring resonators [126].

In (2.412), a typical representative is selected, whose signature is t = —4. Never-
theless, it is indeed possible to employ an alternative normal form, such that every
sign along the diagonal is reversed, and t = +4. As stated previously, making use of
this “sign-conjugate” typical representative is devoid of physical consequences. In
fact, because of the property (iv), the metrics +Q)|, and —Q)|, generate the same

Hodge star, and thus the same Fresnel equation.

It was previously observed that, given a metric Q)|,, an orthonormal basis of
the tangent space at p is always available. Before concluding the analysis of (vi),
a related theorem ought to be mentioned: provided a smooth metric is defined
at all points in X4, an orthonormal frame does exist — if not globally, over some
neighborhood of each spacetime location. A proof dealing with the signatures t = +4
is found in the book [75] by Lee. The remaining cases are discussed by Michor [96].
One technical comment is in order. In general, it is not possible to construct a

holonomic frame which is also orthonormal over an open set.

In what follows, the remark (vii) is examined. More explicitly, it is demonstrated
that the modulus of Y|, is the familiar impedance, while sgn(Y|,) is a free parameter.
The first element in support of this concept is that the absolute value of T|, has the
appropriate physical dimensions, see (2.361). In addition, by inspecting the tensors

(2.396)—(2.397) or (2.406)—(2.407) or (2.414)—(2.415), one can easily recognise that:
_1 _1 1
}T|p| = {5/231@_1)123{ P = |5§,12(M—1)231| P = |5,123(N_1)312| e (2.417)

Crucially, equation (2.417) is the elementary impedance formula (p1/€)2 in disguise.
As a result, the modulus of Y|, does indeed coincide with the well-known impedance.
In view of the examples described earlier in this Section, it appears evident that the
cases Y|, > 0 and Y|, < 0 are both physically viable. Furthermore, a brief analysis

of the calculations performed so far reveals that the sign of Y|, is still unconstrained.
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lt] | Qlp Y|, | Description of medium Artificial?
0 | diag(+1,+1,—1,—1) | > 0 | Wave surface is one-sheet hyperboloid (Fig.2.4) | Yes
< 0 | Wave surface is one-sheet hyperboloid (Fig.2.4) | Yes
0 | diag(+1,—1,—1,41) | > 0 | Smith & Schurig’s “anti-cutoff” medium [127] | Yes
< 0 | Smith & Schurig’s “anti-cutoff” medium [127] | Yes
2 | diag(+1,—1,—1,—1) | > 0 | Simple dielectric or Maxwell-Lorentz vacuum No
< 0 | Veselago’s negative refracting medium [138] Yes
2 | diag(—1,—-1,—1,41) | > 0 | Smith & Schurig’s “never-cutoff” medium [127] | Yes
< 0 | Smith & Schurig’s “never-cutoff” medium [127] | Yes
4 | diag(—1,—1,—1,—1) | > 0 | Plasma or metal driven below critical frequency | No
< 0 | Cubic arrangement of split-ring resonators [126] | Yes

Table 2.3: A summary of the media examined in the present Section that originate from
the broader constitutive law (2.375)—(2.376). The rightmost column specifies whether a
given optical material is artificial or naturally occurring. Note, however, that the penulti-
mate electromagnetic response also describes a man-made array of conducting rods [111].

According to the observation (i), the parameter Y|, is a true scalar. Hence,
no change of basis can switch the sign this quantity, even in the case where the
orientation of the tangent space is not preserved, det(L p,p ) < 0. Given a constitutive
law of the type (2.405), the choice of sgn(Y|,) marks the difference between a simple
dielectric and Veselago’s negative refracting medium. As a consequence, it is not
possible to transform such materials into each other by employing an (orientation-
reversing) change of basis, cf. Bergamin and Favaro [7]. The opposite, incorrect
statement is reported in several publications — amongst others, those of Leonhardt

and Philbin [77, 78] or Schurig, Pendry and Smith [122].

As an idea for future research, it may be interesting to compare the notions
discussed in this Section with the article [55] by Itin and Friedman. Table 2.3 is a

résumé of the constitutive laws just analysed that ensue from the Hodge star map.

2.5.3 P-media

The @-media, as originally formulated in (2.312), extend the simple constitutive law
described by a Hodge star map. In what follows, a different kind of electromagnetic

response is examined, which generalises the pure axion case £ = ® k. The P-media,
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first introduced by Lindell, Bergamin and Favaro [86], are characterised by the law
Kog" = 2Y PPy = Y{P} Py — Py"P,"}, (Y #0) (2.418)

where P, is subject to only one constraint, namely the tensor transformation rule
P =LSsLyPp. (2.419)

Upon comparing (2.418) and (2.419) with (2.144), it appears evident that the quan-
tity Y # 0 is a twisted scalar. An investigation on the properties of P-media can
begin by computing the axion field o and the skewon field $,%. With the help of
the definitions tr(P):= P,* and (P?),” := P,*P P, one can immediately show that:

1 - 1 o o 1 2 2
o = E/@pap = EY[(Pp”PU ) — (PUpPp )] = EY[(trP) —tr(P7)], (2.420)

by applying (2.210) and (2.212) to the ansatz (2.418). An efficient way to derive the
field §,,7 is to proceed by “difference”. More explicitly, one starts from the identity

(Q)Kaﬁl“f — "iaﬂuy _ (l)liaﬁ#l/ N G)) /{aﬁwj’ (2421)
and performs a trivial substitution in (2.211). Thus, the skewon $,° is expressed as

N (Hapﬁp _ Wy B _3), o). (2.422)

=
=
=
i)
Il
(@)
~—~
no
N
NS}
w
S—
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In the case of a P-medium one obtains that «,,,”” = Y[(trP) P,”—(P?) /] Therefore:

g8 = —%y [(P)P? — (P).7] + éY[(trP)Q — (P52

1 1 1 1
= —5Y(trP) [Paﬁ - Z(trP)(5§] + §Y[(P2)aﬁ - Ztr(zﬂ)(sg] (2.425)
Since the terms in square brackets are both traceless, the property $ oL = 01is

manifestly satisfied. For some purposes, it is convenient to cast the result (2.425) in

an alternative form. As a matter of fact, by completing a square, one achieves that

$a5::EYf{[f;P—-%@rPym}{f;ﬂ—-%&ppyf}-%u(P%ag}. (2.426)

2
By virtue of (2.420) and (2.425)—(2.426), the P-medium’s fields a and §,° are now
known. Hence, the contributions ®r " and @k " may be determined from

(2.212) and (2.211), respectively. For the axion part, one finds a simple expression:

= Ly ((py - (P20, (2.427)

(3) _
KD

" is concerned, substituting (2.425)

By contrast, as far as the skewon piece (Z)Haﬁ
or (2.426) into (2.211) leads to a complicated outcome. In view of this problem, one

is motivated to follow a different strategy. The constitutive law (2.418) implies that

_ v 1 ~ o (e v
%fzzhwﬂgwg—@}yw%
1 1
zéygmﬁwweﬁgozéyﬁgy%%yﬁ (2.428)

I

Ergo, by recalling that (z)maﬁ " coincides with Vr " it is possible to conclude that

v 1 174 —, 174 v 1 17 o
Dreo = 5 (Kt = o) = Y (P By = 00500 P, Ry ). (2.429)

I

In a similar manner, one can show that the principal component (1)’%6 Y is given by

14 v 1 14 o 1 v
W, :y(ajaﬂ+ZQM§&H%)—@Eyﬁupf—¢mp%p%. (2.430)
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When P,? is proportional to the Kronecker delta symbol 67, the electromagnetic
response (2.418) reduces to a pure axion. Equivalently, the constitutive law k = Gk
is a sub-case of the P-medium. As illustrated in (2.310), the dispersion relation
of a pure axion vanishes identically. Therefore, it is not surprising that the Fresnel
equation of a P-medium is trivially zero too. Hereafter, this statement is verified rig-

orously. By representing (2.418) as XaﬁﬂyzYeaﬁp”Pp“Pa”, one easily observes that
(Wq)ﬂy = XaBWququ = Y(Eaﬁpopp#qOéqu>Pay = Y(Eﬁgpapputhqu)Pay g (2.431)

where the last step makes use of the symmetry properties of the Levi-Civita symbol.

In order to express (2.431) in a compact way, it is convenient to define the quantity
[P(q, )17 == (7P P, " quqy), (2.432)

which may be viewed as a bivector density of weight +1. Evidently, one obtains that
(W)™ =Y [P(q,9)]°P,". (2.433)

Upon performing a simple manipulation, the polynomial (2.304) is cast in the form
G(Q) = 26 0 €83, 35 (W) 272 (W) 2% | (2.434)

so that it is possible to implement the P-medium laws (2.418) and (2.431) directly:

G(q) = AY €, ., Pl Pl (W) 272 (W) 2%
= 4Y7? <655152B3Pafpafl Pg & Pgﬁg) [(P<Q7 q)]QQE[T(Qv q)]QSC : (2435>

Here, the contraction over the indices of €gg, 3,3, motivates one to invoke the identity

éﬂ#l#2,ﬂ3‘su‘usufl Su525u53 - (det S>€VZ/1V21/3 3 (2436)
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valid for any tensor S.°, cf. (2.340). On account of (2.436), equation (2.435) becomes

[0}

G(q) = +4Y>(det P)éayasec[P(q, 9)]°**[P(q, ¢)]**
= —4Y?(det P)éayeasc[P(q, )" [P(q, 9)]*
= —4Y?(det P)éuuim [P(g, )] [P(g, 0)™ - (2.437)

So, the Fresnel polynomial of an arbitrary P-medium is closely related to the Pfaffian

of [P(g,q)]*. As a matter of fact, by comparing (2.437) with (2.326), one finds that
G(q) = —32Y?(det P) Pf[P(q,q)]. (2.438)

Since the Levi-Civita symbol is fully antisymmetric, it is possible to remark that
[P(q, 9)]*Pqs = (e*" P *qx)q3q, = 0. More explicitly, the wave-covector always be-
longs to the kernel of [P(q, q)]*%, which — as a result — cannot be an empty set. From

this observation it follows that the rank of [P(q, ¢)]*? is strictly less than 4, and thus
det[P(q, ¢)] = (P{[P(q,9)])* =0, (2.439)

see (2.325). When (2.439) is combined with (2.438), a key conclusion is achieved:
for every P-medium, the Fresnel polynomial G(q) vanishes trivially, as anticipated.

In preparation for the analysis of Chapter 3, it is interesting to show that the
constitutive law k"= 2Y P, ' Py" satisfies the equation & o & = gtr(x o &)Id. By

substituting (2.418) and (2.428) in the component representation of Kok, one obtains

1 1 1
§/€aﬁP0RpouV — §Y2Paﬂpﬁaé‘ggggpnfpef — 51/2(épagcpappﬁapnﬁpeC)euunG , (2440)

where the last manipulation invokes the split 5;;;’2? =E,pece" . 1t is appropriate to

note that (2.436) readily leads to 34"k " = 3Y?(det P)éagmee"™. Hence, upon

expressing %éagnge“””e as a generalised Kronecker delta symbol, one can verify that

1
Taﬁf’"ﬁmﬂ” = Y?(det P)&4y;. (2.441)

Accordingly, the electromagnetic P-media are indeed solutions of Kok = %tr(no,‘%)ld,

with the specific assignment tr(x o &) = 6Y?(det P). It is easy to demonstrate that
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the constitutive law (2.418) also obeys the alternative equation & ok = gtr(k o x)Id.
Following the terminology mentioned in Section 2.5.1, each P-medium is then said to
comply with both mixed closure relations; one may regard this as a special property.

It is trivial to observe that the electromagnetic response (2.418) yields (cf. (2.348))
tr(k o &) = tr(k o k) = 6Y?(det P). (2.442)

Hereafter, (2.442) is split in two equations, concerning the modulus and sign of

tr(ko k) = tr(ko k), respectively. Since Y is assumed to be non-zero, one finds that

[tr(k o B)| = |tr(R o k)| = 6Y?| det P, (2.443)
sgnltr(k o k)] = sgnltr(k o k)] = sgn|(det P)]. (2.444)

Ergo, P.? is a tensor of full rank solely if tr(ko&)=tr(kox) is non-vanishing. More-

over, one can promptly deduce the sign of (det P) from that of tr(x o k) = tr(& o k).
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Chapter 3

Four closure relations

3.1 Introduction

One of the key achievements of metric-free electrodynamics is the discovery that, to a
large extent, the notion of distance can be viewed as an offshoot of Maxwell’s theory.
In fact, requiring that the medium has some given electromagnetic properties allows
one to determine, albeit non-uniquely, a tensor ¢*? that is a valid candidate for the
metric of spacetime. For example, if the medium is not only local and linear but
also skewon-free and invariant under electric-magnetic reciprocity, the constitutive
law is described by a Hodge operator. Such map, in turn, generates the appropriate
class of metrics g®°. Toupin [134], Schénberg [118], and Jadczyk [58] are seemingly
the first to investigate the above technique for extracting a notion of distance from
electromagnetic requirements. In the treatise [41], Hehl and Obukhov examine two
routes leading from electric-magnetic reciprocity and the absence of skewon to a
non-unique metric. A third, novel derivation is studied in the present Chapter. The
mentioned works are generalised too. For instance, the test ko x = —(?Id for a

linear medium H = k(F') to be electric-magnetic reciprocal is considered as part of
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a set of four equations:

Kok = gtr(kor)ld, (“Pure”) (3.1)
Fok=zttr(Ror)d, (“Pure”) (3.2)
Kok = ztr(koR)d, (“Mixed”) (3.3)
Fok = gtr(kor)ld. (“Mixed”) (3.4)

These are the closure relations. Given that (3.1) and (3.2) respectively include
and & only, such equations are called pure. Likewise, (3.3) and (3.4) are called
mized in that they include both x and k. One should observe that the trace factors
{tr(kok),...,tr(Rok)} in (3.1)—(3.4) are allowed to be positive, negative, or even
zero. To understand the origin of the name “closure relations” it is appropriate to
examine (3.1). Composing an operator « that fulfills (3.1) with itself yields, up to

a scalar, the identity map. Hence, in simple terms, the action of x closes [41].

The study of the first pure closure equation is motivated by the fact that (3.1) is
linked to an important symmetry of the energy-momentum tensor *7_ 7. Such trans-
formation leaving X7_# unchanged is the unimodular ancestor of electric-magnetic
reciprocity. More explicitly, provided few simple assumptions are introduced, the
task of finding all media that are invariant under the new unimodular reciprocity

generates a closure relation like (3.1).

The key argument inducing one to analyse the second mized closure equation is
that, if and only if the constitutive tensor satisfies (3.4), the electromagnetic fields
are endowed with a certain geometrical property. In fact, whenever the medium
is local and linear, (3.4) is the necessary and sufficient condition for the invariant
H N H to be proportional to F' A F' regardless of how H and F' are selected. As
an aside, the occurrence of H A H o« F' A F demands that, provided F A B is
zero, H A D vanishes too. Figure 3.2 aims to clarify this statement by illustrating
a suitable configuration of fields. The other two closure equations, (3.2) and (3.3),

are investigated for obvious reasons of completeness.

In brief, the Chapter is organised as follows. Section 3.2 demonstrates how a
symmetry of the energy-momentum tensor gives rise to an equation of the form

(3.1). The statement that (3.4) is linked to a geometrical constraint on the fields is
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3.2 Unimodular reciprocity and the relation (3.1)

discussed in Section 3.3. Next, the closure equations are analysed from a broader
perspective. Indeed, Section 3.4 gives an overview on the fundamental properties of
(3.1)—(3.4). A derivation of all invertible solutions of the mixed closure requirements
is examined in Section 3.5. Removing the skewon part from such invertible roots
leads to a number of key findings, Section 3.6. In accord with the guiding principles

of this Thesis, the mathematics employed below is both metric- and connection-free.

3.2 Unimodular reciprocity and the relation (3.1)

The energy-momentum of the electromagnetic fields is described by an object X3,
which is a generalised potential for the Lorentz force density (2.97). More accurately,
in view of the properties of the exterior differential, it is possible to write f, as the

sum of an ezact form and a residue:

fo = d% + X, (3.5)
K8, = L[F A (e)]H) — H A (ea F)], (3.6)
Xo:=3[HA (£, F)— FA(£e,H)). (3.7)

Both the covector-valued 3-form 3, and the covector-valued 4-form X,, are twisted.

It is trivial to verify that the quantities (3.6) and (3.7) also share the same dimension,
[Ea] = [Xa] = hlea]. (3.8)

As mentioned above, the current ¥3, is obtained by expressing the Lorentz force
density (2.97) in an alternative way. Therefore, it appears evident that (3.6) is not
derived from a Lagrangian. On account of this feature, the quantity XX, is called

the kinematic energy-momentum 3-form, see Ref. [41].

The statement that the decomposition (3.5) identifies the potential (3.6) uniquely
is a conjecture. In principle, specifying the Lorentz force density f, and the residue

X, determines the energy-momentum current ¥, up to an arbitrary closed 3-form,
ksh .k : _ ks _ gk _ gk
Yo i="2e+Y, with dY, =0 = d*¥,=d"%,+dY,=d"%,. (3.9)
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However, it seems unlikely that the fields {H, F', e, } can define a non-trivial Y, such
that dY, = 0. One is thus led to speculate that the potential (3.6) is indeed unique.
Hehl and Obukhov deal with this problem by selecting ¥X, as the correct energy-
momentum 3-form for electromagnetic fields in spacetime, see Axiom 4 in Ref. [41].
Additional references that analyse the conservation law (3.5) by means of exterior

calculus are Lindell and Jancewicz [89], Segev [123], or Kaiser [61].

A metric-free representation of the energy-momentum current is also available

in the language of tensors. In particular, the 3-form ¥, is usually “translated” as:

1
N Z—leWV(ztlmFW — FnH,), (3.10)

where (3.10) should be compared with (3.6). A brief calculation demonstrates that
kT 8 is a twisted tensor density of weight +1, see Post [113]. In view of this fact, it
is appropriate to refer to (3.10) as the Minkowski energy-momentum tensor density.

The precise link between the quantities ¥7,# and %, is the formula, see Ref. [41]:
ET.P = Qu(0° AES,). (3.11)

Consistently with the notation employed in previous Sections, {9} is the co-frame.

It is important to note that the energy-momentum 3-form ¥, is invariant under

unimodular reciprocity. More accurately, the following map between field quantities,
H Cow Coi| |H

= s with det(C) = 000011 — 001010 = +1 s (312)
F’ Cio Cn| | F

leaves the current (3.6) unchanged. As a first step towards confirming this property,
one introduces the 3-form ¥¥/, := $[F' A (eo ] H') — H' A (€| F")]. Hence, by virtue
of (3.12), the newly defined energy-momentum current is expressed in terms of H
and F'. In the ensuing formula, several contributions cancel pairwise. Thereby, one

can factor out the scalar det(C) = (CypoC11 — Cp1Cho), and achieve the desired result
kyv k _k

Ea = (000011 — 001010) Za = Za . (313)

In the derivation just considered, the proviso of unit determinant is invoked solely
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at the end, cf. (3.13). Thus, one arrives at an interesting conclusion: a linear map
from {H, F'} to {H', F'} leaves the kinematic energy-momentum 3-form invariant if
and only if the transformation matrix is unimodular, det(C') = 1. As an aside, it is
possible to show that the scalars {Cp1, Cip} and {Coo, C11} are respectively twisted

and free of twist. In addition, by examining (3.12) from a dimensional point of view,

[Co1] = [Cro] ™' = (hg ) 7! e Q1 and [Coo) = [C11] = 1. (3.14)

The space+time split of the unimodular reciprocity map follows from the ap-
propriate decompositions of H, F', and their primed equivalents. Specifically, the
field excitation and the field strength are expanded according to (2.50) and (2.100).
The same procedure is applied to H' and F’. Ergo, the decomposed field quantities
are substituted in (3.12), so that two equations involving 1-forms and two equations
involving 2-forms are obtained. Each of these pairs is best represented as a single

matrix relation, whereby the space+time split of the map (3.12) is summarised as

E B Cni —Cho E D' _ Coo Coi D (3.15)
H —Coi Oy | |H]’ B’ Cw Cul |Bl '

The calculation leading from (3.12) to (3.15) does not require one to assume that
det(C) = 1. Nevertheless, the condition of unit determinant does prove useful in
order to express the transformation of £ and H in an alternative guise. As a matter

of fact, provided the reciprocity matrix is unimodular, its inverse is straightforward,

-1

Coo C C —C
00 01 _ 11 01 . (316)
CIO CH _010 C'00

Thus, by comparing (3.16) with the first equation in (3.15), one readily obtains that

—t
£’ Coo C E
— |0 o . (3.17)
Hl ClO 011 H

In analogy with Section 2.3.4, the superscript (-)* indicates the matrix transpose.

As an important example, it is worth analysing the space+time decomposition
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(3.15) in the specific case where Cyg and C; vanish. One may start by observing

that the condition of unit determinant reduces to Cy;C19 = —1. Hence, if the twisted

scalar Cp; is assigned the new name (, the counterpart C}o must be equal to —( L.

To summarise, when Cyy and C; are both zero, one can express (3.15) according to
E' 0 (' I|FE D’ 0 ¢ D

_ ’ - . (3.18)
H| |-¢ 0| |H B |-¢h 0B

Remarkably, (3.18) operates by converting the electric fields into magnetic ones, and

the magnetic fields into electric ones. Because of this feature, the unimodular map

H' 0 ¢ H .
= : with (#0, (3.19)
F’ -t o F
arising from (3.12) by virtue of Cyo= C11= 0, is called electric-magnetic reciprocity.

The matrix relation (3.12) was discussed in detail by Lindell [82, 84]. More pre-
cisely, the condition of unit determinant was studied in the book [79]. Perlick [112]
also examined the topic of unimodular reciprocity, and suggested that a group theory
approach could be fruitful. The article [112] further demonstrated the invariance of
the Fresnel polynomial under the transformation (3.12). An extensive analysis of the

electric-magnetic reciprocity (3.19) was carried out by Hehl and Obukhov [41, 42].

In what follows, the unimodular reciprocity map (3.12) is applied on the local and
linear constitutive law (2.137). As a first step, the 2-forms H and F' are expressed in

terms of H' and F’. By making use of the identity (3.16), it is possible to show that

H=+CyH — Cy F, (3.20)
F = —CyoH' + CooF". (3.21)

Next, (3.20) and (3.21) are substituted in the medium response H = x(F'). More

specifically, invoking the fact that the constitutive map is linear allows one to achieve
(Clol{ + Cllld) (H/) = (Cooli + C(nId)(F,) (322)
Equation (3.22) is the transformed medium response, linking the electromagnetic
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fields derived from unimodular reciprocity, i.e. H and F”.

As compared with the constitutive laws analysed in previous Sections, (3.22) is
endowed with some unusual properties. For instance, some choices of field strength
may correspond to no field excitation. In other words, given a specific F’, there may
exist no H' such that (3.22) is fulfilled. Alternatively, it can occur that a single field
strength determines multiple field excitations. In this scenario, one can find two or

more H' that comply with (3.22) for a particular F.

The task of studying (3.22) in full generality appears to be rather complicated.
Nevertheless, it is often possible to invoke a simple theorem: for every 2-form F’,
there exists and is unique a twisted 2-form H’ such that (3.22) is satisfied if and
only if det(Ciox + C111d) is non-zero. A proof is attained as follows: one starts
by examining the right-hand side of (3.22). In particular, it is observed that the
constitutive map x(-) and the identity map Id(-) are single valued. Accordingly,

for each 2-form F”, there exists and is unique a twisted 2-form gy such that
Yy = (C()()li -+ C(nId)(F’) (323)

Now, the left-hand side of (3.22) is considered, for the purpose of applying some
notational adjustments. More explicitly, the operator Cgx + Ci11d is called A, and

the field excitation H' is termed x. Hence, the constitutive law (3.22) is written as
Alx) =y, that is, Ay =yr. (3.24)

From basic linear algebra, it is known that for every y; there exists and is unique a

vector 7 such that (3.24) is satisfied if and only if the 6x6 matrix A, is full rank,
det(A) = det(cloli + CHId) 7£ 0. (325)

In view of the result (3.25), one concludes that the proposed theorem is indeed true.

As a corollary, it is possible to show that (3.25) is the necessary and sufficient

condition for the medium response (3.22) to turn into an explicit map of the form:
H' = k/'(F"). (3.26)
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Whenever (3.25) is satisfied, the operator ' can be seen as the “image” of x under

the reciprocity (3.12). The exact link between these constitutive maps is found to be
/il = (Cw/ﬁ -+ CHId)il o (C()oli + C()lId), (327)

as an inspection of (3.22) and (3.25) demonstrates. Notably, the formula (3.27) is
also reported in Lindell [79, 84]. Barring exceptions, calculating the inverse of a
6x6 matrix is a difficult process. As a consequence, (3.27) is predominantly useful
for abstract manipulations.

The requirement (3.25) is akin to the characteristic equation for the map —Cgk.
Because of this property, the theorem just discussed can be stated in an alternative
manner: for every 2-form F’, there exists and is unique a twisted 2-form H’ such
that (3.22) is satisfied if and only if Cy; is not an eigenvalue of the operator —Cigk.

A local and linear medium H = x(F) is invariant under some unimodular reci-

procity transformation if, given a specific choice of parameters {Cyo, Co1, Cig, C11},
H = k(F), (3.28)

for any field strength F’. The constitutive laws that retain their form as described in
(3.28) share an important symmetry with the kinematic energy-momentum current,
see (3.13). Hence, one is prompted to investigate the medium relations H = k(F)
whose structure is unchanged for an appropriate reciprocity map of the type (3.12).

As a starting point, (3.28) is employed in the constitutive law (3.22) so as to achieve
[Crok* + (Chi — Coo)k — Conld] (F') = 0. (3.29)

More explicitly, it is demanded that F” is an arbitrary 2-form. Ergo, (3.29) leads to:
Ciok? + (C11 — Coo)k — Copld = 0. (3.30)

The quadratic equation (3.30) characterises all local and linear media H = k(F)
that are invariant under the reciprocity (3.12) for some choice of {Cyg, Co1, C10, C11}-
Given that the determinant (CyoC11 — Cp1Cho) is required to be +1, in order to solve

the quadratic equation (3.30) it is necessary to consider the following three cases.
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Case 1: (g =0, Cyp = Cy; = £1, and Cy; = 0. The map (3.12) simplifies
to plus or minus the identity, H' = +H and F’ = £F. As an outcome, all local
and linear media H = x(F) are invariant under the transformation being examined.

This is in agreement with that fact that (3.30) does not constrain the operator x.

Case 2: Oy = 0, Cyo # {0, %1}, C1; = Oy, and Cy; is arbitrary. In other

words, the reciprocity map is described by a special kind of upper triangular matrix,

H' Coo Ci H
= , with Coo # {0, +1}, (3.31)

F 0 Cul | F
cf. (3.12). The only constitutive law that is not modified by the transformation
(3.31) is a pure axion. More accurately, when the parameters {Cyo, Co1, Cho, C11}

are selected as in (3.31), it is possible to demonstrate that (3.30) has a unique root:

Co1Chp'
— 2700 1 14. 3.32
, [1_0 } (3.32)

Case 3: Cjg # 0, Cyo and Cy; are arbitrary, while Co; = (CpoChy — 1)Ot. Tt is
assumed that the reciprocity matrix (3.12) is unimodular, but not upper triangular.
The local and linear media that are invariant under this transformation comply with

K2 + (cll(jlf()()) K+ (%) Id=0, (3.33)

10

as one can prove by substituting the relevant choice of {Cog, Co1, C19, C11} in (3.30).
Finding all roots of (3.33) is beyond the scope of the present work. Nevertheless, it
is established that (3.33) is equivalent to a pure closure relation of the type (3.1).
To verify this fact, one needs to apply the familiar method of completing the square.
Hence, an appropriate term is added and subtracted on the left-hand side of (3.33),

2
W42 (Dgpln) ot (Yg5n ) 1d - (Ygze ) ld+ (=G ) 1d =0, (3.3
10 10

10

After the square is identified, the residual quantities are combined together, yielding

[FL - —(01210500)142 - [—(Clﬁc"‘))kﬂ Id. (3.35)

4C%,
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The desired conclusion is attained. Provided one introduces an operator &« such that

f=kt (%) d,  and  tr(kok) =2 [W] . (3.36)

the requirement (3.33) is expressed as a closure relation: kok = gtr(kok)Id. From a
more general point of view, the unimodular transformation (3.12) is a symmetry of
the energy-momentum current, cf. (3.13). In addition, when Cjq # 0, all local and
linear media H = k(F') that are invariant under the reciprocity (3.12) correspond to
some operator k& satisfying (3.1). As an outcome, it is observed that the symmetry
(3.13) of the energy-momentum 3-form is closely linked to the pure closure relation

(3.1). This is the main physical motivation for analysing (3.1) in detail, see Sec. 3.4.

As an aside, it is worth noting that the trace factor on the right-hand side of
i o k= gtr(f o k)Id can be positive, negative, or even zero. More explicitly, (3.36)
prescribes that the sign of tr(s o &) depends on Cyy and Cj; only. Hence, one can
construct a 2-dimensional plot specifying for which values of Cyy and C}; the trace
factor is e.g. negative (Figure 3.1). The same plot indicates whether or not the maps
k and k are equal. In fact, as a simple inspection of (3.36) demonstrates, x and &
coincide if and only if Cyg = Cy;. Notably, the origin of the diagram (Cyy = Cy; = 0)
corresponds to the electric-magnetic reciprocity (3.19). When both the parameters

Coo and C; vanish, (3.35) turns into a pure closure relation for the operator & itself:
1
KoK= Etr(n ok)ld, with tr(ko k) = —6C;% = —6¢* < 0. (3.37)

A medium is said to be electric-magnetic reciprocal if there exists a non-zero param-
eter ¢ such that the constitutive law is invariant under the transformation (3.19).
It is trivial to demonstrate that (3.37) is the necessary and sufficient condition for
a local and linear medium H =k(F') to be electric-magnetic reciprocal [41, 79, 134].

Hereafter, the discussion is momentarily specialised, for the purpose of examining

the skewon-free roots of (3.37). An electromagnetic response is considered such that:

(a) The constitutive map is proportional to a Hodge star via the true scalar £|(|,

_1
Rog" =T det(9")| *eapprg™g™,  with  [T] =[] (3.38)

«
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Figure 3.1: Provided Cjg # 0, the shaded area describes all transformations (3.12) such
that the corresponding invariant media obey tr(k o £) < 0. Analogously, the dashed lines
characterise those unimodular reciprocity maps that are associated with tr(k o ) = 0. The
other regions of the plot represent the occurrence of tr(s o &) > 0. In order to understand
the meaning of the dotted line, it important to recall that £ = & if and only if Cyy = C11.
More specifically, the origin of the diagram Cyg = C11 = 0 encodes the electric-magnetic
reciprocity (3.19). As an aside, the figure was generated using the software Grapher®.

It is demanded that ¢g®? is a symmetric invertible tensor, that is to say, a metric.

(b) The determinant of g®° is negative. By choosing an orthonormal basis, one can

prove that det(¢g") < 0 exclusively if the signature of g®* is Lorentzian, t = =42.

Ergo, the analysis carried out in Section 2.5.2 is invoked. Upon recalling the property

(v) of the Hodge star, it is observed that, if the conditions (a) and (b) are fulfilled,
(c) The skewon part of the electromagnetic response is zero. Equivalently, k = k.

(d) The medium being examined is invariant under electric-magnetic reciprocity.
In other words, the constitutive map « satisfies the pure closure relation (3.1)

with the quantity tr(x o k) being equal to the negative scalar —6(?, cf. (3.37).

To summarise, the property (v) in Section 2.5.2 dictates that the requirements (a)
and (b) imply (c) and (d). Remarkably, the converse statement is also true [41].
Provided a constitutive law is (c) skewon-free and (d) electric-magnetic reciprocal,
the map k is (a) proportional to the Hodge star via a suitable constant and (b)

linked (non-uniquely) to a metric of Lorentzian signature.
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It is thus obtained that two simple electromagnetic constraints on the medium,
namely the absence of skewon and the invariance under the reciprocity (3.19), deter-
mine (non-uniquely) a symmetric invertible tensor g®° that is a viable candidate for
the metric of spacetime!. The discovery that the notion of distance can, to a large
extent, be viewed as an offshoot of local and linear electrodynamics is an important
achievement of the metric-free approach to Maxwell’s theory [41]. One caveat ap-
plies: although the requirements (c) and (d) define the Hodge star (3.38) uniquely,
the metric ¢*° is specified up to a conformal factor only. In order to confirm this
fact, it is sufficient to recall the properties (iv) and (vi) discussed in Section 2.5.2.

Toupin [134], Schonberg [118] and Jadczyk [58] are seemingly the first to derive
a class of conformal metrics from relations like £ = & and (3.37). In the monograph
[41], Hehl and Obukhov formulate, with unprecedented rigour, two alternative ways
to extract a notion of distance from (c) and (d). Part of the analysis carried out
in Ref. [41] is based on the findings of Gross, Fukui and Rubilar [38; 108, 116]. A
novel path leading from electric-magnetic reciprocity and zero skewon to a conformal

metric is described in Section 3.6.

3.3 From the field invariants to the relation (3.4)

By making use of the 2-forms H and F', it is possible to build three invariants of
the electromagnetic field. More explicitly, one can implement the field strength and

the field excitation so as to construct three 4-forms,

L =FAH, (3.39)
L:=FAF, (3.40)
Iy =HANH. (3.41)

There are two reasons why the quantities 1, I and I3 are called invariants of the
electromagnetic field. Firstly, the expressions (3.39)—(3.41) are explicitly covariant.

Secondly, in a 4-dimensional spacetime, the 4-forms such as {Iy, I, I3} have a single

'As a prerequisite for ¢g®? to be viewed as a candidate for the metric of spacetime, one has
to ensure that the domain being tested is free of matter. In fact, it is necessary to rule out the
situation where the metric ¢®? originates from a material having an appropriate constitutive law.

122



3.3 From the field invariants to the relation (3.4)

independent component. It appears evident that no metric or connection is required
in order to define the invariants (3.39)—(3.41). By recalling that the field excitation
and the field strength have dimensions of charge and flux respectively, [H] = ¢ and
[F] = h/q, one can establish that

[)=h=Js,  [B]=(h/gP EWH,  [L=¢"2C (342)
cf. Appendix A. In addition, it is possible to demonstrate that (3.39) is a twisted
quantity, whereas (3.40) and (3.41) are not. For the purpose of clarifying the mean-
ing of the invariants {3, I, I3}, each of these 4-forms is decomposed in space+time.
Substituting the relevant expansions for H and F' in the quantities (3.39)—(3.41),
that is to say, making use of (2.50) and (2.100), leads to

I =do A (BAH - EAD), (3.43)
I, = —2do A (E A B), (3.44)
I3y =+2do A (H AD). (3.45)

When the first invariant [ is zero, the electric energy density is equal to the magnetic
energy density. Indeed, as a consequence of the decomposition (3.43), one finds that
B-H=

L=0 & IBAH=LEAD ie E-D.  (3.46)

N

1
2

On the very right of (3.46), the statement [; = 0 is translated in the language of
vector calculus. It is worthwhile to recall that such formalism is not appropriate for

investigating metric-free electrodynamics. The expansions (3.44)—(3.45) imply that

I,=0 & EAB=0 ie. E.-B

0, (3.47)

-]l
I

Iy =0 N HAD =0 ie. H- 0

Accordingly, in the limit where a metric exists and vector calculus can be used, if
15 is zero, E and B are perpendicular. Likewise, provided I3 vanishes, H and D
are orthogonal. It is important to observe that Iy = 0, I, = 0, and I3 = 0 are

frame-invariant statements about the geometry of the electromagnetic fields [41].
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For example, when the twisted 4-form I is zero, the electric energy density and the

magnetic energy density are equal in any frame of reference.

The closure relation (3.4) emerges from the requirement that I3 is proportional
to I independently of how the electromagnetic fields are configured. As an obvious

first step towards verifying this fact one imposes that
I3y =l ie. HANH=yFAF, for all H and F. (3.49)

The parameter 1 is a true scalar with dimension of inverse resistance squared,
[¢] = (hq™%)~2 202 Introducing the customary local and linear medium response
entails that all physically viable field excitation 2-forms can be written as H = k(F).

Accordingly, the requirement (3.49) turns into
K(F) Aw(F) = ¢F AF, for all F. (3.50)

In order to derive an alternative expression for the right-hand side of (3.50), it is
convenient to analyse the quantity ©»F' A F' on its own. By expanding the field

strength with respect to an arbitrary co-frame {9}, it is trivial to show that

1

YFANF = ﬂFumew (OH A A2 N 9HR), (3.51)
1

= ZWFWI F i) (0 N OHE N 9H2 N\ 913, (3.52)

Then, the index alternation is replaced by a generalised Kronecker delta symbol, as:

1

FAF—
VENE =

VO Foy Fos (0" A 9P A0 A9). (3.59)

M1 2 3

Further making use of equation (2.186), in its p = 4 sub-case, allows one to achieve
YENF = (30e 25 E,, Fo) [ S €uum s (08 A OFY A OR2 A\ 9HS)]. (3.54)

When the Poincaré isomorphism (2.181) is applied on the unit scalar, a 4-form

density of weight —1 is obtained. Such quantity coincides with the second factor on
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3.3 From the field invariants to the relation (3.4)

the right-hand side of (3.54). Hence, it is possible to express Y F A F' as

YFAF = (Ypen2sF,, F,,0) [$o(1)]. (3.55)

The result (3.55) concludes the analysis of Y F'A F. As an aside, it is appropriate to
recall the objective of the calculation at hand, namely, to demonstrate that (3.49) is

equivalent to the mixed closure relation (3.4). Substituting (3.55) into (3.50) yields
K(F) A w(F) = (2pe2sE,, F,,) [So(1)], for all F. (3.56)

The decomposition of the field strength with respect to the co-frame {9} is em-
ployed each time F' appears in k(F) A k(F'). Ergo, given that the map k is linear,
(3.56) may be rephrased as

KNP ) N (012 NOHE) Fypiy Bl = [60(1)] A

21439

for all F'. (3.57)
Obvious notational reasons motivate one to define the twisted bivector-valued 2-form
KM = (0 AOY) = SR8 (0% NDP) (3.58)

whose use was pioneered in the article [48] by Hehl, Obukhov, Rubilar and Blago-
jevié. The second equality in (3.58) can be understood as the expansion of x* with

respect to an arbitrary co-frame {9*}. By implementing (3.58) in (3.57), one attains
{/{I/\ /i‘]—zﬁ[()o(l)}e”}FlFJ:O, for all F. (3.59)

The quantity in braces is symmetric under the exchange of I and J. In addition, it

is required that (3.59) holds true for every field strength. Hence, one deduces that:
AR =0[00(1)] €. (3.60)

At this point, it is convenient to analyse the left-hand side of (3.60) in isolation. For
each value of I and J, the product ! A k7 generates a 4-form similar to ¥ F A F.

Correspondingly, one can derive an alternative expression for k! A k/ by repeating
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Chapter 3: Four closure relations

the steps (3.51)—(3.55). First, k" is decomposed in terms of the co-frame {9*},
second the index alternation is replaced by a generalised Kronecker delta symbol,

vvivars 3 vvivaVs 2 3 3 .
and last 0,1"2" is expanded as € € paps- 1N other words, it is observed that:

KN KT = %H[umaﬁfﬁm%ﬂ‘s(ﬂ“ A DHL N gH2 N\ gHs)

= L gunvevs af YO (9H m B2 w3
= T Oy By @ By (01 N9 A H2 N 913

= (1,1, 79) [ (9 A 09092 1 999

= (ieumwusliyylaﬂﬁwyg’w) [00(1)} ) (361)
When (3.61) is substituted in (3.60), the quantity {o(1) drops out, thus leading to
MV kT = e’ & (exrriy €M ky! = 0oy . (3.62)

As soon as (2.195) is compared with (3.62), it appears evident that the desired
result is achieved. Given a local and linear electromagnetic medium, H = k(F'), the

condition (3.49) is satisfied if and only if the map ~ obeys the mixed closure relation

1
Kok = étr(/% ok)ld, with tr(Rok) =6¢. (3.63)

In the above discussion, no requirement is imposed on the true scalar . Equiva-

lently, the trace factor tr(% o k) = 61 can be positive, negative, or even zero.

If the map & is a solution of (3.4), the invariant I3 is proportional to I, for any
configuration of electromagnetic fields. Thus, whenever I, is zero, I3 vanishes too.
By virtue of (3.47) and (3.48), this statement can be reformulated in an alternative
manner: provided k is a root of (3.4), whenever E' A B is zero, H A D vanishes too.
Such implication is described in Figure 3.2. At the high price of assuming a metric,
it is also possible to observe that, if x satisfies (3.4) and the product E - B is zero,
the vectors H and D are orthogonal. Importantly, the conclusions just examined
hold true in any frame of reference.

The property (3.49) is a valid physical justification for analysing the mixed clo-
sure equation (3.4) in detail. Hereafter, a supplementary reason is discussed, whose
nature is more technical. To be precise, the following argument motivates one to

investigate either of the mixed relations (3.3) and (3.4). When the skewon part of
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3.3 From the field invariants to the relation (3.4)

Figure 3.2: Given a local and linear constitutive law that fulfills (3.4), the occurrence
of EA B =0 implies that H A D = 0. The 1-forms F and H are depicted as stacks of
planes. By contrast, the 2-forms B and D are represented as tubes. The arrows governing
the orientation of E and H are “dissimilar” so as to indicate that these 1-forms are,
respectively, twist-free and twisted. A corresponding remark explains why the 2-forms B
and D are oriented in a fundamentally different guise. Provided F A B = 0, the tubes of
B are tangent to the planes of E. The scenario H A D = 0 is depicted in the same way.
Further information on the geometrical meaning of exterior forms is available in Ref. [60].

an electromagnetic response vanishes, the maps « and & coincide. FErgo, the four
equations (3.1)—(3.4) become one and the same. The unique requirement emerging
from (3.1)—(3.4) by virtue of & = k is named the closure relation for skewonless

media. In order to solve such equation, there are two viable methods:

(A) Any of the pure closure relations is selected, and the corresponding roots are
evaluated. For each electromagnetic response that is obtained, the component
() is set to zero. This enables one to identify all roots of the closure equation
for skewon-free media. In Chapters D.3 and D.4 of the book [41], Hehl and

Obukhov make use of the procedure just described with one extra assumption.

(B) Any of the mized closure relations is selected, and the corresponding roots are
evaluated. For each electromagnetic response that is obtained, the component
(@) is set to zero. This enables one to identify all roots of the closure equation

for skewon-free media. Additional details are examined in Sections 3.5 and 3.6.

It may be argued that, by following the route (A), one gains more physical insight.
As a matter of fact, the method (A) starts from a pure closure equation, and is
thereby linked to the unimodular reciprocity (3.12). Nonetheless, the route (B) is
considerably easier to pursue. Hence, one is prompted to investigate the mixed

closure relations as well as the pure ones.
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(31)|kok =

is a solution | is a solution

AN 71 A\

is a solution | is a solution

KoK = %tr(/% o k)Id|(3.4)

is a solution | is a solution

(3.2) |k ok = gtr(koR)Id

PURE MIXED

Figure 3.3: A diagram summarising the properties of the closure relations (3.1)—(3.4).

3.4 Properties of the four closure relations

In the present Section the most important features of the closure relations (3.1)—
(3.4) are analysed. Figure 3.3 is a summary of the properties that are investigated.
More explicitly, each arrow linking two closure equations represents a statement to
be discussed. For instance, on the “mixed” side of the diagram, the arrow oriented
from bottom-left to top-right prescribes that: the map & is a root of (3.4) if and
only if & is a solution of (3.3). It is appropriate to recall that the trace factors
{tr(kok),...,tr(kok)} in (3.1)-(3.4) are allowed to be positive, negative, or zero.
The treatment described in this Section relies on two classes of identities, respectively

valid for all maps x and for all solutions of a given closure relation. For the purpose

128



3.4 Properties of the four closure relations

of aiding future reference, the identities of the first kind are collected in a list:

R =K, (3.64)
FiOTRs = R 0 Ry, (3.65)
tr(kok) =tr(koR), (3.66)
tr(ko k) =tr(Rok), (3.67)

where (3.64), (3.65) and (3.67) are mentioned earlier in (2.197), (2.198) and (2.348).
Each identity of the second kind holds true provided « is a root of one closure

equation. In particular, one can demonstrate that

if x satisfies (3.1), |tr(k o k)| = 6]det(r)]?, (3.68)
if k satisfies (3.2), |tr(% o k)| = 6|det(x) %, (3.69)
if k satisfies (3.3), |tr(k o k)| = 6|det(m)‘%, (3.70)
if k satisfies (3.4), |tr(Ro k)| = 6|det(/~€)‘%. (3.71)

From (3.68), it is possible to deduce an interesting result: the necessary and sufficient
condition for a root of (3.1) to obey tr(k o k) = 0 is that the map « is not full-rank.

By applying the same logic, three analogous propositions follow from (3.69)—(3.71).

Hereafter, the left-hand side of Figure 3.3 is examined. The arrows forming a
cross dictate that: x is a solution of one pure closure relation if and only if & is
a root of the other pure closure equation. As a first step towards confirming this

property, one makes use of (3.64) so as to establish the double implication (cf. (3.1))

1 _ _
= ~tr(FoR)d. (3.72)

=
=

1
KOk = étr(ﬁz o k)ld & o

Next, % is assigned the new name s, and (3.72) is formulated in a more explicit way,

1 1
Kok = gtr(/f or)ld & %o x= gtr(ff o x)Id . (3.73)
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It is easy to check that (3.73) is one of the desired conclusions. The remark (cf. (3.2))

1 1
RoR = étr(/% or)ld & %0 %= gtr(% ox)ld, (3.74)

brings the proof to a successful end. It is thereby appropriate to consider the vertical
arrows on the left-hand side of Figure 3.3 — which demand that the pure closure
relations are equivalent. To verify this fact, one makes use of a procedure consisting

of two steps. First, it is demonstrated that, if (3.1) is obeyed, (3.2) is also satisfied:

1 — 1
RokR=(kok)= atr(m or)ld = Etr(/% or)ld. (3.75)
As an aside, the manipulations shown in (3.75) rely on the identities (3.65)—(3.66).
Hence, the converse statement is analysed. One observes that, when (3.2) is fulfilled,

1 — 1
Kok = (RoR)= étr(/?e or)ld = gtr(/@ or)ld. (3.76)

It is obvious that the identities (3.64)—(3.66) are employed. Furthermore, because of
(3.75) and (3.76), the proof is complete. Joining together each vertical arrow with a
diagonal one generates, in total, two novel paths. As a result, it is established that:

k is a root of one pure closure equation if and only if £ is a solution too.

The analysis now turns to the right-hand side of Figure 3.3. As a simple inspec-
tion demonstrates, the crossed arrows encode the following property: a necessary
and sufficient condition for k to be a root of one mixed closure equation is that & is
a root of the other mixed closure equation. To prove this statement, one employs
the same method used to justify the diagonal arrows linking (3.1) and (3.2). Before
we proceed, it is important to remark that Figure 3.3 is not symmetric. As a matter
of fact, the mixed closure equations are not equivalent in general. More explicitly,
the vertical arrows connecting (3.3) and (3.4) are valid for a restricted set of cases.

Hereafter, a local and linear medium is considered which fulfills (3.3), but not (3.4):
Koy = PapSH. (3.77)
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In particular, it is demanded that the 2-form ®,5+#0 and the bivector S’ #£0 satisfy

with P = Leabvg (3.78)

(S“”SW) =0, with Sap =

o= NI
—~
K
=
<
« B
=
AN
~—
\H\
)

NI= N

EagySH . (3.79)

w

The expression (2.195) allows one to calculate the tensor &, 4" emerging from (3.77),

Fog" = 1€appoSPT Cpoe = Soadhv. (3.80)

By implementing (3.80) and the conditions (3.78)—(3.79), it is trivial to observe that

From the result (3.81), one deduces that the medium (3.77) is a root of (3.3), as
anticipated. Specifically, the constitutive law being examined obeys the closure
equation (3.3) with tr(k o &) = 0. Ergo, if it were true that (3.77) is a solution of
(3.4) too, the map K o k would vanish because of the identity (3.67). Given that
(3.82) rules out this option, the medium being considered does not fulfill (3.4), as
expected. In summary, the tensor k5" = ®,35"" is a root of one mixed closure

relation only. Thus, (3.3) and (3.4) are not equivalent in general.

The determinant of the operator 4" =®,5S"" is zero. As a matter of fact, the
identity (3.70) prescribes that the solutions of (3.3) with tr(ko k) =tr(kok) =0
are not invertible. Notably, provided one excludes the media — such as (3.77) — that
are characterised by det(x) = 0, the relations (3.3) and (3.4) are indeed equivalent.
In other words, if  is full-rank, the vertical double implications ({}) on the right-
hand side of Figure 3.3 hold true. To verify this statement, one observes that, when

K is invertible, it is possible to cast the equations (3.3) and (3.4) in the same form:

=
I

tr(x o &)Id] &

olkor] = o[}

=
Il
|
Q
N
Ju
—~
ot
oo
H~
~—

[Rok]or™t = [gtr(Ror)ld] ok &

Here, the symbol a denotes the factor tr(k o &) = tr(k o). Combining each vertical
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arrow that links (3.3) and (3.4) with a diagonal implication generates two novel
paths (Figure 3.3). It is thus established that: x is an invertible root of one mixed

closure equation if and only if k is a full-rank solution too.

It is interesting to note that the electromagnetic ()-media and P-media satisfy
both mixed closure relations whether or not det(x) = 0. To confirm this fact, two
equalities are derived, which hold true for the constitutive laws (2.312) and (2.418)
respectively. Substituting (2.350) in (3.70) or (3.71) entails that, for any -medium,

ol

|det(r)|® = X?|det Q. (3.85)

Implementing (2.443) in (3.70) or (3.71) further demonstrates that all P-media obey
|det ()| * = V2|det P|. (3.86)

As explained in Section 2.5.1 and in Section 2.5.3, the constitutive laws (2.312) and
(2.418) are roots of both (3.3) and (3.4), independently of how (det Q) and (det P)
are selected. Because of (3.85) and (3.86), the required statement is indeed correct:
Q- and P-media satisfy both mixed closure equations whether or not x is full-rank.
This property is not the only reason why the constitutive laws (2.312) and (2.418)
are special. In fact, the @Q-media with (det Q) # 0 and the P-media with (det P) # 0
are the sole invertible roots of (3.3) and (3.4), cf. Section 3.5.

If k1 and k9 are roots of a mixed equation, ki0ks is also a root. For instance, as

regards the composition of two maps that obey (3.3), the formula (3.65) entails that

(K10 Kg) 0 (K1 OKg) =K1 OKgORyOR] = %tr(/@ o Ro)tr(ky o Ry)ld. (3.87)

It is thus verified that k; o ko does fulfill (3.3). One can replicate the analysis for
the operator k; o ky generated by two solutions of (3.4). The claim just discussed

holds true whether or not x; and k, are full-rank.
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3.5 All invertible roots of the mixed equations

The aim of the present Section is to determine all roots of the mixed closure equations
such that det(x) # 0. In other words, the local and linear media that obey (3.3) and
(3.4) are calculated, under the assumption that tr(kok) = tr(kok) does not vanish,
see (3.70) and (3.71). By invoking the fact that (3.4) and (3.49) are equivalent, it is
also possible to observe that: every local and linear constitutive law is identified for
which I3 = H A H is proportional to I, = F'A F' via a non-zero factor, and regardless
of the field distribution.

The @Q-media with (det Q) # 0, and the P-media with (det P) # 0 are the only
invertible roots of (3.3) and (3.4). Such property is described in the article [87] by
Lindell, Bergamin and Favaro, where the result is established using non-covariant
mathematics. Hereafter, a frame-independent proof is examined, which validates
the conclusions of Ref. [87]. As displayed in Figure 3.3, the mixed closure equations
share all invertible roots. Thus, if det(x)# 0, it possible to solve only one of (3.3)
and (3.4) with no loss of generality. In the treatment below, the latter relation is

selected. One can derive the invertible roots of (3.4) by finding all maps  such that

~

KN = Ltr(R o k) [Qo(1)] e, and tr(Ro k) #0. (3.88)

Indeed, from the analysis of Section 3.3, it is known that (3.4) is equivalent to (3.60).

Expressing the Levi-Civita symbol as a 6x6 matrix allows one to convert (3.88) into

@) I R
K'A k7= Ltr(R o k) X3 | 93 Oo(1),  with  tr(kRok)#0,  (3.89)

’ I3x3 | Osx3
cf. (2.167). A 2-form that is equal to the exterior product of two 1-forms is called
simple. In four dimensions, not every 2-form can be represented as the exterior prod-
uct of two 1-forms. More accurately, a 2-form & is simple if and only if ® A & = 0.
The condition (3.89) dictates that the invariants k! A k/ with I = J must be zero.
Hence, the twisted 2-forms {xk*} = {k%, k%2 k% k2, k3! k'2} are required to be

simple. A broader inspection of (3.89) demonstrates that two scenarios are allowed:

e Possibility 1: {k%, k%2, k%3} are simple and all have a 1-form in common. The
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3

entries {x%, k3!, K12} are simple too, but have a 1-form in common pairwise.

e Possibility 2: {x*, k3!, k'2} are simple and all have a 1-form in common. The

02

entries {k%, kY2, k%3} are simple too, but have a 1-form in common pairwise.

With some effort, one can establish that the two possibilities describe, respectively:

K =Y (P" A PY), (3.90)
K = X $a(QM A Q). (3.91)

Here, {P“} is a co-frame and Y # 0 is a twisted scalar. Also, {Q"} is a frame
and X # 0 is a twisted scalar density of weight +1. The map &y is the Poincaré
isomorphism (2.183). In order to link (3.90) and (3.91) to the P-media and @-media,

the 1-forms P“ and vectors Q¢ are expanded as

PP =P Py, (3.92)
Q° = Q%e, . (3.93)

At each point in Xy, it is assumed that {P*} and {9%} are valid bases for the
cotangent space. Ergo, the tensor P, must always be full-rank. Similarly, the
properties of {Q%} and {e,} demand that Q%7 is invertible at each location in X.
One substitutes (3.92)—(3.93) in (3.90)—(3.91), and translates the ensuing formulae
in components. It is thereby obtained that the response laws that fulfill (3.88) are:

Kog" = 2Y PPy with Y #0 and (det P) #£0, (3.94)

«

Kop' = XeappeQ™Q7" with X #0 and (det@) #0. (3.95)

The P-media with (det P) # 0 and the Q-media with (det @) # 0 are indeed the
only roots of the mixed closure equations such that det(x) # 0. As one can notice
from (2.438)—(2.439) and (2.337), the Fresnel polynomial of (3.94) is trivially zero,
while that of (3.95) is not. Hence, the two kinds of invertible solutions to (3.3) and
(3.4) have no overlap. More explicitly, if P,# and Q®° are full-rank, the classes of
P-media and -media are disjoint.

The roots of (3.88) are derived for the first time in an article by Schuller, Witte
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P-medium Tensor P,° Defining property | Axion « (det P)
Dkog"” =YL, PP =L 6F is the identity | a = +Y L? >0
Oro g =2V ULV | PP =L, | U, =08, U, =0|a=-1YL*| >0
Drkyg" =2V L2 I Iy | PP =LJf R a=+iYL*| >0

Table 3.1: All invertible solutions of (3.96) that emerge from the constitutive law (3.94).
Equivalently, the Table describes all skewon-free P-media with (det P) # 0.

Q—medium Tensor Q*? | Signature | Axion « | (det Q)
H)’fa;aw [det( SJQ)] ‘%g [S] QerlslQov | Qof = ls1Qes 0 a=0 >0
o = T det(M1Q) | ?éas, [lepms]Qau Qo — lslQos 19 a=0 | <o
D = T det(1Q)] *eupmIQmEIQ™ | Q2P =HIQos | 14 a=0 | >0
Dhigg” =T [det(MQ)] 7%&1[3/10 QerlalQov | QF =P n/a a#0 >0

Table 3.2: All invertible solutions of (3.96) that emerge from the constitutive law (3.95).
Equivalently, the Table describes all skewon-free Q-media with (det @) # 0.

and Wohlfarth [121]. However, the property that one solution branch in Ref. [121]
is equivalent to the @)-media is a novel result. It is also observed that (3.88) is just
a different expression of the closure (3.4) with det(x) # 0. One further merit of
the analysis reported here is the consistent use of ordinary and twisted forms. The
solutions of (3.88) are identified, as well, in the paper [17] by Dahl. Notably, the

author encodes the roots in terms of simple operators composed with the P-medium.

3.6 Invertible roots of the skewon-free equation

When the skewon part of an electromagnetic response vanishes, the maps x and &
coincide. Ergo, the four equations (3.1)—(3.4) become one and the same. The unique
requirement emerging from (3.1)—(3.4) by virtue of K = k is the closure relation for
skewonless media:

@k o Wk = Lir[Pk o Dk]Id. (3.96)

As described in Section 2.3.4, )k is the sum of the principal and axion elements.
There are at least two viable methods of solving (3.96). Either all constitutive
laws that obey a pure closure equation are derived, and for each root it is imposed
that @x = 0. Or, the same treatment is employed starting from a mized closure

equation. In Section 3.3, these two possibilities are labelled (A) and (B).
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Table 3.1 and Table 3.2 encompass all invertible solutions of the only closure
requirement for skewon-free media. Equivalently, the linear principal-axion con-
stitutive operators are summarised which fulfill (3.96) and tr[*x o k] # 0. In
practical terms, the entries in Table 3.1 and Table 3.2 are obtained by following
the method (B), and by demanding at each step that the electromagnetic response
is full-rank. From the analysis of Section 3.5, it is known that the P-media with
(det P) # 0 and the Q-media with (det Q) # 0 are the sole invertible roots of the
mixed closure equations. Therefore, the entries in Table 3.1 and Table 3.2 are iden-
tified by prescribing that the contributions ) of (3.94) and (3.95) vanish. As for
the P-media with (det P) # 0, the skewon part is removed by imposing that the
tensor (2.426) is zero, $,” = 0. More in detail, a quadratic equation is solved under
the condition that P is full-rank, thus generating the entries of Table 3.1. The
procedure used for the -media with (det Q) # 0 is similar, and is based the formula
(2.323) encoding the relevant tensor §,7. Obviously, it gives rise to the constitutive
laws examined in Table 3.2. With this result, all invertible solutions of (3.96) are

determined for good.

The roots of (3.96) which fulfill tr[*)x o “)x] % 0, and that belong to the class
of P-media are analysed first. By invoking (3.86), and the fact that these solutions
are full-rank, one retrieves the constraints Y # 0 and (det P) # 0. In turn, the
proviso that P 7 is invertible entails that the true scalar L defined in Table 3.1
is non-zero. The simplest P-medium root of (3.96) with det[*)k]# 0 is the pure
axion law corresponding to P’ = Lé?. An additional solution is obtained if P *
is proportional to an involutory traceless Uaﬂ . In other words, the square of the
tensor Uaﬁ is the identity, and the contraction Upp must vanish (cf. Table 3.1).
The third and last invertible P-medium root of (3.96) is generated by demanding
that P.? = LJ  where J 7 is an almost complex tensor. Hence, as prescribed in
Table 3.1, the square of J 7 is equal to minus the identity. In order to evaluate the
axion « for the solutions just discussed, one can employ the formula (2.420). More
specifically, alongside the properties mentioned in Table 3.1, it is necessary to know
that J 7 is traceless (Chapter 8.2.3 in Ref. [101]). Given that Y and L are both
non-zero, a remarkable conclusion is attained: the full-rank P-media never consist

of a principal part only. Such observation is easily verified by noting that Table 3.1
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describes all skewon-free P-media with (det P) # 0.

Hereafter, the solutions of (3.96) that obey tr [(“/{ o (“n] =0, and which belong to
the class of ()-media are examined. Equivalently, the skewon-free constitutive laws of
Table 3.2 are investigated. It is understood that ¥!Q? and [YQ*# are the symmetric
and antisymmetric parts of the tensor Q*?, cf. (2.314) and (2.315). Since the roots
of (3.96) being analysed are invertible, the formula (3.85) guarantees that X # 0
and (det @) # 0. Ergo, one can make use of the true scalar T, defined previously
in (2.354). The entries of Table 3.2 generated by a full-rank and symmetric Q**
correspond to the three “kinds” of Hodge star *aﬁ“ ” discussed in Section 2.5.2.
More accurately, the signature ¢ of a 4-dimensional metric is restricted to the values
{0, 42, £4}, and each choice of |t| is associated with one kind of Hodge star. As a
result, one obtains the first three solutions in Table 3.2, for which Mk 5" ="1"1x .
Because of the distinctive form of these media, it is possible to view T as the
customary electromagnetic impedance, up to a sign. The last invertible root of
(3.96) is based on an antisymmetric Q** with (det Q) # 0. Due to the fact that
Q™8 =14Q*? the concept of signature is not applicable, and the matching entry in
Table 3.2 reads “n/a”. Furthermore, one is not allowed to regard T as a standard
type of impedance. It is now appropriate to consider the axion « for each of the
solutions just described. According to the remark (v) in Section 2.5.2, the Hodge
star map is purely principal. So, the first three entries of Table 3.2 have a vanishing
«. By contrast, the root originating from (det Q) # 0 and Q** = [1Q is always
endowed with a finite axion part. The relevant expression for « is achieved directly
from (2.378). In spite of what the result ®x # 0 appears to imply, one cannot
derive a pure axion from this constitutive law. Such observation agrees with the
property that the full-rank P-media and )-media are disjoint. As a matter of fact,
the electromagnetic response Vx, "= adl; is included in Table 3.1. Hence, it is

not possible to encode an isolated axion by way of a @)-medium.

Given an invertible root of (3.96), one method to establish whether tr[*x o k]

is positive or negative is to calculate the sign of (det P) or (det Q). Indeed, since the
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media being analysed fulfill k="k, the equations (2.444) and (2.351) prescribe that

sgn {tr[ Pk o Dk} = sgn|(det P)], (3.97)

sgn {tr[ "k o k] } = sgn|(det Q)] . (3.98)

Notably, (3.97) and (3.98) demonstrate the importance of the rightmost columns in
Table 3.1 and Table 3.2. It is now useful to mention an identity that is valid for all
tensors S, [124]:

(det §) = i (1) — 6(1xS)?tr(5%) + S(trS)t(57) + 8(1x(5%))? — 6x(5")] . (3.99)

Specifically, contracting S,” with itself p times gives rise to the power (S?)_”. When
a full-rank P-medium solution of (3.96) is examined, one can implement (3.99) so
as to verify if (det P) is positive or negative. As a matter of fact, substituting the
appropriate “defining property” in Table 3.1 leads to the required outcome. The first
three invertible Q-medium roots of (3.96) emerge from the condition that Q% is a
metric. Hence, it is possible to establish the sign of (det Q) by using an orthonormal
frame. A trivial calculation shows that employing an orthonormal frame results
in no loss of generality. The formula (2.325) entails that the determinant of an
antisymmetric tensor with two contravariant indices is positive or zero. Ergo, for

the last solution in Table 3.2, one finds that (det Q) > 0.

Provided the medium is not only local and linear but also skewon-free, the con-
straint of electric-magnetic reciprocity (3.37) is equivalent to (3.96) with tr[©x o ©x]
being negative. One is thus motivated to inspect Table 3.1 and Table 3.2, and to
look for solutions having a factor in the rightmost column which is less than zero.
Because the analysis picks out a unique root of (3.96), a crucial statement is verified:
the only local and linear medium H = x(F’) that is both electric-magnetic reciprocal
and skewon-free takes the form

1
Fog" = T det(g")| 2 easprg™ 9" (3.100)

o

It is demanded that ¢®? is a metric of Lorentzian signature +2. As a further require-

ment, the absolute value of Y~! coincides with that of the parameter ¢ # 0 in (3.19).
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3.6 Invertible roots of the skewon-free equation

Even if the property just established is known from the literature [41, 58, 118, 134],
the derivation followed here is novel.

In brief, a viable candidate ¢g®® for the metric of spacetime is obtained from two
assumptions of electromagnetic nature. So, the notion of distance can, to a large
extent, be viewed as an offshoot of Maxwell’s theory. One caveat is important: the

method above specifies ¢*? up to a conformal factor only.
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Chapter 4

Outlook

The research underpinning this Thesis may evolve in several directions. Here-
after, the ideas for future work that appear to be of considerable interest are exam-

ined, following the order in which related topics are discussed in previous Chapters.

4.1 Topology’s role in the first and third axioms

The first axiom of electromagnetism as laid out in Hehl and Obukhov’s manual [41]
and in equation (2.20) states that the integral of the charge current density J over
any 3-dimensional cycle C} is zero. It implies, with no additional requirements, that
J is an exact form. A proof this fact is described in (2.21)-(2.23), and is made up of
two steps. First, the consequences of the axiom are tested in the scenario where Cj is
the boundary of an arbitrary 4-dimensional region. As a result of Stokes’s theorem, it
is obtained that the charge current density must be a closed form. Second, de Rham’s
map is recognised to be injective [33], thus leading to the appropriate outcome. To
sum up, the first axiom of electromagnetism defined in (2.20) and in the book [41]
prescribes that the Maxwell equation J = dH holds true globally. In the work [19],
Delphenich replaces the postulate just analysed with a less severe condition, that
is: the integral of J over the boundary of any 4-dimensional region =, vanishes.
Although this modified axiom does specify that the charge current density is a

closed form, it does not guarantee that J is exact. Indeed, repeating the first step
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in the above proof establishes that the differential conservation law (2.22) holds
true, as before. However, the fact that de Rham’s map is injective no longer entails
that one can write J = dH globally. To achieve a better understanding of this
negative statement, Poincaré’s lemma is employed [101]. Accordingly, it is observed
that the Maxwell equation (2.23) is valid at least in some neighborhood of each
spacetime point p € Xy. One can now examine the scenario wherein the topology
of the manifold X, implies that all 3-dimensional cycles are also boundaries. In this
specific case, Hehl and Obukhov’s first axiom (2.20) and Delphenich’s alternative
requirement §054J = 0 become identical. Moreover, provided a differential 3-form
is closed, it is exact too. The analysis carried out so far suggests an interesting
direction for future research: to test the two versions of the first axiom by means
of a spacetime such that not all 3-cycles are boundaries. It is worth noting that
topological considerations similar to the ones examined above indicate that the
postulate (2.110) may have to be revised as well'. Ergo, the mentioned idea of
comparing the axioms 5503‘] =0 and §654J = ( is found to be too limited in scope.
An exhaustive investigation appears to be required, whose aim is to determine how
Maxwell’s theory ought to be formulated in certain exotic spacetimes, and in general.

The article [32] by Frankel may turn out to be helpful in such project for future work.

4.2 Geometrical optics and singular directions

As part the metric-free analysis of geometrical optics carried out in Ref. [16], Dahl
considers the linear vector space V, of all physically relevant polarisations. The
treatment of Section 2.4.2 offers two refinements. First, V is introduced with greater
mathematical accuracy by using an equivalence relation, denoted ~. More explicitly,
if two polarisations a and a’ differ by a multiple of the wave covector ¢, it is stipulated
that a ~ a'. Second, a component-free method is investigated that allows one
to evaluate the dimension of the vector space defined by the physically relevant
polarisations. The technique is based on the finding that the exterior power specified

in the manuals by Flanders [31] and Lindell [79] can be employed so as to calculate

!The generalisation of the field strength F that is defined in Yang-Mills theories plays the role of
a curvature, and is not globally exact. It is therefore reasonable to expect that the third axiom, as
specified in (2.110) or in Hehl and Obukhov’s treatise [41], must indeed be corrected to §053 F=0.
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4.2 Geometrical optics and singular directions

the rank of the operator (W,)*’ = Xa“ﬂ”quq,,. More in detail, as soon as this piece

of information is known, the desired value of dim(V}) is extracted from the formula
dim(V,) = 3 — dim(im(W,)) = 3 — rank(W,). (4.1)

Leaving momentarily aside the problem of characterising the vector space V, in a
rigorous way, it is appropriate to recall some facts about the geometrical optics
of dielectric crystals. A complete treatment of such topic is available in Section
14.3 of the book [9] by Born and Wolf. If a medium of the type just indicated is
birefringent, the propagation of light is governed by two separate phase velocities in
nearly all directions. Equivalently, for almost every choice of spatial wave-covector,
the Fresnel equation has two disjoint roots. To be accurate, there exist individual
directions such that the propagation of light is controlled by a single phase velocity.
In other words, provided the spatial wave-covector is fixed in a certain manner,
the dispersion equation has a unique solution. Notably, each direction in which this
degeneracy of roots takes place is said to be an optical axis. Returning to the general
case, it is important to observe that nearly all wave-covectors that satisfy the Fresnel
equation for a dielectric crystal are linked to a vector space of relevant polarisations
which is 1-dimensional. The complementary statement is that some individual roots
q = K of the dispersion equation are associated with the occurrence of dim(Vy) = 2.
One can demonstate that the wave-covectors K correspond precisely to the optical
axes. Nevertheless, it is to be established whether such identification holds true for
all birefringent local and linear media. The tools that are necessary to answer this
question are studied at length in the existing literature and in Section 2.4.2. As
a matter of fact, the quartic dispersion equation of Tamm [130] and Rubilar [116]
allows one to investigate with unprecedented rigour the geometry characterising the
optical axes. In addition, the aforesaid method for establishing the dimension of
Vg can be used so as to identify the critical wave-covectors ¢ = K. Observing that
the Fresnel equation is based on a polynomial suggests an extension of the idea for
future work just described. It is proposed to analyse the wave surface generated by
the dispersion relation from the viewpoint of algebraic geometry. To be precise, the

intended line of research may focus on the task of classifying the singularities of the
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Figure 4.1: A Kummer surface, illustrated with the help of Mathematica®. The front
part of the plot is cut out, so that three singular points become visible, and one remains
hidden. In other words, there are four directions along which no birefringence is observed.

wave surface. Some important discoveries in this context are long-established. For
instance, Bateman’s 1910 article [4] demonstrates that the propagation of light in a
local and linear skewon-free medium is governed by a Kummer surface (Figure 4.1).
The historical works such as Ref. [4] are an excellent starting point for the derivation

of novel results. Of course, the key is to implement modern geometrical techniques.

4.3 Group theory investigation of reciprocity maps

It is appropriate to recall a few concepts discussed in Section 3.2. The unimod-
ular reciprocity (3.12) is the most general linear map from {H,F} to {H', F'}
that preserves the energy-momentum tensor X7 7. For every specific choice of
{Coo, Co1,C10,C11}, a local and linear medium H = k(F) is invariant under the
transformation (3.12) if and only if the quadratic equation (3.30) is fulfilled. An
exploratory attempt to solve (3.30) reveals that three “Cases” must be investigated.
Each scenario is associated with a family of maps, defined by imposing a condition
on the entries of (3.12). The electric-magnetic reciprocity (3.19), arising from the
statement Cyyg = C1; = 0, is one of the transformations examined as part of Case 3.

Following the article [112] by Perlick, one identifies that the general unimodular
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map (3.12) is based on a representative of the special linear group SL(2,R). In the
light of such observation, it is proposed to investigate the three families of transfor-
mations associated with the mentioned Cases from a group theory perspective. A
decomposition of SL(2, R) may prove useful to this end. The idea is that of express-
ing the reciprocity (3.12) in terms of simpler matrices, whose group of provenance is
known. More explicitly, the information thus derived facilitates the analysis of the
three Cases originating from (3.30). Among the several possible decompositions of
SL(2,R), the one due to Bruhat is likely to be the most fitting for the task. Lang’s
book [73] illustrates in detail various techniques whereby a representative of the
special linear group is expressed as a product of straightforward matrices. In order
to clarify the plan for the suggested group theory investigation, it is worthwhile to

look at the Bruhat decomposition of the electric-magnetic reciprocity (3.19), that is

0 ¢ ¢ 0|0 1
ol Jo ¢t |-t o 2

As in all previous occurrences, the twisted scalar ( is demanded to be nonzero. The
first and second matrices obtained by expanding (3.19) are representatives of the
indefinite special orthogonal group SO(1, 1) and of the Weyl group W. Equivalently,
the Bruhat decomposition allows one to formulate the electric-magnetic reciprocity

transformation as a squeeze map operating from the left on an almost-complex map.

4.4 From the roots of (3.3) and (3.4) to a group

The notions of group theory employed below are explained in the manual [129] by
Szekeres. From the analysis of Section 3.4 it is known that, provided x; and ks are
roots of a mixed closure equation, k1 o k9 is a root too. In other words, if M and N

are the sets that comprise the solutions of (3.3) and (3.4) respectively, one has that:

o MxM—M, o: NxN—=>N,
and (4.3)

(K1, K2) > K10 Kg, (K1, Ka) > K10 Ky.
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Hence, the operator o is a binary law of composition on each set defined by the
roots of a mixed closure equation. In view of the property (4.3), it is tempting to
conclude that M and N are two groups. Such intuition is found to be exact up
to an additional caveat, namely, that the medium operators with det(x) = 0 are
ruled out. Turning the statement in a positive form, one can demonstrate that the
invertible roots of (3.3) and (3.4) form a group. Notably, after the solutions with a
vanishing determinant are excluded, the mixed closure relations become equivalent.
In particular, this fact is described by the vertical arrows on the right-hand side
of Figure 3.3. Accordingly, when the condition det(x) # 0 is imposed, the families
of roots M and N define the same group O. Proving explicitly that the invertible
solutions of (3.3) and (3.4) form a group is not difficult. Given that o is known to
be a law of composition, one needs to verify that three standard axioms are fulfilled.
As an aside, the adjoint of the constitutive map & inherits the properties (2.196)—
(2.199) from the transposed operator x*. It follows that the group O, specified by
the roots of the mixed closure equations with det(x) # 0, and the orthogonal group
O(6,R) are tightly linked.

If the electromagnetic response is demanded not only to be local and linear
but also to satisfy (3.4), whenever the product Iy = F A F is zero, the 4-form
I3 = k(F) A k(F') vanishes too. This observation is discussed in Section 3.3. Evi-
dently, the condition that the medium is a root of (3.4) implies that, whenever F’
is simple, k(F) is simple too. As a matter of fact, in 4-dimensions, a 2-form ® can
be expressed as the wedge product of two 1-forms if and only if ® A d=0. It is
thus verified that all linear operators that obey (3.4) map simple 2-forms to simple
2-forms. Establishing this property is the first step towards demonstrating that the
group O has a left action on the set of simple 2-forms. Such action is nothing but
the contraction of an invertible operator fulfilling (3.3) or (3.4) with a simple 2-form.
More precisely, in order to conclude that O is endowed with the mentioned action,
it is necessary to check that two axioms are satisfied. First, one is demanded to
observe that the associative property (k1 o ko)(F') = k1(k2(F')) holds true. Second,
one is required to note that an identity map indeed exists. The left action of O
defines some orbits, that is, some equivalence classes of simple 2-forms. Computing

such orbits may not be easy. Nonetheless, it does represent an interesting task for
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future work.

From the analysis of Section 3.5 it is known that each P-medium with (det P) #0
is an invertible root of the mixed closure equations. Hence, operating with a full-rank
P-medium kp on an element  of the group O yields an electromagnetic response
rpok that belongs to O as well. The expression (2.418) illustrates that constitutive
map kp is based on a tensor P/ which is a representative of the general linear
group GL(4,R). By utilising these observations, and by proving that two additional
axioms are fulfilled, one can show that GL(4,R) has a left action on the set O. Such
action is nothing but the composition of a P-medium obeying (det P) # 0 with an
invertible root of (3.3) and (3.4), that is, kpok. Remarkably, owing to the mentioned
left action of GL(4,R), it is possible to sort the elements of O in equivalence classes
named orbits. This classification of the invertible media that satisfy the mixed
closure equations appears to coincide with that established in Proposition 8 of the
article [17] by Dahl. It is thereby suggested to examine whether this conclusion is
right. An additional idea for future work may be to evaluate the dispersion relation
generated by each of the aforesaid orbits. The ensuing results could be relevant to

the algebraic geometry investigation put forward in Section 4.2.
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Appendix A

SI units, in order of appearance

Name of unit | Symbol for unit | Examples
coulomb C J, H, p,D
second S o
ampere A 7 H
metre m v?

weber Wb B

volt A% E

tesla T B,

watt W fo
newton N o

ohm Q K, tr(k)
joule J INEPE
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Table A.1: SI units used in this Thesis, in order of appearance.
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