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Differential forms can be fun. Snapshot at the time of the 1978 URSI General Assembly in
Helsinki Finland, showing Professor Georges A. Deschamps and the author disguised in
fashionable sideburns.

This treatise is dedicated to the memory of Professor Georges A. Deschamps
(1911-1998), the great proponent of differential forms to electromagnetics. He in-
troduced this author to differential forms at the University of Illinois, Champaign-
Urbana, where the latter was staying on a postdoctoral fellowship in 1972—-1973.
Actually, many of the dyadic operational rules presented here for the first time were
born during that period. A later article by Deschamps [18] has guided this author in
choosing the present notation.
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Preface

The present text attempts to serve as an introduction to the differential form formal-
ism applicable to electromagnetic field theory. A glance at Figure 1.2 on page 18,
presenting the Maxwell equations and the medium equation in terms of differential
forms, gives the impression that there cannot exist a simpler way to express these
equations, and so differential forms should serve as a natural language for electro-
magnetism. However, looking at the literature shows that books and articles are al-
most exclusively written in Gibbsian vectors. Differential forms have been adopted
to some extent by the physicists, an outstanding example of which is the classical
book on gravitation by Misner, Thorne and Wheeler [58].

The reason why differential forms have not been used very much may be that, to
be powerful, they require a toolbox of operational rules which so far does not appear
to be well equipped. To understand the power of operational rules, one can try to
imagine working with Gibbsian vectors without the bac cab rule a x (b x ¢) =
b(a - ¢) — ¢(a - b) which circumvents the need of expanding all vectors in terms of
basis vectors. Differential-form formalism is based on an algebra of two vector
spaces with a number of multivector spaces built upon each of them. This may be
confusing at first until one realizes that different electromagnetic quantities are rep-
resented by different (dual) multivectors and the properties of the former follow
from those of the latter. However, multivectors require operational rules to make
their analysis effective. Also, there arises a problem of notation because there are
not enough fonts for each multivector species. This has been solved here by intro-
ducing marking symbols (multihooks and multiloops), easy to use in handwriting
like the overbar or arrow for marking Gibbsian vectors. It was not typographically
possible to add these symbols to equations in the book. Instead, examples of their
use have been given in figures showing some typical equations. The coordinate-free
algebra of dyadics, which has been used in conjunction with Gibbsian vectors (actu-
ally, dyadics were introduced by J.W. Gibbs himself in the 1880s, [26—28]), has so

Xiii



Xiv PREFACE

far been missing from the differential-form formalism. In this book one of the main
features is the introduction of an operational dyadic toolbox. The need is seen when
considering problems involving general linear media which are defined by a set of
medium dyadics. Also, some quantities which are represented by Gibbsian vectors
become dyadics in differential-form representation. A collection of rules for multi-
vectors and dyadics is given as an appendix at the end of the book. An advantage of
differential forms when compared to Gibbsian vectors often brought forward lies in
the geometrical content of different (dual) multivectors, best illustrated in the afore-
mentioned book on gravitation. However, in the present book, the analytical aspect
is emphasized because geometrical interpretations do not help very much in prob-
lem solving. Also, dyadics cannot be represented geometrically at all. For complex
vectors associated with time-harmonic fields the geometry becomes complex.

It is assumed that the reader has a working knowledge on Gibbsian vectors and,
perhaps, basic Gibbsian dyadics as given in [40]. Special attention has been made to
introduce the differential-form formalism with a notation differing from that of
Gibbsian notation as little as possible to make a step to differential forms manage-
able. This means balancing between notations used by mathematicians and electri-
cal engineers in favor of the latter. Repetition of basics has not been avoided. In par-
ticular, dyadics will be introduced twice, in Chapters 1 and 2. The level of
applications to electromagnetics has been left somewhat abstract because otherwise
it would need a book of double or triple this size to cover all the aspects usually pre-
sented in books with Gibbsian vectors and dyadics. It is hoped such a book will be
written by someone. Many details have been left as problems, with hints and solu-
tions to some of them given as an appendix.

The text is an outgrowth of lecture material presented in two postgraduate cours-
es at the Helsinki University of Technology. This author is indebted to two collabo-
rators of the courses, Dr. Pertti Lounesto (a world-renown expert in Clifford alge-
bras who sadly died during the preparation of this book) from Helsinki Institute of
Technology, and Professor Bernard Jancewicz, from University of Wroclaw. Also
thanks are due to the active students of the courses, especially Henrik Wallén. An
early version of the present text has been read by professors Frank Olyslager (Uni-
versity of Ghent) and Kurt Suchy (University of Diisseldorf) and their comments
have helped this author move forward.

Ismo V. LINDELL
Koivuniemi, Finland
January 2004
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Multivectors

1.1 THE GRASSMANN ALGEBRA

The exterior algebra associated with differential forms is also known as the Grassmann
algebra. Its originator was Hermann Grassmann (1809—-1877), a German mathemati-
cian and philologist who mainly acted as a high-school teacher in Stettin (presently
Szczecin in Poland) without ever obtaining a university position.! His father, Justus
Grassmann, also a high-school teacher, authored two textbooks on elementary math-
ematics, Raumlehre (Theory of the Space, 1824) and Trigonometrie (1835). They
contained footnotes where Justus Grassmann anticipated an algebra associated with
geometry. In his view, a parallelogram was a geometric product of its sides whereas
a parallelepiped was a product of its height and base parallelogram. This must have
had an effect on Hermann Grassmann’s way of thinking and eventually developed
into the algebra carrying his name.

In the beginning of the 19th century, the classical analysis based on Cartesian
coordinates appeared cumbersome for many simple geometric problems. Because
problems in planar geometry could also be solved in a simple and elegant way in
terms of complex variables, this inspired a search for a three-dimensional complex
analysis. The generalization seemed, however, to be impossible.

To show his competence for a high-school position, Grassmann wrote an exten-
sive treatise(over 200 pages), Theorie der Ebbe und Flut (Theory of Tidal Movement,
1840). There he introduced a geometrical analysis involving addition and differ-
entiation of oriented line segments (Strecken), or vectors in modern language. By

I'This historical review is based mainly on reference 15. See also references 22, 37 and 39.
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generalizing the idea given by his father, he defined the geometrical product of two
vectors as the area of a parallelogram and that of three vectors as the volume of a
parallelepiped. In addition to the geometrical product, Grassmann defined also a
linear product of vectors (the dot product). This was well before the famous day,
Monday October 16, 1843, when William Rowan Hamilton (1805-1865) discovered
the four-dimensional complex numbers, the quaternions.

During 1842-43 Grassmann wrote the book Lineale Ausdehnungslehre (Linear
Extension Theory, 1844), in which he generalized the previous concepts. The book
was a great disappointment: it hardly sold at all, and finally in 1864 the publisher
destroyed the remaining stock of 600 copies. Ausdehnungslehre contained philosoph-
ical arguments and thus was extremely hard to read. This was seen from the fact that
no one would write a review of the book. Grassmann considered algebraic quantities
which could be numbers, line segments, oriented areas, and so on, and defined 16
relations between them. He generalized everything to a space of n dimensions, which
created more difficulties for the reader.

The geometrical product of the previous treatise was renamed as outer product.
For example, in the outer product ab of two vectors (line segments) a and b the vector
a was moved parallel to itself to a distance defined by the vector b, whence the product
ab defined a parallelogram with an orientation. The orientation was reversed when
the order was reversed: ab = —ba. If the parallelogram ab was moved by the vector
¢, the product abc gave a parallelepiped with an orientation. The outer product was
more general than the geometric product, because it could be extended to a space of
n dimensions. Thus it could be applied to solving a set of linear equations without a
geometric interpretation.

During two decades the scientific world took the Ausdehnungslehre with total
silence, although Grassmann had sent copies of his book to many well-known math-
ematicians asking for their comments. Finally, in 1845, he had to write a summary
of his book by himself.

Only very few scientists showed any interest during the 1840s and 1850s. One
of them was Adhemar-Jean-Claude de Saint-Venant, who himself had developed a
corresponding algebra. In his article "Sommes et différences géométriques pour
simplifier la mecanique" (Geometrical sums and differences for the simplification of
mechanics, 1845), he very briefly introduced addition, subtraction, and differentiation
of vectors and a similar outer product. Also, Augustin Cauchy had in 1853 developed
a method to solve linear algebraic equations in terms of anticommutative elements
(ij = —j1i), which he called "clefs algébraiques” (algebraic keys). In 1852 Hamilton
obtained a copy of Grassmann’s book and expressed first his admiration which later
turned to irony (“the greater the extension, the smaller the intention”). The afterworld
has, however, considered the Ausdehnungslehre as a first classic of linear algebra,
followed by Hamilton’s book Lectures on Quaternions (1853).

During 1844-1862 Grassmann authored books and scientific articles on physics,
philology (he is still a well-known authority in Sanscrit) and folklore (he published
a collection of folk songs). However, his attempts to get a university position were
not succesful, although in 1852 he was granted the title of Professor. Eventually,
Grassmann published a completely rewritten version of his book, Vollstindige Aus-
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Fig. 1.1  The original set of equations (A)— (L) as labeled by Maxwell in his Treatise (1873),
with their interpretation in modern Gibbsian vector notation. The simplest equations were
also written in vector form.



4 MULTIVECTORS

dehnungslehre (Complete Extension Theory), on which he had started to work in
1854. The foreword bears the date 29 August 1861. Grassmann had it printed on
his own expense in 300 copies by the printer Enslin in Berlin in 1862 [29]. In its
preface he complained the poor reception of the first version and promised to give
his arguments in Euclidean rigor in the present version.> Indeed, instead of relying
on philosophical and physical arguments, the book was based on mathematical theo-
rems. However, the reception of the second version was similar to that of the first one.
Only in 1867 Hermann Hankel wrote a comparative article on the Grassmann algebra
and quaternions, which started an interest in Grassmann’s work. Finally there was
also growing interest in the first edition of the Ausdehnungslehre, which made the
publisher release a new printing in 1879, after Grassmann’s death. Toward the end of
his life, Grassmann had, however, turned his interest from mathematics to philology,
which brought him an honorary doctorate among other signs of appreciation.

Although Grassmann’s algebra could have become an important new mathematical
branch during his lifetime, it did not. One of the reasons for this was the difficulty
in reading his books. The first one was not a normal mathematical monograph with
definitions and proofs. Grassmann gave his views on the new concepts in a very
abstract way. Itis true that extended quantities (Ausdehnungsgrosse) like multivectors
in a space of n dimensions were very abstract concepts, and they were not easily
digestible. Another reason for the poor reception for the Grassmann algebra is that
Grassmann worked in a high school instead of a university where he could have had
a group of scientists around him. As a third reason, we might recall that there was no
great need for a vector algebra before the the arrival of Maxwell’s electromagnetic
theory in the 1870s, which involved interactions of many vector quantites. Their
representation in terms of scalar quantites, as was done by Maxwell himself, created
a messy set of equations which were understood only by a few scientist of his time
(Figure 1.1).

After a short success period of Hamilton’s quaternions in 1860-1890, the vector
notation created by J. Willard Gibbs (1839-1903) and Oliver Heaviside (1850-1925)
for the three-dimensional space overtook the analysis in physics and electromagnetics
during the 1890s. Einstein’s theory of relativity and Minkowski’s space of four
dimensions brought along the tensor calculus in the early 1900s. William Kingdon
Clifford (1845-1879) was one of the first mathematicians to know both Hamilton’s
quaternions and Grassmann’s analysis. A combination of these presently known as the
Clifford algebra has been applied in physics to some extent since the 1930’s [33,54].
Elie Cartan (1869-1951) finally developed the theory of differential forms based on
the outer product of the Grassmann algebra in the early 1900s. It was adopted by
others in the 1930s. Even if differential forms are generally applied in physics, in
electromagnetics the Gibbsian vector algebra is still the most common method of
notation. However, representation of the Maxwell equations in terms of differential
forms has remarkable simple form in four-dimensional space-time (Figure 1.2).

2This book was only very recently translated into English [29] based on an edited version which appeared
in the collected works of Grassmann.
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Fig. 1.2  The two Maxwell equations and the medium equation in differential-form formalism.

Symbols will be explained in Chapter 4.

Grassmann had hoped that the second edition of Ausdehnungslehre would raise
interest in his contemporaries. Fearing that this, too, would be of no avail, his final

sentences in the foreword were addressed to future generations [15,75]:

... But I know and feel obliged to state (though | run the risk of seeming
arrogant) that even if this work should again remain unused for another
seventeen years or even longer, without entering into actual development
of science, still that time will come when it will be brought forth from the
dust of oblivion, and when ideas now dormant will bring forth fruit. | know
that if | also fail to gather around me in a position (which | have up to
now desired in vain) a circle of scholars, whom | could fructify with these
ideas, and whom | could stimulate to develop and enrich further these
ideas, nevertheless there will come a time when these ideas, perhaps
in a new form, will rise anew and will enter into living communication
with contemporary developments. For truth is eternal and divine, and
no phase in the development of the truth divine, and no phase in the
development of truth, however small may be region encompassed, can
pass on without leaving a trace; truth remains, even though the garments

in which poor mortals clothe it may fall to dust.
Stettin, 29 August 1861

1.2 VECTORS AND DUAL VECTORS

1.2.1 Basic definitions

Vectors are elements of an n-dimensional vector space denoted by [ (n), and they
are in general denoted by boldface lowercase Latin letters a, b,... Most of the
analysis is applicable to any dimension n but special attention is given to three-
dimensional Euclidean (Eu3) and four-dimensional Minkowskian (Mi4) spaces (these
concepts will be explained in terms of metric dyadics in Section 2.5). A set of linearly
independent vectors {e;} = ey, ea,..., e, forms a basis if any vector a can be uniquely

expressed in terms of the basis vectors as

n
a=> ae;,
i=1

where the a; are scalar coefficients (real or complex numbers).

(1.1)
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Dual vectors are elements of another n-dimensional vector space denoted by Fy (n),
and they are in general denoted by boldface Greek letters c, 3,... A dual vector basis
is denoted by {e;} = €1,...,€,. Any dual vector & can be uniquely expressed in
terms of the dual basis vectors as

n
a=> ap, (1.2)
i=1

with scalar coefficients ;. Many properties valid for vectors are equally valid for
dual vectors and conversely. To save space, in obvious cases, this fact is not explicitly
stated.

Working with two different types of vectors is one factor that distinguishes the
present analysis from the classical Gibbsian vector analysis [28]. Vector-like quanti-
ties in physics can be identified by their nature to be either vectors or dual vectors, or,
rather, multivectors or dual multivectors to be discussed below. The disadvantage of
this division is, of course, that there are more quantities to memorize. The advantage
is, however, that some operation rules become more compact and valid for all space
dimensions. Also, being a multivector or a dual multivector is a property similar to
the dimension of a physical quantity which can be used in checking equations with
complicated expressions. One could include additional properties to multivectors,
not discussed here, which make one step forward in this direction. In fact, multi-
vectors could be distinguished as being either true or pseudo multivectors, and dual
multivectors could be distinguished as true or pseudo dual multivectors [36]. This
would double the number of species in the zoo of multivectors.

Vectors and dual vectors can be given geometrical interpretations in terms of ar-
rows and sets of parallel planes, and this can be extended to multivectors and dual
multivectors. Actually, this has given the possibility to geometrize all of physics [58].
However, our goal here is not visualization but developing analytic tools applicable
to electromagnetic problems. This is why the geometric content is passed by very
quickly.

1.2.2 Duality product

The vector space® E; and the dual vector space F; can be associated so that every
element of the dual vector space [F; defines a linear mapping of the elements of the
vector space [E; to real or complex numbers. Similarly, every element of the vector
space [£; defines a linear mapping of the elements of the dual vector space [F;. This
mutual linear mapping can be expressed in terms of a symmetric product called the
duality product (inner product or contraction) which, following Deschamps [18], is
denoted by the sign |

a, a— ala=ala. (1.3)

A vector a and a dual vector @ can be called orthogonal (or, rather, annihilating)
if they satisfy ajae = 0. The vector and dual vector bases {e;}, {e;} are called

3When the dimension n is general or has an agreed value, iwe write I instead of Fy (n) for simplicity.
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|@z&

Fig. 1.3  Hook and eye serve as visual aid to distinguish between vectors and dual vectors.
The hook and the eye cancel each other in the duality product.

reciprocal [21,28] (dual in [18]) to one another if they satisfy
cile; = ejlei = bij. (1.4)

Here d;; is the Kronecker symbol, §;; = 0 when ¢ # j and = 1 when i = j. Given
a basis of vectors or dual vectors the reciprocal basis can be constructed as will be
seen in Section 2.4. In terms of the expansions (1.1), (1.2) in the reciprocal bases,
the duality product of a vector a and a dual vector o can be expressed as

ala= (ae)l(aje;) =Y aia;. (1.5)

i,J

The duality product must not be mistaken for the scalar product (dot product) of the
vector space, denoted by a - b, to be introduced in Section 2.5. The elements of the
duality product are from two different spaces while those of the dot product are from
the same space.

To distinguish between different quantities it is helpful to have certain suggestive
mental aids, for example, hooks for vectors and eyes for dual vectors as in Figure 1.3.
In the duality product the hook of a vector is fastened to the eye of the dual vector
and the result is a scalar with neither a hook nor an eye left free. This has an obvious
analogy in atoms forming molecules.

1.2.3 Dyadics

Linear mappings from a vector to a vector can be conveniently expressed in the
coordinate-free dyadic notation. Here we consider only the basic notation and leave
more detailed properties to Chapter 2. Dyadic product of a vector ¢ and a dual vector
~ is denoted by cv. The "no-sign" dyadic multiplication originally introduced by
Gibbs [28,40] is adopted here instead of the sign ® preferred by the mathematicians.
Also, other signs for the dyadic product have been in use since Gibbs,— for example,
the colon [53].
The dyadic product can be defined by considering the expression

b = c(v]a) = (¢7)la, (1.6)

which extends the associative law (order of the two multiplications as shown by the
brackets). The dyad c~y acts as a linear mapping from a vector a to another vector b.
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Fig. 1.4  Dyadic product (no sign) of a vector and a dual vector in this order produces an
object which can be visualized as having a hook on the left and an eye on the right.

Similarly, the dyadic product «yc acts as a linear mapping from a dual vector  to 8
as

B =(cla) = (yc)|a. (1.7

The dyadic product acx can be pictured as an ordered pair of quantities glued back-
to-back so that the hook of the vector a points to the left and the eye of the dual vector
a points to the right (Figure 1.4).

Any linear mapping within each vector space [E; and IF; can be performed through
dyadic polynomials, or dyadics in short. Whenever possible, dyadics are denoted by
capital sans-serif characters with two overbars, otherwise by standard symbols with
two overbars:

b:i|a, K:Zci'yi:cl'ylnb--—{—cn'yn, (1.8)

B=ATla, AT =3 vci=me1 4 +Vpcn. (19)

Here, T denotes the transpose operation: (cy)”

dyadic can be pictured as shown in Figure 1.5.

= ~c. Mapping of a vector by a

Let us denote the space of dyadics of the type A above by E; F; (short for E; x [Fy)
and, that of the type iT by F1 E; (F; x E;). An element of the space E; F; maps the
vector space [E; onto itself (from the right, from the left it maps the space F; onto
itself). If a given dyadic A maps the space E; onto itself, i.e., any vector basis {e;}
to another vector basis {e}}, the dyadic is called complete and there exists a unique

inverse dyadic A~'. The dyadic is incomplete if it maps E; only to a subspace of E; .
Such a dyadic does not have a unique inverse. The dimensions of the dyadic spaces
F,E, and E; Fy are n2.

The dyadic product does not commute. Actually, as was seen above, the transpose
operation T maps dyadics [E; F; to another space Iy [E; . There are no concepts like
symmetry and antisymmetry applicable to dyadics in these spaces. Later we will
encounter other dyadic spaces [£; [y , '} F; containing symmetric and antisymmetric
dyadics.

The unit dyadic | maps any vector to itself: lja = a. Thus, it also maps any E;
dyadic to itself: I|A = A. Because any vector a can be expressed in terms of a basis
{e;} and its reciprocal dual basis {e;} as

a=Y ei(eia) =) (eei)la, (1.10)
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Fig. 1.5 Dyadic A maps a vector a to the vector K|a,

the unit dyadic can be expanded as
T:Zeisi:elel + esea + - + ep€En. (1.11)

The form is not unique because we can choose one of the reciprocal bases {e; }, {€;}
arbitrarily. The transposed unit dyadic

TT:Zeiei:ele1—|—€2€2+-"+€nen (1.12)

serves as the unit dyadic for the dual vectors satisfying 17| = « for any dual vector

a. We can also write a|l = a and a|l” = a.

Problems

1.2.1 Given a basis of vectors {a;} and a basis of dual vectors {f3,}, find the basis
of dual vectors {a; } dual to {a;} in terms of the basis {3, }.

1.2.2 Show that, in a space of n dimensions, any dyadic A can be expressed as a sum
of n dyads a; ;.

1.3 BIVECTORS

1.3.1 Wedge product
The wedge product (outer product) between any two elements a and b of the vector
space [E; and elements a, 8 of the dual vector space F; is defined to satisfy the
anticommutative law:

aAb=-bAa, aAB=-BAa. (1.13)
Anticommutativity implies that the wedge product of any element with itself vanishes:

aNa=0, aAa=0. (1.14)

Actually, (1.14) implies (1.13), because we can expand

(a+b)A(a+b)=aAa+aAb+bAra+bAb
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oo a>

Fig. 1.6  Visual aid for forming the wedge product of two vectors. The bivector has a double
hook and, the dual bivector, a double eye.

=aAb+bAa=0. (1.15)

A scalar factor can be moved outside the wedge product:
aA (Ab) = A(aAb). (1.16)

Wedge product between a vector and a dual vector is not defined.

1.3.2 Basis bivectors

The wedge product of two vectors is neither a vector nor a dyadic but a bivector,* or 2-
vector, which is an element of another space [, . Correspondingly, the wedge product
of two dual vectors is a dual bivector, an element of the space F,. A bivector can be
visualized by a double hook as in Figure 1.6 and, a dual bivector, by a double eye.
Whenever possible, bivectors are denoted by boldface Roman capital letters like A,
and dual bivectors are denoted by boldface Greek capital letters like ®. However, in
many cases we have to follow the classical notation of the electromagnetic literature.

A bivector of the form a A b is called a simple bivector [33]. General elements of
the bivector space [, are linear combinations of simple bivectors,

A=a;Ab;+ayAby+---=) a;Ab; 1.17)

The basis elements in the spaces [y and F, can be expanded in terms of the respective
basis elements of E; and ;. The basis bivectors and dual bivectors are denoted by
lowercase letters with double indices as

e; = e Nej=—ej, (1.18)
g;NEgj = —€jj;. (1.19)

E,’j

Due to antisymmetry of the wedge product, the bi-index ¢j has some redundancy since
the basis elements with indices of the form ¢¢ are zero and the elements corresponding
to the bi-index i) equal the negative of those with the bi-index ji. Thus, instead of
n?, the dimension of the spaces Ey (n) and F (n) is only n(n — 1) /2. For the two-,
three-, and four-dimensional vector spaces, the respective dimensions of the bivector
spaces are one, three, and six.

4Note that, originally, J.W. Gibbs called complex vectors of the form a + jb bivectors. This meaning is
still occasionally encountered in the literature [9].
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The wedge product of two vector expansions

a= Zaiei, b= 2 bje; (1.20)

gives the bivector expansion

aAb = Zaiei/\Zb]’e]’ = Zaibjeij (1.21)
4,7
= aibseis + asbiesr + arbsers +azbiesy + - -. (1.22)

Because of the redundancy, we can reduce the number of bi-indices ¢j by ordering,
i.e., restricting to indices satisfying ¢ < j:

aAb= E(Gib]’ —ajb;)e;;
i<j
= (a1bs — azby)e1s + (a1bs — azby)eiz + - - + (arb, — anbr)ern
+(azbs — azbz)ess + (azby — agbz)esy + -+ - + (a2b, — anbz)es,
+ 4+ (an—1by — anbn—l)e(n—l)n- (1.23)

Euclidean and Minkowskian bivectors For a more symmetric representation,
cyclic ordering of the bi-indices is often preferred in the three-dimensional Euclidean
Eu3 space:

aANb= (a1b2 — agbl)elg + (a2b3 — agb2)623 + (a3b1 — albg)egl. (124)

The four-dimensional Minkowskian space Mi4 can be understood as Eu3 with an
added dimension corresponding to the index 4. In this case, the ordering is usually
taken cyclic in the indices 1,2,3 and the index 4 is written last as

aAb = (arbs — asbi)e1a + (a2bs — agha)ess + (ashr — a1bs)es
—|—(a1b4 — a4b1)e14 + (a2b4 — a4b2)e24 + (a3b4 — a4b3)e34. (1.25)

More generally, expressing Minkowskian vectors am and dual vectors am as
am = a+eqa4, QM= Q-+ E4Qy, (1.26)

where a and a are vector and dual vector components in the Euclidean Eu3 space,
the wedge product of two Minkowskian vectors can be expanded as

am Abm = (a + e4a4) N (b + e4b4) =aAb+ (ab4 - ba4) N ey. (1.27)

Thus, any bivector or dual bivector in the Mi4 space can be naturally expanded in the
form
Av=A+alNe;,, Pu=P+aAe,, (1.28)

where A, a, ®, and a denote the respective Euclidean bivector, vector, dual bivector,
and dual vector components.
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For two-dimensional vectors the dimension of the bivectors is 1 and all bivectors
can be expressed as multiples of a single basis element e12. Because for the three-
dimensional vector space the bivector space has the dimension 3, bivectors have a
close relation to vectors. In the Gibbsian vector algebra, where the wedge product
is replaced by the cross product, bivectors are identified with vectors. In the four-
dimensional vector space, bivectors form a six-dimensional space, and they can be
represented in terms of a combination of a three-dimensional vector and bivector,
each of dimension 3.

In terms of basis bivectors, respective expansions for the general bivector A =
> ij A;je;; in spaces of dimension n = 2, 3, and 4 can be, respectively, written as

A = Apen, (1.29)
A = Appeqr + Arzess + Azresy, (1.30)
A = Appeis + Aszess + Aziesr + Arsers + Asgess + Asgesy. (1.31)

Similar expansions apply for the dual bivectors @ = ) ®;;e;;. It can be shown that
any bivector A in the case n = 3 can be expressed in the form of a simple bivector
A = a A b in terms of two vectors a,b. The proof is left as an exercise. This
decomposition is not unique since, for example, we can write (a + Ab) A b instead
of a A b with any scalar A without changing the bivector. On the other hand, for
n = 4, any bivector can be expressed as a sum of two simple bivectors, in the form
A =a Ab+ cAdinterms of four vectors a, b, ¢, d. Again, this representation is
not unique. The proof can be based on separating the fourth dimension as was done
in (1.28).

1.3.3 Duality product

The duality product of a vector and a dual vector is straightforwardly generalized to
that of a bivector and a dual bivector by defining the product for the reciprocal basis
bivectors and dual bivectors as

612|e12 =1, 612|e13 =0, 613|‘313 =1,.. (1.32)
and more generally
€J|eK = (5JK, J = {2]}, K = {k(} (1.33)

Here, J and K are ordered bi-indices (i < j, k < £) and the symbol § ;i has the
value 1 only when both ij = k/, otherwise it is zero. Thus, we can write

dsk = Ofijy{key = Oikdje- (1.34)

The corresponding definition for nonordered indices .J, K has to take also into account
that d jx = —1 when ij = £k, in which case (1.34) is generalized to

d01K = Oixdje — 0l (1.35)
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Fig. 1.7  Duality product of a bivector a A' b and a dual bivector o N\ 3 gives the scalar
A= (aAb)|(aApB).

Bivectors and dual bivectors can be pictured as objects with a respective double
hook and double eye. In the duality product the double hook is fastened to the double
eye to make an object with no free hooks or eyes, a scalar, Figure 1.7. The duality
product of a bivector and a dual bivector can be expanded in terms of duality products
of vectors and dual vectors. The expansion is based on the bivector identity

(anpB)l(anb) = (ala)(B[b) - (ab)(Bla)

(afa) (alb)
det ( (Bla) (BIb) ) (1.30)

which can be easily derived by first expanding the vectors and dual vectors in terms
of the basis vectors e; and the reciprocal dual basis vectors €. From the form of
(1.36) it can be seen that all expressions change sign when a and b or & and 3 are
interchanged. By arranging terms, the identity (1.36) can be rewritten in two other
forms

(aAB)(aAb) = al(ab—ba)|d = al(@B - Ba)b.  (1.37)

Here we have introduced the dyadic product of two vectors, ab, and two dual vectors,
a3, which are elements of the respective spaces E,E; (= E; x E;) and F; F; (=
F; x Fy). Any sum of dyadic products Y a;b; serves as a mapping of a dual vector
to a vector F; — E; as > a;b;|y = c. In analogy to the double-dot product in the
Gibbsian dyadic algebra [28,40], we can define the double-duality product || between
two dyadics, elements of the spaces £y [E; and F; F; or E; F; and IF E; :

(afa)(Bb) = (ap)l/(ab) = (ab)||(aB)
= (ap)l/(ab) = (ab)||(aB). (1.38)

The result is a scalar. For two dyadics K, ﬁ € E;F; or € 1 E; the double-duality
product satisfies

A||B” =B”||A = A”||B = B||A”. (1.39)
The identity (1.36) can be rewritten in the following forms:

ap)l|(ab —ba) = (a8 - Ba)||(ab)

(anp)l(anb) = (
%(aﬂ — Ba)||(ab — ba). (1.40)
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For two antisymmetric dyadics

K = Z(albl — biai), E = Z(Oéj,@j — ﬁjaj) (141)
this can be generalized as

AlB=2"(aiAb)l(a; AB;). (1.42)

i,j

The double-duality product of a symmetric and an antisymmetric dyadic always van-
ishes, as is seen from (1.39).

1.3.4 Incomplete duality product

Because the scalar (a A 8)|(a A b) is a linear function of the dual vector a, there is
must exist a vector ¢ such that we can write

(@A B)(anb) = alc. (1.43)

Since c is a linear function of the dual vector 3 and the bivector a A b, we can express
it in the form of their product as

c=p](aAb), (1.44)

where | is the sign of the incomplete duality product. Another way to express the
same scalar quantity is

cla = —(aAb)[(BAa) = —((anb)[B)le, (1.45)

which defines another product sign |. The relation between the two incomplete
products is, thus,

Bl(anb) =—(aAb)|B. (1.46)
More generally, we can write
al]A=-Ala, a|®=-®|a, (1.47)

when a is a vector, « is a dual vector, A is a bivector and ® is a dual bivector. The
horizontal line points to the quantity which has lower grade. In these cases it is either
a vector or a dual vector. In an incomplete duality product of a dual vector and a
bivector one hook and one eye are eliminated as is shown in Figure 1.8.

The defining formulas can be easily memorized from the rules

aj(b]®) =(aAb)|®, (®|b)la=®(bAa), (1.48)
valid for any two vectors a, b and a dual bivector ®. The dual form is

al(B]A) = (aAB)A, (Ala)|B=Al(aAp). (1.49)
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Fig. 1.8 The incomplete duality product between a dual vector (3 and a bivector A gives a
vector 3| A.

Bac cab rule Applying (1.36), we obtain an important expansion rule for two
vectors b, ¢ and a dual vector «, which, followed by its dual, can be written as

al(bAc) = b(ale) —c(alb) =—-(bAcd)|a, (1.50)
a|(BAy) = Blaly) —~(lp) =—(BA7)|a (1.51)

These identities can be easily memorized from their similarity to the “bac-cab” rule
familiar for Gibbsian vectors:

ax(bxc)=b(a-¢c)—c(a-b)=—(bxc)xa. (1.52)

The incomplete duality product often corresponds to the cross product in Gibbsian
vector algebra.

Decomposition of vector The bac-cab rule for Gibbsian vectors, (1.52), can
be used to decompose any vector to components parallel and orthogonal to a given
vector. Equation (1.50) defines a similar decomposition for a vector b in a component
parallel to a given vector a and orthogonal to a given dual vector a provided these
satisfy the condition ala # 0,

b:b”—{—bL, a/\b”:O, a|bL:0. (1.53)
In fact, writing (1.50) with ¢ = a as

_bla_ aj(bAa)

b= , (1.54)
ala ala
we can identify the components as
b b A
by = bla = 2bra) (1.55)
ala aja

1.3.5 Bivector dyadics

Dyadic product CT' of a bivector C and a dual bivector I' is defined as a linear
mapping from a bivector A to a multiple of the bivector C (B — Es):

(CT)|A = C(T|A). (1.56)
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More generally, bivector dyadics of the form A= > C;T'; are elements of the space
E,F,. The dual counterpart is the dyadic ) I';C; of the space FoE>. In terms of

reciprocal bivector and dual bivector bases {e;x }, {€¢}, any bivector dyadic A can
be expressed as

K: ZAIJGIEJ, (157)

where I and .J are two (ordered) bi-indices. Expanding any bivector C as

C = Zeij (E.'”|C) = Z(eijEi]’”C, (158)

i<j i<j

we can identify the unit bivector dyadic denoted by 12 which maps a bivector to
itself as _
1) = Zeijeij = e12€12 + €13€13 + €23€23 + -+ (1.59)
i<j
The indices here are ordered, but we can also write it in terms of nonordered indices
as
f(2>_lze..e.._l[e 1
=3 ij€ij = 5|€12€12 +es1601 +e13613 +eg1e3 +---]. (1.60)
i,
The bivector unit dyadic 1(*) maps any bivector to itself, and its dual equals its
transpose,

@arb)=anb, 1OT|(@rp)=aAp. (L6

Double-wedge product We can introduce the double-wedge product \ between
two dyadic products of vectors and dual vectors,

(aa)X(bB) = (aAb)(a A B), (1.62)
and extend it to two dyadics as
ANB = (aia)A Y (b;B;) = (a; Abj)(ai AB;). (1.63)
i.J
Double-wedge product of two dyadics of the space E; Iy is in the space Ex . From

the anticommutation property of the wedge product,a Ab = —b A a, it follows that
the double-wedge product of two dyadics commutes:

= D (aa)r Y (b;B) =D (aiAbj)(aiAB))

= Y (bina))(B; Aey) = BAA. (1.64)

A
A

||
os]]]

A resembles its Gibbsian counterpart %, the double-cross product [28,40], which is
also commutative. Expanding the bivector unit dyadic as

= 1 1
1) = B Z(ei ANej)(eiNej) = B Z(eifz’)ﬁ Z(ejej), (1.65)

4,3
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we obtain an important relation between the unit dyadics in vector and bivector spaces:
:(2) ]_ :/\ =
") = 3 IAl (1.66)

The transpose of this identity gives the corresponding relation in the space of dual
vectors and bivectors.

Problems

1.3.1 From linear independence of the basis bivectors show that the conditionaAb =
0 with a # 0 implies the existence of a scalar A such that b = Aa.

1.3.2 Prove (1.36) (a) through the basis bivectors and dual bivectors and (b) by con-
sidering the possible resulting scalar function made up with the four different
duality products ar|a, B|a, a|b and G|b.

1.3.3 Show that a bivector of the form A = Asa; Aas + Aszas Aaz + Aszjaz Aa;g
can be written as a simple bivector, in the form A = b A c¢. This means
that for n = 3 any bivector can be expressed as a simple bivector. Hint: The
representation is not unique. Try A = (aa; + Bas) A (yas + daz) and find
the scalar coefficients - - - 4.

1.3.4 Show that for n = 4 any bivector A can be written as a sum of two simple
bivectors, in the form A =aAb +cAd.

1.3.5 Prove the rule (1.90).

1.3.6 Prove that if a dual vector « satisfies ala = 0 for some vector a, there exists
a dual bivector ® such that « can be expressed in the form a = a|®.

1.4 MULTIVECTORS

Further consecutive wedge multiplications of vectors a A b A c - - - give trivectors,
quadrivectors, and multivectors of higher grade. This brings about a problem of nota-
tion because there does not exist enough different character types for each multivector
and dual multivector species. To emphasize the grade of the multivector, we occa-
sionally denote p-vectors and dual p-vectors by superscripts as a? and . However,
in general, trivectors and quadrivectors will be denoted similarly as either vectors or
bivectors, by boldface Latin letters like a, A. Dual trivectors and quadrivectors will
be denoted by the corresponding Greek letters like c, ®.

1.4.1 Trivectors

Because the wedge product is associative, it is possible to leave out the brackets in
defining the trivector,

aA(bAc)=(aAb)Ac=aAbAc. (1.67)
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From the antisymmetry of the wedge product, we immediately obtain the permutation
rule

aAbAc = bAcAa=cAaAb=-aAcAb
= —cAbAa=-bAaAc. (1.68)

This means that the trivector is invariant to cyclic permutations and otherwise changes
sign. The space of trivectors is E3, and that of dual trivectors, F3. Because of
antisymmetry, the product vanishes when two vectors in the trivector product are the
same. More generally, if one of the vectors is a linear combination of the other two,
the trivector product vanishes:

aAbA(aa+ fb)=—-aaNaAb+paAbAb=0. (1.69)

The general trivector can be expressed as a sum of trivector products,
Q:Zai/\bi/\ci:al/\bl/\cl+a2/\b2/\c2+--- (170)

The maximum number of linearly independent terms in this expansion equals the
dimension of the trivector space which is n(n — 1)(n — 2)/3!. When n = 2, the
dimension of the space of trivectors is zero. In fact, there exist no trivectors based
on the two-dimensional vector space [E; (2) because three vectors are always linearly
dependent. In the three-dimensional space the trivectors form a one-dimensional
space because they all are multiples of a single trivector e; A €2 A e3 = eja3. In the
four-dimensional vector space trivectors form another space of four dimensions. In
particular, in the Minkowskian space Mi4 of vectors, trivectors k,, can be expressed
in terms of three-dimensional Euclidean trivectors k and bivectors K as

kv =k +es AK. (1.71)

As a memory aid, trivectors can be pictured as objects with triple hooks and dual
trivectors as ones with triple eyes. In the duality product the triple hook is fastened
to the triple eye and the result is a scalar with no free hooks or eyes. Geometrical
interpretation will be discussed in Section 1.5.

1.4.2 Basis trivectors

A set of basis trivectors {e;;1 } can be constructed from basis vectors and bivectors
as

ek = € Nep=e Nejr=¢e NejNeg
= €jki = €ij = —€jkj = —€kji = —€jik. (1.72)

Similar expressions can be written for the dual case. The trivector and dual trivector
bases are reciprocal if the underlying vector and dual vector bases are reciprocal:

Eijklerst = epst|€ijr = Ofrstifijk} = O0ridsjOtk
(erlei)(esles) (edler). (1.73)
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Here ijk and rst are ordered tri-indices.
Basis expansion gives us a possibility to prove the following simple theorem: If
a # 0 is a vector and A a bivector which satisfies a A A = 0, there exists another
vector b such that we can write A = a A b. In fact, choosing a basis with e; = a
and expressing A = ) A;;e;; with i < j gives us
aNA= ) Aje NejNej=0. (1.74)
1<i<j

Because e; A e; A e; are linearly independent trivectors for 1 < ¢ < j, this implies
A;j = 0 when ¢ # 1. Thus, the bivector A can be written in the form

A:A1261A62+A1361 /\63+"':a/\b, b:ZAljej. (175)

1.4.3 Trivector identities

From the permutational property (1.72) we can derive the following basic identity for
the duality product of a trivector and a dual trivector:

ala alb ac
(aABAY)[(aAbAc)=det] Bla Bb PBlc |. (1.76)
vla b Ale

As a simple check, it can be seen that the right-hand side vanishes whenever two of
the vectors or dual vectors are scalar multiples of each other. Introducing the triple
duality product between triadic products of vectors and dual vectors as

(abe)||[(aBv) = (ala)(b|B)(c|v) = (aBv)|l/(abe), (1.77)
(1.76) can expressed as

(aABAY)|(aAbAc)
= (af7v)|||(abc + bca + cab — acb — cba — bac)

= (v + Bya +~vaf — avB — Bay — yBa)|||(abe), (1.78)

which can be easily memorized. Triadics or polyadics of higher order will not oth-
erwise be applied in the present analysis. Other forms are obtained by applying
(1.40):

(@ABAY)|(aAbAcC) (1.79)
= (a /\ﬂ)|((a/\b)c+ (bAc)a+ (c/\a)b)|’y
- a|(a(b/\c) +b(cAa) +c(a/\b))|(ﬂ A)
= @Ab)|((@AB)Y+(BAYa+ (v Aa)B)le.

=al(a(BAy)+B(vAQ) +(@AB))lbAc).  (180)

The sum expressions involve dyadic products of vectors and bivectors or dual vectors
and dual bivectors.
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(@nBAv)i(anbace) = alB](v](arbAc))

Fig. 1.9 Visualization of a trivector product rule.

Incomplete duality product In terms of (1.78), (1.80) we can expand the in-
complete duality products between a dual bivector and a trivector defined by

(@ABAY)|(aAbAc)=al((BAY)](aAbAc), (1.81)

(BAY)(aAbAC) = (a(b/\c) +b(cAa) -|-c(a/\b))|(ﬁ/\'y). (1.82)

A visualization of incomplete products arising from a trivector product is seen in
Figure 1.9. Equation (1.82) shows us that a A b A ¢ = 0 implies linear dependence
of the vector triple a, b, ¢, because we then have

a((bAc)[(BAY) +b((cra)l(BAy))+c((@arb)|[(BAy) =0, (1.83)

valid for any dual vectors 3, . Thus, in a space of three dimensions, three vectors
a, b, ¢ can make a basis only if a A b A ¢ # 0. Similarly, from

(a/\,B/\'y)|(a/\b/\c):(a/\,@)|(7](a/\b/\c)), (1.84)

we can expand the incomplete duality product between a dual vector and a trivector
as
Yl(aAbAc)= ((a/\b)c+ (bAc)a+ (c/\a)b)h’. (1.85)

Different forms for this rule can be found through duality and multiplying from the
right. Equation (1.85) shows us thata A b A ¢ = 0 also implies linear dependence of
the three bivectors (a A b), (b Ac), (cAa).

The trivector unit dyadic I®) maps any trivector to itself, and its dual equals its
transpose,

I®(aAbAc) = aAbAc, (1.86)
IOT(aABAY) = aABA7. (1.87)

The basis expansion is
1) = Z €ijk€ijk = €123€123 + €124€124 + €134€134 + - - (1.88)

i<j<k
The trivector unit dyadic can be shown to satisfy the relations

= ].: = ]_: = ]_: = =
1) = §|(2>m = gw(?) = g'm'- (1.89)
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Bac cab rule A useful bac cab formula is obtained from (1.50) when replacing
the vector ¢ by a bivector C. The rule (1.50) is changed to

a](bAC)=bA (a]C)+ C(alb) = (bAC)|e, (1.90)
while its dual (1.51) is changed to
a|(BAT)=pBA(a]l)+I(a|B) = (BAT)|a. (1.91)

Note the difference in sign in (1.50) and (1.90) and their duals (this is why we prefer
calling them “bac cab rules” instead of “bac-cab rules” as is done for Gibbsian vectors
[14]). The proof of (1.90) and some of its generalizations are left as an exercise. A
futher generalization to multivectors will be given in Section 1.4.8. The rule (1.90)
gives rise to a decomposition rule similar to that in (1.53). In fact, given a bivector
B we can expand it in components parallel to another bivector A and orthogonal to
a dual vector o as

B=B|+B., aAnB; =0, a/B, =0. (1.92)
The components can be expressed as
B B
B - 2A@B) o al@nB) .
aja ala

1.4.4 p-vectors

Proceeding in the same manner as before, multiplying p vectors or dual vectors,
quantities called p-vectors or dual p-vectors, elements of the space I, or IF,, are
obtained. The dimension of these two spaces equals the binomial coefficient

o < p ) - P! ~ pln-pl n2p. (1.94)

The following table gives the dimension C) corresponding to the grade p of the
multivector and dimension n of the original vector space:

‘panQ‘n:Z’)‘nzél‘
5 0 0 0

S = N W A
—_— N = O O
—_— W W = O
e AN

One may note that the dimension of E,, is largest for p = n/2 when n is even and
forp = (n £ 1)/2 when n is odd. The dimension C}' is the same when p is replaced
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by n — p. This is why the spaces [E, and E,,_, can be mapped onto one another.
A mapping of this kind is denoted by * (Hodge’s star _operator) in mathematical

literature. Here we express it through Hodge’s dyadics H,. If x” is an element of

E,, *xP or H,|xP is an element of E,,_,. More on Hodge’s dyadics will be found in
Chapter 2.

The duality product can be generalized for any p-vectors and dual p-vectors through
the reciprocal p-vector and dual p-vector bases satisfying the orthogonality

E]|eK:6JK. (195)

Here J = {jijo---jp} and K = {kiko---k,} are two ordered p-indices with
71 < Jgo... < jp, k1 <ks. < kp and

6JK:6j1k16jgkg"'6jpkp- (1.96)
The p-vector unit dyadic is defined through p unit dyadics Tas
= 1 =, = =
[(P) — —,WQ"'N- (1.97)
p!

If x? is a p-vector and y¥ is a g-vector, from the anticommutativity rule of the
wedge product we can obtain the general commutation rule

xP ANy? = (—1)Ply? AXP. (1.98)

This product commutes unless both p and ¢ are odd numbers, in which case it anti-
commutes. For example, if y? is a bivector (¢ = 2), it commutes with any p-vector
x? in the wedge product.

1.4.5 Incomplete duality product

The incomplete duality product can be defined to a p-vector and a dual g-vector when
p # q. The resultis a p — ¢ vector if p > ¢ and a dual ¢ — p vector if p < ¢. In
mathematics such a productis known as contraction, because it reduces the grade of the
multivector or dual multivector. In the multiplication sign | or | the short line points
to the multivector or dual multivector with smaller p or ¢. In reference 18 the duality
product sign | was defined to include also the incomplete duality product. Actually,
since the different multiplication signs A, |, |, | apply in different environments, we
could replace all of them by a single sign and interprete the operation with respect to
the grades of the multiplicants. However, since this would make the analysis more
vulnerable to errors, it does not appear wise to simplify the notation too much.

Considering a dual g-vector a? and a g-vector of the form aP? A b?™P with ¢ > p,
their duality product can be expressed as

a’|(a? AbIP) = (al|a?)[bi?, (1.99)

which defines the incomplete duality product of a p-vector and a dual g-vector. The
dual case is

all(a? ABTP) = (at[a?)|B17. (1.100)
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Again, we can use the memory aid by inserting p hooks in the p-vector a? and q eyes
in the dual g-vector a?, as was done in Figure 1.9. If p < ¢, in the incomplete duality
product p hooks are caught by p eyes and the object is left with ¢ — p free eyes, which
makes it a dual (¢ — p)-vector a?|aP.

From the symmetry of the duality product we can write

ayl(ap Abyg—y) = (apAbyp)ley
(_1)p(q7p) (bp—q Nap)lay
= bqu|((_1)p(q_p)apjaq)- (1.101)
Thus, we obtain the important commutation relations
agla, = (-1)"" Pa,lay, a,la, = (-1)"" Pa,)a, (1.102)

which can be remembered so that the power of —1 is the smaller of p and ¢ multiplied
by their difference. It is seen that the incomplete duality product is antisymmetric
only when the smaller index p is odd and the larger index g is even. In all other cases
it is symmetric.

1.4.6 Basis multivectors

In forming incomplete duality products between different elements of multivector
spaces, it is often helpful to work with expansions, in which cases incomplete duality
products of different basis elements are needed. Most conveniently, they can be
expressed as a set of rules which can be derived following the example of

i ;é Js (Eij Lei)|ek = 5ij|eik = (Sjk = €j|ek = €&y |_e,~ =€;. (1.103)
Here we can use the antisymmetric property of the wedge productas €;; = —¢; and
the commutation rule (1.102) to obtain other variants:
i £, eijles = €5, eijle;=—e, (1.104)
) 75 j, E,’Jeij = —€y, ejjeij = €;. (1105)
The dual cases can be simply written by excanging vectors and dual vectors:
i#J, eijlei = e, ejjle; = —e (1.106)
i #j, ele; = —g5, ejley =e; (1.107)

Generic formulas for trivectors and quadrivectors can be written as follows when
€k 7& 0 and €ijkt 7é 0:

cijklei; = eijleijr = €, (1.108)

gijrlei = eileijr = €jk, (1.109)
Eijrelei = —eil€ijre = €jke, (1.110)
ijrelei = eijleijre = €, (1.111)

Eijke | €ijk —eijk|€ijke = €4, (1.112)
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which can be transformed to other forms using antisymmetry and duality. A good
memory rule is that we can eliminate the first indices in the expressions of the form

(€ijre # 0, €510 # 0)
Eijkel€ijk = €jkelejr = ereler = e, (1.113)
and the last indices in the form
€ijk)€ijhe = —E€ijk])€pijk = —€ijlenj = —€i)en = —eq. (1.114)

If J = jijo---jp is a p-index and €%}, e?{(t’]’) are a basis p-vector and its comple-
mentary basis n — p vector,

el =ej Nej, A---Nej,, (1.115)

n—
€

K(g) =e1N---Nej_1ANej /\"'/\ejp—l /\ejp-i-l AN Nep, (1.116)

we can derive the relations
ehnedy = (1D)"en, e Aeh = (1P P (1) Wey, (1.117)

where we denote

p

o) = Gi—i)=(G1— 1)+ G—2) + -+ (Gp—p) (1.118)

i=1

Details are left as an exercise. Equation (1.117) implies the rules

enlel = (-1)"Peg ), (1.119)

enlei s = (=P P (=1)°Deb, (1.120)

enl(enleh) = (-1)7Penlef ) = (1) ek, (1.121)
enllenlef ) = (=1)P P (=1)"Pley e = (~1)P"Pef b (1.122)

which can be easily written in their dual form.

Example As an example of applying the previous formulas let us expand the dual
quadrivector € A (€;5r5 | €;5) in the case n = 4. From (1.111) we have fore;j,5 # 0

Ere N (Eijrs |_eij) =€kt N\ Ers = Ekprs, (1.123)

which is a multiple of €1234. Let us assume ordered pairs k < £andi < j andr # s.
Now, obviously, €;-, vanishes unless 4 and j are different from » and s. Thus, the
result vanishes unless k¥ = i and £ = j and for €;;,s # 0 the result can be written as

ere A (Eijrs|€ij) = dprerfijyrers = (Eneleij)€ijrs- (1.124)
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s e

Fig. 1.10  Visualization of the rule (1.125) valid forn = 4. One can check that the quantities
on each side is a dual quadrivector.

Let us generalize this result. Since in a four-dimensional space any dual quadrivector
is a multiple of €1234, we can replace €;;,, by an arbitrary quadrivector K = k€1234.
Further, we can multiply the equation by a scalar A;; and sum over ¢, j to obtain an
arbitrary bivector A = )" A;;e;;. Similarly, we can multiply both sides by the scalar
¢ and sum, whence an arbitrary dual bivector ® = > ®pey, will arise. Thus, we
arrive at the dual quadrivector identity

P A(kK|A) = k(P|A) (1.125)
valid for any dual bivector ®, dual quadrivector k£ and bivector A in the four-

dimensional space. A visualization of this is seen in Figure 1.10.

1.4.7 Generalized bac cab rule

The bac cab rules (1.50) and (1.90) can be generalized to the following identity, which,
however, does not have the mnemonic “bac cab” form:

(a? AaP)|a = (al|a) AaP + (—1)%a? A (af |a). (1.126)

Here, a? is a g-vector, a” is a p-vector, and « is a dual vector. For the special case
q = 1 we have the rule

(anaP)|a = (aja)a’ —a A (a’|a). (1.127)
When p + g > n, the left-hand side vanishes and we have
(a?la) NaP = (—1)P(a’|la)Nal, p+q>n. (1.128)

The proof of (1.126) is left as a problem. Let us make a few checks of the
identity. The inner consistency can be checked by changing the order of all wedge
multiplications with associated sign changes. Equation (1.126), then, becomes

(=D (a” Aa’)|a
= (=)@ VaP A (al|a) + (=1)7(=1)7P~D(aP|a) Aal, (1.129)

which can be seen to reduce to (1.126) with ¢ and p interchanged. As a second check
we choose a? = ¢ and aP = b as vectors with p = ¢ = 1. Equation (1.126) then



26 MULTIVECTORS

gives us the bac cab rule (1.50), because with proper change of product signs we
arrive at

(cAb)la = a](bAc)=(c]a)b—c(bla)
= b(alc) —c(afb). (1.130)

Finally, choosing a¢ = b, a vector and a? = C, a bivector, with ¢ = 1,p = 2, the
rule (1.90) is seen to follow from (1.126):

(bAC)|a a)(bAC) = (bla)C — b A (Cla)

= bA(a|C)+ C(alb). (1.131)
Thus, (1.126) could be called the mother of bac cab rules.
Equation (1.126) involves a single dual vector o and it can be used to produce

other useful rules by adding new dual vectors. In fact, multiplying (1.126) by a second
dual vector as |3 we obtain the following identity valid for p, ¢ > 2:

(@’ Aa?)[(aAB) =
(@ll(a A B)) Aa? — (=1)(a’la) A (a”|B)
+(—-1)%a?|B) A (aP|la) + a’ A (P [(a A B)). (1.132)
A further multiplication of (1.132) by another dual vector as |~ gives

(a? Aa?)|(@ A BA7)

= (a'[(@ ABAT) Aa” + (a%]a) A (@7 [(BA7))
+(a?]8) A (8 [ (v A @) + (a?[7) A (2] (@ A B))

(=1’ (@A B) A (@?[) + (1)@ [(BA) A (a7 | @)
+H(-1)" (@7 [(v A @) A (@”[B) + (~1)7a A (”[(@ A BA7)), (1133)

which now requires p, ¢ > 3.

Decomposition rule As an example of using the generalized bac cab rule (1.126)
we consider the possibility of decomposing a p-vector a? in two components as

P _ P p
a? = all +a’, (1.134)

with respect to a given vector a and a given dual vector ¢ assumed to satisfy a|a # 0.
Using terminology similar to that in decomposing vectors and bivectors as in (1.53)
and (1.92), the component aﬁ is called parallel to the vector a, and the component

a’| orthogonal to a. These concepts are defined by the respective conditions
a/\aﬁ:O, alal =0. (1.135)
Applying the bac cab rule (1.127), the decomposition can be readily written as

v a/\a(\?;m) _(a /\aT:) o (1.136)




MULTIVECTORS 27

from which the two p-vector components can be identified as

A P
VNG IL R

_(anal)|a
ala '

(1.137)
ala

Problems
1.4.1 Show that we can express

(aAbAc)(anBAy) = (ala)(bAc)(BA7)
+(@lB)(bAc)l(vy A )+ (aly)(bAc)(anpB),

and
(aAbAC)|(aABAY)
= (ala)(bAc)|(BAY) = (al(BAY)(al(bAc)).
1.4.2 The bac cab rule can be written as
a(aAb) = (ab — ba)|a.
Derive its generalizations
al(aAnbAc)=((aAb)c+ (bAc)a+ (cAa)b)la
and
aj(aAbAcAd)
= ((aAbAc)d—(bAcAd)a+(cAdAa)b—(dAaAb)c)|a

1.4.3 Show thatifabivector A in afour-dimensional space n = 4 satisfies AAA = 0,

it can be represented as a simple bivector, in the form A = a A b.
1.4.4 Derive (1.76)
1.4.5 Prove that the space of trivectors has the dimension n(n — 1)(n — 2)/3!.
1.4.6 Derive the general commutation rule (1.98).

1.4.7 Given a basis of vectors {e;}, i = 1---n and defining the complementary
(n —1)-vectors eg(;) = €1 A---€;_1 Aejyy--- Aey,and the n-vectorey =
e; A - -+ A ey, prove the identities

e; Negy = (—1)"""en, exu Aej=(-1)"""en.

1.4.8 Defining the dual n-vector ey = €1 A --- A &, corresponding to the basis
reciprocal to {e;}, prove the identities

enlei = (=1)"'exuy, enleru = (1),
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1.4.9 Prove the identity
(aJay) Aa = (ala)ay,
where a is a vector, « is a dual vector, and a is an n-vector.

1.4.10 If A is a bivector and a # 0 is a vector, show that vanishing of the trivector
aA A = 0implies the existence of a vector b such that we can write A = aAb.

1.4.11 Show thata AbAcAd = 0implies a linear relation between the four vectors
a ... d.

1.4.12 Derive (1.117) and (1.118).

1.4.13 Starting from the last result of problem 1.4.2 and applying (1.85), show that
the bac cab rule (1.90) can be written as

a(bAC) =b A (a]C) — C(alb),

when C is a trivector, b is a vector, and « is a dual vector. Write the special
case forn = 3.

1.4.14 Show that the identity in the previous problem can be written as
(bAC)|la=C(alb) — (a¢]C)ADb

and check that the same form applies for C being a bivector as well as a trivector.
Actually it works for a quadrivector as well, so it may be valid for any p-vector,
although a proof was not yet found.

1.4.15 Starting from (1.82), derive the following rule between vectors a, b, ¢ and
dual vectors 3, ~:

(BAY))(@ADAC) =albA(BAY)~(bAC)(al(BAY),
whose dual can be expressed in terms of a bivector A and a dual bivector I" as
AJ(BAT) = B(AIT) +T|(A[B).
This is another bac cab rule.
1.4.16 Prove the identity
AANBla)+BA(Ala)=(AAB)|a
where A and B are two bivectors and o a dual vector.

1.4.17 Prove the identity
aA(en|T) = —en[(T|a),

where a is a vector, I is a dual bivector, and e is an n-vector.
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1.4.18 Prove the identity
(aT)JA = A[(T[a) = (a A A)[T — a(A[T)
where A is a bivector, I is a dual bivector, and a is a vector.

1.4.19 Starting from the expansion
p .
(a; Aas A -+ Aay)|la = —a Z(—l)zaiaK(i)a
i=1

withag ;) =ar A---ANa;_1 Aagp1 A---Aay, 1 < p < n, prove the identity
(anal)|a=(ala)a? —aA(al|a)
where a? is a ¢g-vector, a is a vector, and « is a dual vector, 1 < q¢ < n.

1.4.20 Show that by inserting a? = b A a? in the previous identity and denoting the
bivectora A b = A we can derive the identity

(Anal)|a=(Ala)Na? + AN (a”|a)

1.4.21 As a generalization of the two previous identities, we anticipate the identity
(a? AaP)|a = (al|a) AaP + (—1)%al A (aP |a)

to be valid. Assuming this and writing a? = b AaP~', a? A b = a?t!, show
that the identity takes the form

(aq+1 A ap_l)La _ (aq+1 la) A aP~! 1 (_1)q+1aq+1 A (ap—l ).

From this we can conclude that, if the anticipated identity is valid for ¢ = 1
and ¢ = 2, it will be valid for any q.

1.4.22 Derive (1.132) and (1.133) in detail.
1.4.23 Prove the generalized form of (1.125) for general n,
PN (kny|[A) = kn(P|A),
when A is a bivector, @ is a dual bivector and & x is a dual n-vector.

1.4.24 Prove thatif a dual bivector @ satisfiesa | ® = 0, for some vector a, there exists
a dual trivector v € F3 such that ® can be expressed in the form ® = a|~.
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Fig. 1.11  Geometric interpretation of a three-dimensional vector as a directed line segment
and a bivector as an oriented area. The orientation is defined as a sense of circulation on the
area.

1.5 GEOMETRIC INTERPRETATION

Multivector algebra is based on the geometric foundations introduced by Grassmann,
and its elements can be given geometric interpretations. While appealing to the
eye, they do not very much help in problem solving. The almost naive algebraic
memory aid with hooks and eyes appears to be sufficient in most cases for checking
algebraic expressions against obvious errors. Itis interesting to note that the article by
Deschamps [18] introducing differential forms to electromagnetics did not contain a
single geometric figure. On the other hand, there are splendid examples of geometric
interpretation of multivectors and dual multivectors [58]. In the following we give a
simplified overview on the geometric aspects.

1.5.1 Vectors and bivectors

A three-dimensional real vector is generally interpreted as an oriented line segment
(arrow) in space. The corresponding interpretation for a bivector is an oriented area.
For example, the bivector a A b defines a parallelogram defined by the vectors a and
b (Figure 1.11). The order of the two vectors defines an orientation of the bivector
as the sense of circulation around the parallelogram and the area of the parallelogram
is proportional to the magnitude of the bivector. Change of order of a and b does
not change the area but reverses the orientation. Parallel vectors defined by a linear
relation of the form a = ab, a # 0 give zero area, a A b = 0. Orthogonality at this
stage is only defined between a vector and a dual vector as a|ae = 0. Orthogonality
of two vectors or two dual vectors is a concept which depends on the definition of a
metric dyadic (see Section 2.5).

For example, taking two basis vectors u, and u,, the wedge product of a = au,
and b = bu,, gives the bivector

aAb=abu; Auy, (1.138)

which is a multiple of the basis bivector u, A u,. Rotating the vectors by an angle 6
as a = a(uy cos @ + uy sin ) and b = b(u, sin 6 — u, cos §), the bivector becomes

aAb = ab(cos® 0 + sin?0)u, A u, = abu, Au,, (1.139)
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Fig. 1.12  Geometric interpretation of a trivector as an oriented volume. Orientation is
defined as handedness, which in this case is that of a right-handed screw.

which coincides with the previous one. Thus, the bivector is invariant to the rotation.
Also, it is invariant if we multiply a and divide b by the same real number .

1.5.2 Trivectors

Three real vectors a, b, and c define a parallelepiped. The trivector aAb Ac represents
its volume V' with orientation. In component form we can write

aAbAc
= [az(byc, — b.cy) + ay(b.cy — byc.) + a.(bzcy — bycy)|ug Auy Au,

gy Gy G
=det| b, b, b, |w.Au,Au. (1.140)

The determinant of the 3 x 3 matrix defined by the components of the vector equals
the Gibbsian scalar triple product a X b - ¢ and it vanishes when the three vectors
are linearly dependent. In this case the vectors lie in the same plane and the volume
of the parallepiped is zero. The orientation of a given trivector k is given in terms
of its handedness. Taken after one another, three nonplanar vectors a, b, ¢ define
a screw in space which can be right or left handed, Figure 1.12. Changing the
order of any two vectors changes the handedness of the trivector. Handedness of
a trivector can also be determined with respect to a given reference dual trivector
€123. If k|eqa3 is positive, k has the same handedness as €123, otherwise it has the
opposite handedness. If the coordinate system x, y, z is labeled as right handed, the
trivector u, Au, Au, corresponds to a unit cube with right-handed orientation. If the
expression in the square brackets in (1.140) is positive, it represents the volume of a
right-handed parallelepiped. With negative sign, its magnitude gives the volume of a
left-handed parallelepiped. For complex vectors the simple geometric interpretation
breaks. Complex vectors can be interpreted in terms of oriented ellipses [28,40], but
bivectors and trivectors cannot be easily given a mental picture.
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N

Fig. 1.13  Geometric interpretation of a dual vector as a set of parallel planes with orien-
tation and density.

1.5.3 Dual vectors

Dual vectors are objects which map vectors onto scalars through the duality product.
Elements of dual vectors can be represented in the three-dimensional Euclidean vector
space by considering the set of vectors which are mapped onto the same scalar value.
For example, the dual vector & = aeq maps all vectorsr = Y, z;e; onto the scalar
value a when the tip of the vector r lies on the plane 1 = a. Thus, the dual vector
« is like a directed measuring tape with parallel planes labeled by the distance in the
perpendicular direction of the tape. The magnitude (“length”) of the dual vector is
the density of planes (labeling by the inch or centimeter on the tape) and the direction
of increasing scalar values represents the orientation of the dual vector. Of course,
in the space of dual vectors, a dual vector appears as a directed line segment and a
vector, which is the dual of a dual vector, as a set of parallel planes.

A field of vectors can be represented by field lines, which give the orientation of the
vector at each point in the physical space. The magnitude of the vector at each position
can be given by a set of surfaces corresponding to a constant value. The field lines
need not be orthogonal to these surfaces. The dual vectors can then be represented
by surfaces tangent to the dual-vector planes at each position, FigureForm153. The
density of the planes gives the magnitude of the dual vector.

The sum of two vectors is represented through the well-known parallelogram
construction. The sum of two dual vectors & + 3 = =y can be constructed as follows.
Since « and 3 are represented by two families of parallel planes, let us consider two
planes of each. Unless the planes are parallel, in which case the addition is simple,
they cut in four common parallel lines which define two diagonal planes not parallel
to either of the original ones. One of these new planes defines a set of parallel planes
corresponding to the sum, and the other one the difference, of & and 3. The sum
corresponds to the pair of planes whose positive orientation has positive components
on both original sets of planes.

The duality product of a vector and a dual vector |a equals the number of planes
pierced by the vector a. A good mental picture is obtained through the method
of measuring a javelin throw in prewar Olympic games where the lines of constant
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Fig. 1.14  Geometric interpretation of a dual bivector as a set of parallel tubes with orien-
tation (sense of rotation) and density.

distance used to be parallel’ to the line behind which the throw was done. If the
vector is parallel to the planes, there is no piercing and the inner product is zero. In
this case, the vector a and the dual vector a can be called orthogonal. The number
of planes pierced is largest when the vector is perpendicular to them.

A three-dimensional vector basis {e;} can be formed by any three non-coplanar
vectors. They need not have the same length or be perpendicular to one another. The
associated dual basis {e;} consists of three families of planes which cut the space
in closed cells, that is, they do not form open tubes. The densities of the dual basis
vectors depend on the vectors e;. Because, for example, we have e5|e; = 0 and
esle; = 0, the vector e; must be parallel to the common lines of the plane families
€2 and €3. e; is not orthogonal to the family of planes €;. However, the density of
€1 is such that e pierces exactly one interval of planes.

1.5.4 Dual bivectors and trivectors

The bivectors in the dual space, a A (3, can be pictured as a family of tubes defined
by two families of planes and the magnitude equals the density of tubes, Figure 1.14.
The inner product (a A B)|(a A b) represents the number of tubes enclosed by the
parallelogram defined by the bivector a A b.

The dual trivector ae A 3 A~y represents the density of cells defined by three families
of planes. The inner product (¢ A B A~)|(aAb Ac) gives the number of cells of the
dual trivector & A B A -y enclosed by the parallelepiped of the trivectora Ab Ac. The
result can also be a negative number if the handedness of the cells is opposite to that
of the parallelepiped. Similar ideas can be applied to p-vectors and dual p-vectors in
spaces of higher dimension, but their visualization must rely on analogies.

Problems

1.5.1 Find a geometrical meaning for summing two bivectors, A + B, in the three-
dimensional space. Hint: Bivectors are oriented areas on a certain plane. The
form of their contour line can be changed. Assume the planes of A and B cut

5In the 1930s this method was changed to one with circular lines.
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along a line containing the vector c. Then there exist vectors a and b such that
A=aAcandB=bAc.

1.5.2 Verify the geometric construction of the sum « + (3 and difference o — 3 of
two dual vectors a and 3.

1.5.3 Interprete geometrically the bivector relation
a; ANay =a; A (a; +as)
by considering the parallelograms defined by the bivectors on each side.
1.5.4 Interprete geometrically the planar bivector relation
aj ANas+ (a; +as) Aag =aj; Aay +a; Aag +as Aag

by considering the areas of the different triangles.
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Dyadics

The dyadic notation and some basic concepts of dyadics were already considered in
the previous chapter. Here we will concentrate on more fundamental properties of
the dyadic algebra. In analogy to the Gibbsian dyadics, multivector dyadics make
a powerful tool for electromagnetic analysis in matching the coordinate-free dyadic
notation of linear mappings to coordinate-free multivectors and the differential-form
formalism in general. However, before being able to work with dyadics in their full
power, one has to learn some basic identities and operations to avoid the need to go
back to the coordinate-dependent notation during the analysis.

2.1 PRODUCTS OF DYADICS

2.1.1 Basic notation

A dyadic can be formally defined as a sum of dyadic products of multivectors and/or
dual multivectors. Dyadics represent linear mappings between spaces of multivectors
and/or dual multivectors. They arise naturally from multivector expressions through
associativity, that is, by changing the order of multiplications, an example of which
was seen in (1.6). As another example, consider the expression

b =a(A|®) = (aA)|®, 2.1)

where a, b are vectors, A is a bivector, and ¥ is a dual bivector. Obviously, here we
have a mapping from a dual bivector @ to a vector b through the dyad aA which is an
element of a space denoted by [E; E». General elements of that space are polynomials

35
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Fig. 2.1  Four possible mappings from space of p-vectors B, to spaces of multivectors or
dual multivectors of the same dimension can be expressed through dyadics belonging to four
different spaces. Mappings 2 correspond to metric dyadics and mappings 3 to Hodge dyadics.
For the dual case, E is changed to F and conversely.

of similar dyads and can be expressed as the sum
ZaiAi = a1A1 +32A2 +33A3 —+ - (22)

The space of dyadics mapping g-vectors to p-vectors consists of dyadics of the
form ) ala] where af’ € E, are p-vectors and a] € F, are dual g-vectors. The
space of such dyadics is denoted by E,F, = IE, x If,. Other basic classes of dyadics
are denoted by E, E,, F,F, and F,E,, where the first index tells us the space of
the precedants (first factor in the dyadic product) while the latter tells us that of
the antecedants (last factor of the dyadic product). For example, in the case [, E,
the dyadics consisting of a sum of dyadic products of dual p-vectors and g-vectors
represent linear mappings from g-vectors a? € F, to p-vectors a? € F,. Basic

symbol for dyadics is a capital sans-serif letter with a double overline, A. However,
we soon have to make exceptions for common quantities like electromagnetic medium
dyadics.

Obviously, main attention must be concentrated on dyadics which represent map-
pings between spaces of the same dimension. This requires eitherp = qorp = n—q.
In matrix algebra the corresponding matrices are square. Attention will be first given
to dyadics belonging to the spaces K, [, and [F,, [, which correspond to mapping 1
in Figure 2.1. Dyadics 2 belonging to the spaces I, [F,, and E,IE, are called met-
ric dyadics while those (3) belonging to the spaces I, F,,_, and F,[E,_,, are called
Hodge dyadics. The fourth type E,E,,_, and [F,,[F,,_,, of such dyadic spaces has no
special name.

One should note that many concepts familiar from Gibbsian dyadic algebra are
valid only for certain classes of dyadics. Because the transpose operation 7 maps a
dyadic from the space [E,F, to the space IF, I, as

AT = Z(afag)T = Z ajal, (2.3)

properties of symmetry and antisymmetry make sense only in the metric dyadic
spaces of the form F, I, and E,,. On the other hand, eigenvalue problems and
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dyadic powers can be only defined in dyadic spaces of the form IF,[E, and IF,[E,
which map elements to the same space. Inverse of a dyadic in the classical sense is
also limited to these two spaces, but it can be generalized so that the result lies in a
different space. So, for example, the inverse of a dyadic in the space E,E,_, lies in
the space IF,,_,IF,..

2.1.2 Duality product

The duality product of two E, F,, dyadics is understood as

AB =Y (a%ah)| Y (b28%) = 3 (af|bh)algh. 2.4)

The result is another linear mapping K, — [, an element of the same dyadic space
E,IF,. The duality product defines an associative and noncommutative algebra similar
to that of the matrix product,

(A[B)[C = A|(BIO), 2.5)

i|§ # BJA  (in general). (2.6)
The square and cube of a dyadic are defined by

A2 =AJA, A®=A[AA, 2.7)

and similarly for higher powers A™. The zeroth | power of any dyadic can be under-

stood as the unit (identity) dyadic for p-vectors, A® = 1628
As was seen in Chapter 1, the unit dyadic in the space of E; F; can be expanded
in any vector basis and its complementary dual basis as

T: Zeiei =e1€1 +eses + -+ + €n€n- (28)

Negative powers of a[E; F; dyadic can also be defined if there exists the inverse dyadic
A1 satisfying
A'A=AA =1. 2.9)
Construction of the inverse dyadic is considered in Section 2.4.
The duality product corresponds, in most respects, to the product of n X n matrices.

The correspondence can be seen through basis expansions of the form A = 3~ A; €€
by considering the rules for the coefficient matrices [A4;;].
2.1.3 Double-duality product

The double-duality product || between a dyadic and a transposed dyadic in the space
E; I, is a scalar defined by

> (@)Y (b;8,)"

Z(ai|ﬂj)(ai|bj)
= Y ()T Y (b;B)), (2.10)
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and it is straightforwardly extended to multidyadic spaces K, F,, I, ,[E,. The trace
of a dyadic is defined as the double-duality product of the dyadic and the transposed
unit dyadic:

tri:trZaiai :Zaﬂai :KHTT :iTHT (2.11)
To see this result we expand
ala= a|T|a = Z(a|ei)(£i|a) = aal| Zeiei = aa||T. (2.12)

Thus, the trace operation simply inserts the duality product sign | between the factors
of the dyadic product. It is easy to verify that trl = n, the dimension of the vector

space |, .
Any [ Fy dyadic can be uniquely decomposed in a multiple of the unit dyadic

and its trace-free part A, as

>

A= 7)1+ A, (2.13)

S|

(

where triO =0.

2.1.4 Double-wedge product

Any E; [F; dyadic A induces a linear mapping in the space of bivectors Es. This is
based on the following identity

= = 1 = =

(Ala) A (Alb) = 5 (ARA)|(a A b), (2.14)
where a and b are vectors. Equation (2.14) is proved in a more general form below.
The double-wedge product between two [E; F; dyadics defined by

Y (ai@)R Y (b;B;) = > (ai Abj)(a; ABy) (2.15)

is an element of the space [, [F, a bivector dyadic which maps bivectors to bivectors.

From the associativity and anticommutativity of the wedge product for vectors or
dual vectors one can easily show that the double-wedge product is associative'! and
commutative:

(AAB)AC = AX(BAC), (2.16)

AAB = B)A. (2.17)

Because of associativity, there is no need to write brackets in a row of dyadics with
only double-wedge multiplications. Also, because of commutativity, the dyadics
in such a product can be taken in any order, whence the result is invariant to any

permutation of dyadics. Thus, we can write, for example, between three dyadics of
the same dyadic space the rule

AMBAC = BACAA = CAAAB = AACAB = CABAA = BAAAC. (2.18)

Note that the corresponding double-cross product in the Gibbsian dyadic algebra is not associative [40].
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Identities Identity (2.14) is a special case of a more general one which can be
derived by applying (1.36) to the following expansion:

Zazaz/\zb]ﬁ C/\d
= Z(ai Abj){(eai ABj)l(e Ad)}

i,j

= Z(ai Abj)[(aile)(B,]d) — (B;c)(exild)]
= (Zaiai|c Zb]ﬁ |d) + Zb]ﬁ| (Zaiai|d). (2.19)

Denoting the dyadic expansions by A and B leads to the following identity:
(AAB)|(a A b) = (Ala) A (BIb) + (Bla) A (A]b), (2.20)

which is satisfied by any two dyadics K, B e E,F; and vectors a,b € E;. The
corresponding dual form is obtained when replacing the dyadics by their transposes
and vectors by dual vectors:

(ATABT)|(c A B) = (A|a) A (BT|B) + (B |a) A (AT|B). @21

Obviously, (2.14) is a special case of (2.20) when E = K
From (2.20) we can form another identity by multiplying it dyadically from the
right by the bivector (a A 3) and using the definition of a double-wedge product:

(AB)l(aAb)(@AB) = (ANB)|(aaibp)
= (Rlac)ABIbB) + (Blac)A(AbB). (2.22)
Since this is a linear relation valid for any dyads acx and b3, it is valid for any dyadic

polynomials C = Y a;a; and D = 3 b;[3;, whence we can write the following
identity valid for any four E; F; dyadics

(AAB)|(CAD) = (A[C)A(BID) + (B[C)A(AID). (2.23)

From duality, it is also valid for any four I E; dyadics. As a simple check, itis seen
that the right-hand side is invariant in the changes A <+ B and/or C <+ D, which

follows also from the commutation property of the two double-wedge products on
the left-hand side.
2.1.5 Double-wedge square

The double-wedge square of a E; [} dyadic is defined and denoted similarly as the
Gibbsian double-cross square [26,40, 65],

ALA. (2.24)
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Fig. 2.2  Visualizing the mapping property (2.24) of the double-wedge square of a dyadic.

From (2.14) it follows that if two vectors a, b are mapped through the dyadic K, their
wedge product a A b is mapped through the double-wedge square A(?):

(Ala) A (Alb) = A®)|(a A b). (2.25)

The double-wedge square of the unit dyadic Tis

- 1 n n
2 — . . . .
12 = EZZ(el/\e])(el/\e])
=1 j=1
= Y ejes,  J={ij}, i< (2.26)

As was seen in the previous chapter, 1) serves as the unit dyadic for the bivector
space [ :
?](aAb) =aAb. (2.27)

Correspondingly, its transpose is the unit dyadic for dual bivectors:
T|(aAB)=anB. (2.28)
The trace operation can be defined for dyadics of the space Aec ExF, as
trA = A|[[7, (2.29)
and as X| |T(2) for the transposed dyadic space, Ac Fy .

Properties of the double-wedge square If the double-wedge square of a
dyadic vanishes, A® = 0, from (2.25) we see that any two vectors a, b are mapped
by the dyadic A so that their wedge product vanishes: (K|a) A (K|b) = 0. This means
that all vectors mapped by the dyadic A become parallel — that is, scalar multiples
of the same vector, say c. Thus, for any vector a we can write

=l

la = \(a)c, (2.30)

where A(a) is a linear scalar function of a. Since such a function is of the form y|a
where 7 is some dual vector, the dyadic with vanishing double-wedge square can be

expressed as a single dyad, in the form A = c~. Following Gibbs [28], such dyadics
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will be called linear? because, geometrically, a linear dyadic ¢y maps all vectors
parallel to a line defined by the vector c. The condition A(?) = 0 can be taken as the

definition of the linear dyadic A.
The following identity is seen to follow as a special case from (2.23):

(AB)® =A®|B®, ABeRF or € FE. 2.31)

If one of K, B is a linear dyadic, we have (K@) (2) = ( and, thus, the product is also
a linear dyadic. This is also evident from the form c~y of the linear dyadic.
From (1.36) written in the form

> (@i Abj)|(e; A B;)

i,j

= tr(z aiaiﬁ Z bj,@j)
S aie|iIM( b8l = (a3 B8;b). 232

we can write by denoting the series expressions as A, B the identity

tr(AAB) = (tr A)(tr B) — tr(A|B). (2.33)

This has the special case
= ]_ = =
tr A = Sl A)? — tr(A%)). (2.34)

Inserting A =1 and tr] = n, we obtain

n(n—1)

=05, (2.35)

= 1
tr1® = E(n2 —n)=

which equals the dimension of the space of bivectors.

2.1.6 Double-wedge cube

If vectors are mapped through the dyadic K trivectors are mapped as

(Ala) A (AIb) A (Ale) = [A®|(aAb)]A (Ale)
A®|(aAbAc). (2.36)
The double-wedge cube of a dyadic can be defined as

— 1: = = — =
AB) — gAQAQA = EAQAQA. (2.37)

ZNote that the concept ’linear dyadic’ introduced here is totally different from that of *linear mapping’.
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As an example, in the three-dimensional space (n = 3) any dyadics can be expressed
as a sum of three dyads and the double-wedge cube becomes a single trivector dyad:

A= ajxx; + asos + azaz, = i(3) = (a1 ANas A ag)(al N as A\ ag). (2.38)

Identity (2.36) is a special case of

(AABAC)|(aAbAc) =

(Ala) A (B[b) A (Cle) + (Alb) A (Ble) A (Cla)

+(Ale) A (Bla) A (C|b) — (Ala) A (Ble) A (C/b)

—(Ale) A (BIb) A (Cla) — (Ab) A (Bla) A (Cle), (2.39)

whose derivation is left as an exercise. For a simple check, it can be seen that the right-
hand side is invariant in all permutations of the three dyadics, which is also confirmed
from the commutation invariance of the double-wedge product on the left-hand side.

Setting A=1in (2.36) yields the special case
®(aAbAc)=aAbAc, (2.40)

whence 1) serves as the unit dyadic for trivectors.
Identity (2.39) can be derived similarly as (2.20), by using (1.76). Multiplying
(2.39) by the dual trivector (cx A B A 4y) from the right and using the definition of the

double-wedge product we can write the left-hand side as (AABAC)|(acAbBAcy)
and the six terms on the right-hand side accordingly. Since the identity is linear in
the dyad aa, it is valid when ac is replaced by an arbitrary dyadic D. Similarly, we
can replace b3 by E and c~y by F and the identity takes on the following very general
form:

(AABAC)|(DAEAF) =

(AD)A(BIE)A(CIF) + (A[E)A(BIF)A(CID)

+(A|F)A(BID)A(CIE) + (A|D)A(B[F)A(C[E)

+(A[F)A(BIE)A(C|D) + (A|E)A(B|D)A(C|F). (2.41)
Setting A=B= E (2.41) yields the special case

A®|(DAEAF) = (AID)A(AIE)A(AF). (2.42)

Setting further D = E = Fand denoting this dyadic by E we arrive at another special
case, L o
(A|B)® = AB)B®), (2.43)

This can be actually continued to any number of dyadics as

(A1|i2| ... |iq)(3) - i1(3) |i2(3)| e |iq(3)‘ (2.44)
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Properties of the double-wedge cube If the double-wedge cube of a E; [y
dyadic A vanishes, from (2.36) we have

A® =0 = (Ala)A (Ab)A (Alc) =0 (2.45)

for any possible vectors a, b, c. This means that the three vectors K|a, K|b and K|c
must be linearly dependent. Obviously in this case the dyadic A maps all vectors to

a two-dimensional subspace (plane), whence A can be called a planar dyadic. If the
dimension of the vector space is n = 2, all dyadics are planar because they satisfy

A®) = (. Because a plane is defined by two vectors, any planar dyadic can be reduced
to a sum of two dyads, to the form A = ¢y + dd. Conversely, every dyadic of this

form satisfies AG) = 0. Whenn > 2, a planar dyadic maps all vectors to the same
plane and, thus, does not have an inverse.
The trace of the double-wedge cube can be expanded through (1.76) as

= ].
wA® == (ai Aaj Aa)l(e A aj A o)

i,k
- % |:Z(a’|a’) Z(aj|aj) E(ak|ak) + Z(ai|aj)(aj|ak)(ak|ai)
i J k i.7,k
+ Z(ai|ak)(aj|ai)(ak|aj) - Z(aiIai)(aj|ak)(ak|aj)
.4,k i,5,k
= (ailaw)(ajlay)(arlen) = D (asley) (ayles) (ax] o)
3,5,k i,j,k

= LAY + 26(A) — 3 (R, (246)

Inserting A =1 and tr| = n, we obtain

n(n —1)(n — 2)

) =y, (2.47)

= 1
trl® = g(n3 +2n —3n?) =

which equals the dimension of trivectors.
As an example, in the three-dimensional space (n = 3) the double-wedge cube of
a dyadic expanded in terms of basis vectors as

. 3 3
K = Z Z Aijeiej (248)
i=1 j=1
can be shown to take the form
K(3) = det[Aij]6123€123 = det[Aij]T(B), (249)

which is proportional to the determinant of the coordinate matrix of the dyadic. Let
us call this quantity determinant of the dyadic A and denote it by det A = det[A;;].
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Taking the trace from both sides and noting that for n = 3, tr 1) = 1, we simply

have _ _
detA = trA®), n =3, (2.50)

Because the right-hand side is independent of the chosen basis, so is the left-hand
side and, in particular, det[Aij] even though the coefficients A;; depend on the basis.

2.1.7 Higher double-wedge powers

The previous concepts can be generalized to the pth double-wedge power of any E; Fy
dyadic A, defined as

Oy aiai)@) Y asas - %iﬁiﬁ._ﬁi @.51)

Here the multi-index J has p indices J = {i145...7, } taken out of the total of n indices
in numerical order. The divisor p! equals the number of different permutations of p
indices. The mapping formula for the double-wedge cube (2.36) has the obvious
generalization

AP|(a; Aag A---Aay) = (Ala)) A (Alag) A--- A (Alay), (2.52)

which again shows us that 1?) serves as the unit dyadic for p-vectors.
When p equals the dimension of the space n, there is only one ordered multi-index

J =N = 12---n. In this case, A becomes a multiple of the dyadic product

of a n-vector k and a dual n-vector k5. Thus, all dyadics of the form A are
multiples of each other and, in particular, of the unit dyadic which can be expressed

as (M) = knkn/(kn|kn) or 1 = enen. The determinant of a i Fy dyadic A
in the space of n dimensions can now be defined as the scalar det A satisfying

A — det AT, (2.53)
Generalizing (2.47) to
_ !
i@ == " < 2.54
r p p'(n_p)!7 p_n7 ( )

tr 1(P) gives the dimension of the space of p-vectors in an n-dimensional vector space.

Inserting tr 1M = 1in (2.53), the rule (2.50) corresponding to n = 3 can be gener-
alized to _ _
det A = tr A™). (2.55)

2.1.8 Double-incomplete duality product

The incomplete duality product | between a vector and a bivector, defined through
(1.48), generates the corresponding double-incomplete product || between dyadics
by writing

(a]®)(a]A) = (ac) || (P A), (2.56)
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where a and « denote a vector and a dual vector while A and ® denote a bivector
and a dual bivector. Another way to define the double-incomplete duality product

is to consider four E; F; dyadics A,B,C and D and the scalar (AAB)||(CAD)T as a

linear function of the dyadic A. Expressing it in the form

(AAB)||(CAD)” = A||(BJJ(CA

it defines EJJ (EQE)T as a | E; dyadic. Similarly, the other product || is defined
from

Dll

)1, (2.57)

(CAD)”||(AXB) = ((CAD)T|[B)IIA. (2.58)

Because these expressions give the same scalar, we obtain the commutation relation

BJJ(CAD)” = (CAD)"||B.

|

(2.59)

Problems
2.1.1 Derive (2.20) using (2.14) by replacing A in (2.14) by A + B.

2.1.2 Using a similar technique as when deriving (2.33), derive the dyadic identity

B

tr(

Ol

tr(AABAC) = trAtrBtrC + tr(A|B|C) (i|

—trAtr(B|C) — tr B tr(C

—
~—

$I| +
nll
bl
|

) — B)

where A, E, C are three dyadics in the space E; IFy .
2.1.3 Using (2.23), derive the identity
(AB)A(BIA) = (ARB)? — A’AB?
2.1.4 Derive the identity (2.39).
2.1.5 Derive (2.41) in detail.
2.1.6 Show that the double-wedge square of a planar dyadic is a linear dyadic.

2.1.7 Consider the eigenproblem
Ala=Xa — (A—A)a=0,

when A is a [E; F; -dyadic. Show that the equation for the eigenvalues A can be

expressed as
n

(A =A™ =37 (= N)ir A9 =g,
=0

when 7 is the dimension of the vector space.
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2.1.8 Using the identity of problem 2.1.2 above, derive the identity
tr(IAA?) = (n — 2)tr A,

where X € [, [F1, and check the special case K = T
di

2.1.9 Derive the Cayley—Hamilton equation in two dimensions:

A% — (tr A)A + (det A)l = 0.

Hint: Multiplying by A=, we have the equivalent equation

-1

(detA)A = (trA)l —

J>||

3

with det A = tr[K(Q)]. Prove this by applying the expression of the inverse of
a two-dimensional dyadic.

2.1.10 Using the identity of problem 2.1.2, derive the identity
tr(IAA®?) = (n — 2)tr A,

where A € E; F;, and make a check by setting A=l

2.1.11 Prove the identity o B
tr(1T] JA®)) = 2tr A,

2.1.12 Prove the identity

tr(AT] |(BAC)) = (tr A)tr(BAC) — tr(AABAC).

2.1.13 Prove the identity tr(iﬁf) = (n — D)trA.

2.2 DYADIC IDENTITIES

Effective use of dyadics in Gibbsian vector algebra requires a number of basic iden-
tities, some of which have been presented above. Their use makes expansions in
coordinates obsolete and, thus, tends to shorten the analysis. To understand this one
should imagine using coordinate expansions instead of the convenient “bac cab for-
mula” every time a Gibbsian vector expression of the type a x (b x ¢) appears. The
number of useful dyadic identites in multivector algebra is obviously larger than that
in the Gibbsian vector algebra, but still manageable. In the following, derivation
of some identities is demonstrated. More identities are given without proof in the
Appendix A and can be derived by the reader as an exercise.

A dyadic identity can be written in the form F' (K, E, --+) = 0, where F is a
function of dyadic arguments. To be an identity, the equation must be valid for any
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argument dyadics. A dyadic identity is multilinear if the function F' is linear in each
of its dyadic arguments. An example of a bilinear dyadic identity is AAB — BAA = 0.
As other examples, (2.23) is a four-linear and (2.41) a six-linear identity. In deriving
new dyadic identities the following property appears useful:

If a multilinear identity is valid for arbitrary linear dyadics, it is also valid for
arbitrary dyadics.

Thus, if a multilinear identity is valid in the form® F(...,ac, ...) = 0 so thatits jth
dyadic argument is a linear dyadic acy, it is also valid in the form F(..., A .)=0
for any dyadic A, eiement of the space [, Iy, as its jth argument. To prove this, it is

sufficient to write A = > a;a; and note that from linearity we have
F(.oA, ) =F(, ) a,..) =Y F(.,a0...) =0. (2.60)
i

Since the index j is arbitrary, the same is valid with respect to all arguments. Thus, a
dyadic identity can be derived from a multivector identity by grouping multivectors
to form linear dyadics. An example of this was given already in forming the identity
(2.33).

We can also derive dyadic identities from vector identities of the form E|a =0.
Here Fis a dyadic expression which maps a multivector a to a space of multivectors
of the same dimension as a. If ?|a = 0 is valid for any a of the space in question, a
more general identity arises in the form F=0.Asa consequence of this, if for any
vector a € [E; and any dual vector @ € F; we have E||aa = 0, where E € E;[F; is
a dladic expressiog, we have E = 0. As a further consequence, the same is true if

F||AT = Oforany A € E; ;. This gives us a possibility to transform scalar identities
with dyadic arguments to dyadic identites with dyadic arguments. It is, of course, of
interest to find as general identities as possible.

Example As an example of the last procedure, let us generalize the scalar-valued
identity (2.33). For that we use the definition of the double-incomplete duality product
]] in (2.57) by first writing

tr(ARB) = (AAB)[[1)T = BJ|(A]]I®T). 2.61)
Equating this with the right-hand side of (2.33) we obtain

|(A]JTOT) = B|[I" (trA) — BJJA” (2.62)

|

Since this is valid for any dyadic E, the following identity is valid for any dyadic A:

A [1OT =17 (tr A) — AT (2.63)

3Here the linear dyadic is assumed to be of the form acx. However, the method works equally well for
linear dyadics of the form aa, ab, or 3. Also, a may be any multivector and < any dual multivector.
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This corresponds to the Gibbsian dyadic identity [40]

XT=1(trA) — AT, (2.64)

Pl

2.2.1 Gibbs’ identity in three dimensions

In the classical three-dimensional vector algebra one encounters the four-linear vector
identity

a(bxc-d)+b(cxa-d)+claxb-d)=d(axb-c), (2.65)

known as Gibbs’ identity [28,40]. This can be reformulated for three-dimensional
multivectors in the following dyadic form (a proof in a more general n-dimensional
form is given in the subsequent section):

a(bAcAd)+b(chand)+clanbAad)=d(aAbAc). (2.66)

Because each term of (2.66) is a [E; 3 dyadic, the identity can be reduced to vector
form by multiplying from the right by an arbitrary dual trivector k  # 0 (N = 123):

a(bAcAd)|ky +b(cAhaAd)|ky+c(aAbAd)ky =d(aAbAc)|ky. (2.67)

Linear dependence The last form of Gibbs’ identity (2.67) is very useful in
defining linear relations between vectors in the three-dimensional space. Let us look
at different cases.

1. Ifa Ab = 0, (2.67) reduces to an equation of the form aa + fb = 0 with
scalar numbers a and 5. Thus, in this case a and b are linearly related (parallel
vectors).

2. IfaAbAc =0, (2.67)reduces to an equation of the form aa + b+ yc =0
with scalar numbers «, § and 7. Thus, in this case a, b, and c are linearly
related (coplanar) vectors.

3. If kn|(a Ab Ac) # 0, any given vector d can be expressed in the form
aa+ b+ ~e.

Actually, in the third case the three-dimensional vectors a, b, ¢ form a basis and for
any dual trivector Ky we can express any given vector d in the form

(bAcAd)|rn (chaAnd)|kn (aAbAd)|kN

. 2.68
@arbroley  Carbrolry T C@rbroley

Unit dyadic Another form of the identity (2.66) is
[a(bAc)+b(cra)+clanb)]Ad=d(aAbAc). (2.69)

The dyadic in square brackets belongs to the space E; [, and it obviously vanishes
ifa Ab Ac = 0, in which case a, b, c are linearly dependent. Because we can write
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(uAvAWwW)kny = ((uAv)|ky)|w for any dual trivector Ky # 0 and vectors
u, v, w, multiplying (2.69) by | it can be further written as

{(a(bAc)+b(cAha)+c(anb))|kn}d=((aAbA C)|I<.2N)T|d. (2.70)

Because this is valid for any d, the dyadics in front must be the same. This leads to
the identity

(a(bAc)+b(cha)+clanb)|ry = ((@aAbAc) k)l .71)

Assuming the vectors a, b, ¢ form a basis, we have (a A b A ¢)|kny # 0, and an
expression for the unit dyadic in the three-dimensional space can be written in terms
of a given vector basis (a, b, ¢) and a any dual trivector Ky as

T—a (bAc)kN b (cAa)lkn . (aAb)|kn
(aAbAc)|kn (aAbAC)|knN (aAbAc)kn’

(2.72)

Because the unit dyadic | can be expressed in terms of a vector basis and its re-
ciprocal dual-vector basis in the form (1.11), (2.72) defines the reciprocal of the
three-dimensional basis of vectors a, b, ¢ in terms of an arbitrary dual trivector K .

2.2.2 Gibbs’ identity in n dimensions

Gibbs’ identity (2.66) can be straighforwardly extended to the space of n dimensions.
It involves a set of n linearly independent vectors aq,as - - - a, satisfying ay =
a; Aas A---Aay # 0. Let us form a set of (n — 1)-vectors complementary to {a;}
as

ag@g =apNagA---Aaj—1 Aajpg A= ANap, 1< <n. (2.73)

They satisfy ag(;) # 0 because of ay # 0. Here, K(i) is the (n — 1)-index
complementary to i,
K@) =12..(i — 1)(i + 1)..n. (2.74)

The following two orthogonality conditions are obviously valid:
ajNag() = (—l)i_laNéij, ag) Naj = (—1)"_iaN6ij. (2.75)
Now let us consider the linear combination

d=> dja, (2.76)
J

where the d; are scalar coefficients. Applying the above orthogonality, we can write
(—1)" tag@ Ad = (-1)""'djag; Na; = d;ay. (2.77)

Multiplying both sides dyadically by a; and summingi = 1- - - n gives us finally the
dyadic form for Gibbs’ identity in n dimensions as

> (1) aj(ax Ad) =Y diajay = day. (2.78)

i i
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Writing the sum expression out explicitly, Gibbs’ identity can be expressed in the
following easily memorizable form:

d(aj Aas A---ANa,) = aj(dAaxAagA---Aay,)
-|-a2(al /\d/\a3 /\/\an)
+-t+ay(agAas A---Aay_1 Ad). (2.79)
Forn = 3, (2.79) gives (2.66) as a special case.
Again, multiplying from the right by an arbitrary dual n-vector k y # 0, we obtain

a vector identity which allows us to expand any given vector d in terms of n vectors
{a;} satisfying any # 0:

(d/\ag/\ag/\---/\an)|i<aN+ (ap AdAagA---ANay)|kN

d = ap as
aN|I<LN aN|/£N
ANag A---ANap_1 Ad)|k
+...+an(a1 a2 An—1 )| N
aN|I€N
. (ag@ ANd)|K
- Z(_l)n*laiM_ (2.80)
- ay|kn
This allows us to express the unit dyadic in n dimensions as
= . K a i
[ = Z(—1)n—laiM. (2.81)

- ay|kn

Gibbs’ identity in the space of n dimensions also allows us to define the reciprocal
basis for a given basis of n vectors {a;}. This will be postponed to Section 2.4.
2.2.3 Constructing identities

Let us finish this Section by considering four examples elucidating different methods
of constructing identities between dyadics and multivectors.

Example 1 Writing the “bac cab rule” (1.50) in two forms as
al(bAc)=all|(bAc) = al(ch - be), (2.82)

(bc — cb)la = —(bAc)la=—(bAc)|T|a, (2.83)
which are valid for any dual vector c, we obtain the combined dyadic identity
IJ(bAc)=(bAc)|I” =cb - be. (2.84)
This resembles the Gibbsian dyadic formula [40]

Ix(bxc)=(bxc)xI=ch-bc. (2.85)
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In terms of (2.84) we can show that any antisymmetric dyadic A of the space E; E;
can be expressed as

A=1A=A|l", (2.86)

in terms of some bivector A. This, again, has the Gibbsian counterpart that any
antisymmetric dyadic can be expressed in terms of a vector a as a x |.

Expressing a given dyadic A = 3 b;c;, which is known to be antisymmetric, in
the form

A=(A-AT) = > (bic; — ¢;by) (2.87)

and using (2.84), we can identify the bivector A from the expansion of the dyadic as
1

A= §Z(bi/\ci—ci/\bi) :Zbi/\ci. (2.88)

Thus, the bivector of a given antisymmetric dyadic € E; E; is found by inserting the
wedge product sign between the vectors in the dyadic products. The expansion (2.86)
for the general antisymmetric dyadic is valid in the space of n dimensions.

Example 2 Starting again from the ’bac cab rule’ (1.50) and its dual we combine
them to the form of a dyadic rule

(a](bAc))(al(B A7)
= (b(ale) - c(alb)) (B(aly) — ¥(alB)). (2.89)

Expressing both sides in terms of double products we have

aal|(bBrey)
= bpf(aallcy) + cy(aal|bB) — bBlaajcy — cylaalbB.  (2.90)

This is a trilinear identity in three linear dyadics, aa, b3 and ¢, whence we can

replace them by arbitrary dyadics A, B and C of E; F; . Thus we have arrived at the
identity

AT||(BAC) = B(AT||C) + C(AT||B) — BJA|C — C|A[B. 2.91)

This corresponds to the Gibbsian dyadic identity
AX(BXC)=B(A:C)+C(A:B)-B-AT.-C—-C-AT.B, (2.92)

given in reference 40. A consequence of (2.91) is
AT||B® =B(A”||B) - BJA|B. (2.93)

IdeEtities (2.91_) zgld (2.93) are also valid for metric dyadics: K e EE,, E, E el
OI‘K c FlFl,E,€ S ElEl.
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Example 3 From (2.75) we can write for the reciprocal basis vectors and dual
basis vectors

1= (—1)n_i(€K(i) A Ei)|eN = (—1)n_i€K(i)|(€iJeN), (2.94)
which gives '
eiJeN = (_1)n—zeK(i). (2.95)
Thus, multiplying by the vectora = ) a;e;, we can write
(SiJeN) ANa= (—]_)n_i ZeK(i) Neja; =ena; = (ei|a)eN. (2.96)
J

Because the basis is arbitrary, we can more generally write
(a]kn) Na = (a|a)ky, (2.97)

where a and « are an arbitrary vector and dual vector, and k y is any n-vector. From
a|K = 0 for every o we conclude A = 0 and, thus, obtain the dyadic identity

(|JkN) ANa=aky. (2.98)

Identity (2.98) can be transformed into various forms. For example, for the di-
mension n = 4, we can replace the arbitrary quadrivector k ;y by A A B, where A
and B are two bivectors and the result is

(IJAAB)Aa=a(A AB). (2.99)
The dual counterparts of this and its transpose are
(T @AT)} A= a(dAD), (2.100)

an{(@AD)|} = —(BATD)a, (2.101)

where ¢ is a dual vector and ® and W are two dual bivectors in the space of four
dimensions. These identities have application in Section 5.5 where ¥ and ® are
electromagnetic two-forms (dual bivector fields).

Example 4 As yet another identity useful to electromagnetics in the space of four
dimensions we prove

TAIT|®+BATT T = (T AB)] (2.102)

where ¥ and @ are arbitrary four-dimensional dual bivectors and [ is the four-
dimensional unit dyadic. We start by expanding Gibbs’ identity (2.79) forn = 4
as
b(a1 ANas ANag A a4)
= aj(bAaxANazAay)+az(ag AbAasAay)
+a3(a1 A a9 A b A a4) + a4(a1 A a9 A as A b)
= [(agal — a1a2) A (a3 A 34) + (3433 — 3334) A (a1 A ag)] A b.
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NP N N
1 J(AAB ir

I
>

Fig. 2.3 Visualization of identity (2.106).

Applying (2.84) this can be written as
b(a1 Nas ANag A 34)

= [(a1 Aas) 17 A (ag Aag) + (a3 Aag) [I7A (ar A a)] Ab.(2.103)

Since this identity is linear in the bivectors a; A as and as A a4, these can be replaced
by arbitrary bivectors A and B:

b(AAB) = (A[ITAB+B|ITAA)AD. (2.104)

Finally, we apply (2.98) where k is replaced by the quadrivector A A B:
([(AAB)Ab=(A[ITAB+B|ITAA)AD. (2.105)
Since this is valid for any b, the following dyadic identity finally results (Figure 2.3)
| (AAB)=A[I"AB +B|I"TAA. (2.106)

The identity (2.102) to be proved is the transposed dual counterpart of (2.106).
Identity (2.102) can also be written for n = 3, in which case dual quadrivectors
like ¥ A @ vanish. In this case the identity becomes

TAIL|®= -3 AIT|D, (2.107)

implying : :
AT |® =0, AAIJA=0 (2.108)

for any bivector A and dual bivector ¥. Here, | denotes the three-dimensional unit
dyadic. These identities are needed when considering the magnetic force on a current
source.

Problems
2.2.1 Prove Gibbs’ identity (2.66) through a basis expansion of different terms.

2.2.2 Prove (2.97) through basis expansion of different terms.

2.2.3 For a set of vectors {a; } in an n-dimensional space, derive the identity

TJaN = Z(_l)niiaiaK(i)-

i
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2.2.4 Derive the following identity between four E; I, dyadics

2.2.6 Check the dimensions of the dyadics on both sides of the expansion (2.86).

2.2.7 Derive the Cayley—Hamilton equation for n = 2:

A% — (tr A)A + (det A) = 0.

Hint: Multiplying by Al , we have the equivalent equation

—1

(detA)A = (trA)l —A

)

with det A = tr[i@)]. Prove this by applying the expression of the inverse of
a two-dimensional dyadic.

2.2.8 Prove the identity
A |17 =A% — A2tr A+ AtrA®).
Show that for n = 3 this gives the Cayley-Hamilton equation

A —A2trA+AtrA® —TdetA =0

and the inverse dyadic can be written as

1 = = = =
= (A’ — AtrA +I1tr A®),
det A

=l

2.2.9 From the identity (problem 2.1.2)
B
tr(

Ol

tr(A|
) —tr

tr(AABAC) = trAtrBtrC + tr(A[B|C)
—tritr(ﬁf) - trEtr(E

| +
Oll
bl
|

B)
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derive

(BAC)T|JI® = TtrBtrC+B|C+C|B
T

and

AT |16 = A2 _ Atr A+ [trA®),

which for n = 3 can be written as (see previous problem)

AT |[3) = (det A)A~"

2.3 EIGENPROBLEMS

2.3.1 Left and right eigenvectors

Any dyadic A= > a;a; € Ky defines right and left eigenvectors through the
respective equations

Alx; = Nixi, &A= €, ij=1--n. (2.109)
From _
£j|A|Xi = ,u]-£j|xi = /\Z£J|X, (2110)
we have
(i — Xi)(&l%i) =0, (2.111)
whence either the right and left eigenvectors are orthogonal:
&;lx; =0, (2.112)
or the eigenvalues coincide:
Hj :)\Z‘, £]|Xl750 (2113)

Let us arrange the indices 4, j so that we denote ;1; = A; and assume the eigenvectors
normalized to satisfy
£]‘|Xi = (51] (2114)

The eigenproblems of the double-wedge square dyadic A®) follow from those
above. Applying (2.24) we have

AP |(x; Ax;) = (Ai) A (Alxj) = Aidjxi A x5, (2.115)
(& AEHIAD =X\ E A E. (2.116)
This can be generalized to any double-wedge power

AP (xi Ao AXi) = Aiy -+ iy (Xiy Ao AXy), 2.117)

1p
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with eigenvalues );; in the product corresponding to the different eigenvectors x;;, in
the p-vector. Similar rules apply to the left-hand eigenvector cases. Finally, we have

AP A AXn) = A1 An(XL A AX). (2.118)

Because of A = det A () we can identify the determinant with the product of
eigenvalues,

detA= Ay ---\,. (2.119)

For det A # 0, none of the n eigenvalues vanishes. In this case the n normalized
eigenvectors are linearly independent and form a basis. Thus, we can expand

1= x,. (2.120)

Also, the dyadic A can be expressed in terms of its eigenvectors and eigenvalues as
A=Y Aixit,, (2.121)
i=1

because A and the sum expression map the eigenvector basis in the same manner.
Corresponding expansions for the double-wedge powers of the dyadic are

A2 — Z)\i)\j(xi Ax;) (& NES), (2.122)
i<j
i(S) = Z AZA])\k(Xl AX; A Xk)(é-i A E] A Ek)a (2.123)
i<j<k
AW Al A ARDE A AL (212

When all eigenvalues are nonzero, the inverse of the dyadic has the obvious form

n

Al=%" %xiﬁi, (2.125)

=1

because from orthogonality (2.114) it satisfies

J>||
>l
Il
>l

= )\ =
A=Y i€ = > xig =1 (2.126)

2.3.2 Eigenvalues

If any of the eigenvalues is zero, from (2.119) the determinant vanishes. This can be
expressed as

Ax=0, x#£0 = AM =0, (2.127)
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EA=0, €40, = A =q. (2.128)

As a consequence, any eigenvalue \; satisfies

A-ADx;=0, x;#0, = (A-)\N™ =0, (2.129)

Expanding the power expression leads to the Cayley—Hamilton equation satisfied by
any eigenvalue A = \;:

A XACDAT 4 NZACDAT) L () =, (2.130)

which is equivalent to a scalar equation since all terms are multiples of the dyadic
(") Defining the trace of a p-dyadic as

AP A(n=p) = g AP) () (2.131)
the Cayley—Hamilton equation (2.130) can be written in true scalar form as

tr A — Xtr A 4 X2 A2 o (S A 4 (A = 0. (2.132)

Expressing this as

A =ANAz=A) (A —A) =0, (2.133)
we can identify _
trA= A\ + -+ Ap, (2.134)
trA® = Mo 4+ M Az + -+ Ancidn, (2.135)
trA™ = det A = A g - - A (2.136)

The eigenvalues A1 - - - A, can be found by solving (2.132), an algebraic equation of
nth order.

2.3.3 Eigenvectors

After finding one of the eigenvalues, \;, of the dyadic A, the next task is to find the
corresponding eigenvectors x; and £,. Let us assume that the eigenvalue A; does not

correspond to a multiple root of (2.132). In this case the dyadic (A — )\if)("_l) does
not vanish and it can be expressed as
A-\DY = <H()\j - /\i)>XK(i)£K(i)
J#i
- tr ((K - AJ)W”) Xk (€K (i) (2.137)

Here again we denote

XK(i):Xl AXo A" AXj—1 /\Xi+1/\"'Xn, (2138)
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and similarly for £ ;). Because of the properties satisfied by reciprocal basis vectors
and dual basis vectors

ex@len = (=1)"'ei, exgplen = (1) e, (2.139)
we can write

XK(i)EK(i)“ENXN = XK(i)ﬁK(i)JJT(n)T =& Xi. (2.140)

Thus, the left and right eigenvectors corresponding to the given eigenvalue A; can be

obtained as _ - -
x; = (A =\ DD I (2.141)
K3

with some scalar ¥ whose value can be found through orthogonality (2.114). Since
the expression in (2.141) only requires the knowledge of a nonmultiple eigenvalue
A, it gives a method to determine the right and left eigenvectors corresponding to
that eigenvalue. The scalar factor -y is not essential, it can be chosen to set &, |x; = 1.

The preceding construction fails when A; = A; is a double eigenvalue because
in this case (K — )\J)(”*l) = 0. However, if it is not a triple eigenvalue, we have
(A = \1)("=2) £ 0 and

YA = A2 IO = (€, A €))% Ax;j), (2.142)

gives a bivector dyadic relation for the eigenvectors corresponding to the same eigen-
value. The bivector x; A x; can be solved from this equation. It does not, however,
uniquely define the eigenvectors x; and x; but, instead, a two-dimensional subspace
containing all their linear combinations. In fact, any linear combination of the two
possible eigenvectors can be an eigenvector. Obviously, this method can be continued
to find subspaces of eigenvectors corresponding to multiple eigenvalues.

Problems
2.3.1 Find eigenvalues and eigenvectors of the dyadic
K = aT + ao,

where a is a scalar, a is a vector, and « satisfying aja # 0, a|a # a is a dual
vector, both in a space of n dimensions. Use the solution formula (2.141) for
the eigenvectors. You may need the identities

AT = @RI AT, A[IOT = uATT -
2.3.2 Prove through basis expansions the identity

1"=DNaa = (a]a)™

Validforie EiF, anda € E;, a € [F;.
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2.3.3 Find the eigenvalues and eigenvectors of the dyadic
A= aT+aa, ala =0,

using the identity of the previous problem.

2.4 INVERSE DYADIC

It is possible to construct the inverse of a dyadic without knowing its eigenvectors in
explicit form after finding a rule to construct the reciprocal basis of a given basis of
vectors or dual vectors.

2.4.1 Reciprocal basis

Gibbs’ identity in three dimensions leads to the definition of the unit dyadic (2.72) in
terms of any basis of vectors a, b, ¢ and any dual trivector K y, N = 123,

kn|(bAc) kn|(cAa) kn|(aAb)

= .
Aenl@aAbAc) | Cknl(aAbAc)  “kn|aAbAc)

(2.143)

As a check, the trace of the unit dyadic can be expanded as

= a|(kn[(bAc))  b|(knl(cAa)) c|(knl(aAb))
trl= kn|(aAbAc) * kn|[(aAbAc) + kn|(aAbAc) =3, (2.144)

when using the property of the incomplete duality product
al(kn|(bAc)) =(kn|(bAc))a=kn|(bAcAa). (2.145)

The same procedure can now be applied when constructing the unit dyadic in terms
of a given basis {e;} in the n-dimensional vector space. In fact, replacing a; by e;
in (2.81) we obtain

n

= . K/N|_eK(i)
| = E 1) lej———— 2.146
iil( ) €; KzN|eN ( )

or, in a more explicit form,

= n—1 K,N|_(eg/\63/\"'/\en)

I = (-1 e
( ) 1 K/N|eN
+(_1)n_2e2I{N|_(el/\e3/\"'/\en)
K,N|eN
Ney N---Ney,_
+...+en“Nl(el €2 en1). (2.147)
RN|eN

Because the unit dyadic has the general form

1= e, (2.148)
=1
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where g; are dual basis vectors complementary to the e;, from (2.146) we can identify
the reciprocal dual basis vectors as

KN |ek(
e, = (1N LeR ) (2.149)
HN|eN
Applying the known condition
(K,N LeK(i))|ej = K,N|(eK(i) A ej) = (—1)n_i(5,’jlﬁ‘,N|eN, (2150)
we can check the orthogonality
- K €Ki Ne;
5i|ej = (1) ~( K (i) J) _ KN|eN5ij = 6. (2.151)
kn|en NN
Correspondingly, one can form the dual of the dual basis {e;} as
ky|exi
e = (—riknlER (2.152)

knlen ’

where k # 0 is an arbitrary n-vector.

2.4.2 The inverse dyadic

The construction of the dual basis reciprocal to a given vector basis (2.149) makes it

possible to find the inverse B = A~! of a given dyadic A € E; F; . Let us assume its
vector expansion as

_ n
A=) aa;, (2.153)
i=1

in which either {a;} or {a;} can be any given basis in which case the other set of

vectors or dual vectors defines the dyadic. In fact, we can write A= |:|K orA = KH:
and use an expansion for the unit dyadic corresponding to (2.148). For the existence

of the inverse we must assume det A # 0 or the equivalent condition

AW =(a; Aag A---ANay) (@i Aay A Aay) #0, (2.154)

which means that {a;} and {a;} are two bases, not reciprocal to one another in
general.

Let us express the inverse dyadic B similarly in terms of two bases {b;}, {3,} as
_ n
B:ijﬁj. (2.155)
j=1

The condition for solving the inverse dyadic B is then

BJA = > bi(Bilaj)a; = I (2.156)
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From the form of (2.156) one can immediately see that it is sufficient to require that
{B,} be reciprocal to the vector basis {a;} and {b;} be reciprocal to the dual vector
basis {c; }. In fact, requiring

n -
Bila; =8, > bia; =1, (2.157)

(2.156) is obviously satisfied.
Because from the previous section we know how to form a basis dual to a given

basis, we are now able to construct an explicit formula for the inverse B of the dyadic
A. Choosing €; = a;, ky = ay in (2.149) and €; = a;, ky = apy in (2.152), the
inverse dyadic can be directly written as

B = szﬁ Z (avlexp)lavlarm) (2.158)

aN|aN)

In terms of the incomplete double duality product | | we can more compactly write
= aNaN
B = LZ aK(Z)aK(Z) (2159)

Because the nth and (n — 1)th double-wedge powers of A can be expressed as

i(”) =anyoynN = (aN|aN)eNEN = (tri("))i(n), (2160)

the inverse dyadic takes on the simple final form

— ()| |A(=DT

Al = —— (2.162)
tr An)
Alternatively, we can denote B
= AdjA
Ao AdA (2.163)
det A

when the adjoint dyadic and determinant are defined by
AdjA =1 [|[A(-DT (2.164)

det A = trA™ = ay|an = (a; A~ Aay)|(0 A Aa). (2.165)

The inverse of a dyadic A € 1 E; can be derived similarly by interchanging vectors
and dual vectors, and the result becomes the same (2.162).
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NV AN

Al =® [l AT /detA

Fig. 2.4 Checking the grades of the inverse formula (2.170) for n = 3.

Inverse of a metric dyadic A dyadic A of the space [E; E; will be called a metric
dyadic, see Section 2.5. The inverse of such a dyadic must lie in the space IF; Iy , and
the expression (2.162) for the inverse must be modified since unit dyadics do not exist

in this case. Expressing A € [, E; in terms of two sets of basis vectors {a; }, {b;} as
A= zn: a;b;, (2.166)
i
its inverse can be written in terms of two sets of dual vectors {a; }, {8, }:
Al = zn:,@iai. (2.167)

Requiring
= n = = = =
AA =Y aja(bilB;) =1, AHA=T, (2.168)

ij=1
this is obviously satisfied if {c;} is the reciprocal basis of {a;} and {3,} that of
{b;}. From (2.149) we can now write

n

1 Z KNEN || bk@ak() _ knkn|[Al
(knlan)(kn|by) kK| |AM)

n—1)T

=l

(2.169)

i=1
where K is any dual n-vector. Note that there is no unit dyadic in the space E; [E;

and det A is not defined. For a dyadic K of the space Iy IF , in the inverse (2.169) k n
must be replaced by replaced by a n-vector k .

2.4.3 Inverse in three dimensions

Let us check the result by expanding the formula (2.162) in the three-dimensional

space, in which case it has the form (Figure 2.4)

= 13| AT

Al = L: (2.170)
det A

:71
This bears some similarity to the corresponding Gibbsian dyadic formula A =
AT /det A [28,40]. To compare with the familiar form known for the corresponding
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matrix [A4;;], let us express the dyadic in terms of reciprocal bases {e;}, {¢;}

A=Y Aje;, (2.171)
‘7j

and substitute in (2.162) the expansions

A® = %ZZAijAM(e,./\ek)(ej Aeg), (2.172)

ij kit
A®) = det[Aij]T(S) = det[A;j]e123€123, (2.173)

det[Ai;] = A11AxAss + A13A30A51 + A9 Asg Az
— A1 A3 Azs — Aag A13 Az — AzzAi2 Ao, (2.174)
AdjA = 1®||A®T
= % Z Z AijApe(eras|e; Nep)(erasle; Aey)
ij kL

= (A33A22 - A32A23)6181 + (A32A13 - A33A12)6182

+(A12A23 — A1z Asz)eres + (AazAz1 — Az Ass)eser
+(Az3A11 — Az1 Arz)eser + (A13Aar — A1 Agg)eses
+(A21Azs — Az Azi)ezer + (As1Arr — AzzArr)eser
+(A11A92 — A12 Ao )eses. (2.175)

The inverse formula (2.170) can be verified directly by forming the duality product
of Adj A and A. _
As a simple check let us replace A by the simple diagonal dyadic

D = Dieie; + Dseses + Dieses. (2.176)
The adjoint dyadic reduces now to the diagonal form
AdjD = DsDseie; + D3Dyeses + Dy Doeses, (2.177)
and the determinant reduces to
detD = Dy Dy D3, (2.178)
whence the inverse has the easily recognizable form
6_1 = Dflelel + D;1e262 + D;legeg. (2.179)

Example Let us demonstrate the use of the formula (2.162) to find an analytical
expression for the inverse dyadic in the space of n dimensions for a dyadic of the
special form

=1+ aa. (2.180)

p|
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For this we need a few identities involving the unit dyadics and a dyadic E e E Fy:

[=DAB = (trB)I™,
BT = (trB)I- B,
T(n)H_T(H—P)T - I() 1<p<n-1,

whose proofs are left as exercises. Expanding

= ]_ = = =

A = =+ aa)A(l+aa)r---A(l +aa)
n!

— 1) 4000

bl
—=u
2

= (1+ala)l™ = det
we see that the condition for the inverse to exist is
det A = l+ala#0, = ala#-1
With the help of the identities above we can evaluate
AdjA = |<" L[AC-DT

— |_|_ n— 1)T+T(n)|_L(T(n72)Tﬁaa)
= |+(T | [Im=2T)| laa =1+1?)| | aea.

Finally, from (2.162) and (2.182), the inverse dyadic can be written as

(+aa)! = Adj(l + aa) B 1+1®) | |aa _7__aa
det(l + aa) 1+ ala 1+ ala

The result can be easily checked as

(AdjA)[A = ((1+ ala)l — aa)|(1 + aa) = (1 + aja)l = det A

2.4.4 Isotropic and uniaxial dyadics

(2.181)
(2.182)
(2.183)

(2.184)

(2.185)

(2.186)

(2.187)

(2.188)

Dyadics A € E;F; which do not change the polarization of a vector are called
isotropic. Two non-null vectors a;, as have the same polarization if they are parallel,
satisfying a; A as = 0. This is equivalent to the fact that there exist a scalar a such

that ay = aa; . If the dyadic A maps a; to a,, the condition of isotropy is thus

X|a1 = aay,

(2.189)

which must be valid for any vector a;. The scalar @ must be independent of a;

because the left-hand side is a linear function of a;. This implies (A — al)la; = 0
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for all a;, whence we must have A = al. The conclusion is that isotropic dyadics are
multiples of the unit dyadic. The concept of isotropy can be extended to dyadics in
the space E,IF,, with the obvious result that the isotropic p-dyadics must be multiples
of 1(#).

If there exists a special direction in the space of n dimensions, defined by a basis
vector labeled as e,,, vectors parallel to e,, correspond to that special direction. All
other basis vectors e; - - - e,_; make a (n — 1)-dimensional subspace. Since the
(n—1)-vectore K (n) is independent of the particular choice of the vectorse; - - - €,,_1
except for a scalar coefficient, we can define the reciprocal dual basis vector &,
uniquely from (2.149), where i = n. Now we can call a dyadic A € E; F; uniaxial if
it maps the vector e,, to a vector parallel to itself and vectors a satisfying € ,|]a = 0 to
vectors parallel to themselves. Such vectors a form an (n — 1)-dimensional subspace
in the n-dimensional vector space. Obviously, any uniaxial dyadic is a sum of a
multiple of the unit dyadic corresponding to the vector subspace and a multiple of the
dyad e, ep:

_ n—1
A=a Z e + Benen. (2.190)
=1

In particular, in the Minkowskian four-dimensional space there is one special
basis vector e4 which corresponds to the time and the orthogonal three-dimensional
subspace corresponds to the Euclidean space. Thus, the uniaxial dyadics in the
Minkowskian space can be expressed as

A = alg + Besen, (2.191)

where TE is the three-dimensional Euclidean unit dyadic. Extending this to dyadics

A € E, T, gives the result that the corresponding uniaxial bivector dyadics must be
of the form _ - i
A=al? + flghees. (2.192)

Problems

2.4.1 Solve the inverse of the dyadic A=1+aa directly by solving for x in the
equation A|x = y, without using the formula (2.162).

2.4.2 Prove the dyadic identity ) ) )
&) m(n—l)T =1

2.4.3 Prove the generalization of the previous identity
[T =) 0 < p<n.

Hint: Because the resulting dyadic must be in the space I, IF,, and there are no

other dyadics involved, the result must be of the form alz(p). Find the scalar o
by using the identity

T=PAT(P) = (t[(P))](m)



66

DYADICS

which is easier to prove.

2.4.4 Prove the identity

and its generalization

2.4.5 Prove

[(P)AJ(n=p) — ¢ ](P) (n)

2.4.6 Prove the identity

which leads to

2.4.7 Verify that the E; IF; -dyadic B = A + aa has the inverse
Bl —A-1_ K‘1|ao_z|i_1
1+ alA-ta

which is known if A~ is known.

2.4.8 Show that

AP A=) = [t AP

2.4.9 Show that

(A-1H)®) = (AP)~1,

= = n)T =
2.4.10 Expand (AN [T, where A € |y .

2.4.11 Derive the following expression for the inverse of a Euclidean (n = 3) bivector

dyadic A € By

A= —L_(AT]Ji®)®, Det A #0,
DetA

where DetA is the determinant of a bivector dyadic and defined by
Det A = det(AT[|T®)) = (AT | [1®)B) I
Hint: Show that a basis of bivectors A1, As, A3 defines the reciprocal dual

bivector basis

[A2A3] &, — [A3A1] &. — [AlAz]

P, = ) - I — T7TA A A\
'TAIALAL) YT (ATALAL)T 0 (ATALAY)
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after defining the antisymmetric dual bivector function
[BC] = (B]k) A (Clk) €
and the scalar function of three bivectors
(ABC) = A|[BC] = k|((A]r) A (B]k) A (C]K)).
The trivector k and the dual trivector & € F3 satisfy k|k = 1. Expand the
general bivector dyadic as A = A1 ¥y + AyWy + A3WP3, where {¥;} is
another basis of dual bivectors. Finally show that

Det i = (AlAgAg)(‘I’l \I’Q‘I’Q).

2.4.12 Applying the formula for the inverse of a bivector dyadic given in the previous
problem prove that, for n = 3, any bivector dyadic A € EyFy satisfying
Det A # 0 can be expressed in the form A= Q(2 in terms of some dyadic
Q € E; Fy . Similar property is valid also for metric dyadics Ac EyEs.

2.4.13 Show that the determinant of a Euclidean (n = 3) bivector dyadic A € Ex Ty
defined in Problem 2.4.11 satisfies

Det A~! = 1/Det A
when DetA # 0.
2.4.14 Assuming a Minkowskian (n = 4) bivector dyadic A € By, of the form

A=> (a;Aay)(b; Aby),
i<j
and assuming that {a;} and {b;}, i,j = 1---4, make two systems of basis
vectors, show that its inverse can be expressed in the form
K_l = 37K/NKN LL:KT
KN K,N| |A(2)

where & n is some dual quadrivector.

2.4.15 Expanding the general Minkowskian (n = 4) bivector dyadic M e EyFs> as

M:i+e4/\§+f/\s4+e4/\ﬁ/\s4,

where A € EoTFs, Be E, Fs, Ce E, Ty and D € E, F, are Euclidean (n = 3)
dyadics, show that its inverse can be expressed as

M~ = (A-CD'B)™' —(B-DIC'A)" Aey

—esA(C—AB D) ' +e.A(D—BAC) " Aey.
Here we assume that the inverses of the dyadics A---D exist.

2.4.16 Check the result of the previous problem by forming the product ﬁ|ﬁ*1
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2.5 METRIC DYADICS

Metric dyadics represent mappings between multivectors and dual multivectors of
the same grade (E, — F, or F, — E, ). They are elements of the respective dyadic
spaces F,IF, and E, E,. Symmetric metric dyadics allow one to define the dot product
(scalar product) between two multivectors or two dual multivectors of the same grade,
which gives a means to measure magnitudes of multivectors and dual multivectors.

2.5.1 Dot product

The dot product of two vectors a, b or two dual vectors «, 8 is a bilinear scalar
symmetric function of its arguments,

f(a’b):ab:baa f(aaﬁ):aﬁzﬁaa (2193)

and the definition is straightforwardly extended to multivectors and dual multivectors.
Because « - (3 is a linear function of 3, it can be expressed in the form - 8 = f ()|,
in terms of a linear vector function f (e). Because a linear vector function f(ca) can be

expressed in terms of adyadic G € E; F; asf(a) = E|a the dot product between two

dual vectors depends on the chosen dyadic G. Similarly, the dot product between two
vectors depends on a dyadic T € F, I, (Figure 2.5). Symmetry of the dot products
requires symmetry of the dyadics G, I':

a-b=al|b=b|ja, T7=T (2.194)

b

a-B=alGB=08Gla, G =G. (2.195)

Because of the definition above, nonsymmetric dyadics in the spaces E; E;, F; [y
cannot strictly be called metric dyadics and should rather be called generalized metric
dyadics. However, for simplicity, all dyadics in these spaces, symmetric or nonsym-
metric, will be called metric dyadics.

Because a - a produces a scalar, its value gives an idea of the magnitude of the
vector a. However, this scalar may be zero for a # 0 in which case the metric dyadic
is called indefinite. Or it may be a complex number for a complex vector a. In these
cases the magnitude concept is not so simple.

2.5.2 Metric dyadics
Two metric dyadics Ge E, E; and Te F; F; could basically be chosen independently

as any real and symmetric dyadics with finite inverses. However, let us assume that
the two metric dyadics are related and of the form

G= Xn: viee;, L= %e,»s,», (2.196)
=1 3
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e
= a

e
Iy

| b-a=b|a =b|T|a

Fig. 2.5 Dot product of two vectors is defined through a metric dyadic T.

where {e;} and {e;} are reciprocal vector and dual vector bases. In this case we
call the two metric dyadics reciprocal to one another. The signature coefficients {o; }
are assumed real and either +1 or —1. Initially any finite values could have been
chosen for the o;, but they can be normalized to =1 by changing the basis vectors
accordingly. When all basis vectors are real, the case o; = +1 or o; = —1 for all ¢ is
called definite metric and other cases indefinite. Allowing complex basis vectors this
definition does not have a meaning since any o; = —1 can be replaced by o; = +1
when replacing the corresponding basis vector e; by je;.

Let us concentrate on two special cases with real basis vectors: (1) the definite
Euclidean metric: o; = 1 forall ¢ = 1---n; and (2) the indefinite Minkowskian
metric in four dimensions: 01 = 09 = 03 = 1, 04 = —1. For n = 3 the Euclidean
metric dyadics and for n = 4 the Minkowskian metric dyadics are denoted by

Ge = e1e; + ese; + ezes, (2.197)
Tp =161 + €265 + €363, (2.198)
Gy = €161 + €265 + €363 — €464 = Gp — €4€4, (2.199)
fM = €1€1 T €269 + €363 — €4€4 = fE — E4€4. (2.200)

The subscripts = and m will be suppressed when there is no fear of misunderstanding.

The choice of basis {e; } and signature o; defines the metric dyadic G uniquely. It
also defines the dual metric dyadic " uniquely, because T happens to be the inverse
of the dyadic G. To see this, we can write from the orthogonality of the reciprocal

bases L ~
G = Z ezel|ej gj = Z ee; =1, (2.201)
i,j 9j
T|G = Tic e, ee, =) ee =17, 2.202
| Z ] Z (2202)
whence L L
T=G1! G=T.L (2.203)

2.5.3 Properties of the dot product

The basis vectors and dual vectors defining the metric dyadics are orthogonal in the
dot product:

€;-€; = ei|ﬁej = O'i(sij, € €j = E”E‘E]‘ = aiéij. (2204)
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As an example we write the dot product of two Minkowskian vectors as

4 4
an -bM = Z aiei|fM|bjej = Zaibioi
i,j=1 i=1
= a b1 + agbg + a3b3 - a4b4. (2205)

In the Minkowskian metric one should note that the special basis vector e4 satisfying
es - ¢4 = —1 is not an imaginary unit vector, but that the dot product involves a
minus sign. This difference is essential if we consider vectors with complex-valued
coefficients a;. The metric in a Euclidean space is definite in the sense thata-a > 0
for real vectors a and a - a = 0 only for a = (. In the Minkowskian space the metric
is indefinite because we can have a,, - ay; < 0 for real vectors ay, and ay, - ay, = 0
can be valid for some vectors, e.g., foray,, = e1 + e4 # 0.

2.5.4 Metric in multivector spaces

The metric dyadic T induces a metric dyadic in the p-vector space as the pth double-
wedge power:

(Tlai) A (Tlas) A+ A (Tlap) = T®|(a; Aay A--- Aay). (2.206)

Thus, 2 maps a p-vector to a dual p-vector. The dot product of two basis p-vectors
e"} with the ordered multi-index J = j1j2 - - - j, can be defined as

e’ -eh =eh TP e =0y, (2.207)
with the multi-index signature defined as the product

0J = 0,0y 0Tj,- (2.208)

The basis multivectors satisfy orthogonality with respect to the dot product as
eg -e% = O'J(SJK = UJ5j1k15j2k2 "'6jpkp- (2.209)
For example, the double-wedge square of a metric dyadic Tis
= ]_: =
F(Q) = EFQP = ZO’,’O’jEijEij, (2210)
i<j

which can be generalized to any power p.

Instead of continuing with the general case, let us again consider the Euclidean and
Minkowskian spaces which are of particular interest in the electromagnetic theory.
The different multi-wedge powers of metric dyadics can be expressed as

GP) = ejpern + exzens + e31€31 (2.211)
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GY = easerns, (2.212)

G = e1ne1s + €23€03 + €31€31 — €14€14 — €24€24 — €31€34, (2.213)
Eﬁ) = €123€123 — €124€124 — €234€234 — €314€314, (2.214)

E&ﬁ) = —€1234€1234. (2.215)

Similar dual expansions can be written for the powers of T'y, and Ty, by changing e
to €. The relations between these metric dyadics are

= 1 = = =, =

G = 5(Ga —esen)A(Gs — eses) = Gy — Guleses. (2.216)
= 1 = = = = =
G = 5(Ge — ese)A(Gr — e1ea)A(Gr — eses) = Gi — G Reses. (2217)

GW = _G¥ne e, (2.218)

The dot product can now be extended to multivectors and dual multivectors. For
example, for two bivectors in the four-dimensional Minkowskian space we have

4 4
Ay -Bu= Z Agjeij Ty 2 Byeers
=1 k=1
= A12B12 + A13B13 + As3Bog — A14B14 — A24Boy — A34B342.219)

Another form is obtained when expanding the bivectors as
Ay =Ag+agNeqy;, By =B +beAey, (2.220)

where ag, bg and A, By are, respectively, Euclidean vectors and bivectors. In this
notation the result is

Av By = ALTY B — (ap Aey)|(Tereses)|(bs A es)
= A -Bg—ag-bg. (2.221)

The indefinite property of the Minkowskian dot product is clearly seen.

Problems

2.5.1 Study the symmetric E; E; dyadic D = aa + be + cb. Can it be expressed
in the form of a three-dimensional metric dyadic G = > oee;,i=1,23,
o; = £1? If yes, assuming aAb Ac # 0 check the conditione; Aey Aeg # 0.

2.5.2 Find the inverse of the dyadic in the previous problem.

2.5.3 Show that the dual multivector metric dyadics satisfy G = (f(”))_l.
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254

255

2.5.6

2.5.7

2.5.8
2.5.9
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Find the inverse of the metric dyadic

G =S+ aa,
where S is a metric dyadic whose inverse is assumed known.

Show that the inverse of a bivector metric dyadic A € E,E, in the three-
dimensional space (n = 3) can be written as

Al 1 AT rr) @
A (KJJm)<3>||kkA Jrer)

where k is a trivector and k € F3 a dual trivector satisfying k|x = 1.

Show that in the case n = 3 any bivector dyadic A ¢ Es;E, satisfying

(A]]kk)®) # 0 can be expressed in the form A = Q® for some dyadic

QE R E,.

Expanding the general Minkowskian (n = 4) metric bivector dyadic M e EsEp
as

ﬁ:A+e4/\E+E/\e4+e4/\ﬁ/\e4,
where A € ]EQEZE € ElEz,E_E Es Eq and D € E, E; are Euclidean (n = 3)

dyadics, show that its inverse M—! € F,F, can be expressed as

M = (A-C

Here we assume the existence of the inverse dyadics A and D.

Check the result of the previous problem by forming the dyadic ﬁ|ﬁ_1.

Show that the inverse of Problem 2.5.7 can also be written as

M~ = D~ Nesest (L) —esAD ! [B)|(A+CID![B) | (18" ~CID " Aey).

2.5.10 Expanding the general Minkowskian (n = 4) metric dyadic 6 cEE as

Q=A+esa+bes+ ceqey,

where A € E;F,; is a Euclidean (n = 3) dyadic, a and b € E; are two
Euclidean vectors, and c is a scalar, show that its inverse can be expressed as

L (Ab —e)(@A —e)
c—alA-1|b

where A~ ! is a Euclidean three-dimensional inverse. Hint: Show that Q—!|Q =

I” | where I, is the Minkowskian four-dimensional unit dyadic.
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Hp| H HZPI HZ

G(n—p)

Fig. 2.6 Mappings between different vector and dual vector spaces of the same dimension
Cy =nl/pl(n—p)! =Cp_,.

2.6 HODGE DYADICS

2.6.1 Complementary spaces

There are four spaces of multivectors and dual multivectors which have the same
dimension C = Cp_, = n!/p!(n — p)!, namely E, (p-vector space), F, (dual
p-vector space), E,,_, (complementary p-vector space) and F,,_,, (complementary
dual p-vector space). However, in the case when n is even and p equals n/2 the
complementary spaces coincide with the original spaces and there are only two such
spaces. For example, in the four-dimensional space, the multivectors complementary
to bivectors are also bivectors. L

It was seen above that the metric dyadics G(»), T(?) define mappings between the
dual spaces [E, and IF;,. We now define another set of dyadics mapping E, and IF,, to
their respective complementary spaces [E,,_, and F,,_,, and conversely. This kind of

dyadics are called Hodge dyadics ﬁp (Figure 2.6), and they are closely related to the
metric dyadics.

In the mathematical literature a mapping[E, — E,,_, forany 0 < p < nisusually
denoted in shorthand by *, which is called the Hodge star operator.* Thus, if a? is
a p-vector and b"~P is an (n — p)-vector, *aP is an (n — p)-vector and *b"~? is a
p-vector.

The Hodge star operator is shorthand for what we call the Hodge dyadic. The star
operator may appear somewhat mystical because its rules are not easily memorizable
(seereference 18, Appendix F). While itis not easy to associate any algebraic structure
to the star sign, Hodge dyadics can be manipulated like any dyadics. Also, an explicit
relation to metric dyadics helps in the analysis. In many cases it may actually be
easier to work with metric dyadics than with the corresponding Hodge dyadics.

#One has to be careful not to mistake the Hodge star for complex conjugation.
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Fig. 2.7 Diagonal mappings, corresponding to the relations (2.225) and (2.229), can be
added to the diagram of Figure 2.6.

2.6.2 Hodge dyadics

A Hodge dyadic performs a mapping between two complementary multivector spaces.
Denoting again for clarity the grade of the multivector by a superscript, mapping of a
p-vector b? to an (n — p)-vector ¢ P can be represented through the Hodge dyadic

H, € E, ,F, as
c" 7P = Hp|b”. (2.222)

Let us now define Hodge dyadics H, through their relation to metric dyadics T(?) €
[, F,. Because a symmetric metric dyadic defines a dot product, the corresponding
Hodge dyadic can also be defined through the dot product. Let us assume that for
any two p-vectors a”, b? and an n-vector ey the following relation holds:

a? AH,[b? = ey(a” - b?) = ey (a?[T®) b?). (2.223)

As an example, for n = 3, ﬁl maps a vector b to a bivector whence a A ﬁl b is
required to give the trivector e123(a - b).

Because (2.223) is valid for any p-vector b?, the same relation can be written in
E, F, dyadic form as

a? AH, = ey(a?|T®). (2.224)

The n-vector ey is related to the metric dyadic G = I' ! which is defined in terms
of the vector basis {e;}. The relation (2.224) is linear and valid for any p-vector a?
if it is valid for all basis p-vectors e;. Now the following simple relation between a
metric dyadic and the Hodge dyadic can be derived:

ll

b, =en|[T® = ey |IPTF), (2.225)

:(p) = =
which states that [ is mapped to H,, through the E,,_,E, dyadic ey Ll(p)T. This
can be verified through the following identity between different unit dyadics (proof
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left as an exercise)

(=7 =T | {07 = e[ 3 &b (enle?), (2.226)

where summation is over the p-index J = jijs - - - j,. From (2.224) with a? = e
we can arrive at (2.225) through the following steps:

= TP [H, = en| Y ehenleh)[H, = en| D &b (enl(eh AH,))
= en|)_eh(enlen) (@ T?) = (en[IPT)TP) = ey [T, (2.227)

]
S

From (2.225) we see that the Hodge dyadic ﬁp is directly related to the metric dyadic

T(®), which depends on the choice of the n-dimensional vector basis {e;} and the
grade p of multivectors upon which it operates. The relation can be visualized by
adding a diagonal connection in Figure 2.6, as seen in Figure 2.7.

The inverse of (2.225) can be written in terms of the identity (1.122) which implies

enl(en[H,) = (~1)""7H,,. (2.228)
From this we obtain the relation

) = (—1)PPey|H, = (-1 Pey [P )[H,. (2.229)

The factor (—l)p("_p) equals —1 only when n is even and p odd, otherwise it gives
+1. Since the (proper) metric dyadic is symmetric, the transpose of (2.229) gives

T =FOT =Bl |ey = HI|(IPT Jey). (2.230)

(2.229) can be visualized through another diagonal connection to Figure 2.6 as shown
in Figure 2.8. Other formulas connecting the Hodge and metric dyadics can be
obtained from the diagrams in Figures 2.7, 2.8.

Given a Hodge dyadic Hp, from (2.229) we can obtain the corresponding metric
dyadic as the inverse G(*) = T='(?)_ Because a metric dyadic defining a dot product
must be symmetric, (2.230) sets a condition for a corresponding Hodge dyadic H.

in the space E,,_,F, by requiring ey Lﬁp to be symmetric. The same formulas
(2.225), (2.229) serve to define relations between more general Hodge dyadics and
nonsymmetric metric dyadics as well. After this quite general introduction let us
consider three- and two-dimensional Euclidean and four-dimensional Minkowskian
metrics and their Hodge dyadics in more detail.

2.6.3 Three-dimensional Euclidean Hodge dyadics

In the three-dimensional Euclidean space, vectors and bivectors are complementary
because they have the same dimension C} = C3 = 3. The Hodge dyadic H; maps
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T =H, e123 | T(2) =H,

Fig. 2.9  Visualization of relations between three-dimensional Hodge dyadics and metric
dyadics.

vectors to bivectors: E; — [y, while Hy maps bivectors to vectors: Fy — E;. In
the chosen basis they have the expansions

Hi = e[l = e LZ €i€; = €12€3 + €361 + ez €2, (2.231)

Ha = eqa3 LT(Q) = eq23 LZ €;j€ij = €1€23 + €2€31 + €3€12. (2.232)

These expressions imply the conditions
Hi[Hy, =1, Hy|H, =1, (2.233)

whence we can write

[u

H, =H;', H;=H;". (2.234)

Relations to the metric dyadic There are a lot of different relations between
the Hodge dyadics and the metric dyadics (Figure 2.9):

Hileias = e1se1n + exzeas + ezres = G2, (2.235)

€103 |H1 = €161 + €262 + €363 = L. (2.236)
€123 [f = ﬁh E(2)J€123 = ﬁ1- (2.237)
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ﬁQ leias = E, €123 Lﬁz = f@), (2.238)
EJf‘3123 = ﬁQ, €123 L?(Q) = ﬁQ- (2.239)
The transposed Hodge dyadic ﬁlT maps dual bivectors to dual vectors: Fo — [Fy .

Thus, it is dual to H. It satisfies

HY = ¢1e03 + 2031 + 3€15 = Hy ', (2.240)
€123 Lﬁ1T = 6(2), ﬁ1TJ€123 = i (2.241)
e123]G® =H], Tleps =H;. (2.242)

Correspondingly, the transpose of the Hodge dyadic ﬁz is dual to ﬁl:
ﬁg = €19€3 + €23€1 + €31€2 = ﬁl_lT. (2.243)
Also, it performs the mapping F, — ;. The transposed Hodge dyadics satisfy

HI|HT =17 HI|RL =17, (2.244)
Properties of Hodge dyadics These relations imply the property known in
mathematics that the inverse of the Hodge star operator equals the operator itself in

the Euclidean space [18]. Other important results are

e;AHy =H Aey, (2.245)
HyAe; = €i€123, €; A H, = €123€;, (2.246)
€ij N ﬁg = €123€j, ﬁl NE;j = €4j€123. (2.247)

As an example, let us check the condition (2.223) for ﬁl and any two vectors a =
> a;e;, b =" b;e;, applying the above relations:

an (H1|b) = Zaibjei A ﬁ1|e]~ = ej23 Zaibjsi|ej
i,J i,J

€123 Z a;b; = e1s3(alT|b). (2.248)
i

As another example, for ﬁz and any two bivectors A = )" A;;e;;,B = )" Brrexs
we have

AA(H)B) = Z A;ijByeeij ANHaley = ea3 Z A;jBreeijlere
1,5,k ,¢ 1,5k, ¢
= e Z AijBij = ei23(A|IT?|B). (2.249)
4,7

The corresponding conditions for the dual and transposed Hodge dyadics follow in
the same manner.
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2.6.4 Two-dimensional Euclidean Hodge dyadic

The two-dimensional Euclidean space can be understood as a subspace in the three-
dimensional Euclidean space where all vectors a satisfy a|es = 0 and all dual vectors
a satisfy a|es = 0. Since bivectors have the dimension of scalars, 1, the only existing
Hodge dyadic in the 2D space maps vectors to vectors.

The Hodge dyadic can be obtained from (2.225) as

ﬁl = ey L? = eq9 [(6161 + 6262) = €e9€1 — €e1E€5. (2.250)

To check that the definition (2.250) is in accord with the basic definition (2.223), we
write

aAi (ﬁ1|b) = (a1e1 + ageg) A (egbl — elbg)
= elg(albl + agbg) = elg(a|f|b). (2.251)
The two-dimensional Hodge dyadic satisfies

2 =H | =—1I, = H'=-H, (2.252)

which means that ﬁl acts like the imaginary unit. Hodge dyadics of this kind can
only be found in spaces with even dimension . for p = n /2 where they map p-vectors
to p-vectors.

Two-dimensional rotation dyadic Combining H, with the unit dyadic as
E(G) =Tcos6 + Hy sin 6
= e1€1 €080 — eje58in 6 + eseq sinf + eses cos b, (2.253)
which can also be symbolically expressed as
R(O) = eM® =T+ H,0 - %Ta? - %ﬁlm T (2.254)
gives a dyadic which rotates a given vector by the angle 6:
ﬁ(0)|(e1 a1 + e2a2) = (€1 cosf + essinf)a; + (ea cosf — e sinf)as. (2.255)
The rotation dyadic obeys the obvious properties E(O) =1, ﬁ(ﬂ' /2) = H, and
R(61)|R(82) = R(62)|R(61) = R(81 + 62). (2.256)

The duality product of a vector a and a dual vector « is invariant if we define the
reciprocal rotation dyadic for dual vectors as

RT(—6) =17 cos® — A sin6, (2.257)
because from (2.256) we then have
(R”(=8)|)|(R(8)]a) = a[R(—0)[R(6)|a = ala. (2.258)

Since the Hodge dyadic ﬁl depends on the chosen basis e1, e, change of the basis
also changes the rotation dyadic.
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Fig. 2.10  Visualization of relations between four-dimensional Hodge dyadics and metric
dyadics.

2.6.5 Four-dimensional Minkowskian Hodge dyadics

Let us denote the Hodge dyadics corresponding to the four-dimensional Minkowskian
metric by the subscript m. Because in this case vectors and trivectors have the same
dimension 4 and bivectors have the dimension 6, there exist three types of Hodge
dyadics: Hun mapping vectors to trivectors, Hao mapping bivectors to bivectors,
and Hy,;3 mapping trivectors to vectors. For dual multivectors the corresponding
Hodge dyadics appear in respective form HZ .. HT, HZI .

From (2.225) we can now write expansions for the different Hodge dyadics. They
can be best memorized in a form where the fourth dimension is separated from the
three Euclidean ones as in (1.28). An expansion for each Hodge dyadic in terms

of the corresponding three-dimensional Euclidean Hodge dyadics Hei, Heo appears
often useful and is given below:

HMl = €1234 LFM

= ea34|(e161 + €282 + €363 — £464)

= €334€] + €314€2 + €124€3 + €123€4

= es AHgi + erasey, (2.259)
ﬁMQ = €1234 Lﬁi)

= e1234|(€12€12 + 23623 + €31€31 — €14€14 — €24E€24 — £34€34)

= —(e12€34 + €23814 + €31€24) + (€14€23 + €24€31 + €34€12)

= —(e;ne3+ ex3e1 +e3162) ANeg —eq A(e1€23 + e2€31 + €3€12)

= —Hgi Aes—es AHgy = —H 3, (2.260)
ﬁms = €1234 Lﬁ\i)

= €1234 L(81235123 — €124€124 — €234€234 — 83146314)

= €1€234 + €2€314 + €3€124 + €4€123

= HEQ Ney + €4€193 = ﬁ;/lll (2261)

Checking the expressions One can easily check that these dyadics satisfy
(2.223) by making decompositions for the multivectors and Hodge dyadics. For

Hy1 we expand

an A HMI |bM
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= (ap + esas) A (12364 + €4 A Hgy)|(bg + esbs)

—es A ag A Hgi|bg — ase1234b4

e1234(ag|Talbs — ayby)

e1234(ag|Tu|by). (2.262)

Similarly, we write for two bivectors A ;, By

A A Hypo| B
= —(Ag+agAeq)A(Hg Aes+es AHg)|(Bg + bg Aey)
= —AgAesAHm|Bs —agAes A (He Aes)|(bs Aes)
= —es A (Ag AHg|Bg) +eq A (ag A Hy |by)
= esAens(—Ag|TS) [Bg) + ag|Tx[bs)
= 61234(Am|fM(2)|BM)- (2.263)

Finally, for two trivectors a,,, by, which can be expressed in terms of Euclidean
trivectors ag = a123€123, Pg = b123€123 and bivectors A g, Bg, we have

an /\HM3|bM
= ((11236123 + Az A e4) A (HEQ NEy+ 646123)|(b123€123 +BA 64)

= aja3bizzerazs + Ap Aeg A (Hez Aey)|(Be Aey)

= aiazbiazernss +es ANAg A ﬁE2|B

= ea3(aglei23€123|be) — 61234(Aa|ﬁ~:2)|BE)

= e934(am|Tu® [bu). (2.264)

Relations to the metric dyadic Various relations of Hodge dyadics and the
Minkowskian metric dyadics can be easily obtained:

ﬁM1Je1234 = Eﬁ), €1234 Lﬁwu = _?M’ (2.265)
ﬁmﬂelzzzx = —ﬁi?, €1234 LﬁMQ = ﬁi), (2.266)
ﬁ1\/13Je1234 = EM, €1234 Lﬁmzs = —ﬁi)- (2.267)

Converse relations are

ﬁMl = e1234 Livu HI\T“ = €1234 La\i), (2.268)
ﬁmz = €1234 Lﬁ\i), ﬁ:{,{g = —€1234 LES\?), (2.269)
Hus = €134 Lﬁ\i), ﬁl\T,Ig = €1234 LEM (2.270)
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The transposed Hodge dyadics which operate on dual multivectors can be easily
derived and are given here for convenience:

Hz;l = €&1€934 + €2€314 + E3€124 + €4€123
= H] Nes+eseqns, (2.271)
H]\T,.z = (e41€93 + €42€31 + €43€12) + (€23€14 + €31€24 + E12€34)
= esAHL +HL Aey, (2.272)
H]\T,.g = ﬁ;ﬁ = €123€4 + €234€1 + €314€2 + €124€3
= eazes +e4 AHL,. (2.273)

Relations to the unit dyadic The different Minkowskian Hodge dyadics have

also connections to the four-dimensional unit dyadic TM and its double-wedge powers.
Applying the relations between the Euclidean and Minkowskian unit dyadics,

= In+eses, (2.274)
12 = 12 4l heses, (2.275)
19 = 19 419 0ese,. (2.276)

we can write the following relations between the different Minkowskian Hodge
dyadics and unit dyadics:

HusFai = T, 2.277)

Hut[Hus = 19, (2.278)

H2, = HuolHwo = -1, (2.279)

Ho) = —Hu. (2.280)

These formulas show properties for the Hodge star operator in the Minkowskian space

known from the literature [18]: (*)? = 1 when p is odd and (*)? = —1 when p is
even.

Four-dimensional rotation dyadic The Hodge dyadic ﬁMg resembles again
the imaginary unit because its square equals the negative of the unit dyadic of the
bivector space, as is seen from (2.279). Similarly to the two-dimensional case, we

can forr_n arotation dyadic by combining H.,.2 and the four-dimensional bivector unit
dyadic Tﬁ) as
EM 0 = Tﬁ) cosf + ﬁMg sin 6
= (19 4+ 10eqes) cosf — (Hey Aey + eq A Hyo) sin 6. (2.281)
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The dyadic satisfies
Ru(0) =1&, Ru(£m/2) = +Hyo, Ru(r) = —1¥ (2.282)

and the product rule
R (61) | Ran(B2) = Raa (82) [Run(61) = Rua (61 + 62). (2.283)

The rotation dyadic EM (f) maps a bivector Ay, = Ag + ag A e4 to another bivector
Al, = A +al Aeywith

AL = Agcosf — (Hgi|ag)sinb, (2.284)

al = agcosf + ( e2|Ag)sin 6. (2.285)

Since the Hodge dyadic HMQ depends on the chosen basis {e;}, change of the
basis also changes the rotation dyadic. This can be visualized as a change of the axis
of rotation. The dual form of the rotation dyadic is often called the duality rotation
when applied to the electromagnetic dual bivector, in which case it has the effect of
changing electricity to magnetism and conversely.

Problems

2.6.1 Prove that the relation ﬁp =epn Lﬁp) follows from (2.224). Hint: Applying
the identity
|(n p)_| |_|p)T ZEJEN eJ
where .J is a p-index, expand H,, = 1"=P)|H,, and use (2.224).
2.6.2 Check (2.256).
2.6.3 Verify (2.245).
2.6.4 Derive (2.265) — (2.267).
2.6.5 Derive (2.268) — (2.270).

2.6.6 Prove that H2,, = —1\2.

10:40 pm, 5/22/05
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Differential Forms

Dual multivector fields, dual multivector functions of the space position vector or
space-time vector, are called differential forms. Because physical quantities like
electromagnetic fields, currents, and charge densities are integrable over lines, areas,
volumes, and time, they can be represented by differential forms of various grades.

3.1 DIFFERENTIATION

In the theory of differential forms, the central role is played by the differential op-
erator d. Its counterpart in the three-dimensional Gibbsian vector analysis is V, the
Hamiltonian nabla operator.1 In the four-dimensional Minkowskian space, d also
involves differentiation with respect to time.

3.1.1 Three-dimensional space

Denoting the three-dimensional position vector by r, coordinate functions are denoted
either as x;(r), 1 = 1,2,3, or, with an emphasis on the Cartesian coordinates, as
z(r), y(r), and z(r). The differential operator d operating on a scalar function
f(r) gives a dual vector d f(r) (dimension of d is 1/m). A dual-vector basis can be
formed by operating on three coordinate functions, for example, {e;} = {dz;} or
{dz,dy, dz}. The latter three dual vectors correspond to the Gibbsian unit vectors
u, = Vz,u, = Vy, u, = Vz. The vector basis reciprocal to {¢;} is denoted by
{e;} and, in Cartesian form, by {e,,e,,e.}.

'Some authors like Meetz and Engl [57] write V instead of d.

83
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From the differential of a scalar function of spatial variables ¢(z,y, 2)
d¢ =dz0,¢ +dydy¢p +dz0.¢ (3.1)
we can extract the differential operator d in the Cartesian basis as
d = dzd, + dyd, + dz0,, (3.2)

which is similar to the expansion of the gradient operator in the Gibbsian vector
analysis. The similarity can be given a concrete form through the Euclidean metric
dyadic B
G= Zeiei =e,e, +eye, +e.e., 3.3)
as _
V=Gld=) e, =e,0; +e,0,+e.0.. (3.4)

Thus, unlike d, V depends on the metric through some chosen basis system {e;},
which again depends on the chosen coordinate functions z;(r) through the dual basis

One-forms Operating on a scalar function ¢(r) by the operator d gives a dual
vector field d¢(r), whose Cartesian expansion is (3.1). The space formed by linear
combinations of differentials of scalar functions of r is called the space of one-forms.
Any one-form ¢(r) can be written in a basis of dual vectors as

= ¢idr; = ppdz + ¢,dy + ¢p.dz, (3.5)
where the ¢; or ¢, ¢, ¢. are three scalar functions of r.

Two-forms The differential dA of the one-form (3.5) gives a two-form:
dA¢ =dog, Adz +doy Ady +do, Adz. (3.6)

Due to the antisymmetric property of the wedge product we have d A d¢(r) = 0 for
any scalar function ¢(r), which means that d A d is a null operator. Substituting (3.2)
and applying properties of the wedge product, one obtains for the resulting two-form
in Cartesian coordinates the result

® = dA@=(0p¢py — Oyoy)dz Ady
+(Oyp> — 0:¢y)dy Adz + (0:¢, — 0x¢.)d2z A de. (3.7)

The components of this two-form correspond to the components of the curl of a
Gibbsian vector. The basis of three one-forms {dx;} generates a basis of three two-
forms {dz; A dx;} with reciprocal basis bivectors e;; = e; A e; satisfying

(e; A ej)|(day A dwy) = (e;|dwi)(ej|dzy) — (e5|dwe)(ej|dws)

= 0irdje — 03l (3.8)
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Any two-form in the three-dimensional Euclidean space can be expanded in terms
of the Cartesian basis two-forms as

d = Zq)ijdxi /\d.Z’j
i<j
= &, dzAdy+ ®,.dy Adz + ®.,dz Adz, 3.9

where the coefficients ®;;,1 < j or ®,,, ®,., ®., incyclic ordering are three scalar
functions of the space variable r.

Three-forms Operating the two-form (3.9) by dA gives the three-form,
Yy=dA® = (0:Py + 0, Py + 0,P.,)dz Ady A dz. (3.10)

Any three-form in the three-dimensional space can be written as a scalar multiple of
the basis three-form, as v = 7y;,.dz A dy A dz or, more generally, ¥ = yi23dz1 A
dzs Adzs, where 7y, . or y123 is the component of the three-form in the corresponding
basis. The scalar component in (3.10) resembles the Gibbsian divergence of a vector.
From the previous definitions, it is seen that the differential operation dA in the
three-dimensional space may correspond to either gradient, curl, or divergence of the
Gibbsian vector analysis, depending on the multiform quantity under operation:

e ¢scalar - d¢ ~ gradient
e ¢ one-form - d A ¢ ~ curl

e & two-form - d A ® ~ divergence

Leibnitz rule The Leibnitz rule for the differentiation of scalar functions,

9o (f(2)g(2)) = g(x)0a f () + f(x)0rg(), (.11
can now be extended to the product of a p-form ¢ (r) and a g-form 1% (r) as
dA (P Ap?) = (dAP") Adpi + (=1)"d¢ A (d A 7). (3.12)

For clarity, quantities constant in differentiation have been given the subscript c¢. If
p = 0orq = 0, the corresponding A product sign must be omitted. The Leibnitz rule
covers the known Gibbsian vector differentiation formulas for the expressions of the
form V(fg), V x (fg), V- (fg), and V - (f x g). The rule (3.12) is valid in the
general n-dimensional space.

Second-order differentiation The differential-form operator dA is independent
of any metric. Because d Ad = 0, second-order differentiation requires some dyadic

which prefers certain directions in space, say Ac F, E; . For example, d A (K|d)
makes a second-order two-form operator when A is not a multiple of I. As another

example, the Euclidean metric dyadic G = > e;e; defines the second-order scalar
operator

d-d=d[Gld=d|V =202+ +8> =V (3.13)
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N T -/
dl Gl (dA¢) =d (dGlg) — (d[G|d) ¢

Fig. 3.1  Second-order differentiation rule (3.15) for a one-form ¢(r) corresponds to the
curlcurl formula of Gibbsian vector analysis.

V2 is the familiar Laplacian operator which can also be obtained as V2 = V - V =

\Y |?| V. It must once again be noted that V2 depends on the metric through the chosen
basis {e; }. With the help of the “bac cab formula” (1.50)

al(BAv) = B(aly) —(alB), (3.14)

we can write a useful second-order operation rule for one-forms ¢(r),
(d[G)](d A ¢) = d(d|Gl¢) — (d[G|d)¢, (3.15)

which is also valid when G is replaced by any dyadic Ac E; E;, not necessarily
symmetric. For a symmetric metric dyadic G (3.15) can also be written as

VidAg) = d(V|p) - V¢
= d(8,0s +0ydy + 0.6.) — V>, (3.16)

whence it corresponds to the familiar Gibbsian “curlcurl” formula
V x (Vxf)=V(V-f) -V, (3.17)

where f is a vector function.

3.1.2 Four-dimensional space

The Minkowskian four-dimensional spacetime can be studied in terms of the space-
time coordinates denoted by z1 = z, z2 = y, x3 = 2z, x4 = T with 7 defined

as
T=ct, ¢=1/\/lo€o. (3.18)

Because 7 is time normalized by the velocity of light ¢, it has the same physical
dimension (meters) as the three spatial coordinates. The basis of one-forms is now
€, = dz, ey = dy, e, = dz, and e, = dr. It is often advantageous to separate
the three-dimensional Euclidean space components and normalized time components
in multiform expressions. For clarity we occasionally denote the differential oper-
ator d by dg when it operates on the three-dimensional Euclidean space vector r
only. To emphasize operation on all four coordinates in the Minkowskian space, we
occasionally denote d by d .
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One-forms The differential of a scalar function ¢(r, t) can be represented as

4
do =Y dz;0,,¢

i=1

dz0,¢ + dyd,¢ + dz0.¢ + d10; ¢
= dg¢ +d7d, ¢, (3.19)

whence the Minkowskian differential operator can be identified as

4
dy =Y dz;0,, = dzd, + dydy, + dz0. + drd; =dg +drd,.  (3.20)

i=1

The general one-form has the form

¢ =) ¢idz; = ¢, + ¢d7, ¢, = ¢pdz + ¢y dy + ¢.dz. (3.21)

Applying the Minkowskian metric dyadic

Gy = eje] + eses + eses — eqeq = G — eqey, (3.22)
where the basis vector e4 satisfies
e4|dxi = 61‘4, (323)

the vector four-gradient operator can be expressed as
= 1
0= GM|d: v—e487— = V—e4—8t. (324)
c

The second-order d’ Alembertian scalar operator is obtained as

= ].
[0? =d|Gu|d=d|0=V?-8?>=V? - c—_zaf. (3.25)

Defining the Minkowskian dot operator between dual vectors we could also write
02 = dy - dy.

Two-forms The two-form obtained from the Minkowskian one-form (3.21)
through differential operation can be decomposed as

dA¢ = (dE + dTa‘r) A (¢E + ¢‘rd7—)
= dg A ¢+ (dedr — 0-¢p;) AdT. (3.26)

To expand this, the first term can be directly copied from (3.7),

de ANy = (8x¢y - 8y¢x)dw Ady + (ay¢z - 8Z¢y)dy ANdz
+(0,¢y — O2¢,)dz A dzx, (3.27)
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while the last term in (3.26) contains the one-form

dedr — 0:0py = (02¢r — Or¢p)dx + (8y¢7 - 67¢y)dy
+(0:¢; — 0-¢.)dz. (3.28)

d A ¢ in (3.26) can be interpreted as a generalization of the curl operation to the four-
dimensional Minkowskian space. Being independent of the dimension, the “curlcurl”
rule (3.15) can then be generalized to

(d|Gu) (A A ) = d(d[Ga|p) — (d[Gra|d) b (3.29)
or, in terms of the four-gradient vector operator [ = d|EM, to
DJ(d A ¢) = d(0|¢) — O*¢. (3.30)

This rule actually generalizes the classical Helmholtz decomposition theorem to four
dimensions, as will be seen. The rule (3.29) is also valid more generally because the

symmetric metric dyadic Gy, can be replaced by any Minkowskian E; E; dyadic, not
necessarily symmetric.
The two-form ® is an element of the space F» of six dimensions, and its general
form is
® =) &;;dz; Adz; (3.31)
i<j

and, in Cartesian coordinates,

® = ¢, dzAdy+ P, dyAdz+ ., dzAdz
+@,,dz Ad7T + @, dy AdT + @, dz AdT. (3.32)

This can be split in its spatial and temporal components as
P =P + P, AdT, (3.33)
where @ is a two-form, and ¢, a one-form, in the Euclidean space.

Three-forms Differentiating the general Minkowskian two-form ® written as
(3.33), the following three-form is obtained:

Yy=dA® =dg APy + (dg A ¢ + 0-Px) Adr, (3.34)
with
de AN ®r = (0:9Py. +0yP., + 0.0,y )dz Ady Adz (3.35)
de Ny = (0:Pyr — 0y Pur)dz Ady + (0yP.r — 0Py )dy Adz
+(0,P,; — 0;9P,,)dz A dx, (3.36)

0,®x = 0;(PydzAdy+ ®,.dy Adz + ®,,dz Adz). (3.37)
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It is seen that this expression contains terms corresponding to divergence and curl
expressions in three dimensions.
Invoking the bac cab rule for dual bivectors I', (1.91), reproduced here as

a](BAT) =pBA(a]T) +T(alB), (3.38)

corresponding to (3.15) and (3.29), we can write a second-order differentiation rule
for the two-form ¥

(Garld) [(d A @) = d A (|G| @) + (d|Gor|d) @, (3.39)

where EM is the Minkowskian metric dyadic (3.22). This rule differs from that given
for one-forms in (3.29) by a sign. An alternative form for (3.39),

Oj(dA®) =dA(0]®) + 7, (3.40)
gives another generalization of the “curlcurl” rule in four dimensions.

Four-forms Finally, differentiation of the general three-form

v = (Yeyrde Ady + vzprdz Adz + 7y, dy Adz) AdT
+Yay-dx Ady Adz 341

produces the four-form
d Ay = (0:Vayr + OyYaar + OuVyzr — OrYayz)dx Ady Adz Adr. (3.42)

The scalar coefficient can be interpreted as the generalization of divergence to four
dimensions. Note that the minus sign is not due to any metric but to the chosen
ordering of the indices. Any four-form is a multiple of the basis four-form €934 =
dx Ady AdzAdr.

3.1.3 Spatial and temporal components

In the four-dimensional Minkowskian space, any p-form can be expanded in two terms
which are called its spatial and temporal components. Because of orthogonality, this
allows splitting equations in their spatial and temporal components. Thus, any one-
form equation in four-dimensional space,

¢ = ¢, + ¢,dr =0, (3.43)
can be split in its components as
¢.=0, ¢=0. (3.44)
Similarly, any two-form equation of the form

P =P, +p . NdT =0, (3.45)
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can be split as
P. =0, ¢,=0. (3.46)

For example, consider a two-form equation for the four-dimensional one-form ¢ =
¢ + ¢, dT:

dAp=dgAp,+dT A0, ¢P, +dedp, AdT = 0. (3.47)
This can be split in two equations as
de A, =0, dedr —0:¢, =0. (3.48)
Finally, the general three-form equation
Y=+ ¥eAdT =0 (3.49)

can be split into v, = 0 and ¥ = 0. For example, the three-form equation for a
two-form ® = ®5 + ¢, Adr,

dA® = (dg+d70,) A (Pg+ @ AdT)
= dgA®e+ (0, P +de A pg) ANdT =0, (3.50)

is split in its spatial and temporal equations as
de AP =0, deA¢, +0,P:=0. (3.51)

Actually these two equations make one set of the Maxwell equations in three-
dimensional representation, as will be seen in Chapter 4. In terms of differential
forms, the Maxwell equations are represented by the simplest possible differential
relations in the Minkowskian four-dimensional space. In fact, it is hard to imagine a
simpler form for a differential equation thand A & = 0.

Problems

3.1.1 Verify by expanding in components that the two-form d A (d¢) vanishes for
any one-form ¢ = Y ¢;dz; in n-dimensional space.

3.1.2 Derive through basis expansion of different terms the rule
(d[G)J(d A ¢) = d(d[G|¢) — (d|G|d)¢
where ¢ is a one-form and G a metric dyadic.
3.1.3 Prove the differentiation rule
dA(¢" AY?) = (AAPP) AL+ (—1)PPE A (d Aep?)

when ¢? is a p-form and 4/ is a g-form, and the subscript ¢ denotes “constant”
(no differentiation on this quantity).
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3.2 DIFFERENTIATION THEOREMS

3.2.1 Poincaré’s lemma and de Rham’s theorem

From the antisymmetry of the wedge product, it follows that the second-order operator
d A d vanishes. This simple fact is valid in any space of n dimensions and is called
Poincaré’s lemma. As special cases we obtain a number of theorems known from
Gibbsian vector analysis. When ¢ is a scalar function, we have

dAde=0, - Vx(Vf)=0. (3.52)
When ¢ is a one-form, we have
dAdAgp=0, » V- (Vxf)=0, (3.53)

where the Gibbsian rule is valid for a vector £. The inverse of Poincaré’s lemma is
called de Rham’s theorem [24]:

If x? is a p-form (1 < p < n) and d A x? = 0, there exists a (p — 1)-form
£P~1 50 that one can write x? = d A €271,

This is a local property and valid in a star-like region which is topologically similar
to a ball [24]. In a donut-like region there does not necessarily exist a unique (p — 1)-
form £7~! for a given p-form x?. It may change its value along a closed path in the
donut. By making a cut in the donut, a unique value can be, however, ascertained.

Closed and exact forms A p-form x? satisfying d A x? = 0 is called a closed
p-form. On the other hand, a p-form x? = d A& ! is called an exact form. An exact
p-form is always closed due to Poincaré’s lemma. A closed form is locally exact due
to De Rham’s theorem, but globally only in a star-like region.

Second-order operators As was seen earlier, double differentiation d AdA does
not produce a second-order differential operator. In the Euclidean three-dimensional
space the Hodge dyadic transforming one-forms to two-forms

ﬁQT = (dz Ady)e; + (dy A dz)e, + (dz Adzx)e, (3.54)

can be applied to define a two-form differential operator which is sometimes called
the co-differential operator [24],

8 = HZ|d = (dz A dy)d. + (dy A d2)d, + (dz A dz)d,. (3.55)
This allows one to form a second-order three-form differential operator as
dAd=(0;+0, +07)dz Ady Adz = V’dz Ady Adz. (3.56)
From this, the scalar Laplace operator can be introduced as
V2 = e,y:|(d A D) = eyy.|(d A (H2|d)). (3.57)

Applying the dual form of (2.223), we see that this definition actually coincides with
the definition V2 = d_|C|d of (3.13) when the Euclidean metric dyadic G corresponds
to the Hodge dyadic H».
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N Aaan A
¢ =dy +d|G]P

Fig. 3.2  Visualization of the Helmholtz decomposition (3.61) of one-form ¢ in terms of
scalar and two-form potentials 1, .

3.2.2 Helmholtz decomposition

In Gibbsian vector analysis the classical Helmholtz theorem allows one to represent a
given vector field f(r) in terms of a scalar potential ¢(r) and a vector potential A (r)
as a sum of irrotational and solenoidal components,

f(r) = Vé(r) + V x A(x). (3.58)

This decomposition can be extended to the space of n dimensions in differential-form

notation. Let G € E; F; be a metric dyadic (not necessarily symmetric), and let 7(r)
be a one-form. Then, from the identity (3.15) we can write the relation

(d|Gld)n = d(d|Gln) — d|G(d A m). (3.59)

Now, if the one-form 77(r) is a solution of the generalized Poisson equation (wave
equation in the four-dimensional Minkowski space),

(d|Gld)n(r) = $(x), (3.60)

from the differentiation rule (3.59) we see that any given one-form ¢(r) can be
decomposed as

o(r) = dy(r) + (d|G) | T (), (3.61)

in terms of a scalar potential ¢) and a two-form potential ¥, Figure 3.2. These
potentials can be given in terms of the one-form 7 as

h(x) = d[Gln(r). (3.62)
U(r) = —-d An(r). (3.63)

From the expression (3.63) of the two-form potential we see that it must satisfy
dAP(r)=0. (3.64)

Actually, ¥ is not uniquely defined by the one-form ¢. Equation (3.64) can be taken
as an extra condition for the two-form potential and it is called the gauge condition.

Equation (3.61) gives the Helmholtz decomposition theorem for a given one-form
¢. The term dv(r) in (3.61) corresponds to the irrotational (gradient) part in the
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Gibbsian form of the decomposition theorem (3.58), because it satisfies d Ady)(r) =
0. Also, (d|G) | ¥ (r) corresponds to the divergenceless (curl) part because it satisfies

(d[G)|((a|G)] ®(r)) ((dIG) A (dG))|® (r)
= (dAd)G|T(r) =0. (3.65)

(d|G)| corresponds to a divergence operation of Gibbsian analysis when operating
on the one-form term.

Potential equations Given the one-form function ¢(r), its potentials ¢(r), ¥(r)
can be expressed in terms of the one-form 7)(r), which is a solution of the generalized
Poisson equation (3.60). However, we can also form individual equations for the

scalar and two-form potentials. In fact, operating (3.61) by (d| E) | we obtain a second-
order equation for the scalar potential:

(d[Gld)y(r) = d[G|g(x), (3.66)

and operating by dA we have another equation for the two-form potential:
d A (G|d)|T(r)) = d A ¢(x). (3.67)

To simplify the latter we apply again the bac cab rule (1.90)

aA (b]T) =b|(a AT) —T(alB), (3.68)
which is Xalid for any vector b, dual vector 3, and dual bivector I". Substituting d
for av, d|C for b and W for I" and using the gauge condition (3.64), (3.67) becomes
(d|G|d)T(r) = —d A (r). (3.69)

Uniqueness for the decomposition (3.61) requires additional conditions on the bound-
ary of the region or infinity for the two potentials.

Helmholtz decomposition in four dimensions Gibbsian form (3.58) for the
Helmholtz decomposition theorem is only valid in the three-dimensional space. How-
ever, the differential-form formulation (3.61) is valid for any dimension n. Consid-
ering the four-dimensional Minkowskian space, let us interprete the decomposition
formula by expanding all quantities in their spatial and temporal components:

¢M (I‘, T) = ¢E(r’ T) + ¢(I‘, T)dTa (3.70)
Wy(r,7) = g(r,7)+ ¢ (r,7) Adr, 3.71)
EM = epe; +eye,t+e.e, —e e, (3.72)

Here, again, ¥ is a Euclidean three-dimensional two-form, ¢, ¥ are Euclidean
three-dimensional one-forms, and ¢, 1 are scalars. Now (3.61) becomes

O = @G+ Pdr
= (dg +dr9,)Y + (ds|Gs — €,0;) | (T + ¥, A d7)
= dgt) + 70,1 + (dg|Gg) | ¥x — (d|Gg) [, )dT — 0r1p,. (3.73)
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In the expansion we have twice applied the bac cab rule (1.50). Separating finally the
spatial and temporal components, the equation is split in two:

bo(r,7) = detp(r,7) + (de|Ge) | ¥(r, 7) = Dpu(r,7),  (3.74)
o(r,7) = 0:p(r,7) — (dg[Ge)[th o (r, 7). (3.75)

The gauge condition (3.64) gives
(dg +d70;) A (Pg(r,7) + P (r,7) AdT) (3.76)

=dg AUg(r,7) + (0-Pe(r,7) +dg At (r,7)) AdT =0, (3.77)
and it can be split into
de APe(r,7) =0, 0;Px(r,7) +de A (r,7) =0. (3.78)

These conditions are again similar to one half of the Maxwell equations.

Problems

3.2.1 Replacing the Hodge dyadic (3.54) by that of the four-dimensional Minkowski
space, define the co-differential operator and the D’ Alembertian operator [J2.

3.2.2 Derive (3.74), (3.75) by doing the intemediate steps.

3.3.3 Defining the metric dyadic Gas (3.3) and the Hodge dyadic ﬁg as (3.54), show
that the following identity holds:

e123|(a A (ﬁzThB)) = aIEIB

for any three-dimensional dual vectors o, 3. Thus, it is valid fora = 8 = d,
the differential operator.

3.3 INTEGRATION

3.3.1 Manifolds

A manifold is a topological space which locally resembles a Euclidean space. An
example of a manifold is the surface of a three-dimensional region, for example, the
surface of a sphere. On every point of the surface, one can attach a tangent plane
which forms a local two-dimensional Euclidean space. A curved line is a manifold,
and the tangent line at each of its points forms a one-dimensional Euclidean space.
A manifold can be represented through coordinates z; which are functions of the
position on the manifold. In the following we only consider manifolds in the three-
dimensional space. One-, two-, and three-dimensional manifolds (curves, surfaces,
and volumes) will be denoted by C, S, and V, respectively.
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C
Fig. 3.3 Integration of a one-form ¢(r) along a curve C is visualized through piercing
surfaces making the one-form.

Differential forms are integrable over manifolds of the same dimension. For ex-
ample, a one-form in the three-dimensional space

¢ = ¢1dxy + ¢odxs + P3da3 (3.79)

can be integrated along a curve C. If the curve is approximated by a broken line of
consecutive line elements represented by a set of vectors A;r, the integral I can be
approximated by the sum

I~ ¢(ri)|Air. (3.80)

When the broken line approaches the curve C, the limit can be written symbolically
as the duality product of the one-form and the manifold [18]

I=¢|C. (3.81)

Because a dual vector can be visualized through a set of parallel planes whose density
corresponds to the magnitude of the dual vector, any one-form can be visualized
through a set of surfaces filling the whole space. At any particular point of the space,
the local dual vector consists of a set of parallel planes tangent to the surface whose
density equals that of the surfaces at that point. Thus, the integral ¢|C gives the number
of surfaces pierced by curve C in Figure 3.3, and the sign depends on the direction
of integration. A suitable physical analogue is the integral of the static electric field,
which can be represented through a set of constant-potential surfaces. The result is
the voltage. It can be measured by counting the number of one-volt surfaces pierced
by the curve in the positive direction minus number of surfaces pierced in the negative
direction.

Similarly, a two-form can be integrated over a surface S. Writing A;;S = A;r A
Ajr for a surface element, one can interpret the limit as the surface integral

I~ Y ®A;S > 1=9|S. (3.82)
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Finally, a three-form o can be integrated over a volume V as

I~ ZZZa|A,~jkV—> I=alV, (3.83)

when the volume element is the trivector A;;, V = A;r A Ajr A Aygr.

3.3.2 Stokes’ theorem

The integral theorems of Gauss and Stokes, known in the Gibbsian vector analysis,
are two aspects of a single theorem which in the differential-form language is called
Stokes’ theorem. If D is the domain of integration and its boundary is denoted by
0D, Stokes’ theorem becomes [24]

(d A ¢)|D = $|0D. (3.84)

As a memory rule, the differential operator d can be thought of as moving through the
duality product sign and transforming to 0, which can be interpreted as the boundary
operator.

Let us consider examples in the three-dimensional space. If ¢ is a zero-form (scalar
field), d¢ is a one-form which can be integrated along a curve C. If the two end points
of the curve are denoted by .4 and B, the boundary operator gives 0C = B — A and
(3.84) takes the form

dg|C = ¢|0C = ¢|B — ¢|A. (3.85)

In the Gibbsian vector analysis, this corresponds to integration of a gradient of a scalar
function which leads to the difference of the values of the function at the endpoints.

The boundary 9S of a surface S in the three-dimensional space is a closed curve.
If ¢ is a one-form, d A ¢ is a two-form which can be integrated over the surface.
Stokes’ theorem (3.84) now gives

(dA9)|S = ¢|dS, (3.86)

which corresponds to Stokes’ theorem of the Gibbsian vector analysis: The curl of a
vector function integrated over a surface equals the path integral of the vector function
round the boundary curve.

On the surface S one can write a theorem which corresponds to Poincaré’s lemma,
for multiforms:

908 =0, (3.87)

meaning that a closed curve does not have end points. More generally, it states that a
boundary does not have a boundary. The theorem (3.87) also matches the following
integral theorem:

(d A dg)|S = d¢|dS = $|8dS = 0, (3.88)

valid for any scalar function ¢ and surface S. The first term vanishes due to Poincaré’s
lemma and the last term vanishes due to (3.87). The middle term in Gibbsian notation
is known to vanish because the integral around a closed loop of a gradient vanishes.



INTEGRATION 97

If @ is a two-form, d A @ is a three-form which can be integrated over a volume
in a three-dimensional space. If the volume V is bounded by the surface 9V, Stokes’
theorem reads

(AA D)V = |0V. (3.89)

In the language of Gibbsian vector analysis, this is the well-known Gauss’ theorem:
The volume integral of the divergence of a vector function equals the integral of the
vector function over the boundary surface, the flow of the vector through the boundary
surface. Again we have 99V = 0, which means that a closed surface has no boundary
curve. These mental pictures can be transferred to the space of n dimensions.

3.3.3 Euclidean simplexes

Integration over a manifold can be understood as the limit over small Euclidean ele-
ments, as was seen above. For a curve and a surface this corresponds to a broken-line
and a plane-element approximation, respectively. Such elements of a manifold are
called simplexes [24]. Simplexes play an important role in numerical electromag-
netics when physical regions are approximated through finite elements [8]. Different
orders of simplexes can be classified as follows.

e 0-simplex is a point (Fy)

e [-simplex is a straight line element. It is defined through an ordered pair of
points (P, Py), provided these do not coincide.

e 2-simplex is a triangular surface element. Itis defined through an ordered triple
of points (P, P1, P»), provided these are not on the same line.

e 3-simplex is a tetrahedral volume element. It is defined through an ordered
quadruple of points (Py, Py, P2, P3), provided they are not on the same plane.

e n-simplex is defined correspondingly through an ordered (n+1)-tuple of points
(PO,Pl,"',Pn).

All points within the boundary of the simplex belong to the simplex. The boundary
of a p-simplex s is denoted by Js, and it is a sum of (p — 1)-simplexes

n

O(Po, P+, Py) = (=1)!(Po, -+, Picy, Py, -+, Po). (3.90)

i=1

Because every simplex is oriented through the order of the points, minus sign reverses
that order. The orientation of a line segment is its direction (order of end points), that
of a triangle is its sense of rotation (order of two sides) and that of a tetrahedron is its
handedness (order of three sides joining all four points).
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Py

P

Fig. 3.4 The boundary of the simplex (Po, P1, P2, P3) is (P1, P2, P3) — (Po, P2, P3) +
(Po, P1, P3) — (Po, P1, P2), defined by four triangles with orientation corresponding to the
same handedness of rotation when looking out from the simplex.

Chain and cycle A chain of p-simplexes s; is a sum of the form

c=> a's, (3.91)

where the a; are real numbers. A chain of 1-simplexes is a broken line of consec-
utive line elements, and a chain of 2-simplexes is a surface of triangular elements.
Multiplying a simplex s; by a scalar a’ means changing its size.

The boundary of a chain of simplexes is

de = Z a'ds;. (3.92)

For example, the boundary of a chain of 2-simplexes is a broken line bounding the
surface of triangular elements. It has no boundary because of the rule (3.90). For
example, for the 2-simplex (P, P1, P») we can write for its boundary the 1-simplex

O(Py, Py, P2) = (P1, P») — (P, P2) + (Po, P1), (3.93)
whose boundary vanishes:

86(P0,P1,P2)
= 0(P1, P) = (Do, P) + 0(Po, Pr)
= [(P2) = (P)] = [(P2) = (P)] + [(P1) — (Po)] = 0. (3.94)
A closed chain of simplexes is called a cycle. Because the boundary of a chain of

simplexes is closed, it forms a cycle. A cycle is not, however, necessarily a boundary
of a chain of simplexes. For example, a triangular net covering a Mobius strip has a
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boundary which is a cycle, but the net is not a chain of simplexes because it does not
have a unique orientation.

By approximating a manifold through a chain of simplexes, any differential form
can be integrated approximately. The finite element method is based on replacing the
manifold through a chain of simplexes. Because there is a one-to-one correspondence
between points of any p-simplex and a basic p-simplex, all p-simplexes can be mapped
onto a basic p-simplex of unit size.

Problems

3.3.1 Study the one-form
¢ = m(wdy —ydz).

Prove that it is closed by showing that it satisfies d A ¢ = 0. Study whether it
is also exact, by integrating along a loop C containing the origin. For an exact
one-form, this should give ¢|C = 0.

3.3.2 Derive a condition for the coefficient functions ®;; of the two-form

B(r) = @;(r)dz; Adz;
i<j
which makes it exact. Find the one-form ¢(r) = )", ¢;(r)dz; such that

P(r) =d A ¢(r).
3.4 AFFINE TRANSFORMATIONS

Affine transformation is a linear transformation of space and time variables. Let us
first consider the general n-dimensional space and later apply the transformation to
three-dimensional Euclidean and four-dimensional Minkowskian spaces.

3.4.1 Transformation of differential forms

Ignoring the shift of origin, the affine transformation from the vector variable x to x,
can be expressed in terms of a dyadic AcE T, possessing a finite inverse A~1 as

X, = Alx, x=A l|x,. (3.95)

Choosing a base of vectors {a;} or a base of dual vectors {c; } in n dimensions, any

such dyadic A can be expressed as
i = Z a;a; = aj] + asas + - - - a0y, (3.96)
satisfying

(™) det A

A — T
= (a1/\ag/\---/\an)(al/\ag/\---/\an)7é0. (397)
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The affine transformation can be pictured as a deformation made by stretching, mir-
roring, and rotating the space.

When the position vector x = Y z;e; is operated dyadically by d, what results is
the unit dyadic for one-forms:

dx =Y dzie; =Y eje; =17 (3.98)

Similar operation on the transformed position vector gives
dx, = d(Ajx) = dx|]A” = A7, (3.99)

Requiring : _
dx, =17 = A" Tdx,, (3.100)

we can define the transformed operator as
d, =A"'T|d, d=A"|d,. (3.101)

All dual vectors are transformed similarly. For example, a scalar function ¢(x) is
transformed to

B(x) = (A" xa) = da(%a), (3.102)
whence its gradient obeys the rule

do(x) = dda(xa) = AT|dyda (xa)- (3.103)

Now since this is a one-form, all one-forms ¢p(x) transform similarly as

B(x) = A |$o(xa),  balxa) = A" |(x). (3.104)
For two-forms we apply the identity
(Ala) A (Alb) = A®)|(aAb), (3.105)
to obtain, for example,
AN p(x) = (AT|da) A (AT |, (xa) = ADT|(do A By(xa).  (3.106)

Thus, any two-form ®(x) transforms as
B(x) = AT B, (x,), Bu(xe) = AT |B(x). (3.107)
In analogy, the corresponding rules for a three-form (x) are

(%) = ATy, (x0),  Yo(%a) = AT |y(x). (3.108)

This leads to the folloing conclusion. If a law of nature between, say, a two-form
® and a three-form =y is expressed as a relation involving the differential operator as

d A ®(x) = v(x), (3.109)
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Fig. 3.5 Rotation of a bivector in its plane by an angle 0 does not change the bivector.

applying the above rules we can see that it implies
(AT|da) A (AT |®,) = AOT|(dy A @) = AT |, (3.110)
This means that the affine-transformed law has the same form
do A B4 (Xa) = Yo (Xa), G.111)

which property is called covariance in physics.

3.4.2 Three-dimensional rotation

In the three-dimensional Euclidean space we denote the position vector x by r. As
an example of an affine transformation we consider the rotation dyadic

= E(G) = eje1 + (cosfes + sinfez)es + (cosfe; —sinfes)es,  (3.112)

=l

where {e; } and {e; } are two reciprocal basis systems. The rotation dyadic transforms
the position vector r to

r, = ﬁ(9)|r = 1€ + (22 cosf — z3sinfh)es + (x5 cosh + zosinfes, (3.113)

by rotating its ; and 25 components by an angle §. The rotation dyadic can be shown
to satisfy

A® = (cosfeiy — sinfegy)e1a + (cosbes; + sinfejs)es; + eazeas, (3.114)

A(3) = €1923€123 = T(3) (3115)
The inverse dyadic becomes

—1

=l
|

€11 + (cosfe, — sinfeg)es + (cosfes + sinfes)es

R(-9), (3.116)
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whence it corresponds to a rotation by the angle —6. Taking two vectors r and r’, the
bivector r A r’ (oriented surface) is transformed to

ro, AT, = (cosferr —sinfes) (w11l — z27])
+(cosfez; + sinfeys)(r37] — z17%)
+eas (ol — 2375). 3.117)

If x; = 2} = 0, rotation is in the plane defined by r and r’, in which case r, A1/, =
r Ar' for any € and the rotation does not change the bivector. All trivectors (volumes
with handedness) are invariant in the transformation. In the Euclidean metric, the
rotation transformation implies

ry,-r, = ra|?E|ra = inz
= 2?4 (z9cosb — x3sin6)? + (23 cosf + x5 sin h)?
= Y ai=r-r. (3.118)

Thus, the Euclidean length of the vector is invariant in the rotation, an obvious result
from geometrical point of view. An affine transformation which preserves the quantity

r - = r|[|r in some metric is called an orthogonal transformation (with respect to
that metric).

3.4.3 Four-dimensional rotation

In the four-dimensional Minkowskian space, the general affine dyadic A involves
transformation of the normalized time variable 4, = 7 = ct as well. The four-vector
is written as

X =T+ eqxy, (3.119)

where r is the three-dimensional Euclidean position vector and x4 is the normalized
time variable.

As a special case of the affine transformation in the Minkowskian space, let us
consider the orthogonal transformation by assuming that the length of a four-vector
x in the Minkowskian metric is not changed:

Xg Xq = Xa|?M|Xa = X|iT|?M|K|X =X-X= X|?M|X. (3.120)

Because the dyadic B=AT |?M |i—?M € 1 1 is symmetric and satisfies x|§|x =0
for all x, it turns out that we must actually have B = 0, (proof left as a problem).
This requires that transformation dyadic must satisfy

AT|Fu|A =Ty (3.121)

More generally, suppressing the subscript, (3.121) describes the condition for a dyadic
A defining an orthogonal transformation with respect to a given metric dyadic T
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To simplify the problem, we assume that Ale; = e; fori = 2, 3, in which case the
transformation does not change vectors in the subspace spanned by the basis vectors
e,, e3 associated to the metric dyadic I'y,. Now the transformation dyadic can be
written as

= =/
A=A + €9€9 + e3€3, (3122)

=

A =Aj1e1e1 + Ajse1e4 + As1e4e1 + Asgeqey. (3.123)
The condition (3.121) is simplified to
iIT|(6151 - 6464)|Kl = €161 — €4€4, (3.124)
which can be split in four equations for the coefficients A;;
Al — AL =1, AnAy— ApnAu =0, (3.125)
A1gAnn — AgAn =0, A3 — A%, = -1, (3.126)

of which two are the same. From these we obtain two possibilities (double signs
correspond to one another)

A11 = :|:A44, A14 = :|:A41. (3127)

Expressing A;; = cosh ), from the above relations we can solve all the other coeffi-

cients as
A A hy +sinhd
L I s . (3.128)
A41 A44 sinh?d Zcoshd
Assuming real ¢ and restricting to transformations which do not reverse the direction

of time, we must have A44 > 0. This requires that the double sign be taken as += — +
and the affine transformation dyadic becomes

A = (coshde; + sinh dey)e; + eseq + e3e3 + (sinh dey + coshdey)ey, (3.129)

also known as the Lorentz transformation. It maps the four-vector x to

X, = K|x = (coshde; + sinhYeq)z1 + €222 + e3x3 + (sinh de; + coshdey)ry.

(3.130)
If we define
x4 = ct, v = ctanh?, (3.131)
the transformed quantities become
Ti, = coshdz; + sinhdct = #(ajl + vt), (3.132)
2 _ o2
ct, = sinhvYz; + coshdct = #(Eajl + ct), (3.133)
c2—v?c

which coincide with the Lorentz transformation formulas [38] corresponding to an
observer moving with the velocity —e;jv. In fact, for v < ¢ we have t, ~ t and the
x1 coordinate changes as x1, & 1 + vt.
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Problems

3.4.1 Prove that ifx|§|x = 0 for any vector x, we must have B =0whenB € I, F
is a symmetric dyadic. Hint: Setx =y + z.

3.4.2 Show that any basis {a;} orthogonal in Minkowskian sense a; - a; = dij

remains orthogonal after an orthogonal transformation A.
3.4.3 Find A®,A®), and A~ for the dyadic A given in (3.129).
3.4.4 Find eigenvalues and eigenvectors of the Lorentz transformation dyadic
X = ce1€] + Se4 €] + Se1€4 + ce €4 + €269 + €3€y,

where ¢ = cosh 1, s = sinh 4. Express the dyadic in terms of the eigenvectors.

Show that the inverse transformation A~ corresponds to changing 9 — —1.

3.4.5 Find the powers K(g),i(?’), and trA, detA for the Lorentz-transformation
dyadic of the previous problem.
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Electromagnetic Fields and
Sources

Because electromagnetic fields and sources are integrable over a space domain, they
can be represented in terms of differential forms. In the Gibbsian three-dimensional
formalism we usually distinguish between field intensities, integrable along lines in
space, and flux densities, integrable over surfaces. The former can be represented in
terms of one-forms like ¢ € Ty, the latter in terms of two-forms like ® € Fy. In
addition, there are volume density quantities and scalars, elements of the respective
spaces F3 and [F. The differential operation d A transforms a p-form quantity from the
space I, to a p + 1-form in the space I, ; . Differential-form representation of elec-
tromagnetic field equations becomes very simple and elegant in the four-dimensional
form.

4.1 BASIC ELECTROMAGNETIC QUANTITIES

The electric and magnetic field intensities E, H are integrable along lines in space,
whence they are one-forms. The path integral of the electric field gives the work done
by the field when it moves a unit point charge along the path. For the charge (), the
work expressed in the Gibbsian notation is

W:Q/E-dr:Q/(Ewuw+Eyuy+EZuZ)-dr. 4.1)

In the differential-form notation the basis unit vectorsu, = Vz, uy, = Vy, u, = Vz
are replaced by the basis one-forms dz, dy, dz. Inside the integral sign the bracketed
term can be interpreted as a one-form which, instead of a new Greek letter, will be

105
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Ari
ASU = §AI‘,' A AI‘j

Fig. 4.1 A surface S is a manifold which can be approximated by a set of simplexes (planar
triangular elements represented by bivectors AS;;) which results in a finite-element mesh.

denoted by the traditional symbol E:
E=FE,dx + E,dy + E.dz. 4.2)

The integral (4.1) can be considered as a limit (Riemann sum) when the elements of
work are summed over consequent path elements A;r. By denoting the total path as
a one-dimensional manifold C, the total work is thus

W =Qlim» E[A;rr = QE[C. (4.3)

The electric field is a one-form because its duality product with a vector is a scalar.
An example of a two-form is the density of electric current J which is integrable over
a surface,

J=JydrAdy+ Jy.dy Adz+ J.zdz Adzx. 4.4)

The surface is defined by a two-dimensional manifold S which can be approximated
by a chain of two-simplexes which are bivectors AS;; = (1/2)Ar; A Ar; (Figure
4.1). The current I through the surface is then expressed as the integral

I=1lim) J|AS; = J|S. (4.5)

An example of a three-form, a quantity which is integrable over a volume in the
three-dimensional space, is the charge density g:

o =odx Ady Adz. 4.6)

The total charge () in a volume V, which is the limit of a chain of three-simplexes
AijkV = Ar; A Al‘j A Ary, equals

Q = olV. 4.7)

Finally, as an example of a zero-form which is not integrable over a space region
is the scalar potentialipotential!scalar ¢.

To summarize, various basic electromagnetic quantities can be expressed in 3D
Euclidean differential forms as follows:

e zero-forms: scalar potential ¢, magnetic scalar potential ¢,,
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e one-forms: electric field E, magnetic field H, vector potential A, magnetic
vector potential A,

o two-forms: electric flux density D, magnetic flux density B, electric current
density J, magnetic current density J,,

o three-forms: electric charge density g, magnetic charge density g,,

For reasons of symmetry, electric quantities will also be denoted by ¢., A., J., ..

In the Gibbsian three-dimensional vector analysis, both one-forms and two-forms
are treated as vectors, sometimes distinguished as polar and axial (or pseudo) vectors.
The electromagnetic vectors are coupled through the medium equations which for the
isotropic medium are of the form D = €¢E, where € is a scalar. In the differential-form
formalism, € cannot be a scalar. Instead, it is a Hodge dyadic € which maps one-forms
to two-forms.

4.2 MAXWELL EQUATIONS IN THREE DIMENSIONS

Let us now consider the Maxwell equations in terms of both three and four-
dimensional differential-form formulations. The former case does not differ much
from that of the Gibbsian representation.

4.2.1 Maxwell-Faraday equations

The first half of the Maxwell equations were called Maxwell-Faraday equations by
Dechamps [18]. They can be written in Gibbsian vector formalism as

V xE+8,B =0, (4.8)

V-B =0, (4.9)

in the absence of magnetic sources. For the differential-form formulation we replace
V by d. Recalling that curl of a vector is represented by dA operating on a one-form
and that divergence is represented by the same operation on a two-form, we again
conclude that E must be a one-form and B a two-form. Thus, (4.8) becomes the
two-form equation

dAE+0,B=0 (4.10)

and (4.9) becomes the three-form equation
dAB =0. “4.11)

Here, following [18], we have replaced the time variable ¢ by normalized time 7 = ct.
This gives the one-form E and the two-form B the same physical dimension, because
the dimension of both d and 0, is the same, 1/m.
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0-forms

1-forms

2-forms

3-forms

Fig. 4.2 Maxwell-Faraday equations and potential relations as a Deschamps graph for
electromagnetic differential-form quantities in three dimensions.

Potentials From (4.11) and de Rham’s theorem it now follows that B can locally
be expressed in terms of a potential one-form A,

B=dAA. (4.12)

As noted before, the potential A is unique only in a star-like region. Conversely, B
defined by (4.12) satisfies (4.11) identically. When substituted in (4.10), we have

dA(E+8.A) =0. (4.13)

From de Rham’s theorem again it follows that there locally exists a potential zero-
form ¢ in terms of which the bracketed one-form in (4.13) can be expressed as —d¢.
The electric field one-form can then be written as

E=—dé— 9 A. (4.14)

Equation (4.10) is now satisfied identically by E defined as (4.14).
Representation of fields in terms of the potentials A and ¢ is not unique, because
the potentials can be changed as

¢o—p+0:¢9, A—A—dy, (4.15)

without changing E and B. ) can be any scalar function. A unique set of potentials
can be obtained if an additional scalar condition is introduced which defines the
function 1. One such condition, called the Lorenz condition (to be discussed later),
is valid in special media. The equations up to this point are independent of the nature
of the electromagnetic medium.

The Maxwell-Faraday equations (4.10), (4.11) and the potential relations (4.12),
(4.14) can be visualized by the flowgraph in Figure 4.2, as introduced by Deschamps
[18]. Horizontal lines represent time differentiation —3;, and oblique lines represent
spatial differentiation d or —d.
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3-forms

Fig. 4.3 Maxwell-Ampére equations as a Deschamps graph for electromagnetic differential-
Jform quantities in three dimensions.

4.2.2 Maxwell-Ampére equations

The other half of the Maxwell equations was called the Maxwell-Ampere equations
in reference 18. In Gibbsian vector formalism they are given as

VxH-0,D=1J, (4.16)

V-D=o. 4.17)

From the analogy of the Maxwell-Faraday equations, the vector H is replaced by
a one-form H while the vector D is replaced by a two-form D. The differential
equations then become

dANH-0,D =1, (4.18)

dAD=op. (4.19)

Equation (4.18) is an equation between two-forms, and (4.19) is an equation be-
tween three-forms. The right-hand sides in both equations represent electromagnetic
sources, the current density two-form J and the charge density three-form g. To-
gether, they satisfy the condition of continuity obtained by taking the differential of
(4.18), setting d A d A H = 0 and substituting (4.19):

dAJ+0.0=0. (4.20)

The Maxwell-Ampere equations can be visualized by another Deschamps flowgraph
(Figure 4.3) [18].

Both Maxwell-Faraday and Maxwell-Ampere sets of equations are free from
metric because they only involve the wedge product. The medium equations, to be
defined later, combine these two sets of equations by introducing some metric dyadics.

4.2.3 Time-harmonic fields and sources

Time-harmonic sources corresponding to angular frequency w can be represented
through complex exponentials with time dependence €/“!. In normalized time T,
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this is expressed as elkeT with k, = w, /lLo€,. Because all linear expressions carry
the same exponential function, it is suppressed in equations. The Maxwell-Faraday
equations (4.10), (4.11) for time-harmonic fields become

dAE + jk,B =0, 4.21)

dAB =0, (4.22)
while the Maxwell-Ampere equations (4.18), (4.19) are

dAH - jk,D =17, 4.23)

dAD =p. (4.24)

From these the continuity condition (4.20) for time-harmonic sources can be derived
as
dAJ+ jk,0=0. 4.25)

Because the charge three-form p is uniquely determined through the time-harmonic
current two-form J, itis not needed as an independent source. Actually, the three-form
equations can be derived from the two-form equations and the continuity condition
for the source and, thus, can be omitted in the analysis of time-harmonic problems
leaving J as the only source.

4.3 MAXWELL EQUATIONS IN FOUR DIMENSIONS

The Maxwell equations assume an especially simple form in the Minkowskian four-
dimensional representation. In fact, one can say that they are the simplest possible
differential equations for these field and source quantities. Let us again denote for
clarity the differential operator operating on the Euclidean three-dimensional vector
variable r by dg:

d =dg +dr 0;, (4.26)

3
d; = Z dz; 0, =dz 0, +dy 9, + dz 9.. 4.27)
i=1
Note that d is the same as d in the previous section where differentiation with respect
to 7 was taken separately.

4.3.1 The force field

In the four-dimensional representation of electromagnetic fields, the one-form E
and two-form B are combined to a two-form ®, which is called the force field by
Deschamps [ 18] because E and B give rise to the physical force of the electromagnetic
field (see Chapter 5),

=B+ EAdr. (4.28)
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In [58] @ is called the Faraday two-form. The Maxwell-Faraday set of equations
(4.10), (4.11) can be combined to make a single equation:

dA® =0. (4.29)

Let us check this by substituting (4.28). Noting that dTr A E = —E A dr and
dr A B = B A dr, we obtain

dA® = (dg+d70;)A(B+EAdr)
= dgeAB+(0;B+dcs AE)AdT =0. (4.30)

Because the spatial and temporal components of this equation must be satisfied sep-
arately, (4.29) leads to the equations (4.11) and (4.10).

Equation (4.29) is a kind of four-dimensional law for local electromagnetic flux
conservation. In analogy to (4.20), which states that temporal change of the charge
density three-form g is associated to an electric current two-form J, we could state
that temporal change of the magnetic two-form “charge” B is associated to the electric
one-form “current” E according to the Faraday law.

The four-potential Because the two-form @ satisfies (4.29), from de Rham’s
theorem it follows that there exists a one-form «, the four-potential, in terms of
which we can locally write

b =dAa. 4.31)

From Poincaré’s lemma, (4.29) is then valid identically. Equation (4.31) can be
interpreted so that the force field @ serves as the source of the potential field o
just like currents are the source of the electromagnetic field. This is not so easy to
visualize when fields fill the whole space, but in some examples where the fields are
restricted to a certain region, one can see that the potentials do not vanish outside
this region even if the fields do. In physics this is associated with what is called the
Bohm-Aharonov effect.
The four-potential o can be expressed in its spatial and temporal components as

a=A— ¢dr, (4.32)
whence we can expand
dAha = (dg+d70;) A (A — ¢dr)
= dgAA— (0;A +dgo) AdrT. (4.33)

By equating the right-hand sides of (4.28) and (4.31) with (4.33) inserted, one directly
arrives at the three-dimensional equations (4.12) and (4.14). Again, the four-potential
« is not unique without some extra conditions. In fact, writing & + d1) instead of «,
where ¢ is a zero-form (scalar function), and applying Poincaré’s lemma, the same
force field will result: d A (o + d9p) = d A @ = ®. Uniqueness can be attained
through an additional scalar condition (gauge condition) for the four-potential cr.
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4.3.2 The source field

The source of the Maxwell-Ampere equations in the Minkowskian four-dimensional
formalism is obtained by combining the current-density two-form J and the charge-
density three-form g to the four-current three-form

~y=po0—-JAdr. (4.34)
This quantity satisfies the charge conservation law (4.20) in the simple form
dA~y=0. (4.35)

In fact, noting that d g A g vanishes identically because four-forms vanish in the three-
dimensional space, one can show that the condition (4.35) is equal to (4.20). Details
are left as an exercise.

Because the four-current satisfies (4.35), from de Rham’s theorem there locally
exists a two-form W which is called the source field by Deschamps [18] and the
Maxwell two-form in [58]. ¥ is a kind of potential field of the four-current . This
two-form is governed by the equation

dAT = ~. (4.36)

Due to Poincaré’s lemma, the continuity condition (4.35) is now satisfied identically.
Because any two-form in the Minkowskian four-dimensional space can be expressed
in terms of a three-dimensional two-form (spatial part) and a three-dimensional one-
form (temporal part), we can introduce two fields D and H by writing

¥ =D-HAd" (4.37)

Through this definition, (4.36) actually becomes the source field equation and it
coincides with the set of Maxwell-Ampere equations (4.18), (4.19). This is seen by
splitting (4.36) in its spatial and temporal components:

y=0-JAdr =dg AD + (8,D — dz AH) Adr. (4.38)

In conclusion, the second half of the Maxwell equations (4.36) is a direct consequence
of the conservation of the four-current, (4.35).

4.3.3 Deschamps graphs

In the four-dimensional formulation the Deschamps graphs are extremely simple.
The force field is associated with the sequence on the left, and the source field is
associated with the sequence on the right, in Figure 4.4. The arrow stands for the
operation dA.

The graphs in Figures 4.2 and 4.3 actually describe the inner structure of the
respective two graphs in Figure 4.4. Similarly, Figures 4.2 and 4.3 could be expanded
to display component equations where differentiations in terms of different spatial
variables are depicted by lines of different directions. However, to draw the complete
diagram in component form would need a sheet of four-dimensional paper.
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Fig. 4.4 Deschamps graphs for the two Maxwell equations in four dimensions have a very
simple form.

4.3.4 Medium equation

Additional equations are required to couple the force field and source field two-forms
together. They are called constitutive equations, or more simply, medium equations
because they depend on the macroscopic properties of the polarizable medium. A
linear medium defines a linear relation between ® and ¥. It can be represented

by a medium dyadic M € F5 s in the four-dimensional formalism which maps a
two-form to a two-form: _
¥ = M|®. (4.39)

Medium equations will be discussed in more detail in Chapter 5.

4.3.5 Magnetic sources

Magnetic current two-form J,,, and magnetic charge density three-form g,,, can be
used as equivalent sources replacing some physical sources. In the four-dimensional
formalism, they can be combined to the magnetic four-current density three-form as

Ym = Om — Im AdT. (4.40)
If the conservation equation similar to that of electric sources,
dA~,, =0, 4.41)

is assumed to be valid, from de Rham’s theorem the magnetic four-current ,,, can
be represented in terms of a two-form which is now taken as the force field ®. The

relation is written as
dA® =7~,,. 4.42)

This is the generalization of the force field equation (4.29) with the magnetic source
inserted on the right-hand side. With the magnetic sources present the two-form &
could be called the magnetic source field, and W the electric source field. Because
these different names may actually cause some confusion, we mostly refer the field
two-forms simply as ® and ¥ two-forms. With nonvanishing magnetic sources, ®
cannot be derived from a four-potential « as in (4.31).

In case both electric and magnetic sources are present, the two Maxwell equations
make a symmetric pair,

dA¥ =7, dA® =7, (4.43)
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dAE=-86,B-1J,, dAB=p,,

dAH=5,D-1J, dAD =g,

Fig. 4.5 Adding magnetic sources gives a symmetric form to the Maxwell equations.

where the electric sources have been added the extra subscript e (Figure 4.5). One
can introduce a duality transformation ® < ¥, v, <+ ~,,, through which electric
and magnetic sources and fields are mapped onto one another. This transformation
will be discussed in Chapter 6.

In case the electric sources vanish (v, = 0), the ¥ field can be derived from a
magnetic four-potential o, as

T =dAan,, (4.44)

according to de Rham’s theorem. In this case, d A ¥ = 0 is automatically satisfied.
When there are both electric and magnetic sources, the problem can be split into two
components: Fields ®., ¥, arising from the electric sources -, can be derived from
an electric four-potential o, while the fields ®,,, ¥,,, arising from the magnetic
sources 7,,, can be derived from a magnetic four-potential ¢, .

Problems

4.3.1 Interpretin the language of Gibbsian vector analysis the following electromag-
netic quantities when ® and ¥ are the two electromagnetic bivectors:
(Q®AD
b)T AT
)P AT

4.3.2 Prove in detail that the four-dimensional equation (4.35) equals the three-
dimensional equation (4.20).

4.3.3 Interpret the conditions ® A ® = 0 and ¥ A ¥ = ( in terms of Gibbsian field
vectors. Show that they are satisfied by fields of a time-harmonic plane wave
in any medium.

4.4 TRANSFORMATIONS

4.41 Coordinate transformations

The differential operator d operates on functions much in the same way as the V
operator and change of coordinates is a simple matter. As an example, let us consider
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two-dimensional functions f and g in terms of either Cartesian coordinates , y or
polar coordinates p, . The relation between the coordinates is

T =pcosy, Y= psiney. (4.45)
From these the relations between the basis one-forms are obtained as
dx = cospdp — psinpdp, dy = sinedp + pcos pdy, (4.46)
and the relation between the basis two-forms are obtained as
dz A dy = p(cos? ¢ + sin® p)dp A dp = pdp A dep. (4.47)

Considering the scalar functions f, g as functions of either x, y or p, , we can write

df =0y fdx + 0, fdy = 9, fdp + 0, fdy, (4.48)
dg = 0,9dz + 0ygdy = 0,9dp + O,9de, (4.49)

dfAdg = (0,f0y9 — 0y fOzg)dz Ady
= (0pf0,9 — 0pfO,9)dp A dep. (4.50)

From these we see that the expressions in the two coordinates are similar in form.
Thus, there is no need to apply the relations (4.45) to change from one system of
coordinates to the other one when forming expressions which do not depend on the
metric.

As an electromagnetic example, let us consider the relation between the magnetic
two-form B and the vector potential one-form A

B=dAA. 4.51)

Expressed in Cartesian coordinates we have

A = A,dx+ A,dy+ A.dz, (4.52)
B = (0,4, —0,A)dxAdy+ (0, A. — 0:A,)dz Adz
+(0y A, — 0. A,)dy A dz. (4.53)

To transform these to polar coordinates, we don’t have to recall any transformation
formulas. The corresponding expressions can be written directly from those above
by replacing z — r, y — 6, and z — . Thus, the potential in spherical coordinates
is

A =A,dr+ Apdf + Aydey, (4.54)

and the magnetic two-form becomes

B = (9,4 —OpA,)dr Ad + (8,4, — D,A,)dr A dy
+(8pA, — D,A9)dB A do. (4.55)
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4.4.2 Affine transformation

Affine transformation in electromagnetics transforms sources, fields and media. As-
suming a dyadic A € E; F; in Minkowskian four-dimensional space, the four-vector

x is transformed by x, = K|x as in (3.95). Transformation of the field two-forms
follow the rule (3.107):
B(x) — Bu(x,) = AT |B(x), (4.56)
T(x) — Tu(x,) = AT I (x). (4.57)

The corresponding rules for the electric and magnetic source three-forms are

Yo (X) = Aealxa) = ACIT |y, (x), (4.58)
Ym(®) = Ama(xa) = AT |y, (x). (4.59)

Thus, the transformed Maxwell equations have the same form as before the transfor-
mation,

do A®u(x0) = Ypa(Xa)s (4.60)
do AT (X)) = Yeo(Xa)- 4.61)

Transformation of the medium equation (4.39) is found quite easily by writing

Vo(x) = ACHT|¥(x) = AT M@ (x)
= ACITMAPT|®, (x,), (4.62)

from which we can identify the transformed medium dyadic as

M, = AC2T|MART, (4.63)

Here A(~2) denotes the double-cross square of A L.

Example As anexample, let us consider transformation of a medium with medium
equations of the form
D=¢E, H=7 !B, (4.64)

where the permittivity € € FoE; and the inverse permeability z~! € F, [, are de-
fined by two Euclidean three-dimensional dyadics. In this case the four-dimensional
medium dyadic has the special form

M=%¢Ae, +dr AT ! (4.65)

(proof left as an exercize). Now consider an affine transformation defined by the
dyadic _ .
A = Alg + Be,dr, (4.66)



TRANSFORMATIONS 117

where I 213':1 e;€; is the three-dimensional unit dyadic. Let us find the transformed

medium dyadic M, from (4.63) to see if we can interpret it in terms of transformed
permittivity and permeability dyadics.

To be able to use (4.63), we need to find the double-wedge squares of the trans-
formation dyadic A and its inverse. The inverse of the transformation dyadic can be
simply found to be

A~ = A7, + B e, dr, (4.67)

as is easily verified through multiplication. After some algebra, the double-wedge
squares are obtained as

A2 = A2 4 ABI Ae,dr, (4.68)

A2 — 42 (AB)’leﬁerT,. (4.69)

Inserted in (4.63), we can expand

ﬁa = A_2TS)T|§/\eT|ABT£ﬁdTeT+(AB)_lfr‘ErﬁdTeAdT/\ﬁ_1|A2Tg)T
B _ = A = —
= Z(z/\ e,)|(1Z dre;) + E(@ﬁdrem(dr ALY
B_ A _
= Jeher+ Edr AT L (4.70)

From this is is seen that the transformed medium has a medium dyadic of a similar spe-
cial form as (4.65), and we can identify the transformed permittivity and permeability
dyadics €, = (B/A)e and i, = (B/A)f.

Problems

4.4.1 Show that the potential A(r) = f(z)dp gives the same two-form d A A(r)
when written in Cartesian coordinates or cylindrical coordinates.

4.4.2 Check the equality of (4.55) and (4.53) through a change of coordinates.
4.4.3 Show that a medium with medium equations of the form
D=¢E, H=7 !B, eeR”hE, 0 'chE
corresponds to the special four-dimensional medium dyadic

M=%FAe, +dr AT "

4.4.4 Derive (4.68) and (4.69) in detail.
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4.5 SUPER FORMS

In the differential-form notation, E and B are combined to the force-field two-form®
while H and D are combined to the source-field two-form¥ and the medium equa-
tion connects these two-forms to one another. In engineering electromagnetics one
sometimes combines the Gibbsian field vectors D and B to a six-vector and E and H
to another six-vector, and these two six-vectors are coupled in terms of a six-dyadic
involving four conventional medium dyadics [40]. This arrangement emphasizes the
symmetry of the Maxwell equations when both electric and magnetic sources are
present. It can also be introduced to the differential-form formalism and the resulting
source and field quantities are called super forms.

4.5.1 Maxwell equations

Let us combine the two Maxwell equations (4.43) in matrix form to a single super

equation
v
dA = T ). .71
@ Tm

Defining the antisymmetric matrix (calligraphic .J)

0 1
Jz(_l 0>, (4.72)

Equation (4.71) can be decomposed as

D E
(dg +d79;) A < B ) —Jde A < H ) Adr
J
= [ % )-( 7 )aa~ (4.73)
Qm Jm
Separating the spatial and temporal parts, we arrive at the three-dimensional matrix
equations
D
dg A < > < Qe ) , (4.74)
B o
D E J
Oy — Jdg A = - <. 4.75

It is convenient to introduce the shorthand notation! for the three-dimensional super

forms
:<E> d:<D>, @76)
H B

'One must be careful not to mistake d for d.
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Fig. 4.6  Visualizing the medium equations (4.83), (4.84) in three-dimensional representa-
tion. The medium dyadics are (generalized) Hodge dyadics.

[ e. [ Je
(2) () e

where the quantity e is a super one-form, d and j are super two-forms, and p is a super
three-form. The Maxwell equations (4.74), (4.75) can now be written as

d. Ad = p, (4.78)
Jdg Ae=0,.d+]. (4.79)

Differentiating the latter gives the continuity equation

drp+dgAj=0. (4.80)

4.5.2 Medium equations

Linear medium equations corresponding to the three-dimensional super forms can be
expressed in terms of a dyadic matrix M as

d = Mle. (4.81)

<l <

The four elements of the medium matrix M are dyadics similar to those in Gibbsian

electromagnetics [40,41]
= < _ ) . (4.82)
o

However, here the dyadics €- - - [z are all elements of the same dyadic space FoE;,
which means that they are (generalized) Hodge dyadics, as seen in Figure 4.6. Written
separately, the medium equations are

Ea Nl
|

D = ¢E+¢H, (4.83)
B = (|E+7H. (4.84)
In this form the medium equations become close to those familiar in the Gibbsian

vector representation [38,40,41]. In Section 5.1, equivalence to Gibbsian medium
dyadics will be defined by mapping the set of Hodge dyadics to a set of metric dyadics.
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4.5.3 Time-harmonic sources

For time-harmonic sources with the time dependence e/*<7 the fields have the same
dependence. In this case, in the previous expressions we can replace 9 and d by jk,
and dg + jk,dr, respectively. The Maxwell equations (4.79) in this case reduce to

Tdg Ae = jkod+] = jk,Mle+]. (4.85)
The second set of equations (4.78) is not needed at all because it can be derived from

(4.85) through the operation dgA and using the continuity equation (4.80).

Problems

4.5.1 Find the inverse of the medium matrix Mina form which s valid when inverses
of € and I exist but not necessarily those of  and (. Check the expression by

setting &€ = ( = 0.

4.5.2 Derive the connectionketween the four dyadics € - - - 7 in (4.83) and (4.84) and
the four dyadics @ - - - 3 defined by conditions of the form

D = aB+¢E
H = 7 'B+J|E.

4.5.3 Show that the most general antisymmetric six-dyadic consisting of four (gen-
eralized) metric dyadics in the space E; [E; can be expressed in the form

N
~\ -CT B|IT

where A and B € E, are two bivectors and C € E, E; is a dyadic.

BN

4.5.4 Show that the inverse of the six-dyadic

D 2 D
D21 Das
where the dyadics ﬁij are elements of the space [ IF; or [, |E; , can be expressed
as

( B11|D21 |D22)~! (D22 — B21|51711|512)_1

provided all the inverse dyadics exist.

5 < (D11 — D12[D3 |621)_1 (D21 — Das|D7;'[D11) ™! )
Dis D ’
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4.5.5 Show that if only the dyadics ﬁlg and 621 have inverses, the inverse six-dyadic
of the previous problem must be expressed as

%’1 — < §/11 §/12 )
D21 Da,

with

D}, = —Dj3 [D11/(D12 — Di[D5;' [Das) "

Using this formula, find the inverse of the antisymmetric six-dyadic A of Prob-

lem 4.5.3 when the inverse of C is assumed to exist.
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Medium, Boundary, and
Power Conditions

In this Chapter we consider medium and boundary conditions and concepts related
to power and energy in electromagnetic fields.

5.1 MEDIUM CONDITIONS

The Maxwell equations dA ¥ = 7, andd A ® = ~, are independent of the medium.
In fact, they remain the same for any medium: homogeneous or inhomogeneous,
isotropic or anisotropic, linear or nonlinear. To solve for the fields, these equations
must be augmented by an additional equation defining the connection between the
two-forms ¥ and ®. The simplest connection is the linear mapping (4.39) reproduced
here as

T = M|®. (5.1)

M € F, [, is the medium dyadic which maps a two-form onto a two-form. It can
be interpreted as a Hodge dyadic. Because for n = 4 the space of two-forms has
the dimension 6, the medium dyadic can be described in the most general case by 36
parameters M7y, as

M=3" Myere,, (52)
1,J

where I = {i1,i2} and J = {j1,j2} are two ordered 2-indices and ey, ey are
reciprocal bivector and dual bivector bases. Another form of the medium equation

was given in (4.81) in terms of the dyadic matrix M.

123
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5.1.1 Modified medium dyadics

In Section 2.6 it was seen that a Hodge dyadic can be associated to a metric dyadic. In
many cases it may be more convenient to work with the metric medium dyadic than
with the Hodge medium dyadic M. Change between the two representations is done
through the the identity (1.121), which for the general p-vector a? or dual p-vector
o can be written as

en|(enla?) = (=1)P("PaP,

enllenla?) = (-=1)PPar. (5.3)

In the interesting case n = 4 with N = 1234 the sign becomes +1 for p = 2
(two-forms and bivectors), and —1 for p = 1, 3 (one-forms, vectors, three-forms, and
trivectors). For n = 3 with N = 123 the sign is +1 for all p.

Let us now define for n = 4 a modified medium dyadic M, € Fo B, as

M, = en|M, (5.4)

which is of the form of a metric dyadic because it maps two-forms to bivectors for
n = 4. The converse relation is

M =en|M,. (5.5)

In case Mg is symmetric, it can be identified with a metric dyadic, and then, M is a
Hodge dyadic. There is no need to define reciprocal bases here, because the trans-
formation rules work for any quadrivector ey and dual quadrivector €y satisfying
e N|6 N = 1.
It also appears useful to define a modified form for the medium matrix M of the
three-dimensional super-form representation (4.82) as
) . (5.6)

mg = < ig i‘q ) = elQSLm: 6123L<
Co Py

In this case the dyadic elements Eg,zg,zg,ﬁg € E,E; of the matrix ﬂg can be

identified with those encountered in the Gibbsian electromagnetic analysis of bi-

anisotropic media [40]. This is the reason why these dyadics will be occasionally

called Gibbsian medium dyadics. The relation converse to (5.6) can be written as

N el
= ™l

M = €123\ M,. (5.7)

5.1.2 Bi-anisotropic medium

The gengal linear medium is called bi-anisotropic [38]. Like any Minkowskian [y [,

dyadic, M can be split in four terms, labeled as space—space, space—time, time—space
and time—time components. The general expression can be written as (Figure 5.1)

M=T+ZAe, +dr AT +drAB Ae,. (5.8)
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WRRE S AN AR A A N

M=a+ & Ae, + dr AT '+ drABAe,

Fig. 5.1  Representation of the four-dimensional medium dyadic in terms of four three-
dimensional medium dyadics.
The inverse of the medium dyadic is often needed in representing the relation as
=M. (5.9)

To find the expansion of the inverse to the medium dyadic, it is expanded in a form
similar to that in (5.8) as

M1 =3 +& Ae, +dT AT L +dr A B, Ae,. (5.10)

Relations of the four dyadics @ - - -El toa - E can be expressed as

4@ = —@'-BE @ (5.11)
alo= @ -aEp, (5.12)
o =HplE = @-FF R (5.13)
B=¢7'ale = G- (5.14)

Derivation of these relations is straightforward and is left as an exercise. The latter
expressions in the last two equations are valid only if the inverses of the dyadics a

and 3 exist. In the special case @ = 0, 3 = 0 we simply have

=/

€ =—M @ =—¢€, (5.15)
and the inverse has the form

M'=@FAe,+dr AT ) ' = —Tine, —dr AE L. (5.16)

5.1.3 Different representations

The special case a@ = 0, E = 0 was already encountered in Section 4.4. The four
three-dimensional medium dyadics mapping three-dimensional one-forms and two-
forms belong to the respective dyadic spaces & € o, g cHE,, ! € F{ |, and

BeTlE.
Separating terms in (5.1) as

(D +dr AH) = M|(B +EAdr)
= @+FAe,+drAT ' +drABAe)|(B+EAdT)
= aB+EAe)|(EAdT) + (dr AT Y)|B+ (dr AB Ae,)|(EAdr)
= GB+EZE+drA (' B+j|E), (5.17)
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Fig. 5.2  Visualization of the mapping between fields in terms of the three-dimensional
medium dyadics.

the space-like and time-like components of the two-form equation are split in two
three-dimensional equations as
D = aB+¢[E, (5.18)
H = 7 'B+JE. (5.19)

The dyadic € differs somewhat from the permittivity dyadic € defined through the
equations (4.83) and (4.84) reproduced here as

D = fE+¢H, (5.20)
B = ([E+7H, (5.21)

in which all four medium dyadics belong to the same space F3[E;. However, the
dyadic z is the same in both representations. Also, the dyadics € and € are the same
in the special case @ = 3 = 0. The mappings defined by various medium dyadics
are visualized in Figure 5.3. Relations between the two sets of medium dyadics can
be written as

=l

B, €=alm, (=-7l (5.22)

and, conversely, as

E—F-EE ' F=¢Et, B=-TIC (5.23)

Relations to modified (Gibbsian) medium dyadics can be derived after some algebraic
steps (left as an exercise) in the form

=/

e12s|(Fy — §, [, 1IC,), T = €23l
5123L(gg|ﬁ;1)J9123, b= —ﬁg_l\fg. (5.24)

Y
|

el
|

Combined, they give the medium dyadic M as

M = e103 ng Ner+ (€123 ng +dr /\TT)‘ﬁg_lK |ejas — Eg Ner). (5.25)

Itis left as an exercise to check the grades of the terms on the right-hand side. Applying
the identity
en|(e123la) = —e; Aa, (5.26)
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Fig. 5.3 Comparison of two systems of medium relations between the electromagnetic field
one and two-forms.

valid for any vector a with ey = ej234, we can derive from (5.25) the modified
medium dyadic Mg € Es[E; in terms of the Gibbsian medium dyadics as

eNLM
= Fherer — (e[l +er AEIE, (ers — CyAer). (527)

=l
Il

a, E andg E are called magnetoelectric medium dyadics. In many practical cases
they can be considered neghgeable and omitted. In such cases the two permittivity

dyadics are the same, € = e Inthe following we call a bi-anisotropic medium

“anisotropic” or “simply anisotropic” if @ = 3 = 0 or £ = { = 0. In this case the
Minkowskian medium dyadic can be expressed as

ﬁ =EA e, +dr /\ﬁ71 = €193 L?g ANe, +dr /\ﬁ;ljelgg, (5.28)

where €71 € F2E; are Euclidean Hodge dyadics and €,,71, € E,E; are metric

dyadics. One must note that the property @ = 0 and 3 = 0 is not preserved by the
Lorentz transformation. Actually, the concept of bi-anisotropic media was originally
launched as a means to describe “simple” media in uniform motion [38]. However, as-
suming only spatial affine transformations (5.35), the conditions of simple anisotropy
remain valid.

5.1.4 Isotropic medium

The concept of “isotropic medium” in terms of Gibbsian field vectors implies a
medium in which the electric and magnetic polarizations are parallel to the respective
exciting electric and magnetic fields. For example, in an isotropic dielectric medium
we have D = € E = ¢E, whence D and E are scalar multiples of each other, and
thus, parallel vectors. This happens when € and 71 are multiples of the Gibbsian unit

dyadic. If all four medium dyadics €, &, ¢, 7z are multiples of the Gibbsian unit dyadic,
the medium is called bi-isotropic.

General isotropy 1Interms of differential forms, the previous concept of isotropy
is meaningless because, for example, D is a two-form and E isa one-form and they



128 MEDIUM, BOUNDARY, AND POWER CONDITIONS

cannot be scalar multiples of one another. More general isotropy can, however, in
principle be defined by requiring that the two electromagnetic two-forms ¥ and &
be scalar multiples of one another. This requirement leads to a medium condition of
the form -

T =MS =M, (5.29)

where M is some scalar. In this definition the medium dyadic M becomes a scalar

)T

multiple of the Minkowskian unit dyadic Tl(\i , which can be represented in terms of

the Euclidean unit dyadic I, as
M = MIQT = (I, +dre,)?7T
= MIPT +177dre,). (5.30)
Comparison with (5.8) leads to the medium dyadics
a=MP" =0, T'=0 B=-MIL. (5.31)
These represent a strange medium because the medium equations now reduce to
D=MB, H=-ME. (5.32)

This kind of isotropy is invariant in the Lorentz transformation: the medium appears
isotropic for any observer moving with constant velocity. This property is valid
even more generally for any affine transformation, as is seen from the rule (4.63) by
inserting (5.30), whence the transformed medium dyadic becomes

Mo = ACOT | MIPT AT = pidT. (5.33)
It can also be noted that the condition ¥ = M & also imposes a condition between
the electric and magnetic sources, v, = M~y,,, because otherwise a contradiction
would arise in the Maxwell equations.

Spatial isotropy A slightly more general case would be the spatially isotropic
medium, defined by taking e, = e, as a special axis. In this case we have two scalar
constants and the medium dyadics are of the form

=T, =0, T'=0, B=4IL. (5.34)

This kind of medium does not remain invariant in the Lorentz transformation because
time and space become mixed. However, for spatial affine transformations,

Am = Ag + e, dT, (5.35)

the medium remains spatially isotropic. This is seen by applying the rules (details
left as a problem)

A% = AD LA Ne. dr, (5.36)
ALl = A l+te.dr (5.37)

ALY = ALY 4 A Ne,dr. (5.38)
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where the latter inverses are understood in the three-dimensional Euclidean sense. In
fact, by inserting these in the expression of the transformed medium dyadic,

= AT L A dre)|(adPT + giZAdre, )|(APT + Agrdre,)
= @7 4+ gl dre,, (5.39)

Z|

invariance of the spatially isotropic medium can be verified.

Gibbsian isotropy Let us finally check what is the counterpart of a medium
which s considered isotropic in Gibbsian electromagnetics. The Gibbsian unitdyadic

S u;u; € E;E; can actually be replaced by any Euclidean metric dyadic Gy, (sym-
metric by definition), whence the medium is defined by the modified medium dyadics

€ = €Gp, i, =pGe, &, =(,=0. (5.40)

Substituting in (5.24), we obtain

? = €€123 LCE, ﬁ = ME123 LCEa a= 0, B=0, (5.41)

which are Hodge dyadics. The Minkowskian medium dyadic has now the form

= = 1 =
M = ee93 |_GE ANe, + —drT A FEJ €123, (5.42)
7
where ?E is the inverse of the metric dyadic EE.

5.1.5 Bi-isotropic medium

As a generalization of both Gibbsian isotropic and spatially isotropic media defined
above, let us consider a medium defined by the three-dimensional medium dyadics:

T @ =¢B, T=uB, B=pIL. (5.43)

= :2
a:alsg

where B € Fy [ is a three-dimensional Euclidean Hodge dyadic. The corresponding
four-dimensional medium dyadic is, then,

= = = 1 = I
M=al®” +e¢BAe, + ;dr AB™' 4+ 8dr ATL Ae,. (5.44)

Inserting these in (5.22), the second system of parameter dyadics becomes

§ = -alhlB=( —aup)B =B, (5.45)
€ = @lfi=auB=¢B, (5.46)
¢ = -Tlf=-usB =B, (5.47)
7 = uB. (5.48)
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Thus, in the presentatioE (4.83), (4.84), all medium dyadics become multiples of the
same Euclidean dyadic B. Now it is known that, if all four Gibbsian medium dyadics

are multiples of the same metric dyadic eja3 LE € E, E; (symmetric), the medium
can be transformed through a suitable three-dimensional affine transformation to a bi-

isotropic medium whose medium dyadics €, Zg , Zg , ﬁg are multiples of the Gibbsian
unit dyadic > u;u;. Such media have been called affine bi-isotropic in the past
[40,41]. We may call a medium defined by (5.43) or (5.44) spatially bi-isotropic
because it is invariant in any spatial affine transformation.

To see this, let us again apply a spatial affine transformation to the medium dyadic

(5.44) with the transformation dyadic A, defined by (5.35). Applying (5.38) to the
medium dyadic (4.63) gives

W, = ALY MRS
= oAS VTOTRPT 4 AL DT (B Ae,) Al Adre,
+%f;1TﬁdreT|(dT AB~HADT
—l—ﬂi;lTﬁdreTKdT A Tg A dT)|K:£ﬁdTeT
= odPT 4+ ACITIBAT Ae,

1 = = = =
+drA AZ'TIBADT 4+ gdr AT Ae,. (5.49)

Defining the transformed dyadic Ea as
B. = AL VT|B|AT, (5.50)

the affine-transformed medium dyadic can be written as

— = = ]_ = =
M, =adDT L B, Ne, + ;df AB, '+ Bdr AL Aes, (5.51)

which is of the same form as (5.44). Expressing the Hodge dyadic B= €123 LEE in

terms of a Euclidean metric dyadic Gy, a basis {e;} can be defined as G = Y _ e;e;,
which corresponds to the unit dyadic in Gibbsian formalism. Thus, through the
metric dyadic the spatially bi-isotropic medium can be conceived as bi-isotropic in
the Gibbsian sense.

5.1.6 Uniaxial medium

The medium dyadics &, - - -ﬁg are called Gibbsian because they are elements of the
E; [E; space like in the Gibbsian vector electromagnetics. So we can take any set of
Gibbsian medium dyadics and transform them to other systems through the preceding
formulas. As an example, let us consider a uniaxial bi-anisotropic medium defined
through the set of relative medium dyadics [41]

€ = €1 (erer +uzes) + ezeze;, (5.52)
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f, = pi(erer + exer) + pszeses, (5.53)
€, = Eaeses, (5.54)
¢, = (sese, (5.55)

where e, €5, e3 is a basis of Gibbsian unit vectors. This is a set of metric dyadics

which defines the four-dimensional Hodge dyadic M through (5.25). However, let
us form the three-dimensional Hodge medium dyadics. Forming the reciprocal dual
basis {&;}, from (5.24) we can first express the permittivity dyadic as

ﬁ = €193 |_/Lg = 1 (62361 + 63162) + HU3E12€3. (556)

To find the other dyadics the inverse of ﬁg must be inserted, which now is an element
of the F; F; space,

I, =y (161 + €262) + g 'eses. (5.57)

Thus, from (5.24) we have

B = ', =—Leses, (5.58)
M3
a = e L(§g|ﬁ;1)Jel23 = 5—3612612, (5.59)
3
! = €123 L(Eg - Eg |ﬁ;1 |Eg)
= €L(523e1 + 63162) + (63 — %)61263. (5.60)
3

The four-dimensional medium dyadic M can also be found through the expres-
sion (5.8) using the just derived Hodge dyadics. Here we need the inverse of the
permittivity dyadic:

= (pie2zer +€31€9) + uzerzes)
= ,ull(elegg + 62631) =+ u;legelg. (561)

=l

It is left as an exercise to check that the four-dimensional Hodge medium dyadic
expression obtained from (5.8) and (5.25) gives the same result.

5.1.7 (-medium

Letus finally introduce an important class of bi-anisotropic media called for simplicity
as that of ()-media [50]. By definition, a medium belongs to this class if there exists
a dyadic 6 € E;E; such that the modified medium dyadic ﬁg € [y E, can be
expressed as

@), (5.62)

<l
2l

9
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In the three-dimensional space (n = 3), any bivector dyadic Ac EsEs possessing

an inverse can be expressed in the form A=Q® (see Problem 2.4.12). However,
in the four-dimensional space (n = 4) this is no more the case and there is a special
class of such dyadics. Let us now study what are the corresponding conditions for the
Gibbsian medium dyadics €, - - -ﬁg by equating the three-dimensional components
on each side of (5.62) [51]. First we write

6 —A +e;a+ be; +ce,e,, (5.63)

where X, a, and b denote a Euclidean dyadic and two Euclidean vectors, respectively.
The double-wedge square can be expanded as

6(2) —A® _ e, A\ ANa—bAAA e, + (ci —ba)re e;. (5.64)
The expression (5.27) for the modified medium dyadic can be expanded as
My, = —eiseiss Hﬁg_l —er A zg|ﬁg_1jem3
+e103 Lﬁg_l |Zg A er + (Eg - zg |ﬁg_1 |Zg)ﬁe‘l'e‘l" (565)

Requiring that the expressions (5.65) and (5.64) be equal leads to the following set
of conditions for the three-dimensional dyadic components:

—1i, ' |]eisserns = A®), (5.66)
§g|ﬁg_1J6123 = AAa, (5.67)
€123 Lﬁg_l |Eg = —-bA K, (5.68)

& &' C, = cA-ba (5.69)

Let us now solve these equations for the four Gibbsian medium dyadics in terms of
the dyadic A, vectors a, b and the scalar c.

Solving forﬁg Applying the expression (2.169) for the inverse of a metric dyadic,
we can write _
-1 A(Q)TJJ€123€123

Al o JJR12sRIs (5.70)
AB) ||€123€123
the condition (5.66) can be rewritten as
i, = —A® | |ernze103 = —(A¥||e1a3e103) AT (5.71)
From this, the permeability dyadic is found in the form
_ AT
flg=—=—"—""—" (5.72)

A3) ||€1238123
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‘We assume that K@) ||le123€123 # 0, because the converse case would lead to a rather
pathological medium. The dyadic A can thus be expressed in terms of ﬁg as

A=dj—-—=>_ (5.73)
\ ﬁés) ||€1235123
Solving for Eg and Eg From the two conditions (5.67), (5.68), we obtain
— _ x xT
&, = ((Ana)les)|a, = — (AAa)]erns)|A” (5.74)
A(3)||€123€123
= = AT bAA
T, = T, l(erms (b A B)) = A3l DAR) (5.75)

A3) ||8123€123

The form of the right-hand sides in these expressions indicates that both E o and Eg
must be antisymmetric dyadics. In fact, applying the identity

Al(Ba — aB)[A = (A|B)(Aler) — (Alar) (A])
= ((Ale) A (A18)) = 1| (A®)|(ax A B)), (5.76)

and replacing the dual bivector ¢ A B by a]e123, we can write

(Al(a A B))[AT

(Al(a)ezs)) AT _ TJ(A?|(a)erss))

N3)||€123€123 N3)||€123€123

aalll

. (5.77)

g

This means that the antisymmetric dyadic Eg can be expressed in terms of a bivector
X, as
9

€, =11X, = X,|I", (5.78)
with

2) = =
Xy = _ A Na)er) l(@]e122) = —(A "] Jeise123)|(a)ers) = —era3|A T a
9

K(S)||€1238123

3 (5.79)
Similarly, we can write the dyadic Zg in terms of another bivector Z, as
¢, =12, =7,|I", (5.80)
with _
AT b =1
7, = M =ejs|A |b. (5.81)
AB) ||€123€123
Conversely, the vectors a and b can be expressed in terms of X, and Z,, as
a = —KT|(6123 |_Xg), b = K|(8123 |_Zg), (582)

where we can substitute K in terms of ﬁg from (5.73).
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Solving for€, To find arepresentation for the Gibbsian permittivity dyadic €,, we
apply the following bac cab rule valid for any bivector A, vector ¢ and dual bivector
U

A[(Tlc)=T]|(AAc)— (A|T)c. (5.83)

Because the vector ¢ appears in every term as the last symbol, it can be replaced by
a dyadicK € K E,

A|(T|A) = T |(A AA) — (T|A)A. (5.84)

Now, let us apply this to the condition (5.69):

& A — ba+gg|ﬁg_1|?g
= cA—ba— (X,[I7)|(e123
A —ba — X, |((e123|b)|A)
= cA—ba— (e123]b)|(X, AA) + ((e123|b)|X,)A.  (5.85)

(bAR))

—

—

Applying the identity
(e123@) A a = e1a3(]a), (5.86)

valid for any three-dimensional vector a and dual vector a, we can expand

X, AA=—(e1ns[(A ' T]a)) AA = —epps(alA !|A) = —ejpsa,  (5.87)

which inserted in the third term of the last expression in (5.85) gives

—(6123 Lb)J (Xg A K) = (6123 Lb)Jelzga = ba. (588)
This cancels the term —ba in the expression (5.85) for €,. Expanding finally
(e123 (D)X, = (1231 X)[b = —(e123 (€225 A" [a))[b = ~a[A'[b, (5.89)

(5.85) is simplified to B B
€ = (c—alA ' |b)A. (5.90)

Because the permittivity dyadic is a multiple of the dyadic K, a relation between the
dyadics €, and 7z, of the form
€ = ap, , (5.91)

with some scalar a, must exist in a ()-medium.

Medium conditions From the above analysis we see that the ()-medium condi-
tions for the Gibbsian medium dyadics can be expressed as

& =apn,, & =-&, (& =-(, (5.92)
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for some scalar a. Expressing the antisymmetric dyadics Eg and Eg in terms of the
respective bivectors X, and Z, as in (5.78) and (5.80), and using (5.63), (5.73),

(5.82), and (5.90) the G—dyadic can be constructed in the form
= a = - =
Q= Jerer + Al — e- (1231 X)) [ | (17 + (e123|Zg)er), (5.93)
where the scalar A is defined by
7
\V ﬁ§3) | |€123€123

with either sign. It is left as a problem to show that (5.93) substituted in (5.62)

reproduces the expression (5.27) for the modified ()-medium dyadic Mg.
One can show that the modified medium dyadic of a ()-medium satisfies a conditon
of the form

A=+ (5.94)

AM, + BM; ' | |eyen = 0 (5.95)

for some scalar coefficients A and B and, conversely, if the medium dyadic satisfies a
condition of the form (5.95), it belongs to the class of (J-media (see problems 5.1.13
and 5.1.14).

Media corresponding to the class of ()-media have been considered previously in
terms of three-dimensional Gibbsian vector analysis when trying to define media in
which the time-harmonic Green dyadic can be expressed in analytic form. In the
special case of vanishing magnetoelectric parameters Eg = Zg = 0, the class of
media satisfying €, = aﬁg was introduced in [43]. The more general class of bi-
anisotropic media with added antisymmetric magnetoelectric dyadics & , and Eg was
later introduced in [45]. In both cases the Green dyadic could actually be expressed
in terms of analytic functions. In Chapter 7 it will be shown that the wave equation is
greatly simplified when the bi-anisotropic medium belongs to the class of ()-media.

5.1.8 Generalized (-medium
As a straighforward generalization of the ()-medium, let us instead of (5.62) define
M, =Q® + AB, (5.96)

where A and B are two Minkowskian bivectors. Let us just briefly study the Gibbsian
interpretation for the special case

A=pAe,, B=qAe, 5.97)

where p and q are two Euclidean vectors, by extending the results of the previous
section. In this case, (5.96) becomes

M, = Q® + pale;e,. (5.98)
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It can be seen that the first three conditions (5.66)—(5.68) for the Gibbsian medium
dyadics are not changed at all in the generalization, while (5.69) takes the form

& —&,lm,'[C, = cA—Dba+pq. (5.99)

Thus, the previous solutions for ﬁg, Eg, and Eg remain the same and (5.90) is changed
to _ _
¢, = (c—a]A '|b)A + pq. (5.100)

As a conclusion, the generalized ()-medium defined by (5.98) corresponds to a
medium whose Gibbsian dyadics satisfy the following conditions:

& =an, +pq, & =-&, (&=-(, (5.101)

for some scalar a and Euclidean vectors p, q. Obviously, the conditions (5.101) are
more general than those of (5.92). Another special case of (5.101) is considered in
Problem 5.1.12.

The conditions for the Gibbsian medium dyadics corresponding to the general case
(5.96) have been derived in reference 52 and were shown to correspond to those of
the class of decomposable media defined in reference 44, see Problem 7.4.5. Because
the partial differential operator defining the fourth-order differential equation of the
electromagnetic field in a decomposable medium can be factorized to a product of two
second-order operators, solution processes in such media can be essentially simplified
[60,61].

Problems
5.1.1 Defining the medium dyadics of a simple anisotropic medium as
e=eHy, Ti=uH],
with the Euclidean Hodge dyadic
H, = e;(dy Adz) + e, (dz A dz) + e.(dz A dy),

express the four-dimensional medium equation ¥ = M|® in explicit form and
derive the three-dimensional medium equations D = €|E, B = z|H in detail.

5.1.2 Show that if a Minkowskian affine transformation dyadic is spatial, that is, of
the form

pll

M = Ag + e, dr,
we can write

A = (AH® = A = (A +erdn)®,

where A- ! is the inverse in the three-dimensional Euclidean space.



5.1.3

514

5.1.5

5.1.6

5.1.7

5.1.8

519
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Find the conditions for the dyadic medium parameters & - - - # corresponding
. . .o =T _ = =T _ = T =

to the conditions of reciprocity €, =€, fi; = f1, and §; = —(,.

Derive the transformation formulas (5.24) in detail. Prove first the relation

(e123lfy) " =1, ' |eras.

Derive the following representation for the medium dyadic M in terms of the
dyadic parameters of the medium dyadic matrix M:

M=¢2Ae, + (E+dr AIT)E AT —C Ae,)

Derive the representation (5.25) for the medium dyadic M in terms of the dyadic
parameters of the modified medium dyadic matrix Mg.

Find the inverse medium dyadic M~ by writing its expansion in a form similar

to that of (5.8) and studying the terms from ﬁ|ﬁ_1 = TS)T + Tgﬁdrer.
Find the dyadic M®) corresponding to the expansion of the bi-anisotropic
medium (5.8).

Find the four-dimensional medium dyadic M for the medium discussed in the
example above by using the Gibbsian dyadics (5.52) — (5.55) and using the
expression (5.25) and the Hodge dyadics (5.58) — (5.60) and the expression
(5.8). Check that the expressions are the same.

5.1.10 Check the compatibility of (5.92) and (5.62) by counting the number of free

parameters on each side of (5.62).

5.1.11 Show that (5.93) substituted in (5.62) reproduces the expression (5.27) for the

modified Q-medium dyadic M,.

5.1.12 Study a special case of the generalized (-medium with condition (5.96) spec-

ified by
AB = (a1 N ag)(bl N bg)

and _ _
Q=A+ce,e,,

where A is a three-dimensional dyadic and a; - - - by are three-dimensional
vectors. Show that the corresponding Gibbsian dyadics satisfy conditions of
the form _ _

i, = ai} +1g, &, =0, C, =0,

with some scalar a and three-dimensional vectors f, g.

5.1.13 Show that for a ()-medium scalars A and B can be found such that a condition

of the form _ _
AMg + BMg_lTJJeNeN =0
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Yel) Ymi1

»~

Vl Ye2: VYm2

Fig. 5.4 Two given electromagnetic source-field systems in regions V1 and V> can be com-
bined to one system by adding suitable surface sources 7y, v,,,s on the boundary surface S.

is valid for the modified medium dyadic ﬁg. Hint: Prove first the inverse
formula (valid for n = 4)

QAT | |kykn

@) =@"H® =% .

QW|knEN

5.1.14 Prove the converse of the previous problem. Assuming that there exist two
scalars A, B such that the modified medium dyadic satisfies the condition

Aﬁg + Bﬁ;lTHeNeN =0,

show that there exists a dyadic Q € E,[E; such the we can write M, = Q(?).
Hint: Derive first the expansion

eNeNLLMgl = —ﬁgﬁe4e4 =+ (6123 |_|T — ey /\Zg)|§;1|(”6123 -I—gg A e4).

5.2 CONDITIONS ON BOUNDARIES AND INTERFACES

Behavior of fields at surfaces of medium discontinuity can be extracted from the
Maxwell equations. Because Huygens’ principle of equivalent surface sources can
be formulated through the same procedure, we start by a general consideration of two
electromagnetic source-field systems and their combination into one system.

5.2.1 Combining source-field systems

Let us assume that there exist two electromagnetic source-field systems denoted by
susbscripts ¢ = 1 and 2. They consist of electric and magnetic source three-forms
Yeir Ymi Which create electromagnetic two-forms ®;, ¥, in the respective media
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1 and 2 filling the whole space. The two media do not have any restrictions, they
may be isotropic, anisotropic or bi-anisotropic and homogeneous or inhomogeneous.
However, we assume a linear medium everywhere. Now let us consider the possibility
of making a new combined electromagnetic source-field system by joining together
part of the system 1 in region V; and part of the system 2 in the region V5. The two
regions are separated by a nonmoving surface S (Figure 5.4). Now we will show that,
to make a single electromagnetic source-field system, a surface source v,,, ¥,,s O
S is required as kind of glue to join the two systems together.

The regions 1 and 2 are defined by two complementary pulse functions denoted
by Pi(r) and P (r):

1, rel;
Pi(r)=1<¢ 0, rel, (5.102)
1/2, reS
0, reV;
Py(r)=¢ 1, rels (5.103)
1/2, re S
The pulse functions satisfy
Pi(r) + Po(r) = 1. (5.104)
The combined source-field system is defined by
® = &P+ PP, (5.105)
v = U\ P+ PP, (5.106)
Ye = ’YelPl +7€2P2 + Yess (5.107)
Tm = 'lepl + ’Ym?P? + Y- (5.108)

Here we have added the anticipated surface-source terms 7y, ¥, s assumed to vanish
outside the surface .S, in case they are needed to make the combination system satisfy
the Maxwell equations. Also, we assume that the original sources 1 and 2 have no
delta singularities on S.

Let us now require that the combined system {®, ¥, v, ~,, } satisfy the Maxwell
equations:

dA®—7~,, = (dAD®)P + (dAD)P,
+(dP1) AP+ (dPQ) N Py

_'7m1P1 - 'YmQPQ — Yms
= (dPl)/\§1 +(dP2)/\§2 — Yms :0, (5109)

dA® —v, = (dAT)P + (dADy)P,
+(dP1) AWy + (sz) AW,
_’Yelpl - ’YeQP? — Yes
= (dP)AP 4+ (dP) A®y — 1, =0. (5.110)



140 MEDIUM, BOUNDARY, AND POWER CONDITIONS

1>P >0

V1 V2

S So

Fig. 5.5 Surface S between regions Vi and Vs expanded to a layer. The one-form dP; (r)
is a set of surfaces between S1 and S2 which are squeezed to a single surface S.

Here we have applied the Maxwell equations for the systems 1 and 2 to cancel four
terms in each equation.

Because the pulse functions are constant outside .S, the two one-forms d P (r)
and d P, (r) must have a singularity at the surface .S and vanish outside. They are
expressed compactly as

dPi(r) = m(r), dP(r) = nao(r) = —m(v), (5.111)

where nq, n, are certain one-forms whose counterparts are Gibbsian unit normal
vectors. Writing (5.109), (5.110) as

nA® +mA® = 9, (5.112)
n AP+ AP, = Yess (5.113)

the required additional electric and magnetic sources 7., 7,,,s NOW become defined
as surface sources. Equations (5.112) and (5.113) give conditions between the fields
1 and 2 at the surface S in symmetric form which helps in memorizing the formula.
They also have a close similarity to the corresponding Gibbsian vector conditions.
A visual picture of the one-forms n;(r) = dP;(r) is obtained by broadening the
sharp surface S to a layer of finite thickness between surfaces S; and S» separating
V1 and Vs (Figure 5.5). Assuming P (r) as a function changing continuously from
0 on Sy to 1 on Sy, ny(r) becomes a one-form defined in the region between Sy
and S,. Recalling that a dual vector @« = d(a|r) can be visualized by a set of
parallel planes on which e|r has a constant value, n; = dP, (r) similarly consists
of a set of surfaces P;(r) = constant. The surfaces of the one-form ns(r) are
the same with opposite orientation. When S; and S, approach to become a single
surface S, nj (r) can be visualized by an infinitely dense set of constant P; surfaces
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in S, a representation of a surface-delta function. In Gibbsian vector formalism, one
introduces unit vectors normal to the surface; that has the drawback that, at any corner
points of the surface with a discontinuous tangent, the normal direction is not unique.
The one-form counterpart n; (r) does not have this defect, since it is defined on the
surface S without defining any normal direction.

5.2.2 Interface conditions

Equations (5.112), (5.113) can be interpreted in many ways. Let us first assume that
the surface sources 7., v,,s are given, whence the equations give conditions for the
discontinuity of fields at the inteface of media 1 and 2. As a special case, if the surface
sources vanish, they become the continuity conditions

AP+ AB, = 0, (5.114)
AT+ AT, = 0. (5.115)

Expanding (5.112) and (5.113) in terms of three-dimensional fields and sources as

1’11/\(B1 —|—E1 /\dT)-Fl’lg/\(Bg +E2/\d7’)
= Qs — Jms NdT, (5.116)

nl/\(Dl_Hl/\dT)+n2/\(D2_H2/\dT)
=0,, —Jos AT (5.117)

and separating the spatial and temporal components, we arrive at the three-
dimensional conditions

nABi+nABy = g9, (5.118)
M AE +nAE, = —J,,, (5.119)
nADi+nyADy = g, (5.120)
nAH; +n, AH, = Jg. (5.121)

These correspond to the following classical interface conditions written for Gibbsian
vector fields and scalar or vector surface sources with n;, n, denoting normal unit
vectors pointing toward media 1 and 2, respectively:

n -By+ny-Bs = ops, (5.122)
n XxXE; +ny; xEy, = —J,, (5.123)
ny Dy +ny-Dy = g, (5.124)
ng xH; +ny, xHy = J. (5.125)

The symmetric form helps in memorizing the formulas.
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Example Letusstudy the geometrical content of the surface sources by considering
one of the equations. Taking (5.120) as an example, the electric surface charge three-
form is related to the field D two-forms by

0,,=niADy, Dx=D;—D,. (5.126)

The two-form DA fills all space and n; = dP; picks its value at the surface S.
Considering a point r on .S, the one-form n; defines a local tangent plane, say the zy
plane. Hence, it is a multiple of the one-form dz and satisfies dz A n; = 0 at the
point r. Expanding the two-form Da atr as

DA =D,dyAdz+ Dydz Adz + D.dx A dy, (5.127)
the charge three-form at the point r becomes
0. =n1 ADA = D.n; Adz A dy, (5.128)

whence its numerical value equals the D, component of the difference two-form D .
This corresponds to the scalar value g.s = n; - (D —D2) of the Gibbsian formalism.
Other source components can be handled in a similar way.

5.2.3 Boundary conditions

Boundary can be understood as a special case of the interface when the fields and
sources are identically zero on the other side of the surfaceS, say V5. In this case S
acts as a boundary to the fields of region V;. Setting @ = ¥4 = 0, the conditions
(5.112) = (5.113) become

mAD = 7, (5.129)
n; A ‘I’l = Yess (5130)

or, in their equivalent three-dimensional form,

nAB, = o, (5.131)
mAE = —Jn., (5.132)
m AD, = o, (5.133)
nAH = .. (5.134)

This tells us that if we want to terminate an electromagnetic field at a surface S, the
sources above must be placed on S to cancel the fields penetrating into V5.

PEC and PMC conditions The surface sources on the right-hand sides of (5.129)
and (5.130) may be active sources canceling the fields for any medium 2 or they may
appear because of medium 2 whose physical processes make the fields vanish. For
example, if the medium 2 is made of perfect electrical conductor (PEC), it cannot
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support any magnetic charges and magnetic currents. In this case, =,,, = 0 and the
conditions (5.129) and (5.131), (5.132) become simpler:

n AP, =0, (5.135)
or, in three-dimensional representation,
n; N B1 = 0, n; N E1 =0. (5136)

These are the PEC boundary conditions in differential-form language. In this case,
there must exist electric charge and current at the surface as shown by (5.130) or
(5.133) and (5.134). Correspondingly, medium 2 made of perfect magnetic conductor
(PMC) requires vanishing of electric charges and currents, whence the corresponding
boundary conditions are

n A¥; =0, (5.137)

nAD; =0, n;AH; =0 (5.138)
and there must exist magnetic charge and current at the boundary as given by (5.129)

or (5.131) and (5.132). More general boundary conditions will be discussed in the
subsequent sections.

5.2.4 Huygens’ principle

Another way to interpret equations (5.112) and (5.113) leads to the famous Huygens’
principle. This assigns equivalent sources on a surface to replace true sources behind
that surface. To formulate the principle, let us assume that the sources are confined
in the region V7 bounded by the surface S. Let us try to find surface sources on S
which give rise to the same fields in V5 as the original sources in V3. Actually, we
already know that the surface sources 7., ,,s defined by (5.129), (5.130) create a
field in V2 which cancels that from the sources 7., 7,,; in V1 since the combined
field vanishes. Thus, we simply change the signs of the surface sources and define
the Huygens sources [2,40] compactly as (Figure 5.6)

YmE = —M1A $, = -dP A @1, (5.139)
Yey = I N \I’l = —dP1 N \I’l. (5140)

To check this result, let us consider the field radiated by the difference of the
original sources and the Huygens sources. In this case the difference field ®,, ¥,
satisfies the symmetric equations

dA®, = Y1 —YmHa = VYm1 + 11 A 21, (5.141)
dATY, = Yo —Yerg =Ye1 + 11 APy, (5.142)

Replacing the original sources by

TYm1 = d/\@l :Pld/\'l)l, (5143)
v, = dA®; =P dAT,, (5.144)
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Yelr Ym1

~~

YmH

Vi Vs

S

Fig. 5.6  Huygens’ principle replaces the sources 7,71 in region Vi by equivalent
SOUrces Y g, Ymm ON surface S, producing the same fields ®,, W» in region V>.

where the P; functions can be inserted because the sources vanish in V5, (5.141) and
(5.142) can be expressed as

dAn®, = Pld/\‘§1+n1A‘i’1:d/\(P1‘I>1), (5.145)
d/\\I’O = Pld/\\I’l—‘rIll/\‘If:d/\(Pl\I’l). (5146)

If we write these as

dA(®,— P1®) = 0, (5.147)
dA (¥, — PW,) 0 (5.148)

and assume uniqueness of solution for the fields (no fields for no sources), the fields
in square brackets must vanish because they have no sources on the right-hand side.
Thus, the original sources minus the Huygens sources create the fields ®, = P; ®,
W, = P; W, which vanish in V5 because of the function P;. Another consequence of
this is that the Huygens sources v, 7,,, i alone, as defined by (5.139) and (5.140),
produce no field in V.

As can be noted, the electromagnetic medium plays no role in deriving Huygens’
principle. Actually, the principle is independent of the medium and equally valid for
all kinds of media, be they homogeneous or inhomogeneous, isotropic or anisotropic,
linear or nonlinear.

Problems

5.2.1 Assume space regions V7 and V5 separated by a layer region V,, between two
surfaces S7, So like in Figure 5.5 and defining P;(r) = 1 — Py(r) so that it
changes continuously from 1 at .S; to 0 at So. Define the boundary conditions
so that the additional sources are volume sources in the layer region V.
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5.2.2 Same as above but assume P; discontinuous at Sy and Ss so that Py (r) = 1/2
forr € V,. In this case boundary sources lie on the two surfaces S; and Ss.
Formulate Huygens’ principle for fields in V5.

5.3 POWER CONDITIONS

5.3.1 Three-dimensional formalism

Density of power flow (watts/m?) in an electromagnetic field is represented in Gibb-
sian notation by the Poynting vector S = E x H. Because it is a quantity integrable
over surfaces, its counterpart in differential forms is the Poynting two-form

S=EAH. (5.149)

The Poynting vector is known to be associated with energy density W and power loss
(Joule heat) E - J through the power balance equation

V-S=-0W-E-J. (5.150)

Because the Gibbsian energy density is a scalar integrable over volumes, its counter-
part is a three-form w.

The power balance equation for differential forms in three-dimensional represen-
tation can be derived by starting from the spatial differential dg operating on the
Poynting two-form and substituting from the Maxwell equations:

dz AS = dgA(EAH)
= (g AE)AH-EA (ds AH) (5.151)
= —(.BJAH-EAO,D—-EAJ.—J,AH. (5152

Here we have taken into account both electric and magnetic current sources. In
analogy to (5.150), we would expect an equation of the form

deAS=-0,w—-—EAJ. —HAIJ,,. (5.153)

However, there is a restriction concerning the medium. The energy-density three-
form w cannot be defined unless the medium is linear and satisfies a certain symmetry
condition.

Medium condition Let us consider the general linear medium using the three-
dimensional super-form matrix formalism (4.81),

(113):( >'<1E1>’Ord=ﬁ|e. (5.154)

We now express the four medium dyadics which are elements of the space FoE; in
terms of “Gibbsian” dyadics (5.6), elements of the space E; [ , in terms of the dual

NI el
=l il
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trivector €123 as

M = ers | M, = | S12lE eléy ) (5.155)
€123 [Cg €123 L,Ug
Applying the three-dimensional identity
a N (5123 La) = 5123(a|a), (5156)

where a is a vector and o a dual vector, we can write the three-form expression
(5.152) in matrix form as

EAO,D+(0;:B)AH = EAO,D+HAI.B

D
(EH)/\@T<B )

— E
(E H) A (€123 My)[0- ( H )

= E
= e193 | (E H)|M,|0- ( H > (5.157)
In shorthand the term in square brackets equals
e[ M, |0re = 8, (e[ M,le) — e[ M |dre, (5.158)
which can be rewritten as
8- (el M, le) = e|(M, + MT)|dye. (5.159)
From this we conclude that if the Gibbsian medium dyadic matrix ﬁg is symmetric,
ﬂgT =M,, (5.160)
that is, if the four E; E; Gibbsian medium dyadics satisfy
G =t & =Cp G =&, Hy =hy, (5.161)
we can write 1
e|M,|0,e = ar§(e|ﬂg|e). (5.162)
Substituting in the right-hand side of (5.152), we have
EAOD+(0,B)AH = eja3e|M,|0e
- E%&(eﬁﬂe) —dw,  (5.163)
from which the energy-density three-form w of (5.153) can be identified as
_— ]_ _—
w = ZE(e[Myle) = 5(e A Mie)

(e/\d):%(E/\D—kH/\B). (5.164)
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Interpretation Integrating the divergence of the Poynting two-form over a volume
V as

de AS|V =S|0V = -0, w|V — (EAJT)|V — (HAI)|V, (5.165)

its terms can be given the following interpretation. S|@) represents power flow out of
the volume through its boundary surface V. The term —0,w|V gives the decrease
of electromagnetic energy in the volume. Finally, —(E A J.)[V — (H A J,)|V
represents the loss of electric and magnetic energy in the volume as Joule heat. Thus,
(5.153) is the equation for the conservation of electromagnetic energy. For other
media not satisfying (5.160), equation (5.152) is still valid but it does not allow the
same interpretation as (5.153).

Symmetry condition An interesting conclusion for the medium satisfying the
symmetry condition (5.160) is obtained by considering the four-form w € Fy, a
function of field two-forms whose subscripts a and b refer to different sources,

T = P NY,—P, AT,
= (E,ADy,—E,AD,+H,AB,—H, AB,)AdT. (5.166)
The corresponding scalar can be expanded as
eN|7r = 6123|(Ea/\Db—Eb/\Da—FHa/\Bb—Hb/\Ba)
E.lei23| Dy — Epleias| D, + Hyleio3| By — Hylei23| B,
= Eu|(E — & )IEs + Ho|(7, — 77, )| H,

+E,|(€, — CI)|Hy + H,|(C, — &1)|Eo. (5.167)

From this it is seen that if (5.161) is valid, the four-form 7r vanishes and the following
symmetry relation between the field two-forms arises:

B, AT, =By AT, (5.168)

5.3.2 Four-dimensional formalism

In the four-dimensional representation the energy density three-form and the Poynting
two-form are combined to the energy-power density three-form

W =w—SAdr, (5.169)

whose existence again presumes the medium condition (5.160) to be valid. Noting
that dg AW = 0 because three-dimensional four-forms vanish, we can expand (5.153)
as
(EAJ.+HAJ,,)Adr = —(dgAS+0,w)Adr
= O, drAw—dz ASAdT
= (dg+ 0;d7) A (W —S Adr)
= dAW. (5.170)
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Expanding further as

EAJ.AdT)+HA I AdT)
= —“EAy.-HAv,
= (Q Ler) NYe— (‘I’ Ler) NV (5.171)

the power balance equation in four-dimensional quantities becomes
dAW = (®le;) A7y, — (Fler) Ay (5.172)

This is a four-form equation. Multiplying by e y| it can be transformed to an equivalent
scalar equation containing exactly the same information as the three-dimensional
power-balance equation (5.153). When there are no sources, the energy-power density
three-form W obeys the simple conservation law

dAW =0. (5.173)

The form of this simple law suggests that there must exist a power-potential two-form
Esuchthat W =d A E.

5.3.3 Complex power relations

In time-harmonic field analysis, complex time variable e/“* = e/*<T is suppressed
in the linear expressions. Quadratic expressions like the Poynting vector contain
a constant (time-independent) part and a time-harmonic part varying with double
frequency:

R R{gerheT) = SR{fg*) + SR fger?*7). (5.174)

Here f and g may be any complex multivectors or multiforms and there may be any
multiplication sign in between. Normally, one is interested only in the time-average
quantity and the last time-harmonic term is omitted. It is customary to do the analysis
for the full complex quantity fg* /2 even if only its real part is of final interest.

For complex quantities with suppressed time dependence the field equations are
best handled in three-dimensional differential forms. Since the operator d does not
operate on time, dg of previous expressions can be replaced by d. The complex
Poynting vector defined by S = (1/2)E x H* now becomes the complex Poynting
two-form

1
S = EE AH* (5.175)

whose real part represents the average power flow. Allowing also magnetic currents
J.» to enter the analysis, the complex power balance equation now becomes

1 1 1
dAS = Ed/\(E/\H*):§(d/\E)/\H*—§E/\(d/\H*)

1 1
= —jko5(B ANH* —EAD*) - E(E/\J:‘ +H* A J,,)(5.176)
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Taking the real part leaves us with

ik
R{AAS} = %(B*/\H—B/\H*%—E*/\D—E/\D*)
1
—Z(E/\Jj+Je/\E*+H/\J:‘n+Jm/\H*). (5.177)

In terms of three-dimensional super forms and defining the A product as e A d =

E AD + H A B, this equals

Jko
4

1
(end® —e*Ad) — (e Aj* +e*Aj). (5.178)

R{AAS) = ;

Inserting the medium dyadic matrix M in the modified Gibbsian form
d = Mle = e123| M,|e, (5.179)

where the dyadic elements of ﬁg are in the space [, [E; , with (5.156) this leads to

ko _ = 1 . .
J4 o (M5 = M)le* = 7€ AJ* +* Aj). (5.180)

§R{d A S} = €123

The term after the = sign corresponds to exchange of average power between the
medium and the electromagnetic field when the sources are not present, j = 0. The
medium is lossless (does not produce or consume energy) if the term vanishes for any
possible fields e, in which case the medium must satisfy the condition

MT =M, (5.181)

that is, the Gibbsian medium dyadic matrix is Hermitian. For the four Gibbsian
medium dyadics this corresponds to the relations

€ =%, Mg =T, & = (5.182)

5.3.4 Ideal boundary conditions

A surface S can be called an ideal boundary if it does not let any electromagetic
power pass trough [47]. In terms of the time-dependent Poynting vector S the ideal
boundary conditions can be expressed as

S|AS = (EAH)|AS =0, (5.183)

which must be satisfied for every surface element AS onS. The definition is extended
to complex fields as

SIAS = %(E/\H*)|A8:O. (5.184)

Here the real part corresponds to the condition of suppressing the average power flow
through the surface.
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Fig. 5.7 Field one-form E satisfying E|AS = 0 at a point r is locally visualized as a set
of planes parallel to the tangent plane of surface S at r.

PEC and PMC boundaries A perfect electric conductor (PEC) boundary is one
for which (5.183) is satisfied with no restriction to the magnetic field H. The electric
field must then satisfy

H|(EJAS) =0, VH, = EJAS=0. (5.185)

Taking the parallelogram AS = Ar; A Ary # 0 on the boundary, we have from the
bac cab formula

EJ (Ar1 A AI‘Q) = (E|AI‘1)AI‘Q - (E|AI‘2)AI‘1 = 0, (5186)

which is satisfied for all AS only when E|Ar; = 0 and E|Ars = 0. This implies
that E|Ar = 0 for any Ar on the surface. Thus, the surface making the electric one-
form E must be locally orthogonal to the surface S when orthogonality of a vector
a and a dual vector « is defined by aJa = 0. Visualizing a one-form as a set of
local parallel planes at each point, they must be parallel to the tangent plane of S at
that point (Figure 5.7). Similarly, a perfect magnetic conductor (PMC) boundary
requires another condition for the magnetic one-form:

H|AS =0. (5.187)

Isotropic ideal boundary A generalized form of the previous ideal boundary
conditions for real fields can be written as

(eE + SH) |AS =0, (5.188)
with scalars «, 8 depending on the nature of the surface. In fact, operating as
(vE + 0H)|{(aE + fH)|AS} = (74 — da)(E AH)|S = 0, (5.189)

with scalars v, é chosen so that v5 — da # 0, gives (5.183), the condition of no
energy transmission through the surface S.

Similar conditions are obtained for the complex fields as is seen if H is replaced
by H* in the above expressions. However, in the case of (5.188) it must be noted
that the condition for the fields is not linear because it involves a condition between
E and H* [48].
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Anisotropic ideal boundary An ideal boundary can also be anisotropic. Let us
assume that, on the surface it locally has a special direction denoted by Ary. The
ideal boundary condition written as

S|(AI‘1 A AI‘Q) = (S LAT1)|AI‘2 =0 (5190)

is now required to be valid for any Ar, on the surface. This requires that on the
surface we must have

Assuming that S = E A H # 0, this splits in two conditions for the fields E and H:
E|Ar; =0, H|Ar; =0. (5.192)

The same conditions are obtained for the time-harmonic case as well when Ary is
assumed to be a real vector. In Gibbsian notation E - Ar; = H - Ar; = 0 implies
Ar; x (E x H) = 0, or the Poynting vector S is parallel to the local direction Ar;
on the surface. Similar result is valid for the complex Poynting vector. This kind
of surface has been called the soft and hard (SHS) surface in the literature [47]. Its
realization by a tuned corrugated surface is valid, however, only to a time-harmonic
field for a certain frequency.

Problems

5.3.1 Find conditions for the parameters of the medium dyadic M which correspond
to the symmetry condition (5.160) for the medium dyadic matrix M.

5.3.2 Derive (5.172) by working through all the detailed steps.

5.3.3 Show that the anisotropic ideal surface condition (5.192) for time-harmonic
fields is

E|Ar. =0, H|Ar =0,

where Ar, = Ar; + jAr, is a complex vector on the surface S and AS =
Arl A AI‘Q.

5.4 THE LORENTZ FORCE LAW

The mechanical force between distributed electromagnetic sources obeys a law which
in differential-form formalism can be best expressed in dyadic form.
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5.4.1 Three-dimensional representation

Electric force 1In Gibbsian vector representation, the electrostatic force of the
electric field E' on a point charge @ is the vector

F. =QE. (5.193)

The same expression appears to be valid also when both F', and E are one-forms and
@ is a scalar. However, things are not so simple when we consider the force on a
distributed charge. The Gibbsian force density vector f, created on the electric charge
density g, given by

f. = 0.E (5.194)

cannot be transformed so simply to differential-form representation because the
charge density is now a three-form g,. Because the point charge can be conceived
as the integral of charge density three-form g, over a small volume element trivector
AV, the resulting force one-form is

AF, = E(g,|AV) = (AV]g,)E. (5.195)

To obtain a formula resembling (5.194) as closely as possible, we define the electric
force density as a F3 Iy dyadic through the dyadic product of g, and E,

fe = 0.E. (5.196)

The net electric force acting on a volume V is then obtained by integrating from the
left as -
F. =V|fe = (V]o,)E. (5.197)

Here we must note that, in spite of the brackets, also E(r) is integrated and the result
is constantin r.

Magnetic force The magnetic force acting on a line current segment with the
moment vector p = IL (current I and directed length vector L) in Gibbsian vector
notation reads

F,, =p xB =1L x B, (5.198)

where B is the magnetic flux-density vector. For a distributed electric current with
Gibbsian density vector J., let us consider a small cylindrical volume AV of cross
section AS and length AL, parallel to the current (Figure 5.8), which creates the
magnetic force A F},,. The moment of the small current element is obviously

Ap = J.ASAL = J. AV, (5.199)

which means that the vector J. can be interpreted as the volume density of current
moment. Thus, the Gibbsian magnetic force density is obtained as the limit

AR, _
f, = A1‘1/120 N Je x B. (5.200)
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Fig. 5.8 Gibbsian vector representation for magnetic force law.

In differential-form language the electric current density is a two-form whence the
magnetic moment corresponding to a small volume trivector AV is a vector,

Ap = AV[J, = AV[I®T|J,. (5.201)

From the last expression we can identify the magnetic moment density as the dyadic

quantity I®7|J, € F5E;. Since the magnetic force AF,, is a one-form (integrable
over a line) which is linearly dependent on the moment vector Ap and the magnetic
field two-form B, the relation is a contraction and can be represented as

AF,, = Ap|B = (AV|J.)|B. (5.202)
Inserting a unit dyadic in between, from
= (AV|J,)[IL|B = AV|(J, ATLB), (5.203)

the magnetic force density can finally be identified as the F3[F; dyadic

fo =J. AL |B. (5.204)

This result is not very obvious from from the Gibbsian vector form of the magnetic
force law (5.200). To check (5.204), let us see what corresponds to the fact that if the
current and magnetic field are parallel Gibbsian vectors, the force (5.200) vanishes.
Assuming that J . and B are parallel two-forms (scalar multiples of the same two-form
say £) and applying the identity (2.107) in the form

J.ALIB=-BAIL|J, (5.205)

shows us that the magnetic force is zero because = A ng = vanishes for any Z. Thus,
(5.204) is the dyadic counterpart of the classical vector formula (5.200).

Total force The Lorentz electromagnetic force-density, which in the vector lan-
guage has the familiar expression

f=0E+J. xB, (5.206)

IGibbsian vectors and corresponding differential forms for the same physical quantities are here expressed
by the same symbols without fear of confusion.
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Fig. 5.9 Visualization of the four-dimensional force-energy density dyadic.

becomes in the differential form notation the dyadic [42],

fe=0E+J. AL|B. (5.207)

This expression could be added by terms corresponding to the magnetic charge and
current, omitted here for simplicity.

5.4.2 Four-dimensional representation

The Euclidean expression (5.207) can now be extended to Minkowskian four-
dimensional notation. In this case, the force density is understood as a quantity
integrable over a four-volume in space-time denoted by the quadrivector element
e;AT A AV. It turns out that the corresponding expression obeys the form of the
following IF4 IF; dyadic (Figure 5.9):

fa = =7, AL ®. (5.208)

Here |, denotes the four-dimensional unit dyadic. To check this compact expression,
we insert the expansions for the four-current «y, and the force-field two-form @ as

fu = —(0, —Jo A7) A (T + dre,)| (B +E Adr). (5.209)
Noting that g, A Tg = 0 and e, |B = 0, this can be reduced to

fu = drA(eE+J. AL B) —dr A (J. AE)dr

= dr A (fe — (3. AE)dr). (5.210)
Integration over the quadrivector volume element e, AT A AV gives the one-form
e; AT AAV[fy = AV[fy — AV|(J. AE)dr, (5.211)

of which the first term (spatial part) is the three-dimensional force one-form. The
second term (temporal part) corresponds to the integral of the Gibbsian E - J term,

which gives the Joule power loss in watts. Thus, f,, can be called the Lorentz force-
energy density dyadic.
Problems

5.4.1 Derive (5.210) in detail.

5.4.2 Repeat the analysis leading to (5.207) by taking also the magnetic sources into
account.
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5.5 STRESS DYADIC

In four-dimensional formalism, the Poynting two-form and Lorentz force-energy
can be combined to a compact quantity, the stress dyadic. Since the publication of
Maxwell’s Treatise on Electricity and Magnetism [56], the corresponding physical
quantity has been called variously the stress tensor, the stress-energy tensor, the
energy-momentum tensor or the stress-energy-momentum tensor, and it has been
expressed in the literature in terms of Gibbsian dyadics or tensor (index) notation
[34,38,55,56,62,68,70,72,79]. Because of our dyadic approach, we choose to call
the quantity the stress dyadic. Itis a “machine that contains a knowledge of the energy
density, momentum density and stress, as measured by any observer” [58].

In differential-form notation, under certain restrictions on the electromagnetic

medium, the Minkowskian force-energy dyadic ?M € F4F; can be expressed in
terms of the respective stress dyadic Tu € F3F as

fu= —d AT (5.212)

In the literature the stress tensor in three dimensions is usually given in Gibbsian
representation [70], while in four dimensions the expression is generally expressed
in tensor form [34,38,79]. While in references 6 and 58 differential forms are widely
used, the stress dyadic is, however, given in tensor notation. In reference 33, the stress
tensor is expressed in terms of the Clifford algebra. A differential-form approach was
introduced in reference 42 in a form reproduced here.

5.5.1 Stress dyadic in four dimensions

The stress dyadic can be expressed in a very compact form in the four-dimensional
representation. To derive this we start from the Lorentz force-energy density four-
dyadic (5.208) and replace the source three-form through the Maxwell equation as
v. = d A ¥. Denoting quantities kept constant in differentiation by subscript ¢, we
can expand

fu = —7 AL =—(dAB)AIL B, = —dA (T ATL|B,)
= —dA(TAIL]®) +dA (T ATL]S). (5.213)
Now we apply the identity (2.102) reproduced here as
(@ ALY T+ (TATD) B = (AT [Iy = (T AD) [l (5.214)
to the last term of (5.213):

AA (T ATL]B) =d A (T AB)|Iy) — (AA D) AL T, (5.215)

The last term here vanishes because d A @ = 0 is one of the Maxwell equations
in the case of no magnetic sources. The force-energy density dyadic has thus been
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Fig. 5.10 Visualization of the four-dimensional stress dyadic.

transformed to a form depending on the field two-forms as
fau = —dA(TATT D)+ dA (T A B)[Tn). (5.216)

From (5.216) we cannot yet identify the stress dyadic as —d A T, because of the
subindex c in the last term. To proceed, it is necessary to make an assumption which
restricts the nature of the electromagnetic medium. In particular, after substituting

v = ﬁ|<1>, where M is a constant medium dyadic, we require that the following be
valid for all two-forms ®:

dA (T, AD)[1\) :d/\%((\Il/\@)LTM). (5.217)

Since from & A ¥ = ¥ A & the right-hand side is symmetric in ¢ and ¥, so must
be the left-hand side, whence the condition

dA (T AB)|Ty) = dA (B A T)[Iy) (5.218)
must be valid as well. The assumption is valid for a certain class of media defined by

a restriction to the medium dyadic M as will be shown in Section 5.5.3.
Substituting now (5.217) in (5.216) gives us

?M:—d/\(\IIATnTAJ@—%(\I:/\@)LTM):—d/\?M, (5.219)

from which the stress dyadic ?M can be identified as (Figure 5.10)

Tu :\IIATI\TAJ@—%(\II/\@)LIM. (5.220)

This is the final result. The stress dyadic is not unique since a dyadic of the formd A A

with any dyadic Ac F>F; can be added without changing the force-energy dyadic.
Also, applying (2.102), the expression (5.220) can be changed to other equivalent
forms under the special condition for the medium:

=l
g
Il

—® AT T+ %(@/\\II)LTM

1 = 1 =
5\1:/\@@— 5<1>A|§Jx1:. (5.221)
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Comparing this to (5.220) it is seen that the stress dyadic ?M(<I>, W) is an antisym-
metric bilinear function of ® and ¥:

TM(Q’ ‘I’) = _?M(‘I’a Q)a (5222)

which implies ?M({), ®) = 0. Thus, in the strange isotropic medium defined by

M = M]ly,, the stress dyadic vanishes for any fields.

5.5.2 Expansion in three dimensions

To gain some physical insight, the expression for the stress dyadic (5.220) will now
be expanded in terms of three-dimensional source and field quantities. Decomposing
the different terms in their spatial and temporal parts in (5.220) can be written as

= (D-HAd)AIL|B+EAdr)
_%{(D_H/\dr)/\(B+E/\dr)}LTM

ol
g

= DAIZIB+DAILJ(EAdr)
—(HAdT)ATL B — (HAdT) AL |(E A dT)
1

“HAdr AB—-HAdr AEAd7)|Iu. (5.223)
Inserting TM = TE + e,dr, the number of terms will be doubled. However, some
of the terms are directly seen to vanish, like the last one containing d= A dr, those
containing the spacelike four-form D A B, and certain contractions like e | B. After

applying the bac-cab rule, we can write

v = DAIL|B+DA(drE — Edr)
+dr A (HATZ|B) +dr A (E AH)r

=l

1 =
—5((D/\E/\dr)LIM —(BAHAAT)|Iu). (5.224)

By applying (2.102), the last two terms can be further processed as
(DAEAdr)|ly =dr ADE — (DAE)dr —dr A (EATL D),  (5.225)

(BAHAA7)|ly =dr ABH — (HAB)dr —dr A (HATLB).  (5.226)

After all this, the stress dyadic can finally be written in terms of three-dimensional
quantities in the form

= = ]_
Tu = D/\IEJB—5(E/\D+H/\B)d¢+d¢/\(E/\H)dT

1 pu? o
+dT/\5(DE+BH+H/\I£JB+E/\I£JD). (5.227)
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The economy of the four-dimensional expression (5.220) over (5.227) is obvious.

From (5.227) we can identify familiar three-dimensional physical quantities. The
first term represents the electromagnetic momentum density, and the second term is
associated with the energy density. Here one must note that existence of the three-form
w as in (5.164) requires again a condition for the medium. The third term involves
the Poynting vector and thus represents the density of power flow. The fourth term
on the second line describes the electromagnetic stress. Every term belongs to the
class of F3; dyadics. To compare with the same terms in the index notation one
can consult, for example, reference 38. Examples of the use of the different terms in
various physical situations can be found, for example, in 58.

5.5.3 Medium condition

Four-dimensional condition The nature of the condition to the electromagnetic

medium dyadic M as required by (5.217) or (5.218) will now be studied. Applying
on (5.218) the identity (2.101) with « replaced by the operator one-form d,

dA((@AT)[ly) = —(d(@A D)7, (5.228)
the condition in transposed form becomes

AT AD— B NAT) =0. (5.229)

Assuming a linear medium with medium dyadic M and applying the identity (1.125),
we can write
P A M|<I>2 = eNeN|(<I>1 A M|<I>2)
= en(ilen|M|®2) = en(®1[My|®2),  (5.230)

where N = 1234 and ﬁg € E;E, is the modified medium dyadic. Now (5.229)
requires that the condition

d®|(M, — MT)|®. =0 (5.231)

be valid for any two-form function ®. Multiplying this by some vector a and denoting
(ald)® = @' it is obvious that &' can be made independent of ® whence this leads
to the scalar condition of the form

®,[M,|®, — B,[M,|®, =0 (5.232)

for any two-forms ®1, ®5. This again requires that the modified medium dyadic be
symmetric,

M7 = M,. (5.233)

In Chapter 6 we will see that this equals the condition for the reciprocal medium.

Because of symmetry, M, is a regular metric dyadic and can be used to define a dot
product for two-forms as ® - & = ®|M,|® [36].
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The symmetry condition (5.233) required by the medium for the existence of the
stress dyadic is not the same as (5.160) except for the special case Eg = Zg = 0. For

the original medium dyadic M the condition (5.233) can be expressed as

(ex[M)T = M7 Jey = en|M, (5.234)

where ey can be any quadrivector. Finally, one can show that the condition (5.232)
is equivalent to the condition

ATy — By ATy =0, (5.235)

valid for any two electromagnetic fields 1 and 2 in the same medium.

Three-dimensional conditions 1f the dyadic ﬁ, expanded in terms of the three-
dimensional medium parameter dyadics as defined by (5.25), is inserted in the sym-
metry condition (5.234), corresponding symmetry conditions for the four Gibbsian

medium dyadics Eg, ﬁg, Eg, and Zg can be obtained. In fact, from (5.27) we can
evaluate for ey = eja34 (details left as a problem)

en|[M=e e N(E; — &, T, " [C,) —er NE, T, ' eins

+ejo3 [ﬁ;l |Eg N er — e1z3€io3 Hﬁ;l, (5.236)

which from (5.234) must equal its transpose. This gives rise to four relations for the
gibbsian medium dyadics:

ere (@ — &l 1) = ere i@ — G la, TIE),  (523D)
er N [T, ers = e ACLIT, T |eras, (5.238)
es|B, ¢, e = ens|T, ' TIED Aes, (5.239)
eieins| [, = ewmenns| |7, (5.240)

From equation (5.240) we first have
Tig =1, - (5.241)

The two conditions (5.238), and (5.239) are the same and they give

&, =0, (5.242)
while (5.237) finally gives
& = (5.243)

The symmetry condition (5.233) or (5.234) thus corresponds to the conditions
(5.241)—(5.243) for the Gibbsian medium dyadics. It coincides with the medium
conditions (5.161) assumed for the existence of the energy density three-form w.
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5.5.4 Complex force and stress

For time-harmonic sources and fields we can again use complex formalism. The
Lorentz force dyadic can be rewritten in complex form as

= 1 =
fe= E(QQE* +J. AT |BY), (5.244)

and the force-energy dyadic can be rewritten as
= 1 =
fa = =57 A 17|, (5.245)

meaning that the real part of each gives the corresponding time-average quantity. In
four-dimensional representation the d operator can be replaced by

d — dg + jkodr, (5.246)

when the factor e/*<7 is suppressed. Thus, the complex form of the four-dimensional
force-energy dyadic can be expressed by

o= —d ATy = —(dg + jkodr) A Tu, (5.247)

when the complex form of the stress dyadic ?M is defined as

Tu = %\11 AL &% — %(\p A D*) [l (5.248)

The condition required to be satisfied by the medium dyadic for the stress dyadic to
exist becomes now

3*|M,|® = B|M*|@*, (5.249)

which should be valid for all complex two-forms ®. This leads to the condition for
the modified medium dyadic,

M7 = MY, (5.250)

which coincides with that of lossless media.

Problems

5.5.1 Repeat the analysis leading to (5.220) by taking also the magnetic sources into
account.

5.5.2 Show that (5.235) follows from (5.232).
5.5.3 Derive (5.236).
5.5.4 Derive (5.249).

5.5.5 Show that the condition (5.250) corresponds to that of a lossless medium. Start
by considering the complex Poynting two-form S and require that R{d A S}
vanishes in the medium for all possible fields.
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5.5.6 Check that the stress dyadic for a time-harmonic plane-wave field satisfies
d A T, = 0. The field two-forms are of the form

PB(r,7) = P, exp(V|r + jko7), ¥(r,7)=¥,exp(v|r+ jk,7),

where v is a dual vector and ®,, ¥, are dual bivectors.
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Theorems and
Transformations

In this chapter we consider the duality transformation and the concepts of reciprocity
and source equivalence which can be applied in solving electromagnetic problems.

6.1 DUALITY TRANSFORMATION

The term “duality” has two meanings. Here it refers to certain transformations of
electromagnetic fields and sources and not to duality of multivector spaces. Because
the former is related to electromagnetic field quantities while the latter is related to
vector spaces, the danger of confusion should be minimal (changing an algebraic
identity valid for multivectors to a form valid for dual multivectors could also be
called a duality transformation in the latter sense). Duality transformations are useful
in giving a possibility to derive solutions to new problems from solutions of old
problems without having to repeat the whole solution procedure (Figure 6.1). The
classical concept of duality in electromagnetic theory refers to the apparent symmetry
in the Maxwell equations, which, written with magnetic sources included in Gibbsian
vector form, are

-VxE=0B+J,, V:-B=g,, 6.1

VxH=8D+J., V-D=op.. 6.2)

Historically, it may be of interest that the concept of duality was not known to James
Clark Maxwell because he presented his equations in a very nonsymmetric form, in a
mixed set of equations for scalar field and potential quantities as shown in Figure 1.1.
Duality was first introduced by Oliver Heaviside in 1886 when he reformulated the
Maxwell equations in a form which he called “the duplex method” [6,32]. In fact,

163
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Fig. 6.1 Solving a problem can be done without performing the solution process if it has
already been done for the dual problem. The problemisfirst transformed to the dual problem,
and the known dual solution is transformed back.

by introducing the vector notation and eliminating the auxiliary potential quantities,
Heaviside could reduce the original set of equations to a form equivalent to (6.1)
and (6.2). The cross and dot products were introduced by Gibbs, which is why we
refer to Gibbsian instead of Heavisidean representation. Heaviside listed four “great
advantages’ in the use of vector equations as follows.*

1. Firgt, the abolition of the two potentials.

2. Next, wearebrought intoimmediate contact with E and H, which have physical
significancein really defining the state of the medium anywhere (¢, 4+ and o of
course to be known), which A and ¢ do not, and cannot, even if given over all
space.

3. Third, by reason of the close parallelism between (6.1) and (6.2), electric force
being related to magnetic current, as magnetic force to electric current, we are
enabled to perceive easily many important relationswhich are not at all obvious
when the potentials A and ¢ are used and (6.2) isignored.

4. Fourth, we are enabled with considerable ease, if we have obtained solutions
relating to variablestatesinwhich thelinesof E and H arerelated inoneway, to
at once get the solutions of problems quite different physical meaning, inwhich
E and H, or quantities directly related to them, change places. For example,
the variation of magnetic forcein acore placed in acoil, and of electric current
inaround wire; and many others.

6.1.1 Dual substitution

In his fourth “advantage,” Heaviside describes the use of duality. To transform elec-
tromagnetic field equations, a simple dual substitution method can be used. In fact,
substituting symbolsin (6.1) and (6.2) as

E—-H H—-E, B—D, D— B,

1Quoted from reference 32, except that symbols are written in modern notation.
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Je = JImy I = Je, 0e = Om, Om — Oe (6.3)

does not change the whole system of equations. Thus, for the same change of symbols,
solutions for these equations remain to be valid. Of course, boundary values and
medium parameters must be changed accordingly.

In the three-dimensional differential-form formalism the simple substitution rules
(6.3) can be applied as such for the multiform field and source quantities. In the four-
dimensional representation the substitutions become more elegant as the disturbing
minus sign of (6.3) lies hidden inside the field two-forms:

@ % Q’ q’ % Q’ 76 % ’77’77,’ ’YTTL % 76' (6'4)

It then follows that the medium dyadic must be substituted by its inverse,
M — ML (6.5)

This simple substitution method is not a transformation since the nature physical
quantities is not preserved. For example, an electric field is replaced by a magnetic
field, E — —H. This defect could be remedied by inserting certain constant factors
like in E — ZH, where Z is some impedance factor. Let us, however, consider a
still more general form of duality transformation.

Duality substitution can be applied to transform physical relations to another form.
As a simple example, the electric field from an electric point charge (). obeys the
familiar formula

Q
E(r) = —-d . 6.6
(x) 4de,r (6.6)
Applying the duality substitutions we obtain
@m
H(r) =d 6.7
() =d g ©7)

the corresponding formula for the magnetostatic field from a magnetic point charge
(monopole).

6.1.2 General duality

Four-dimensional formulation In the most general form, duality transforma-
tion can be understood as a linear mapping between field quantities and source quan-

tities,
¥, - R4 ’ Yed -D Ve , (6.8)
'}d P Ymd Tm

where the transformation matrix

D:(A B> (6.9)
¢ D
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is defined by the four scalars A - - - D. However, in many cases, change of the mag-
nitude level is not important since it can be changed by a multiplying factor and we
can restrict the transformation by some condition. Requiring that the determinant of
the matrix be detD = AD — BC = 1, we can reduce the number of parameters to
three. It is convenient to define the transformation in terms of three parameters Z, 7,4

and 6 as
Za®q \ VA4
< @, ) = R(0)< ® ) , (6.10)

where R(6) is the rotation matrix

R() = co§6 sin , ©.11)
—sinf coséd
satisfying
R710) = RT(6) = R(-9). (6.12)

In this form, the transformation consists of three steps: first, an impedance transfor-
mation by Z which makes the physical dimension of ® and ¥ the same, second, a
duality rotation by angle 6 which replaces ® and ¥ by their linear combination; and,
third, another impedance transformation by 1/Z,; which returns the correct physical
dimensions.

Expressing the transformation as (6.8), the duality-transformation matrix D is

defined as
D = <1/Zd 0>R(0)<Z 0)
0 1 0 1

< (Z)Z4)cos® (1/Z4)sind >

] (6.13)
—Zsin# cos 6

More explicitly, the transformed electromagnetic two-forms are
W, =(Z)Zq) cosOF + (1/Z4) sin 6P, (6.14)

D, =—7sin0¥ + cos 6. (6.15)

The inverse transformation is defined by the inverse matrix

ol <1/z 0>R(_0)<Zd o)
0 1 0 1

< (Z4)Z)cosf —(1/Z)sin6 )

. (6.16)
Z4sin @ cosé

The transformation law for the medium dyadic M can be found by replacing ¥ by
M|®, whence (6.14) and (6.15) become

®, = (cosO 1T — sin2ZM)|®, 6.17)
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Z40 4 = (sin 0127 + cos 6ZM)|®. (6.18)

Eliminating ®, we obtain
ZMy = (siné 17T 4 cosd Zﬁ)|(cos 91T _ sing Zﬁ)*l. (6.19)
Finding the corresponding rules for the medium dyadics &, ¢ L, ? is left as a problem.

Three-dimensional formulation Breaking (6.8) in its three-dimensional com-
ponents, the duality transformation rule becomes

(2), () o) o) oo

D E
D —JD' A dT.(6.20
From this we obtain the rules

(2) =o(3) (E)-o(E) o

For the fields E and H the transformation matrix is

D = -JDJ

_ [ 0 1 (Z]Z4)cos® (1/Zq)siné 0 1

B -1 0 —Zsinf cosd -1 0
_ cosﬂ. Zsin 6 ’ 6.22)

—(1/Z4)sin@ (Z/Z4) cosb
which in explicit form gives

E; = cosPE + Z sinfdH, (6.23)
Hy;=—(1/Z4)sinb0E + (Z/Z4) cos 6H, (6.24)
Da=(Z/Z4) cosD + (1/Z4) sin 6B, (6.25)
By = —ZsinfD + cos6B. (6.26)

The Poynting two-form obeys the rule
Z
S¢e=E;AH,; = Z—E/\H: (Z/Zd)S (6.27)
d
Ideal boundaries remain ideal boundaries in the duality transformation because

S|S = 0 implies S4|S = 0 for any boundary surface S. However, the nature of the
ideal boundary is changed. For example, the PEC condition E|S = 0 is changed to
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the more general form (cos 0E — Z;sin H) |S = 0. For § = +7/2 a PEC boundary
is transformed to a PMC boundary, and conversely.

The electromagnetic sources are transformed through the transformation matrix
D, whence their formulas are similar to those of D and B:

Je ) _p( e ). O} —p( 9 |. (6.28)
N J d Jm Om d Onm

The transformed medium dyadic matrix ﬁd can be found by writing

(5), = o(5) - (5)

which leads to the rule

(6.29)

I
o]
<
2
—
T =
~

(6.30)

This can be also expressed as

€aZd & :R0<€—Z E)R—ﬁ 6.31
(zd ﬁd/zd> O\ Fp )R @

from which the duality transforms of the four medium dyadics are easily obtained in
the form

€174 = €Zcos’ 0+ (i/Z) sin” 6 + (? + E) cosfsiné, (6.32)
T/ Zq=€Zsin? 0 + (7i/Z) cos®  — (? + E) cosfsiné, (6.33)
Ed =—(eZ-n/Z) cos&sin0+?cos29 —zsin2 9, (6.34)
Cy=—(FZ —Ti/Z) cossinf — Esin® @ +  cos? 6. (6.35)

Combining these, we can write the following more suggestive relations:

2uZa+Tiy)Za =2 +Ti)Z, (6.36)
&,—Ca=E—C, (6.37)

2124 —Tiy)Za = (EZ —Ti)Z) cos 20 + (€ + C) sin 26, (6.38)
€+ Cy = (E+0)cos20 — (3Z — i/ Z) sin 20. (6.39)

It is interesting to note that the dyadic £ — ( is invariant in any duality transformation

while the dyadic €Z + Ji/Z is transformed to €4 Z + Ji;/Z4. The dyadics & + ¢ and
€7 — /7 are transformed through a two-dimensional rotation by the angle 26.
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6.1.3 Simple duality

There are some important limiting cases of the duality transformation in terms of the
6 parameter. The case §# = 0 gives a pure impedance transformation

7 p— 7 =
d ) d Zd 3 d Zd (6 O)

which for Z; = Z reduces to the identity transformation.
Two more interesting limiting cases are obtained for § = % /2, which augmented

by the choice Z; = —Z, lead to the transformation rules
B, =470, =+ ®, M= V! (6.41)
d — 3 d — VA 5 d = Z2 - .

It is seen that the two transformations defined by (6.41) coincide with their inverses
because (®4)s = ® for both signs. Since there is no reason to prefer one of the +
signs, we consider these as a pair of duality transformations. In both transformations
the four medium dyadics obey the same rules obtained from (6.32)—(6.35):

fi=—T/Z% Ty=—-2%, E=-( (=& (6.42)

Since the rules (6.41), (6.42) are so simple, the transformations defined by § = +7/2
are called simple duality transformations and the corresponding relations are called
simple duality. Basically they replace electrical field, source, and medium quantities
by the corresponding magnetic quantities and conversely.

A quantity q is called self-dual if it satisfies g4 = q and it is called anti-self-dual if
it satisfies gz = —q. Denoting self-dual quantities corresponding to the two simple
transformations by their corresponding signs =+ as q., they satisfy

1
Ty=o By (6.43)

Thus, ® are eigen-two-forms, and +1/Z the corresponding eigenvalues, of the
medium dyadic:

= 1
M|®, = i2<1>i. (6.44)

If the medium is self-dual in either of the two simple duality transformations, from

(6.42) we can see that its medium dyadics must satisfy ¢ = —( and €, [z must be
multiples of one another.

Example As an example of a self-dual medium satisfying ﬁd = ﬁ we consider

=puA, £=C=0, (6.45)

€= €A,

=l

where A € F,E,; is a dyadic and e, yu are two scalars. The Z parameter of the
transformation must now satisfy

7% = —pe. (6.46)
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Thus, there are two simple transformations with respect to which the medium is
self-dual,

1
$,=+jn¥, T, = iﬁin n=/n/e. (6.47)

Self-dual media are of interest because the original problem and the dual problem
are in the same medium. This means that if we can solve a problem in this kind of a
medium, we immediately have another problem with a solution in the same medium.

6.1.4 Duality rotation

The previous duality transformation is independent of any metric. One could also
describe it as E <> H duality. Another type is what could be called as B < E
duality. Because B is a two-form and E is a one-form, a transformation between
them necessarily depends on some metric through some preferred basis system. Such
a duality transformation is defined in terms of a Minkowskian Hodge dyadic HL,, €
F>E, defined in terms of a given basis as (2.272) reproduced here for convenience
(eg = e, g4 =d7):

ﬁ]\TAz = (es1€23 + €42€31 + €43€12) + (€23€14 + €31€24 + €12€34)
= esAHL +HL, Aey. (6.48)

The last representation is based on the three-dimensional Euclidean Hodge dyadics
(2.231), (2.232)

HL = esern + ere23 + e2e31, (6.49)
HI, = exzer + 3105 + e12es. (6.50)

Because the Minkowskian Hodge dyadic satisfies (ﬁ:{,{?)Q = Tl(\i)T, it behaves like the

imaginary unit. Let us use a more suggestive notation J7, by defining
Ju = Hu, B2, = 12, 6.51)
Applied to the Maxwell force two-form ®, we obtain after substituting from (6.48)
JZ1® = HZ,|(B + EAdr) = dr AHL|B + HL|E, (6.52)
which is of the form
® =B +E Adr, B =HL|E, E =-H|B. (6.53)

Thus, i\T,I has the property of transforming E to B’ and B to —E’.

More general transformation can be made by combining I_S\Z)T and th,[ to a rotation

dyadic as defined by (2.281)

Rae(8) =127 cos 6 + IZ sin 6. (6.54)
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Expanded in terms of Euclidean dyadics, this becomes
Ru(8) = (8" +100e,e,) cos§ — (dr AHL, + HL, Ae,)sing
=197 cosh — dr A ﬁgl sinf — ﬁ; Ne sinf —e, A T;” Nercosf. (6.55)
Applied to the Maxwell two-form ®, the rotated two-form becomes
®, =Ru(0)|® = ®cosh + JL|®sinf =B, +E, Adr,  (6.56)
with
B, = Bcosf + HL,[Esin6, E, =Ecosf — H.,|Bsinf. (6.57)

The transformed field quantities depend on the preferred basis {e;} and its reciprocal
basis {&;} as is evident from their explicit expressions

B' = HL|E = ey3F1 + €315 + €123, (6.58)
E' = ﬁgﬂB = g3B12 + €1 Ba3 + €2 B3q, (6.59)

when the components are defined by
Ei = ei|E, Bi]‘ = eij|B. (660)

The duality rotation is limited to Minkowskian two-forms and it cannot be applied to
source three-forms or potential one-forms. Thus, it does not represent a transforma-
tion to the Maxwell equations.

Problems

6.1.1 Show from the medium transformation formula (6.19) that if the medium dyadic
is of the form M = MI®T the transformed medium dyadic has the form

My = MJ®T,

6.1.2 Find the duality transformation rules for the medium dyadics @, € , &, E corre-
sponding to (6.19).

6.1.3 Under what conditions can a bianisotropic medium with dyadics &I, ?, E be
transformed to a dual medium with &, = ; = 0?

6.1.4 Reduce the eigenvalue problem (6.44) to three-dimensional Euclidean form for
the fields E..

6.1.5 Expanding the magnetoelectric dyadic parameters as

Zzi_.jﬁ\/ﬂoeoa Z:?'Fjﬁ\/ﬂoeo,

show that the chirality dyadic % is invariant in any duality transformation while
the Tellegen parameter ’y can be changed.
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Jel Je2

E,
E,

Fig. 6.2  Reciprocity in Gibbsian electromagnetics relates source vectors and their field
vectors. For example, if field E1 from source Jc1 is orthogonal to source Je2, its field E is
orthogonal to source Je1 provided medium satisfies reciprocity conditions.

6.2 RECIPROCITY

6.2.1 Lorentzreciprocity

In its basic form, reciprocity (or Lorentz reciprocityilorentz reciprocity [1]) in elec-
tromagnetics allows a change in the position of the source and the field-measuring
instrument without any change in the reading on the instrument. For example, in Gibb-
sian electromagnetics, the electric field can be measured by a small test dipole with
vector current moment Ap = J.AV. Applied to the electric field vector E it gives
the result as the scalar Ap - E = (J. - E)AV. In the differential-form electromag-
netics AV is a small trivector and the current moment is the vector Ap = AV|J..
In this case the measurement gives the scalar

Ap[E = (AV[J,)|E = AV|(J. AE). (6.61)

The magnetic field can be measured with a small magnetic current (voltage source)
as AV|(J,, A H). Put together, the interaction of a source Je1, J;,,1 with the field
E-, H, due to a source J.s, J,,,2 is given by the quantity

<1,2>= AV‘(Jel ANEg —Jp1 A Hg), (6.62)

called the reaction of field 2 to source 1 by Rumsey [67]. Reciprocity can then be
expressed as symmetry of the reaction,

<1,2>=<2,1>. (6.63)

Reciprocity can be effectively used in formulation and solution of electromagnetic
problems [16]. It reduces the dimension of numerical procedures because certain
system quantities like Green dyadics and scattering matrices can be made symmetric
[78]. However, this requires that the medium satisfy certain conditions.

6.2.2 Medium conditions

Let us consider time-harmonic fields and their sources with suppressed time depen-
dence e/¥°7 in three-dimensional representation. Assuming two sets of electric and
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magnetic currents Je1, Jn2 and Jeo, Jono creating corresponding fields in a linear
medium, reciprocity requires that the reaction is symmetric [38, 67]

(Jo1 ABy — Tyt AHL)|V = (Jea AEy — Jpo AHY)|Y, (6.64)

integrated over all space. This gives a certain condition for the medium. To find
it, let us proceed by inserting the Maxwell equations and expanding the following
three-form expression as
I = JaAEy—Jmi AHy —Ja2 AE; + T2 AHy
= (d/\Hl—jk'oDl)/\Eg-F(d/\El +jk‘0B1)/\H2
—(dAH; — jk,D2) AE; — (d AEs + jk,B2) AH;y
= dA(E;AHy;—Ey;AHy)
+jko(-D1 AE2+ By AHy + Do AE; — By AHy). (6.65)

Picking a typical term from the last bracketed expression and applying the identity
(5.156) rewritten for convenience as

a A (e123]a) = e123(axja), (6.66)
we can expand
DyAE;, = E,AD,=E;AEE; +{H,)
= E1 N\ €123 L(EQ|E2 + Zg|H2)
= e13E1|(E|E: + {,|Hy), (6.67)

where the modified (Gibbsian) medium dyadics have been introduced. Combining
terms, we can finally write

T, = dA(E,AHy—E;AH,y)

+jkoe123 | E1|(gy — E;F)|E2 - H1|(ﬁg - ﬁ;)|Hz

+E|(Z, + CD)[Hy — Hy|(, + C)[Es |- (6.68)

For the medium to be reciprocal, the integral V|T'15 should vanish for any sources.
Extending the integral over all space, from Stokes’ theorem we can write

V|d/\(E1 /\HQ—EQ/\Hl) :8V|(E1/\H2—E2/\H1), (669)

where OV denotes the surface in infinity. Assuming that the integral of the fields
vanishes in the infinity, we are left with the equality of the volume integrals. Now
the right-hand side vanishes totally when the Gibbsian medium dyadics satisfy a set
of the conditions written as

_ = T — = = =
Cg g fg ﬂ;‘f _Cg Hg
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In this case (6.64) is valid for any sources, which is the reciprocity condition for fields
and sources: sources 1 as measured by the fields 2 equal sources 2 as measured by
the fields 1. Equation (6.70) gives the reciprocity conditions for the bi-anisotropic
medium [1,38,40]. It must be noted that it does not coincide with the symmetry
conditions (5.241)—(5.243) associated with the existence of the Maxwell stress dyadic.
Actually, the latter conditions correspond to those of (6.70) with missing minus signs,
which is equivalent to the symmetry conditions

MgT =M,
or __ __

M] =M, 6.71)
Problems

6.2.1 Find conditions for the medium dyadics correspronding to a bi-anisotropic
medium which is both reciprocal and lossless in the time-harmonic case.

= =

6.2.2 Find the reciprocity conditions for the parameter dyadics @, € j,? of the
medium dyadic M corresponding to the general bi-anisotropic medium.

6.2.3 Check with the help of (5.27) that ﬁg € EsE, is a symmetric dyadic under the
reciprocity conditions (6.70) satisfied by the Gibbsian medium dyadics.

6.2.4 Show that the reciprocity condition is equivalent to requiring that the condition
EiAnDy;—H; ABs=Es AD; —H2 A By
be valid for any two sets of fields 1 and 2.
6.2.5 Show that the reciprocity condition is equivalent to requiring that the condition
O NTS =By AT

be valid for any two sets of fields 1 and 2, when we define the time-reversion
operation as
Ut =(D-HAdT)" =D +HAdr

6.3 EQUIVALENCE OF SOURCES

Two sources are called equivalent with respect to a region in space if they produce
the same field in that region. Let us consider two systems of sources and their fields

in terms of superforms,
v
da| St )= e ), (6.72)
q’l Tmi1
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Yeo

Ymo

Fig. 6.3 Nonradiating sources radiate zero field in the regionV,

d/\<%>:<762 ) (6.73)

¢2 ’YmQ

d/\<\II°>:<%O ) (6.74)
P, Ymo

=2, - P, ¥, =¥, -0, (6.75)

Their difference is

with

TYmo = TYm1 — Tm2:  Yeo = VYe1 = Ve2- (676)
Now if the two fields 1 and 2 are the same in some region in space V), the difference
field vanishes, ®, = ¥, = 0 in V. The corresponding sources v.,, ¥,,, are then
called nonradiating in V, and the source systems 1 and 2 are called equivalent with
respect to V (Figure6.3). Obviously, in this case the sources ., ¥,,, must vanish in
V, which means that the original sources must coincide within V.

6.3.1 Nonradiating sources

Because of the conservation laws (4.35), (4.41), electromagnetic sources must be of

the form
r
Teo ) —an| ¢ |, (6.77)
Ymo r,

for some two-forms I'., I';,,. Let us assume that both two-forms I'., I';;, = 0 vanish
in the spatial region V. Now it can be shown that sources of the form (6.77) are always
nonradiating in V. To see this, we write the Maxwell equations as

dA(‘I'_F6>:<O>, (6.78)
$-T,, 0

from which we note that ¥ — I',, & — TI,,, are field two-forms with no sources
whatever. Assuming uniqueness conditions for the fields in infinity which prevent
the existence of non-null fields, we conclude that the fields due to the sources (6.77)
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must actually be ¥ =T',, ® = I';;, which vanish in V due to the assumption. Thus,
sources of the form (6.77) are nonradiating in V.

The converse can also be proven: any sources nonradiating in } can be presented
in the form (6.77) through some two-forms I', I',,, which vanish in V. The proof is
trivial, because the sources of any nonradiating fields ¥ y g, ® vy g are

< Ve ):d/\(‘I’NR) (6.79)
IYm QNR

These are of the form (6.77) because ¥ xr, ® vy vanishin V.

It is obvious that there exist an infinity of possible sources nonradiating in any
given region. Certain symmetric current configurations do not radiate outside their
support. For example, a radially symmetric current due to a nuclear detonation in a
homogeneous space does not radiate [40]. The electromagnetic pulse (EMP) due to a
nuclear blast in the atmosphere is due to the unsymmetry created by the atmospheric
inhomogeneity.

6.3.2 Equivalent sources

Two sources are equivalent with respect to aregion Vif their difference is nonradiating
in V. Thus, with respect to a given region, there exists a class of infinitely many
equivalent sources because nonradiating sources can be added to the original sources
without changing the fields in V. For example, a dipole source at a point outside
V can be replaced by a multipole source at another point outside ) or by Huygens’
source on a chosen surface outside V.

As an example, let us consider equivalence of electric and magnetic current non-
static sources. For this we must borrow the wave equation (7.63) for the electric field
one-form from Chapter 7:

W, (dg,d,)|E = —0:J. — (ds AT — €0,)[7" T, (6.80)

where W, (dg, 9;) is the wave-operator dyadic. Now let us assume that the magnetic
source J,,(r,7) is a two-form vanishing in the region V and the electric source
Je(r, 7) satisfies

0, 3. = —(da AT — €0:) |7 T, (6.81)

whence it also vanishes in V if it vanishes for 7 = —oco. Because in this case the
source of the wave equation (6.80) vanishes everywhere, assuming uniqueness of
solution, we conclude that the electric field must vanish everywhere. The magnetic
field satisfies another equation similar to (6.80) but with right-hand side which does
not necessarily vanish exceptin V. Because sources and the electric field vanishin V),
it turns out that the magnetic field vanishes in V. Because this all may appear quite
confusing, let us summarize:

e J,=0inVY



EQUIVALENCE OF SOURCES 177

e J, satisfies (6.81), thus also J, = 0 in V
e From (6.80) E = 0 everywhere
e H=0inV

Because electric and magnetic fields vanish in V, J satisfying (6.81) is equivalent to
the source J,,, with respect to V. Thus, the electric source equivalent to the magnetic
source J,,, can be written as

1 = = __
Jea = —(a—dE AT = O E T m, (6.82)

where 1/0; denotes integration with respect to 7. The dual form of this gives another
equivalence relation

1 = = _
I = (5rde A 7+ 0" Ie.. (6.83)
For time-harmonic sources with the time dependence ek these reduce to
1 = = —
Jeo = —(——dg ATF = 8)[a T, (6.84)
Jko
]_ = = —_
Joo = (——dg AT +Q)|E 1T, (6.85)
Jko
and, for simply anisotropic media, to
1 —
JU = ——de AT T, (6.86)
Jko
1 -
Jo = —dgAE I 6.87
m jko E/\€E | ( )

Example As an example, let us find the equivalent of a time-harmonic magnetic
current source of square cross section 2a x 2a (Figure 6.4),

Jn(r) = L,U(a*> — 2*)U(a® — y*)dz A dy, (6.88)

with respect to the region V outside the cylindrical region where J,,, = 0. Here U(z)
denotes the Heaviside unit step function. Assuming anisotropic medium, from (6.86)
we have

I

Jee = —jkd/\ﬁ_1|dm/\dyU(a2—az2)U(a2—yQ)

L, —
= ——f(z,y) AT *|dz Ady. (6.89)
Jko

Here we denote the one-form
f(z,y) = dU(® —2*)U(a® —y?))
dz(6(z + a) — §(z — a))U(a® — y?)
+dy(6(y + a) — 0(y — a))U(a® — %), (6.90)
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éq
JE

Fig. 6.4  Square-cylindrical magnetic current J,, can be replaced by an equivalent electric
current JE? which exists at the surface of the cylinder. The field from the two sources is the
same outside the cylinder.

which is a function vanishing everywhere except at the square cylindrical surface.
For the special permeability dyadic
It = flzz(dy A d2)eg + pyy(dz A dz)ey + p..(dz A dy)e., (6.91)
with
Bt =pida(ey Aes) + py dy(e. Aey) + pzdz(es Aey), (6.92)

the equivalent source becomes

I’m.
I z,y) = 7jk p f(z,y) ANdz(eg Aey)|(dx Ady)
= _jk:{:;zz (dy Adz)(6(y + a) — 6(y — a))U(a® — z?)
+jkLZ (dz Ada)(8(z + a) — 8(z — a))U(a® — y2)(6.93)

Outside the cylinder, both sources give rise to the same field while inside the cylinder
the fields are different. A nonradiating source is the combination of J,,, and —J¢9
which creates the null field outside the square cylinder.

Problems

6.3.1 Show that a current system depending on the space variable vector r through
the scalar function v|r, where v is a constant dual vector, does not radiate
outside the current region.

6.3.2 Show that a radially directed cylindrically symmetric current system does not
radiate outside the current region.
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6.3.3 Study the equivalence of electric charge density g. and magnetic current density
J ., for the electrostatic field.
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Electromagnetic Waves

In this chapter, basic electromagnetic problems are discussed based on multivector
and dyadic operations. Wave equations for the potentials and field two-forms as well
as basic solutions for plane waves and fields from point sources, are considered.

7.1 WAVE EQUATION FOR POTENTIALS

Wave equations for the potentials can be easily constructed in the four-dimensional
formulation. In case there are both electric and magnetic sources present, the problem
represented by the basic equations

dA® =7, dAT =+, ¥=Me (7.1)
can be split in two:
dA®. =0, dAT, =7, T.=Me, (7.2)
dA®, =~,, dAT, =0, ¥, =M®,, (7.3)
with
=0+, T=U +7,,. (7.4)

From (7.2) there exists an electric four-potential a., generated by the electric source
v, and from (7.3) there exists a magnetic four-potential o, generated by the mag-
netic source ,,,:

. =dArha., ¥,=dAa,. (7.5)

181
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o T

Fig. 7.1  There is no single potential o in the case when both electric and magnetic sources
are present. However, the problem can be split into two parts, solving the electric potential ot
Sfrom electric sources and solving the magnetic potential o, from magnetic sources.

The total field two-form @ is obtained as the sum of both components (Figure 7.1).
The wave equation corresponding to the electric source can be formed by substi-

tuting . = d A a, and the medium equation ¥, = ﬁ|<1>e in the Maxwell equation
d A ¥, = ~,, whence we obtain

dAM|(d A a.) = 7,. (7.6)

Decomposed into its three-dimensional parts for the four-potential «, = A, — ¢.dr
this gives (details left as a problem)

dAT|(AAA) —dAZ|dA G = o, (1.7)

dAT(dAAL) —dAB|dé. = .. (7.8)

The corresponding wave equation for the magnetic potential one-form c,, is

dAMT (A o) =, (7.9)

which can also be obtained through the dual substitution of Section 6.1. Both (7.6)
and (7.9) are three-form equations of the second order for one-form potentials. Thus,
the dimension of the equation matches that of the unknown in both cases.

7.1.1 Electric four-potential

Let us first consider the electric four-potential o, and try to simplify the wave equation
(7.6). Here we can apply the following vector identity valid for any dual vector 3
and dual bivector IT

en[(BAII) = (en[IT)[B. (7.10)
In fact, writing (7.6) as

ex[(dAM)|(dAa.) = ey, (7.11)
we can define the second-order dyadic wave operator ve(d) € E K by

o(d) = (ex|M)|[dd = M, | [dd. (7.12)

<l



WAVE EQUATION FOR POTENTIALS 183

Ve (d) is a metric dyadic operator mapping one-forms to vectors and depending only

on the medium dyadic M or Mg. The wave equation has now the following vector
form for the potential one-form a:

Ve(d)|ae = ex|v., (7.13)

whose operator appears simpler than that in (7.6). Solutions to this equation are not
unique since we can add to a. the one-form d¢ with any scalar ¢. Thus, we must
impose an extra gauge condition for a. to make it unique. For example, we could
choose any vector a and require a, to satisfy the condition ala, = 0. However,
more proper gauge conditions leading to simpler wave equations can be chosen for
some electromagnetic media.

7.1.2 Magnetic four-potential

The magnetic four-potential obeys an equation somewhat similar to (7.13). Operating
on (7.9) as

en[(dAM YH[(dAan) =en|7,, (7.14)
and denoting
Vin(d) = ex[(dAMY)|d = (ex|[M1)||dd, (7.15)

we obtain an equation dual to (7.13)

Vo (d)|am = en|v,,- (7.16)
Applying the identity . o
on[M™ = (Mlew)™, (7.17)
the operator can be given another form connected to the modified medium dyadic
M,
Vin(d) = (MJen) ™' [|dd = (enen][My)~"[[dd. (7.18)

7.1.3 Anisotropic medium

As an example of a wave operator Ve (d) in the wave equation for the electric four-
potential (7.13), let us consider the simple anisotropic medium defined by E=(=0
or@ = B = 0. In this case we have € = € and the modified medium dyadic becomes

mg = €1234 L(%/\GT +d7'/\ﬁ_1). (719)
Let us first expand these two terms separately. Applying the identities

e1234 | IIg = —es A (e123|Ig), (7.20)
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€231 (€4 N @g) = —€q123 (€4 A g) = —€193| O, (7.21)

valid for any Euclidean two-form IIg and one-form acg, we obtain

einza|eNe, = —e;A(ea3|é) Ne, = —e;, Ag,Ne,
= Flerer (7.22)
ensa|(dT AT = —eps|(e12s [ﬁgrl = —ejq23 [ﬁ;lJems

= —eiens| |,
ﬁgQ)TJJ€123€123

= —een|| —3)
Hg ||€123€123

ﬁ(?)T
= —ﬁ, (7.23)
Hg ||€123€123

where, again, €, and ﬁg are the Gibbsian permittivity and permeability dyadics. Here
we have also applied the formula for the inverse of a dyadic, (2.169). The wave
operator now becomes

<l

ﬁ(?)T
e(d) = <ggxere7 e ) |Ldd. (7.24)
Mg ||€123€123

The nature of this operator can be seen more closely by applying the identity (2.91)
reproduced here as

(AAB)||CT = (A|[C")B + (B||CT)A -

ol
All
||
All

|C/B — BJIC|A, (7.25)

which can be applied also in the case when K, E are E, K, dyadics and f isall Iy
dyadic. The two terms of (7.24) can now be expanded as

gnere.||dd = (5,||dd)ee, + 02, — (§,|d)0re, — e,0-(d[E,),  (7.26)

27T dd = (7,||dd)z, " — (d[F7,) (7, |d). 7.27)

The wave operator corresponding to the magnetic potential can be obtained from
(7.24) through dual substition. In fact, applying the substitution for the medium,

Mo M '=@EAe +dr AT ) ' =—fine, —dr AT, (7.28)

which corresponds to
€— —l, — —¢ (7.29)

the magnetic wave operator is obtained in the form

<l

=(2)T
m(d) - — <ﬁgﬁere‘r - _(3697> |_|_dd (730)

€ )||€123€123
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7.1.4 Special anisotropic medium

As a more specific example, let us consider a reciprocal anisotropic medium whose
medium dyadics €, and g, are multiples of the same symmetric Euclidean metric

dyadic Se E,E; as defined by
€ = S, ﬁg =uS, S® = ejpzeras. (7.31)

Here € and p are dimensionless numbers (“relative permittivity and permeability”).
This choice of medium leads to the modified medium dyadic of the special form

ﬁg = l(uegﬁerer - §(2)) = —15(2), (7.32)
7 7

where we have introduced for brevity the P dyadic defined by
P=5— jcere,. (7.33)

Its inverse has the form

|

|

|
AN

Pl=5 - MideT. (7.34)

Actually, this medium is a special case of the ()-medium defined in Section 5.1 with
Zg = Zg = 0. Obviously, P € E;; is a Minkowskian metric dyadic, and it depends

on the medium only. S~ denotes the three-dimensional inverse.
Now we can again apply the identity (7.25) with the special case

P®||aa = P(Pllaa) - (Pla)(«/P) (7.35)

to the operator (7.24), which for this special medium becomes

<l

1: 1 = = = =

(d) = ——P®||dd = —~(P(d|P|d) — P|dd|P). (7.36)
M ©

The equation for the electric four-potential can thus be expressed as

(d[P|d)Plax — (Pd)(d|P|are) = —peizzal .. (1.37)

Gauge condition The potential can be made unique by imposing an additional
scalar-valued gauge condition. From (7.37) one can see that by choosing the condition

d[P|a. = (dgS — ped,e, )| =0, (7.38)
the wave equation is reduced to

(dP|d)P|exe = (dg[S|ds — ped?)Plae = —perzaa |7, (7.39)
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or, equivalently, to

(d[P|d)ae = —uP Y (er231]70) = uP L Ay lerzsa (7.40)

Actually, the gauge condition (7.38) is satisfied by the solution of the wave equation
(7.39). In fact, operating (7.39) by d| and applying the rule

Bl(e1234|T) = e1234| (T A B) = —e1234]|(BAT), (7.41)

valid for any dual vector 3 and dual trivector ', we have

(d|§|d)(d|§|ae) = —pd|(e1234]7Y,) = perzza|(dAv,) =0 (7.42)

because of the conservation law d A v, = 0. This means that there is no source

for the scalar field d|P|a. and, assuming uniqueness for the wave equation, it must
vanish. Thus, the gauge condition is already contained in the solution of (7.39).

Magnetic potential ~The corresponding equations for the magnetic four-potential

are again obtained through the dual substitution ;» <3 —e which leaves the dyadic P
invariant:

(d|P|d)P|aty, = (d[S|d — ped?)Plam = ee1234|,,. (7.43)
(d[P|d) ety = P |(e1234]7,,) = P A, |e1234, (7.44)
d|P|a, = (ds|S — pedre;)|cm = 0. (7.45)

The last one is the gauge condition which is satisfied by the solution of the equation
(7.43).

7.1.5 Three-dimensional equations

By defining the vector and scalar operators in three dimensions as

V =5|ds =dslS, V?=dg[S|ds (7.46)

and in four dimensions as
O=Pld=dP, O°=d[P|d=dg[S|ds — ped?, (7.47)

we can express (7.39) as B
O%P|lae = —pe1234]7,- (7.48)

Decomposition in its spatial and temporal parts gives the more familiar-looking wave
equations (details left as a problem)

(V2 — p4ed?)Slae = —peras|Je, (7.49)

. . 1
(V? = ped?)ge ——eizle,. (7.50)
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Here the vector e123|J. and the scalar ej23|0 correspond to the Gibbsian current

density vector and charge density scalar, and S| A . corresponds to the Gibbsian vector
potential. Equations (7.49) and (7.50) look similar to the wave equations in the
classical vector language,

(V2 — pued})A = —pd, (7.51)
(V> — pedi)p = —ofe. (7.52)

Also, the gauge condition (7.38) has the form
(V — ped.e;)|a, = V|A, + ped; e = 0, (7.53)

which corresponds to the familiar Lorenz condition
V- A+ puedip = 0. (7.54)

The special medium considered here corresponds to what is known as an affine-
isotropic medium in Gibbsian electromagnetics [40]. It can be generalized by relaxing

the assumption of symmetry for the S dyadic, which in that case becomes a metric
dyadic.

7.1.6 Equations for field two-forms

From the potential equations we can easily write equations for the corresponding field
two-forms. Because the two-form & is obtained from the electric four-potential as
d A a, from (7.40) valid for the special anisotropic medium (7.31), we can form the
wave equation for the field two-form as

(d[P|d)® = —pud AP~ (er234]7,). (7.55)

However, this equation assumes absence of magnetic sources. In the dual case with
no electric sources present, the two-form W is expressed as d A a,;,, and it satisfies
the dual wave equation

(d[P|d)® = ed A P~Y|(e1234]7,,)- (7.56)

More general case will be considered in the next section.

Problems
7.1.1 Derive (7.7) and (7.8) from (7.6).

7.1.2 Express the operator ﬁg | |dd in explicit form for the general bi-anisotropic
medium.

7.1.3 Derive the dual substitution rule (7.29) for the anisotropic medium.

7.1.4 Do the details in the derivation of (7.49) and (7.50) from (7.40).

7.1.5 Find the wave equation (7.39) for the case that the symmetric dyadic S is
replaced by a metric dyadic which is not necessarily symmetric.
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7.2 WAVE EQUATION FOR FIELDS

7.2.1 Three-dimensional field equations

In Gibbsian vector notation the wave equation for one of the field vectors is derived
from the Maxwell equations and medium equations through elimination of the other
field vectors. In the three-dimensional differential-form notation the derivation fol-
lows quite similar steps. Applying the bi-anisotropic medium conditions in the form

D =¢E + {H, (7.57)
B =(|E + 7iH, (7.58)
the Maxwell equations become
(dg AT +CO,)E + 7i0-[H = —J,n, (7.59)
(de AT — €0,)H —0,|E = J.. (7.60)

These equations show us that knowing one of the field one-forms the other one is
known without an arbitrary static component. For example, knowing the electric
one-form E, from (7.59) we cab solve

H= —:*1|ai(dE/\TT+f@r)|E—ﬁ*1|8iJm, (7.61)

T

where 1/0; stands for integration in 7. Knowing the initial value H(—00) solves the
field for all times. Similarly, knowing the magnetic field one-form H gives

E= :*1|8i(dE AT — €0,)[H — =*1|ai.18. (7.62)

In static problems, E and H do not depend on each other.
Eliminating successively H and E from the respective equations (7.59) and (7.60),
the wave equation for the electric and magnetic field one-forms are obtained as

W, (ds,8,)|E = —0,J.— (ds AT — €0,)[7 " T, (7.63)
W (de,0.)[H = —0:Jp + (ds AT + (0, 4|Te. (7.64)

The second-order wave-operator dyadics V:Ve (dg, 0-), Wm (dg, 0;) € FyE; have the
form
W, (ds,d;) = (dsAlT —€0,)[F  |(de AT" +CO;) + 302, (7.65)
Wo(dg,d;) = (dg AT +C0,)[E 2 (ds AT — €0,) + 7102,  (7.66)

which correspond the Gibbsian operators (3.32), (3.33) in reference 40. The other
two Maxwell equationsd AD = g, and D A B = g,, serve as initial conditions for
the field two-forms E, H written as

dAEE+dAEH
dACE+dATIH

0., (7.67)
0.. (7.68)
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For the simple anisotropic medium with £ = ¢ = 0, the wave operators are reduced
to

(d
(d

9;) = —dgdpgili '+, (7.69)

W,
W, (dg, ;) —dgdghe ! + 702 (7.70)

E»
E»

7.2.2 Four-dimensional field equations

Differential-form formalism in the four-dimensional representation appears to be
an ideal tool for electromagnetic analysis because the Maxwell equations for the
two electromagnetic two-forms ®, ¥ are represented by differential equations of
the simplest possible form. However, constructing the wave equation for a single
electromagnetic two-form @ or ¥ through elimination appears to be cumbersome.
Because such a procedure could not be found in the literature, the following analysis
based on various multivector identities has some novelty [50]. For convenience, the
identities needed in the analysis are given in the course of the derivation.

To form the wave equation for the field two-form ®, we start by operating the
Maxwell-Faraday equationd A ® = ~,,, as

dAM|dA®)=dA(M]v,,). (1.71)
Applying on the left-hand side the identity
AJ(BAT)=B(AT) +T[(A[B) = B(AIT) — (A[B)]T, (7.72)
valid for any bivector A, dual vector 3, and dual bivector I, we obtain
dA(M|@)d—dAM[d)]®=dA (M]v,,). (1.73)

In the first term the last d operates on @ from the right and the term equals the dyadic
(dAP¥)d = v,.d € F3F, . This leads to the following second-order equation to the
electromagnetic two-form ®:

(dAM[d)|® =~,d—dAM]v,,, (7.74)

which represents the wave equation. As a check we see that, operating by dA, the
equation is identically satisfied because its every term vanishes.

Change of operator To obtain an equation with an operator similar to that in the
equation for the electric potential, (7.12), let us represent the medium dyadic M in

terms of the modified medium dyadic Mg. Applying the following identity valid for
n =4,
aA(ky|A) = kx| (a]A), (1.75)

where a is a dual vector, A is a bivector and & x is a dual quadrivector, we can write

(dAM]d)|® =d A (en|M,|d)|® = ex|(d|M,|d)| &, (7.76)
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whence (7.74) becomes

en[(d]M,[d)]® = v,d —ex[(d]My) |7, .77)
Operating (7.77) by ey | and applying
enl(enla’) = (1P Pa?, (7.78)

valid for any p-vector a”, we obtain

(d|M,y[d)]® = —(en|7v,)d — (A]My) |, (7.79)

This is the desired result. The second-order dyadic operator d | ﬁg |d € E, E; isseen

to equal that denoted by ve(d) in the wave equation (7.12) for the potential. Note
that the electric source on the right-hand side of (7.79) is being operated by d from
the right.

Compatibility check Let us briefly check the compatibility of the wave equations
for the field two-form, (7.79), and the potential one-form, (7.13), in the absense of
magnetic sources. From «,, = 0 we can introduce the electric potential as ® =
d A o, Inserting this in (7.79) and applying the bac cab rule (1.51), we can expand

@M, [d)](dAae) = (d|M,|d)]ed — (d|M,|d)|de,
= (dJM,|d)|ed, (7.80)

whence (7.79) becomes

()M, |d)|ac)d = —(en|v,)d. (7.81)

Obviously, this coincides with the wave equation for the electric potential (7.13) when
both sides of the latter are operated by d from the right. Similar test can be made for
the case v, = 0.

Formal solution The unknown in (7.79) is the electromagnetic field two-form
&, which is a six-dimensional quantity. Because (7.79) is a dyadic equation whose
every term has the form of a dyadic [, Iy , it corresponds to a set of 4 x 4 = 16 scalar
equations, 10 of which must be redundant. Actually, it is not easy to prove that the
number of unknowns equals the number of independent equations, and this will only
be shown for special media in the subsequent sections.

A formal solution for the wave equation can be expressed as follows. Let us first
modify the left-hand side of (7.79) as

(d[M,y[d)]® = (d)M,[d)|(I"]®) = —(M,||dd)|(i"|®). (7.82)

The unknown is here represented by the antisymmetric dyadic I |® € F; F;, which
also has six scalar components. The wave equation has now the form

(M, [dd)|(I" |®) = (en[7.)d + (d]M,) |7,y (7.83)
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The formal solution can be expressed as

1@ = (M, [[dd)~"|((en[7.)d + (d|M,) |7,,), (7.84)

where the inverse operator must be understood in generalized sense because a dyadic

of the form Mg | |ceax maps the dual vector e onto zero and, thus, does not have
a regular inverse. Because the left-hand side of (7.84) is an antisymmetric dyadic,
so must also be the right-hand side. This will be verified for special media in the
following sections. According to the pattern given in Chapter 5 of reference 40, it
appears useful for solving the wave equation if one can express the inverse operator
in the form V, ™' = L(d)/L(d), where L(d) is a dyadic polynomial operator and
L(d) is a scalar polynomial operator. In this case the wave equation can be reduced
to one with a scalar operator L(d) which in general is of the fourth order.

7.2.3 (-medium

Let us now assume that the modified medium dyadic ﬁg € E;E»> can be expressed
in the form (5.63), that is,

M, =Q®?, (7.85)

for some dyadic Q € E;E;. Media satisfying (7.85) have been called Q-media for
brevity [50,51].

To simplify the operator in the wave equation (7.83) for ()-media, we start by
applying the dyadic identity

Q - QAT[Q, (7.86)

valid for any dyadic Ac [ Fy . Setting A= dd, (7.83) takes the form

-T

@Q®|1dd)((")®) = (AQAQI]@) - QA)@QI( |2)
= (enl7)d +(dQ®) v, (7.87)

Multiplying by 6’1| this can be written as

(d[QIA)I”]® = d(d[Q)®) + Q '|(en|7.)d + Q (A)QP) |y, (7.88)

Now the left-hand side of (7.88) is an antisymmetric dyadic because it has a scalar
operator. To verify that the number of equations equals that of unknowns, we have to
prove that the right-hand side of (7.88) is also antisymmetric.

Proof of antisymmetry Let us apply the identity

alQ® =QA ([Q) (7.89)
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to the last term of (7.88):

@Q®) v, = QA (AQ)) )7 = 17 1(AQ,0), (7.90)

which obtains the form of an antisymmetric dyadic. Considering next the first term
on the right-hand side of (7.88), we expand

RGO

QA (AQ)® = Q'|(d](Q?)|@)). (7.91)

dQ® =

OII ’:..

Inserting Q® |® = ﬁgk} ~ | ¥, we obtain
¢

= Q'|(@)(en|®)) = ~Q [((en|®)|d)
= —Q 'l(en[(dA®)) =—-Q"|(en]7.)- (7.92)

Adding this to the second term on the right-hand side of (7.88) is of the antisymmetric
form —3d + df and the sum of the two terms can be written compactly as

Q]

d(d[Q)®) + Q M(enlv.)d = —dQ '|(enlv.) +Q '|(enly.)d
= TJdAQ  (enl.)): (7.93)

Two-form wave equation Because each term of the dyadic wave equation (7.88)
are of the antisymmetric form 17 |T' where T is a two-form, dropping the algebraic

operation 17| the wave equation for the electromagnetic two-form can be presented
as a two-form equation,

(d[Q|d)® = d A Q" |(en7.) + A|Q Y- (7.94)

This is the final form for the wave equation for any (-medium. It is equivalent to the
dyadic equation (7.87) but, obviously, simpler in form because it contains a scalar
second-order operator. As a simple check of (7.94), we operate it by dA to arrive at
the result

dQd)dA® = dA
=
= (d|Q[d)~,p, (7.95)
which reproduces one of the Maxwell equations operated by (d|6|d)

Example To be able to compare (7.94) with the corresponding wave equations
known from the Gibbsian analysis, let us consider as an example the special (affine-
isotropic) medium defined by (7.32) reproduced here as

€ =€S, [, = 1S, S®) = ersgerns, (7.96)
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where S € B, E; is a three-dimensional symmetric dyadic. Because we can write

fr— = 1:
M, = eShere, — —571H61236123
= She,e, — —S3) = ——(5- ,ueeTeT)(z), (7.97)
T T

such a medium is a special case of the ()-medium. Substituting now (note the slight
difference in notation when compared to (7.32))

6 = \/LE(S — peerer), QR = —%(5(2) — ,uegﬁeTeT), (7.98)

after some simple steps the wave equation (7.94) can be separated into space-like and
time-like components as

(dg[S|ds — pned?)B

= pudg A (S |(e123|Je)) + ped; I + (de
(delS|ds — ped?)E

S)| o (7.99)

= 1
= (de[S))Tm +40-(S  [(er23[Je)) + —du(ersle.).  (7.100)

For example, for the isotropic Gibbsian medium with S=eje; +eses+ ezesz and
d;|S|ds = V?, these correspond to the familiar wave equations written in Gibbsian
formalism as

(V2 = ped®> B = —uV x Jo + p€d; I + Vom, (7.101)
1
(V2= pued> )E = V xJ,, + po,J. + EVQB. (7.102)

7.2.4 Generalized (-medium

The ()-medium case considered above is a simple example because the equation for the
electromagnetic two-form reduces to one with a scalar second-order operator, (7.94).
It is known from Gibbsian analysis that for the most general bi-anisotropic medium
the corresponding time-harmonic equation can be reduced to a scalar equation of the
fourth order [40]. Let us consider a generalization of the class of ()-media as defined
by (5.96) reproduced here as

M, =Q® + AB. (7.103)

Here A and B are two bivectors. Applying again the identity (7.86), the wave equation
(7.83) now becomes

=T

I

QId)Q|(1 |@) - (Qd)(d[Q)®) + (A|d)(B|d)|@
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= (enlv.)d + (d]Q) v, + (d]A)(B]7,,)- (7.104)

Multiplying this by 6’1| and applying previous results from the ()-medium case
modified as _ _ _
dQ|® = -Q~'|(en|v.) - Q'|(d|A)(B|®) (7.105)

(d]My)] 7, = QA Q)7 + (d]A)(By,),  (7.106)
we can write the wave equation as
Qa2 = @A @Q '|(enl.)
+11(d|Q)v,,) — dQ |(d] A)(B| @)
~Q7'|(ALD)[(B[d)]® + B]7y,,]. (7.107)
Applying the identity (7.72), we can simplify the last square-bracketed term as
(B|d)|® + B|v,, = (B|d)|® + B|(d A ®) = d(B|®), (7.108)

whence, again, the right-hand side of (7.107) has the form of an antisymmetric dyadic.
Thus, we can replace the dyadic equation (7.104) by a two-form equation

Li(d)® = d A Q" |(en|.) + QY +dAQT|(AJA)(BI®), (7.109)
with a scalar second-order operator L; (d) defined by
Li(d) = Q||dd. (7.110)

Fourth-order wave equation The right-hand side of (7.109) still contains the
unknown in the form B|® which must be eliminated. This can be done by multiplying
the whole equation by B|, whence we obtain an equation for the scalar function B|®

L(d)(B|®) = B|(d A (Q"|(en[7.)) + d[Q7,)- (7.111)
The left-hand side contains a second-order scalar operator Lo (d) defined by
Lyd) = Qlldd~(B[d)[Q |(d]A)
= Q||dd+Q7'||(BA||dd). (7.112)

Operating (7.109) by Lo (d), we can finally write the wave equation for the two-form
® for the generalized () medium in the form

Li(d)Ly(d)®

= (Ly(@)IPT + dAQ !|(d]A)B)|(dAQ Y(en]v.) + dIQ7,). (7.113)

The scalar operator on the left-hand side of (7.113) is now of the fourth order. It
is not of the most general fourth-order form because the operator is factorized, as a
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product of two second-order operators. It is of interest to see if (7.113) reduces to the
simpler wave equation (7.94) for vanishing dyad AB, in which case the generalized
-medium reduces to the ()-medium. In this case the two operators become the same,
Ly(d) = Lyi(d), and (7.113) reduces to (7.94) with the operator L (d) operating both
sides of the equation. Assuming suitable conditions of uniqueness for the solution
we are allowed to cancel the operator. The present class of media bears resemblance
to the class of uniaxial media encountered in the classical Gibbsian analysis.

Problems

7.2.1 Fill in the details in deriving (7.79) from (7.77).

7.2.2 Find the relations between the four Gibbsian medium dyadics €, ﬁg, z, zg for
the (Q-medium.
7.2.3 Do the details in the derivation of (7.99) and (7.100).

7.2.4 Define the wave operator Lo(d) in the special case of generalized Q-medium
as defined by (5.98).

7.2.5 Show thatif ﬁg € K, |E, satisfies the condition (7.103) of extended (Q-medium,
its inverse Mg —1 ¢ F, T, satisfies a condition of the form

M, = (@) +I1L,

where I and IT are two dual bivectors. Find their relation to 6, A and B.

7.3 PLANE WAVES

7.3.1 Wave equations

Plane wave is a solution of the wave equation which depends only on a single Cartesian
coordinate and time. Let us assume that there are no sources in the finite region. The
coordinate is denoted by w(r) and defined by a constant one-form v as

w(r) = v|r. (7.114)
Because in this case the spatial Euclidean operator can be replaced by
dg = 0pdw = 9yv, (7.115)
the wave equation for the field two-form (7.79) becomes

(M, || (8wdw + 8,d7)(dpdw + 8,dr)) | ®
= (M,|[(Opv + 0,d7)(Bv + 0,d7))|(1T|®) =0.  (7.116)
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dw =v

0

Fig. 7.2  The one-form dw = v corresponding to the coordinate w(r) can be depicted by
a set of planes of constant w(r) = v|r.

The corresponding three-dimensional representation for the electric one-form is ob-
tained from (7.63) as

W, (8,8, )|E = 0, (7.117)
with the wave-operator dyadic We (Ow, 0r) € FoE; defined by
W, (0w, 8;) = (Bur AT — €0:) [T |(Buwr AT +CO;) + 202, (7.118)

Both equations (7.116) and (7.117) are of the second order and valid for the general
bi-anisotropic medium.

Three-dimensional representation In the Gibbsian analysis we know that the
plane-wave equation can be reduced to one with a scalar operator, by multiplying
with the adjoint of the dyadic operator [40]. The same can also be done here. In the

latter case the operator W, € >, is of Hodge type, and it must first be transformed
to an operator of the metric type W, € EE,

We1 (0w, 8;) = €13 | W, (D, 8r). (7.119)
Applying (2.169), we can form its adjoint as
(51238123||W£?))W;11 = €123€123 LLWE?T, (7.120)

satisfying
(81235123HW221)T)|We1 = (61235123||Wg))[- (7.121)

The plane-wave equation for the electric field now becomes
We(Ow, 07 )E(w, ) =0 (7.122)
with a scalar operator W, (0y,, 8, ) defined by

We (s 8r) = €193€123] W' (3o, By (7.123)
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At first sight this operator appears to be of the sixth order. A closer look, however,
will reveal that it actually is of the fourth order. Even so, its analytical solution
appears to be out of reach for the general bi-anisotropic medium. For certain classes
of linear media, labeled as decomposable media, the fourth-order operator dyadics
can be expressed as a product of two second-order operator dyadics, in which case
the possible plane waves are split into two sets [49, 60]. The generalized ()-medium
defined in the previous section is an example of such a medium as will be seen in an
example below.

Four-dimensional representation The same trick can be done to the four-
dimensional equation (7.116). The corresponding equation for the electric four-
potential o, (7.6) with vanishing right-hand side is

V. (8uv + 8,d7)|ae(w, 7) = 0. (7.124)
The dyadic operator Ve(awu + 0,d7) € K, E; is defined as

Ve(0uv + 0-dr) = M, || Qv + d7d,) (D + drd;). (7.125)

Howevgr, we cannot now use the inverse rule (2.169) for the four-di_mensional op-
erator V. because Vé4) = 0. This is because a dyadic of the form A[ |3/ satifies
(ALIBB)IB =0 and does not have an inverse. Here we can use a modified form

which is valid if V((f) # 0. However, because we cannot proceed with the most
general bi-anisotropic medium, let us consider the four-dimensional representation
in terms of special cases.

7.3.2 (Q-medium

The class of bi-anisotropic media called ()-media was defined in (5.63) as ﬁg = 6(2) .
In this case, applying (7.94), the plane-wave equation can be expressed simply as

(Opdw + 0:d7)[Q|(Oudy + 0-dr)®(w, T) = 0, (7.126)

where we now have a scalar second-order operator. This means that the magnetic
and electric components B(w, 7) and E(w, 7), of the two-form @, satisfy the same

equation. If the Q dyadic is expanded as

Q = Quuwewew + Qurever + Qrye ey + Qrre e, (7.127)
the wave equation reads

(waaqzﬂ + (Qwr + QT’LU)aUJaT + eraqz—)é(waT) =0. (7.128)

To proceed we must assume properties of the parameters () ;;.
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Example Let us consider as an example of a () medium the special anisotropic
medium (7.32) in the form

Q- ﬁ@ — eesey), (7.129)

with the symmetric dyadic defined by
S = Syreseq + Syyeye, + Sace.e.. (7.130)
The plane-wave equation (7.126) now becomes
W|S|vd2 — ped?)d(w,7) = 0. (7.131)

This is a wave equation, a hyperbolic partial differential equation, when the relative
parameters /i, € are real and positive numbers. Factorizing the second-order operator,

(v [S|vdy — /1ed,) (\ v[S|vd, + /ed: ) ®(w, ) = 0, (1.132)

we can express the general solution as a sum of solutions of the two first-order
equations

(\ V|S|vdy £ /1160, ) B (w, T) = 0, (7.133)
P(w,t) = (w,7) +P_(w,7). (7.134)

The classical method of solving the wave equation in terms of arbitrary scalar
functions 14 (¢) and ¥_({) can be applied as

@4 (w,t) = s (\V[S|v T F /e w) B . (7.135)

&, are constant two-forms or dual-bivector amplitudes, which define the polariza-
tions of the waves. Following a point of constant amplitude on the wave,

\/u|§|uT:F\//Ew = const, (7.136)

the normalized velocity of the wave in both directions is the same,

w2 YSIY (7.137)
dr L€

Its value depends on the metric dyadic S and on the one-form v which defines the
two opposite directions of propagation of the plane wave.

The dual-bivector amplitudes ®,. have arbitrary magnitudes, and they can be
made unique through normalizing. The dual bivectors are restricted by algebraic
equations obtained by substituting ® (w, 7) in the source-free Maxwell equation:

dA®.(w,7) = (\/v[S|vdr F \/iedw) A ®,.1), = 0. (7.138)
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Here, prime denotes differentiation with respect to the scalar argument of the functions
1+ . The polarization conditions for the dual-bivector amplitudes are thus of the form

T AP,r =0, (7.139)
where the dual vectors 7r4 are defined by
wy =vdT Fu, (7.140)

and v is the wave velocity (7.137). The conditions (7.139) correspond to one denoted
in Gibbsian notation by k-E = 0 for a time-harmonic plane wave in a simple isotropic
medium. Itis known that this condition does not define the polarization of E uniquely
but, rather, defines a plane orthogonal to the k vector and any E parallel to the plane
is a possible field vector of the wave. A similar case is given here by the condition
(7.139).

In the time-harmonic case the substitution 0, — jk, leads to simplified plane-
wave equations. For example, (7.132) becomes

(VV[SIV B — jo/11€) (\/ V[S|v By + jikior/1iE) B (w) = 0. (7.141)

The general solution is a sum of two waves which are exponential functions

. ) k
®(w) =P e L @ v k= ov/He (7.142)

where the wave number k& = k(v) is a function of v as well as the metric dyadic S.

7.3.3 Generalized (-medium

A more general case is obtained by considering the generalization of the class of @)
media as defined by (5.96) and (7.103) with

M, =Q® + AB. (7.143)

In this case the plane-wave equation is of the fourth order and it can be written from
(7.113) as
L1 (0wdw + 0-d7) Ly (0ydw + 0;d7)®(w,7) =0, (7.144)

where the second-order operators L1, L- are defined by (7.110) and (7.112). Because
the fourth-order operator is factorized, the general solution can be written as a sum

of two waves
®(w,7) =¥ (w,T) + B2 (w, 7), (7.145)

satisfying the second-order wave equations

Li(0pv + 0:d7)®, (w,7) = 0, (7.146)
Ly(Opv + 0:d7)®y(w,7) = O. (7.147)
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Example As an example, let us consider the () medium of the previous example
generalized by adding the bivector dyad

AB = jA(e; ANey)(ex Aey). (7.148)

The second-order equation (7.146) corresponding to the operator L, equals that of
the previous example, (7.132), and the solution can be expressed as

P (w,7) = P14 (w,7) + P1_(w,7), (7.149)
&4 (w,7) = YL (\V|SlvT F VRew), (7.150)

where ¢ (¢) are arbitrary functions. The second equation (7.147) is defined by the
operator (7.112) which can be written as

Ly (0pv + 0;d7) = L1(0yv + 0;d7) + AL(Oyv + 0.dT), (7.151)
AL) = —(B[d)Q'|(dA)
= —jA(es Ney|d)[Q'|(d]es Aey)
= —jAd|(e; Ae,)|Q " (es Aey)ld. (7.152)

In this case the inverse dyadic reads

= = = ]_
Q ' =—j/u(S — peere;) = —j/u(St - Eerer), (7.153)
51 = L dpds + —dydy + ——dzd= (7.154)
Sww Syy Szz ’ ’
which gives the operator
1 1
AL(d) = —A/pd|(s—eye, + 5—eze,)|d. (7.155)
Saa Syy

Thus, the operator L, becomes

Ly(0yv + 0,d7)

2 2
= L (O + 0ndr) — Ay (el g g 56
Sl'l' Syy

This operator is similar to L, and the plane-wave equation (7.147) can be written as
=/ p
(V[S |vd? — ped?)®(w,7) =0, (7.157)

when we define the modified dyadic

(7.158)
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\

Fig. 7.3  Wave velocity as a function of the dual vector v = dw can be represented as a
surface whose tangent plane is parallel to v-planes, and the velocity v(v) is shown by the
radius vector. In the generalized () medium there are two such surfaces corresponding to the
two waves.

The solution can be expressed as

Py (w,7) = ®Poy (w,T) + Po_(w, 7), (7.159)

By (w,7) = EL (VS v T F W), (7.160)

for arbitrary functions £ (¢). For these two waves the velocity is

=/
vy = \/M, (7.161)
JE

which differs from that of the waves 1, in general. Thus, the difference in generalizing
the ) medium is that there are two possible velocities for plane waves instead of only

one in the () medium. Obviously, in the limit AB — 0 we have S — S and the two
velocities coincide. One of the wave-velocity surfaces is depicted in Figure 7.3.

Problems
7.3.1 Expand v§4) for the special anisotropic medium (7.31).
7.3.2 Show that the scalar operator (7.123) is at most of fourth order.

7.3.3 Find the equation for the surface of constant phase k(v)w = a in (7.142),

corresponding to the metric dyadic S = e,e, + eye, + 2e.e.. Express
v = dw in the basis dz, dy, dz.

7.4 TE AND TM POLARIZED WAVES

In the previous section it was seen that the polarization of the plane wave depends
on the medium parameters. Let us consider special polarization properties for the
time-harmonic plane waves

P(r,7) = ®,exp(V|r + jk,7), B, =B,+E,Adr, (7.162)
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W(r,7) = ¥, exp(V|r + jkoT), ¥,=D,—H,Adr, (7.163)

and denote
&k =d(v|r + jk,7) = v + jkodr. (7.164)

7.4.1 Plane-wave equations

The Maxwell equations now reduce to algebraic equations for the amplitude dual
bivectors ®,, ¥, as

KA®, =0, kAT, =0. (7.165)

From these we can show that ®, and ¥, must be simple dual bivectors, which means
that they have the form a A 3. In fact, invoking the bac cab rule (1.91) reproduced
here as

al(BAT)=pA(c]T)+T(alB), (7.166)
valid for any vector a, dual vector 3, and dual bivector I, we have
e |[(KA®,) = (e k)P, + KA (e |P,) =0. (7.167)

From this and
e |®,=e;|B,+e . |[(E,ANdT) =E, (7.168)

due to e;|B, = 0 and e, |E, = 0, we conclude that the amplitude ®, of a plane
wave can be expressed as

e |®, 1

P, =—-KAN— ——krAE,. (7.169)
Jko Jko
Similarly, we have
1
¥,=—xrAH,. (7.170)
ko

From these representations it follows that the amplitude bivectors of any plane wave
satisfy the simple conditions

P, NP, =0, Y, A¥,=0, ®,A¥,=0. (7.171)

The corresponding three-dimensional conditions following from (7.171) are
E,AB,=0, H,.AD,=0, E,AD,-H,AB,=0, (7.172)

and they have a form similar to that of the corresponding Gibbsian vectors:

E,-B,=0, H,-D,=0, E,-D,—H,-B,=0. (7.173)
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Fig. 7.4  On the left: TE,-polarized plane wave with electric one-form E, denoted by
parallel planes of constant Eq|r orthogonal to the given vector a. The planes of constant
phase defined by the one-form v are not parallel to those of the electric field, in general. On
the right: Similar figure for the TMy, wave.

7.4.2 TE and TM polarizations

In electromagnetic field theory we often encounter plane waves with simple polar-
izations labeled as TE, and TM,;. Denoting the corresponding amplitude one- and
two-forms by the respective subscripts a and b, a TE, plane wave is defined by the
condition

a|lE, =0, (7.174)

and called transverse electric with respect to a given vector a. Similarly, a TM,, plane
wave satisfies
b|H, =0, (7.175)

and it is called transverse magnetic with respect to another given vector b. Here we
assume that a and b are two space-like vectors satisfying

aldr = b|dr = 0. (7.176)

The dual vectors E, and Hj;, ant the vectors a and b are depicted in Figure 7.4. From
(7.169), (7.170) we can see that the correponding conditions for the four-dimensional
two-forms are

(ane;)|®,=0, (bAe;)|PT,=0. (7.177)

A straightforward generalization to the TE/TM polarization conditions is obtained
when a A e; and b A e; are replaced by more general bivectors A and B in (7.177).

7.4.3 Medium conditions

It is known from the corresponding Gibbsian analysis that TE and TM waves cannot
existin the general medium. Actually, requiring (7.174) and (7.175) or (7.177) creates
some condition on the medium dyadics. To find the medium condition, let us consider

only the anisotropic medium defined by & = 0, E =0, and

M=%¢Ae, +dr AT " (7.178)
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In this case it is easiest to use the three-dimensional representation starting from the
three-form conditions (7.172). If we multiply them by ej23], the equivalent scalar
conditions are

Eo|(6123 |_Bo) =0, Ho|(6123 |_D0) =0, (7.179)

E,|(e123|D,) — Ho|(e123|B,) = 0. (7.180)

The last condition can be omitted here. It is needed when considering generalizations
to the TE/TM polarization as was done in reference 60 in Gibbsian vector formalism.
The condition for the anisotropic medium supporting TE and TM waves comes from
(7.179) by combining the two conditions as one,

AEO|(6123 Lﬁ|H0) —|— BHO|(6123 Lan) = E0|(Aﬁg —|— BEZ”HO = 0, (7181)

which is valid for any plane wave and for all values of the scalar coefficients A and B.
If now vectors a, b and scalars A, B can be found such that the modified permittivity
and permeability dyadics satisfy the condition

= =T __
Ap, + Be, = ab, (7.182)
the plane-wave field one-forms satisfy
(Eoa)(b|H,) = 0. (7.183)

From this we see that any plane wave in such a medium must have either TE, or TM,
polarization because it satisfies either (7.174) or (7.175). Comparing the condition
(7.182) and that in (5.101), it is seen that the medium considered here belongs to the
class of generalized ()-media.

Example To check the previous theory, let us consider an anisotropic medium
satisfying the condition (7.182) and check whether the plane waves have TE, and
TM, polarizations. The modified medium dyadics are defined by

€ = f(§+ ba), 7, = 1S, §(3)”51235123 =1, (7.184)

where S € E; E; is a symmetric dyadic. Such a medium falls in the class of general-
ized (Q-media, because we can write

mg = eny|M= ﬁgﬁerer - ﬁ;lﬂel%em
= ]_:
= €She,e, + cbaje,e, — =S
I
]_ =
= ——(S- ,ueeTeT)(Q) + ebalie,e,. (7.185)
I

Here we have used the formula (2.169) for the inverse of the metric dyadic ﬁg.

Obviously, M, is of the form (7.143).
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Now let us study the polarization of a plane wave in such a medium. The Maxwell
equations for a plane wave (7.165) have the temporal parts

vAE, = —jk.uH,, (7.186)
vAH, = jkeE,. (7.187)

Multiplying these by e;23| yields

(ero3[V)|Bo = —jkoliy|Ho = —jkouS|Ho,, (7.188)
(e123|V)|[Hy, = jkoty|Eo = jkoe(S + ba)|E,. (7.189)

Multiplying (7.188) by E,|, its first term vanishes, whence the field one-forms must
satisfy

E,|S/H, = 0. (7.190)

Multiplying (7.189) by H,|, its first term also vanishes. Applying the previous result,
the last term gives

H,|(S + ba)|E, = (H,|b)(a|E,) = 0. (7.191)

This shows that, indeed, any plane wave in a medium described above must satisfy
either a|E, = 0 or b/H, = 0. Thus, all plane waves can be decomposed in two
classes, those of TE, and TMb waves. A generalization of this decomposition is
possible for the generalized ()-media, see Problem 7.4.5.

Problems
7.4.1 Show that the conditions (7.171) and (7.172) are equivalent.

7.4.2 Do the details in deriving (7.185).

7.4.3 Show that if two four-dimensional dual bivectors ®, and ¥, satisfy the three
conditions

P NP, =0, P,ANY, =0, P,AP,=0,
there exist dual vectors v, a and 3 such that we can write

®,=vAa, P,=vAPB.

7.4.5 It can be shown that the Gibbsian medium dyadics corresponding to the gen-
eralized ()-medium condition (5.96) must be of the form [52]

€ = d(A+paay),

1
My = 5(—AT + P192),
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zg = _J Xg + C/P'Z(IQa

1
g =UZy+ pPdu;

all
I

where A € E,E; is a three-dimensional dyadic, Xy,Z, € E, are three-
dimensional bivectors and p1,p2,q1,q2 € [E; are three-dimensional vec-
tors. D and ¢’ are two scalars. Show by expanding the scalar function
e123|/(DE A B + H A D/¢’), which vanishes for any plane wave, that the
plane-wave field one-forms E and H in such a medium must satisfy

(P1|E + p2|H)(q1|E + q2/H) = 0.

This is a generalization to the TE/TM decomposition.

7.5 GREEN FUNCTIONS

Green function can be interpreted as the field corresponding to a point source of
unit amplitude. It has significance only in a linear medium because solutions corre-
sponding to extended sources can be expressed as an integral of the Green function.
For example, in the classical time-harmonic electromagnetic analysis the relation be-
tween the Gibbsian current vector J(r) and the electric field vector E(r) is given by
the linear differential equation

H(V) - E(r) = jwuo.d(x), (7.192)

where ﬁ(V) is the dyadic Helmholtz operator [40]. The Green function mapping

vectors to vectors is a dyadic function G(r) defined as the solution of the equation
with dyadic delta-function source (minus sign added by convention)

A(Y)-G(r—1') = —16(r — 1), (7.193)

where | is the unit dyadic. The field corresponding to a given current source J can
now be expressed as the integral

E(r) = —jwuo/f(r —r') - J(@")dV’, (7.194)

assuming that the field point is outside the source region. To check this, we can operate

by H(V), change the order of differentiation and integration and use the property of
the delta function:

A(V) - B@x) = _JWO/H(V) Gr—1') IJ@)dv’

= jw,uo/é(r - )J(@)dV' = jwp,d(r).  (7.195)
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Fig. 7.5 Checking the grades of Equation (7.197).

7.5.1 Green function as a mapping

To define Green functions in differential-form formalism it is useful to consider the
nature of the mapping. First, the spaces of the source and the field must have the
same dimension, which is not always the case. For example, the Maxwell equation
d A ¥ = «, relates the source three-form «, with the dimension 4 to the field two-
form ¥ with the dimension 6. Thus, there does not exist a simple Green dyadic
mapping v, — . On the other hand, the electric potential one-form e, has the
same dimension 4 as the source three-form ~y,. This makes it possible to define a
Green function which gives the electric potential as an integral of the electric source
over a four-domain D. Thus, the Green function can be taken in the form of a dyadic
G.(x — x') € F,Fy, which, combined with ~,(x’) as G, A v, € F;Fy, can be
integrated over D' € 4. In three-dimensional representation the dimensions of the
electric one-form E and the current two-form J are again the same, which makes it
possible to define a Green dyadic mapping between them. In this case the electric—

electric Green dyadic must be taken as G..(r — r') € F;[F;, which, combined with

J.(r') as G, A J. € F,F3, can be integrated over a volume ). The Green dyadics
defined in this manner are metric dydics.

7.5.2 Three-dimensional representation

To define the Euclidean Green dyadics for electric and magnetic fields E and H we
start from the wave equation for the electric field and assume no magnetic source. Let
us assume time-harmonic sources and fields, leading to the substitution 9, — jk,
whence the wave equation (7.63) becomes the Helmholtz equation

W.(d, jko)|E(r) = —jk,J.(r). (7.196)

The operator is in the space of Hodge dyadics, We € > E,. Expressing now the
electric one-form as an integral of the form suggested above (Figure 7.5),

E(r) = G..(r — ') AJ.(t)]V, (7.197)

where V' means that integration is with respect to r’, this substituted in (7.196) must
satisfy

W.(d, jko)|(Gee (r — ¥') AT (¥)V' = —jk, . (x). (7.198)
Applying the identity
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AN R A
W, | G, = —ijkog1as [T, 6

Fig. 7.6 Checking the grades of Equation (7.200).

e1231e AT, = Joe10s, (7.199)

we can see that if the electric—electric Green dyadic Eee(r) € T, F, satisfies the
equation (Figure 7.6)

W, (d, jk0)[Gee (r — ') = —jkoe123|Ted(r — '), (7.200)

(7.198) is satisfied. Thus, (7.200) is the equation for the Green dyadic. Equation
(7.200) is not of the standard form since the right-hand side is not a multiple of the
unit dyadic. Written in standard form, the equation for the Green dyadic is

W,1(d, jko)|Gee(r — 1) = —1gd(r — 1'). (7.201)

This is obtained by multiplying (7.200) with (e123/jk,)| and applying the identity

e123] (€123 LTE) = TE- (7.202)

The modified operator then has the form

prm— . 1 prm— .
Wel(da]ko) = jTelgg |_We (d,]k‘o), (7203)

which is a dyadic of the metric type, Wel € E, E;. The corresponding magnetic—
magnetic Green dyadic satisfies

Win(d, ko) |G (r) = €125 [1(x), (7.204)
and the magnetic field from the magnetic current two-form is obtained as
H(r) = koG (r — ') A T (£)]V'. (7.205)

The general relations can be best written in the superform representation of the time-
harmonic Maxwell equations

—jkot  AATD = ko€ Er) | _ ([ I
(—dAfz—jkoE ki >'<H<r>>‘<Jm<r)>’ 7

in terms of a Green dyadic matrix which satisfies

—jk  AATE = kg | Gee(r)  Gom(r)
—dA Tg - jkoz —jk/‘oﬁ ame (r) amm (r)
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=5123L< 'g 0 >6<r), (7.207)

e

From this expression one can see that the off-diagonal Green dyadics Eem, Eme canbe
directly obtained from the diagonal ones without solving any differential equations:

G (v) = (jko8) (A ATE = ko) G (1), (7.208)
Gone (r) = — (ko) " [(d AT + j£o0)[Gee (x). (7.209)

7.5.3 Four-dimensional representation
In the Minkowskian representation we consider the electric potential c. satisfying
the wave equation (7.13)

Vo(d)|oee = en|,, (7.210)

with the dyadic operator defined by (7.12) as
V.(d) = M,|[dd. (7.211)

As pointed out above, a Green dyadic Ee (x) € F1F; can now be defined to satisfy
the equation

V. (d)[Ge (%) = —15(x). (71.212)

Because of the form of the operator V,(d), the Green dyadic G,, like the four-
potential, is not unique and it requires an extra gauge condition for uniqueness. Ac-
tually, if G, (x) satisfies (7.212), so does G (x) + dA(x) for any one-form A(x). The
gauge condition depends on the medium.

The potential can be represented through integration over the four-domain D as

Qe (x) = Go(x — x') Ay, (x))|D. (7.213)

To check this, we assume field point x outside the source region D’ and operate

Vedlewe(x) = Ve(d)[Gelx —x) Ay, (<)’
= —Ib(x —x') Ay, ()P’

= —IAv.(x)|e1230 = —7.(x)]e1234
e1234 |7 (%), (7.214)

which coincides with (7.210). Again, it is not possible to solve the Green dyadic for
the general case and a simplified assumption about the medium must be made.
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Example Let us consider as an example finding the electric four-potential Green
dyadic corresponding to the special anisotropic medium defined by (7.32). In fact,

this assumption allows us to solve the equation (7.212) for G, (x). Denoting

P=5- lee e, d|§|d = dE|§|dE — ped?, (7.215)
with
S = Z Sieieia Sil = Z S{leisi, (7216)
i=1 i=1

and applying the identity (7.35), the Green dyadic equation (7.212) can be expressed
as = = = = = = =
(d|P|d)P[G(x) — (P|d)(d|P|G.(x)) = —uld(x). (7.217)

For uniqueness of solution it is convenient to choose the scalar gauge condition as
d[P[G.(x) = (dfS — pedre,)|Ge(x) = 0, (7.218)
which is similar to that of the four-potential (7.38). Thus, (7.212) is simplified to
(dIP|d)P[G. (x) = (ds/S|ds — 1ed?)P[Ge(r) = —puld(x) (7.219)
or, equivalently, to
(dg/Slds — ped?)Ge(r) = —uP 14(x)
= —uS - idrdr)é(x). (7.220)

As before, S is assumed to be a symmetric Euclidean metric dyadic and it defines the
three-dimensional distance function

Ds(r) = \/r[Sr. (7.221)

The retarded solution for the Green dyadic can now be written in the form

(x)=—p(St - idrdr)(TTDSS\/M_G), (7.222)

all

as can be checked by inserting in (7.217).
The solution (7.222) describes a delta singularity on a moving surface defined by
the vector r(7) = u,r(7) with

r(r) =

T

Viey u,[S = [u,

This has real and positive values for all directions u, only when the components S;
in (7.216) are all real and positive, in which case the surface is an ellipsoid. However,

(7.223)
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when one or two of the components are negative, there is a cone of directions defined
by
u,|S ! |u, <0, (7.224)

where r(7) becomes imaginary and propagation occurs only in the directions where
(7.224) is not valid. Such a case happens, for example, when a medium is in uniform
motion [74].

Problems

7.5.1 Verify the steps leading to (7.200) in detail.

7.5.2 Check the solution (7.222) by inserting it in (7.219).

7.5.3 Generalize the solution (7.222) to that corresponding to the ()-medium defined
by (7.85).
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Appendix A

Multivector and Dyadic
ldentities

In this Appendix some useful identities are collected for convenience. Where not
otherwise stated, n is the dimension of the vector space and p, ¢ are numbers in the
range 0...n.

Notation

vectors a,b,c,... € K, dualvectors a,f3,7,... €
bivectors A,B,C,... € E;, dual bivectors ®, ¥, T, ... € [
p—vectors a?, b?, ... € E,, dual p—vectors a?,(%,... € F,

p—indexJ:iliQ---ip, N=123---n, ay=a;Aasy---ANa, € E,

n!
dimension of p — vectors C)'! = —— = C7'_
Pooplln—pt P

basis e, es, ...,e, € B, reciprocal dual basis €1, €9, ...,&, € I}

dyadics A,B,..cEF,, AT,B’,.. cRE
metric dyadics i, E .. EEEy, i ﬁ, .. € Py
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Multivectors
Multiplication
a’la? = aP|a? € Ky
a? Ab? = (-1)?b? AaP €E,,, =0forp+g>n
p>q, a’|la’= (_1)‘1(1’*‘1)(1”317 ek, ,
p=q+r, (a’la’)|B" =a”|(a’AB")
p>q+r, (a’la’)|B" =a"[(a’AB")
Reciprocal bases
eilej = ejle; = i
eK(l) =€ /\eg/\---/\ei_l /\ei_,_l/\---/\en G]En_l
ev=e A---Ne, = (=1)"le; A ex(i) = (—1)"7ieK(i) A e;
enle; = (—1)2171‘31((1'), enlex@) = (—1)" ey
(a]en) ANa= (ala)en,
enl(enla?) = (-1 Va?
n = 4, €1234 |_(€123 Lap) = ap A €4
Bivector products
(aAb)|(anB) = (ala)(b|B) - (a]B)(bla)
(aAb)[(aAp) =al{bj(aAp)} ={(arnb)la}|B
(aAb)|a =b(ala) — a(bla) = (ba — ab)|la = —a](aAb)
an(@](BA7)=—(al(BAv))ANa=al(aABAy)—(ala)(BA7Y)
Bac cab rules
al(b Ac) =b(alc) — clalb) = (c Ab)|a
al](bAC)=bA(a]C)+ C(alb), CeRk,
a|(BAC)=BA (a¢|]C)+CA(a]B), B,CcL,
AJ(BAT)=B(AIT)+T|(A|B), A€k, Tk,
al(b? Ac?) =bP A (a]c?) + (—1)Pc? A (a|bP)
(@AB)](BAC) = B(aAB)|C+C(anB)B+(B]B)A(a|C)+(B]C)A(a]B)
(@A B)|(b? Act)
= (b"[(aAB)) Ae? + D7 A((aAB)|c?) + (a]b”) A(c?[B) — (B]D") A (c? )
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Trivector products

(@aAbAc)(anBAy)=((arbAc)a)l(BAy)=al((@aAbAc)[(BA7))
=al(a(bAc)+b(cAa)+c(anb))|(BAy)
= (ala)(bAc)|(BAY) = (a](BAY)l(a](bAc))
(aAC)[(aAT) = (a|a)(CIT) - (a|T)|(a]C)
(aAbAc)la={(aAb)c+ (bAc)a+ (c Aa)b}|a
IT ={a(bAc)+b(cAra)+clanb)}T

~  ~—

(aAbAc
Quadrivector products
(aAbAcAd)|(@ABAYAS)=((aAbAcAd)|a)|(BAYAS)
=al|(a(bAcAd)—b(cAdAa)+c(dAaAb)—d(@aAbAc))|(BAYAD)
(aAbAcAd)la=dA((bAc)a+(cAa)b+ (aAb)c)la— (aAbAc)(da)
(aAbAcAd)|(BAYAS) =
=(((a(bAc+Db(crha)+clanb))Ad—-d(aAbAc))|(BAYAI)
(@aAbAcAd)|(@ABAYAS) =(vAd)|(arbAecAad)|(anpB))
=(yAd|((aAb)(cAd)—(aAc)(bAd)+ (aAd)(bAc)
+(bAc)and)—(bAad)(arc)+ (cAd)(anb))(aApB)
(aAbAcAd)|(aAB)=(((bAc)a+ (cAa)b+ (aAb)c)Ad)|(aApB)
—(dA(a(bAc)+b(cAa)+cl(aAb)))|(aApB)

Special cases forn = 3
a(bAcAd)—b(cAdAra)+c(dAraAb)—d(aAbAc)=0
(a(bAc)+b(cha)+clanb))Ad=d(aAbAc)

((aAnb)c+ (cAa)b+ (bAc)a)Ad=dA(a(bAc)+b(cAha)+clanb))
(aAb)|k)A((bAc)|k) = (ble)(aAbAc)K), k€T
Quintivector products

aj(aAbAcAdAe)=alla(bAcAdAe)—blancAdAe)

+c(aAbAdAe)—d(aAbAcAe)+e(aAbAcAd))
=(aj(anbAc)A(dAe)+(aAbAc)A(a](dAe))
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Special cases forn — 4
a(bAcAdAe)—blaAcAdAe)+claAbAdAe)

—d(aAbAcAe)+elaAbAcAnd)=0
(((a(bAc)+b(cAha)+c(aAb))Ad)—d(aAbAc))Ae+e(aAbAcAd) =0
(aj](aAbAc))A(dAe)=—(aAbAc)A(a|(dAe))

p-vector rules
p .

(a1 Aag A~ Aay)[a = (—1)Paf(ar Aas A+ Aay) = al 3 (=) Majag, ;)
i=1

:a|(alaKp(1) _aQaKp(Q) —|—-.._|_(_1)p—1apaKp(p))’ 9 Spgn
aAK, (i) =a;A---Na; 1 ANaig1 A Nay
(a’len)|(a’ Jen) = aP|aP
Dyadics
Basic rules

ac € B, Fy, abcEE;, (aa)! =aacFE, afcFF
i:Zaiai:a1a1+a2a2+---+anan

Ala= a|KTa AB = Zaiai| ijﬂj = Z(ai|bj)aiﬂj
i,J

= Zeiei, T|X:X|T:X

C=A|B

>
||
pdl

(A[B) ©), AP =AAP"1, A =]

Double-bar products

(

(a)||(bB)" = (acx)[|(Bb) = (a|B)(b|cx)
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Double-wedge products

(ac)2(bB) = (aAb)(aAB)

223

A®) EAQA =5 Zalam Zajaj = Z(az Aaj)(a; Aaj) = Za”a”
i<j i<j
= lgl=
AP = —ANAN - NA = TORONAG), s =
!

K(n) = anNON = A123...nQ123...0p = (aN|aN)eN€N = det if(n)

(Ala) A (A]b) = A®)|(a A b)

(ﬂﬁ) () — A |§(p)

—

AmB)©® = %i@)@ 2)

= 1: =, =, = ==
n=4, (A®)® = gAﬁAﬁAQA =3 det AT®
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Unit dyadics )
12 = (3" eie)® =" ejjei
i<j
10 = (3 eie)® =S ejes, J={ivia-ip}, i1 <in-o-<ip
T(n) o o knkn
=eNEN = T
kn|kN

tr(AAB) = (AAB)|[1”
12 13
n =23, 1) = €12€12 + €23€23 + €31€31, 163 = €123€123
—4, 1™ = A
n =4, = e12€12 + €23823 + €31631 + (€161 + €262 + e3e3)heqey
=4 T(3) — A
n =4, = e123€123 + (€12€12 + €23€23 + €31631)n€4E4

Multivectors and unit dyadics

(aAb)[I” =ba—ab=1|(aAb)

(aAbAc)IT=(aAb)e+ (bAc)a+ (cAa)b=1?|(arbAc)
(aAbAc)I?PT =abAc)+b(cAa)+clanb)=I(aAbAc)
(arbAcAd)[IT =dA((aAb)e+ (bAc)a+ (cAa)b)
—(aAbAc)d=—-1¥T|(aAbAcAd)
(@arbAcAd)[I?7 =(aAb)(cAd)—(arc)(bAad)+ (aArd)(bAc)
+(bArc)and)— (bAad)(arc)+ (cAd)(arb)=1?|aAbAcAd)
={(bAc)a+(cAa)b+(aAb)c}Ad—dA{a(bAc)+b(cAa)+c(arb)}
@rbAcAd)[I®T = (a(bAc)+b(cAa)+c(anb))ad
—d(aAbAc)=—l/(arbAcAd)
(AAB)|IT=AAIB+BAIJA, A BeE,
(AAB)|I®7T = AB + BA — (A[I)A(B[I")
aA(kn|l”)=kya, (lJky)Aa=aky aclk

ANKN[IDT) =kyA, (1@]ky)AA=Aky, AcE,
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Special cases for bivectors
n=3 AAB+BAIJA=0, A[ITAA=0

n=3, (AIDAB[Y)=AB+BA, (AID)® =AA

n=4, AI"AB+B|I"TAA=1I|/(AAB)
1:

n =4, ALTT/\A:EIJ(A/\A)

Double multiplications

- - = n!
tr(l(p)) — |(p)|||(p)T — " = )
tr(AAB) = (tr A)(tr B) — tr(A|B)
(AAB)||(CAD)” =
= (A|ICT)(B|ID") + (A|IDT)(BIICT) — (A|D)||(BIC)” — (A[C)||(BID)”
(AAB)LC” = (A|[CT)B + (B||IC")A — A[C|B - BIC|A

1(n=p) = [ty AP

=l
=
>>

T(n) LLT(”‘P)T = T(P)’ O<p<n

Inverse dyadics B B

det A = tr A

— [ [|A-DT  —

v AT HA: ., AeEF
det A

AT _
1 e ATTT . AcEE

=l

F.'/NF.'/NHX(")

(A1 = (A~1)@ = A2 (def)

(en|IPT)=1 = (=1)P(n=P) g |{(n=P)
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— — , A-YABA! =
(A+AB)"' =A"! - ATIABAT R gE,
1+B[A-1A
n=3 Al=_L_(AT|[[®)® &cEE,
DetA

n=3, DetA=det(AT]|]I®) = @AT|[I®)®|[®T A cER

A =, (A 'b- Al
n=4, (A+esa+bes+ Ce4e4)_1 =A1l4 ( | e4)(al €4)

c—alA-1|b

Metric and Hodge dyadics

3D Euclidean space

= :71
GE = eje| + exes + esges, I'E = GE = €1€1 + €269 + €3€3

Eg) = 212 + eszeos + 3131, [n2) = €121 + €23€23 + €31€31
EE-:S) = €123€123, ?S) = €123€123
ﬁm = ﬁ;gl = €e12€3 + €23€1 + €31€2 = €123 L?E = ES)JEH?,
ﬁm = ﬁ;ﬂ = e1€23 + €2€31 + €3€12 = EEJEIQZ‘} = eq23 Lﬁf)
e; N\ ﬁEg = ﬁEl NE;
aAHgi|b = es(allub), AAGY B =ens(AlY)B)

4D Minkowski space

ol

m=Gg—egey, Ty=Tg—e4e4

60 — B~ Cuherer, T =72 ~Fukeaes

T =T - TP Rerer, T =T T %ere,
T = —Therer, T = TP e

Hui = es AHg + e12364 = €1934 [T

ﬁM3|ﬁM1 = T; HM1|HM3 = T(S)
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Medium dyadics

3D Euclidean space
D=%E+¢H, B=(E+aH

Hodge dyadics €, T, £,¢ e RE,
€L, eRE

=1 =—1
Inverses € *, o -,

e125|D =5 [E+§[H,  eis|B=(,|E+7,|H

Metric (“Gibbsian”) dyadics €, 7,, Eg, Eg e E,

=1 =—1 -1 7-1
Inverses €,°, m, , §,7, ¢, €

Relations €, = e123]€, € =e1a3]€,, etc

Inverse relations € ! = ?;1Je123, ?;1 =¢ 'leros, etc

4D Minkowski space (N = 1234)
T=M® &S=M'|T

Hodge dyadics ﬁ, M1le FE,

eNL\Il:mg|<I>, eNL<§:(eNeNLLM;1)|\II
Metric (“modified”) dyadics ﬁg, (eNeN[Lﬁg_l) € B, ﬁg_l € FyFy

=
@,
2
£
=
[95]
I =
o
I
)
4
=

M, =& Neseq — (eras|lI” +es A&, " I(
Z =1

= —eigerns| [, —eaNE [l ! erns+erns |, ' [C Aea+(€,—E [T,
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g =103 L(¢g — Zg|ﬁ;1|2g)a o= es|n,
a=el(E,lm, " )]ewns, B=-1,'l¢,

M= €123 Ey Ney+ (6123 ng + €4 /\TT)|ﬁ;1|( |Je123 - Eg A e4)

M~ =& +§I1/\e4+z-:4/\ﬁfl+s4/\31 A ey,
q=-@"'-BF @

it =~ ),

eNeNLL_;l = —ﬁgﬁe4e4 + (e123 |_|T —eg A Zg)|€;1|(”6123 + Zg Aey)

= e133€123 HE;l —ey Azg|§;1Je123 +e123 ngl |Eg Ney— (i, — Eg |§;1 |Zg)ﬁe4e4
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Appendix B
Solutions to Problems

In this Appendix we give suggestions, hints or final results to aid in solving some of
the problems at the ends of different sections.

1.2.1 Writing o = ) Aji B}, from a;|a; = J;; we obtain the matrix A;; as the
inverse of the matrix By; = a;|3},.

1.2.2 Write A in the form I|A, where the unit dyadic is of the form (1.11).

1.3.1 From (a;b; — a;b;)e;; = 0 we have a;b; — a;b; = O for all 4, j. Assuming, for
example, a; # 0, we have b; = a;(b1/a1) for all j and, hence, b = a(b1 /a1).

1.3.2 (a)
(aAb)[(aAp) = Z Z(aibj = biaj) (e Be — Brae)(eijlere)

i<j k<(
= Z (aibj — b;aj)(aif; — Biay)
i<j
= Z[(aiai)(bjﬂj) (0ifi)(a;ja;)] Z[ (aiBi)(Bjo;) + (bici)(a; ;)]
i<j i<j
Z alaz ]B] ZZ au@z b a] zy)
i=1 j=1 i=1 j=1

229
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1.3.3

1.3.4

1.3.5

1.3.6

141

SOLUTIONS TO PROBLEMS

n n

=D D laie)(0;8)) — (i) (bja))] = (ale) (b]B) — (alB) (blev).

i=1 j=1

(b) Since the result must involve terms containing all vector and dual-vector
quantities, it must most obviously be a linear combination of («|a)(3|b) and
(a|b)(Bla). Because of the antisymmetry of the wedge product, the result
must be a multiple of the difference (x|a)(B3|b) — (a|b)(3|a). It is natural to
choose the unknown multiplying factor so that we have ej2|e12 = 1, whence
the identity (1.36) is obtained.

When A3; # 0, one possibilty is

A = (a; —a2As3/A31) A (anAio — agAs).

A canbeexpressedas A = )" A;;e;Ae;+ > Ajse; x eg whered, j =1,2,3.
The first term is a three-dimensional bivector which from the previous problem
can be expressed as a simple bivector.

Start from
(aAbAc)|(aABAYy)=cal(a(bAc)+b(cAa)+c(aAb))|(B A7),
which can be expressed as
(aAbAc)la=al(a(bAc)+Db(cAa)+c(aAb))
= (aja)(bAc)+ a|(bc —cb) Aa= (ala)(bAc)— (a](bAc)) Aa.
Denoting a by 3 and replacing b A ¢ by the bivector C leads to

an(B]C) = Bl(anC) - C(alB).

Obviously we have ala = a|(a|®) = (a A a)|® = 0. Using (1.50), we can
write for any dual vector 3

al(a A B) = a(a|B) — B(ala) = a(alp).
Taking such a 3 satisfying a|3 # 0, we can express

al(aAp) alp
alg ’ = alf

Thus, @ is of the form ¢ A v where 7 is some dual vector.
Apply be[|(By —vB) = (bAc)|(BA7) to
abc||[(aBy + ) = (ala)(bel|(By —vB)) + (a]B) (be||(ya —ay) + - -

= (al)(bAc)[(BA7Y) + (alB)(bAc)|(v Aa) + (aly)(bAc)|(aAB).
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The last two terms can be manipulated as
(@B)(bAc)|(vAe) = (aly)(bAc)(BAa) = (al(By —vB) Aa)|(bAc)
= —((al(BA) Aa)l(bAe) = —(al (B AY))l(@)(bAc).

1.4.3 Every bivector can be represented in the form A =aAb+cAd. ANA =
2a Ab Ac Ad = 0. Thus, the four vectors are linearly dependent. Take, for
example, d = aa + b + ¢, then A = (a + fc) A (b — ac).

1.4.9 Replace a and ay by €; and e, respectively. Modifying the rule in the above
exercise, we have
n—i

ex(l(eilen) = (ex@ Neilen = (-1)"'eNlen = (1),

from which we conclude €; Jen = (—1)" e ;). Now writing @ = Y a;&;,
a =) aje;, we obtain

(x]en) Na= Zaiaj(—l)"*ieK(i) Nej = Zaiai(—l)”*ieK(i) Nej
¥ ;

= Z(aiai)eN = (ala)en.

Finally, because ay = (an|en)en, en can be replaced by ay .
1.4.10 We can assume a = e; a vector in a base system {e;}. Expanding A =
E Aijei]- = Zz’<j (A” —A]-Z-)el-j, wehavee; ANA = Zl<i<j (Az] —Aji)el A
e; Ae; = 0 which implies A;; — Aj; = 0for1 < ¢ < j. Thus, the bivector A
l}{lus)t be of the form A = Zl<j(A1j — Ajl)elj =e; A b, b= Zl<j(A1j —
41 ej.

1.4.13 The result of the second problem can be written as
al(aAbAcAd) = aA[a|(b(cAd)+c(dAb)+d(bAc))]— (bAcAd)(ala).
Now from (1.85) the term in square brackets can be expressed as
al(b(cAd)+c(dAb)+d(bAc)) =al(bAcAd).
Thus
aAfa|(bAcAd)]=al(aAnbArcAd)+ (bAcAd)(ala),

which gives the result when replacingb AcAd —+ Canda — b. Forn = 3
the quadrivector b A C vanishes and the identity is simplified to

b Afa|C] = C(alb).
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1.4.15 From (1.82) we get
(BAv)](anbAc)=a(bAc)|(BAY)+ ((be—cb)Aa)l(B A7),
whose last term can be expanded as
((bc —cb) Aa)[(B A7) =—((bc—cb)|(BA7))a

= (be —cb)[(By —vB)la= =((bAc)[(By —7B))|a
= (bAc)((BAY)[a) = =(bAc)[(al(B A7)

1.4.16 Start from the formula (T is a dual trivector)
(aAbAcAd)|(aAT)=((aAbAcAd)|a)l =..
to get
(aAbAcAd)|a=(cAd)A(ba—ab)la+ (aAb)A(dc—cd)|la
and apply the bac cab rule
1.4.17 Expanding

T =) Tyey, i<j, enleij=(-1)""(=1) e
Thus, only terms a;e; + aje; of a affect the left-hand side which gives
a A (en|T) = 3 Ty(—1) (=1)7 > (ase; + aje;) A e
= Z Lii[— (1) azery + (=1)"ajex )]
= Z Ty[— (=1 tazer) + (—1)" 'ajexm)
= Zf‘ij[—aieN le; + ajen]|e;].
On the other hand, from the bac cab rule we have
Tla= Z Lijeijl(aie; + aje;) = Zf‘ijeN L(eja; — e;a;).
1.4.18 Take A - b Ac,
(aAbAc)IT=(a(bAc)+b(cAa)+c(anb))T
=a(A|Tl') + (bc — cb) Aa|T = a(A|T) + (bc — cb)|(a]T)
=a(A|l') — (bAc)|(a]T) =a(A|T) + (a]T)|(b A c).
1419 Setp=qg+1,a; =aanda? =as A---ANa, = aK(1)

fori > 1, aK(,) = (—l)paK(li) Nayp = —(—l)an(“’) Aa
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with agay =asA--Aaj_1 Aajg1 A Aay,. Using the expansion again,

we have
p

ag()la=al Z(_l)iaiaK(li)a

i=2

al E aZaK(Z = 1) g aZaK apNa

= —(—1) (akm) o) Na=—(=1)¢ (aq [a) Na = (a]a?) Na.

Thus, we can finally write
»
(ana’)la=q (alaK(l) - Z(_l)iaiaK(i)>
=2
= (a]a)a? — (a]a%) Na = (a|a)a? —a A (al|a).
1.4.20 Applying the previous identity

(aAnbAal)|a=(ala)bAra? —aA ((bAaP)|a))

and the same to the last term, we expand
(aAbAaP)|a = (alJa)bAaP —aA ((bla)a? —bA (a’|a))
= aj(ab — ba) Aa” + (aAb) A (af |a))
—(aj(aAb))Aa? + (aADb) A (a”|a)).

Replacing a A b by A leads to

(AAaP)|a=—(a]A)Aal + AA(a?|a)
=(Ala)rnal + AN (al|a).
1.4.21 From the anticipated identity we have

(@’ AbAaP ") |a = (a’la) AbAaP™! + (=1)%a% A ((b A aP7!)|a).
The last term expanded through the same identity gives

(-7’ A ((bAa’ ) ]a) = (=1)%a’ A ((ab)a? ' —b A (a? ! |a)).
Also we can expand

(bAa?)|a = (alb)a? —b A (a’|a) = (a|/b)a? + (-1)!(a?|a) A b.

Put together these give

(@™ AaP )| a = (a? AbAal )|«
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= (alla) AbAaP™! 4 (=1)%a? A ((ab)a?™!) —b A (a7 )
= (-19((-1)%a’|la) Ab+ (a/b)a?) AaP’~! — (=1)%(a? Ab) A (a? ! )
= (=1)((bAal)|a)Aal™' — (=1)%(a? Ab) A (a’!|a)
= ((a’ Ab)|la) AaP ! + (=1)"(a? Ab) A (a” ! | @)
= (@’ @) AaP™! 4 (=1)1TalT A (a7 ).
1.4.23 The rule can be proved if it is valid for basis multivector as
gij A (en|ere) = en(eijlers) = endirdje,

because from bilinearity it is then valid for any A = > Aysers and & =

> ®;je;;. Here we have assumed ¢ < j and k& < {. The required result is
obtained by expanding

eij A (enlew) = (=) ey Aegpe
= (=1)" ey Aegijydindie = endirdje.
1.4.24 Because (bAa)|(a]v) = b|((aAa)]vy) = 0 forany vector b, aJ(a]v) = 0.
Invoking (1.90), we can write for any dual vector o
al(aN®)=aA(a|®) + P(aja) = (ala),

whence a|® = 0 implies
<I>:aj(oz/\'1>)’ N ’Y:a/\'@.
ala
1.5.1
A+B=aAc+bAc=(a+b)Ac.

Summing bivectors is reduced to summing vectors. If the bivectors are in the
same plane, their sum is either sum of areas or their difference depending on
the orientation which can be taken as the sign of the area.

2.1.1 Use (A + B)A(A + B) = AAA + BAB + 2ALB.

2.1.10 From the identity of problem 2.1.2 we have
2tr(7ﬁi(2)) = n(tr i)2 +2tr A2 — ntr A% — 2(‘51&)2

= (n —2)((tr A)% — tr A2).

Comparing with (2.34) gives the identity. For A = I and IZQT(Q) = 310 we
obtain

= ' = '
3tr1® =307 =3-—" = (n—-2tr1® = (n—-2)CP = —

3l(n — 3)! - 2l(n = 3)
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2.1.11 Using the identity KTJJ (EQE) = ..., we can write (see previous solution)

tr(i”] JA®)) = tr(AA|[17)) — trA2 = 2trA2).

2.2.8 Starting from

231

A®|(aAbe) = (Ala) A (Alb) A (Alc),

multiplying this by (e A 8 A «)|, and using the determinant rule, we obtain
A®)||(aarBbiye) =

= ~c||((Al|a) (A[|Bb)A + Alacr|A|b[A + Albg[AlacA
—(Al|a)A|bB|A — (A||Bb)Alac|A — aal|(A|bB|A)A).

Because this expression is linear in both acx and b3, we can replace these

by the same dyadic I. After dropping ~c, the remaining incomplete product
becomes

>l
||
|
>
=
J
>l
||
|
>
=l
=
2l
||
|
>
2l
=
>

+A
and it leads to

ARG =R — (1r A)R? + g (ix A — (A)]A.

The last term can be identified as tr i:@)i.: Forn = 3 we have AG) =
1@tr A®) = 1®)det A, and replacing A by | in the above formula we have
[ [IAT =T, whence the Cayley—Hamilton equation follows.

(A =A™ = ((a— N - aa)™
_ (a _ )\)nT(n) _ (a _ )\)nflT(nfl)ﬁaa
= (a—AN)™V(a -\ —a|a)™ =0.

From this we conclude that A\, = a is an (n — 1)-fold eigenvalue and A\; =
a + ala # A, is a single eigenvalue. Left and right eigenvectors x1, &, are
obtained from the formula (2.141) valid for single eigenvalues

= :(n)T
&x1 = (aa — alal) " | i

= (a2 (2o i 4 (—alag i) I

Omitting the scalar coefficient, we can further expand

&x1 = (ao)i” = aa) (=2 1) = (a]a)I” - aa1®)7.
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2.3.2

2.3.3

24.1

24.2
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Here we have applied one of the identities. Applying the other one, the eigen-
vector expression finally becomes

£,x1 = aa.

The eigenvectors corresponding to the eigenvalue A, = a form an (n — 1)
dimensional subspace of vectors x,, and dual vectors &, satisfying x,|a = 0
and &,]a = 0.

T(n—1)A A
I )Aaa = E a0k € K ()€K (i) N€jEE
1,5,k

= ZaiaieK(i)eK(i)ﬁeiei = (ala)enen.
i
det(A — \I) = tr((a — )1 + aa)™
= (a=N"tr I(n) + (@ — \)" ("D aq) = 0,
tri™ =1, tr((™Yaa) = (ala)trl™ =0,
= det(A — ) = (a—\)" =0.
All eigenvalues are the same, A = a. To find eigenvectors x from
(A = A)|x = (aq)|x = 0,

any x satisfying a|x = 0 will do. They form an (n — 1) dimensional subspace
in El .

From_(T + aa)|§ =B+ a(a|§) = 1 we conclude that B must be of the

form | — af with B = a|§ = o — (a|a)B. From this, 8 can be solved as
B=a/(1+aa).

The dyadic identity
[ [(=DT = ]

can be found by expanding
1™ [1=1DT) | qa = | T("*l)Tﬁaa
(

= (ala) |17 = ajor = 1| cva,
which is valid for any a, . Similarly, we can derive the identity

T | [Tn-2)T = §),
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245

24.6

24.7

249
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Because tr T(p) equals the number of terms of T(p), i.e., the dimension of p-
vector space C) = n! / (n — p) Ipl, the latter identity comes directly from the

definition of I(q) A I/q' Assuming that ) LLI(" PT = ol®) and
operating each side by ||I(p)T gives

[ | [1=2)T)| [T = ()| {(n=P) T[T = (P,

from which we obtain a = 1.

R 1 = = n! =
. M= — )
Nt = S

Because trl(?) = > eyle’ where J is a p-vector, it equals the dimension of
the p-vector space C) = n!/pl(n — p).

Start from
®[(@AB)(aAb) = % 3 les eyl B Aeh(anb)]
Apply

(eiNej)l(a A B) = (eiej —eje;)||ap,

and similarly for the other term. Combine the four terms as
[(einej)l(@AB)][(e' Ae?)|(anb)] = [ (eje; —ejei)al(e'e’ —ee")]||Bb,
which inserted in the sum gives

1] leva]||Bb = (a]a)(B[b) — (a[b)(B|b) = [(a|a)l — ac]||Bb.

Let us check: _ _
(1+aA'la)B~|B

=(1+aAa)(i+A" aa)—A'ac = (1 + A~ |a)l.
Denote
aiANasA---ANa, =af, by AbaA---Ab,=Db"
and assuming b; = i|ai, 1 =1---p, we have
A®|a? = (Ala;) A (Alas) A -~ A (Ala,) = b,

Now we can write either _
a? = (A(P)~1|pP
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or _ _ _ —
a? = (A 'b)) A (A ba) A--- A (A b,) = (A1) P |bP.

Because this is valid for any p-vector b?, the dyadics (i(p))*1 and (i’l)(p)
must be the same.

2.4.10 Applying previous identities, we have

w2 i = R 2 1) = RO = (@ T - AT,

2.4.11 Following the pattern of Section 2.4.2, the bivector dyadic is expanded as

A=A 9, +A,P,+ A;T; and another dyadic is formed with the reciprocal
basis bivectors and dual bivectors as

[P1Ps][A1 A + [P2P3][AsAs] + [‘1’3‘1’1][A3A1].

B
(A1A2A;)(2, 02 T;)

From orthogonality we have

A3[A1 AL+ Aj[ASA3] + As[AzA] _5o

B=
| (A1A>A3)

>l

This equals the unit bivector dyadic because it maps any bivector dyadic
> a;A; onto itself, whence B equals the inverse of A. To obtain the required

representation for B, we first expand the dyadic product
[W:®;][AA;] = ((Wik) A (F;]K))((Ai]R) A (A;]K))
= (T;A; ] | kr)A (T, A, | |kk)
= (@A) )N (T, A;]]1),
which, inserted in the above expression, gives

RIS
(A1A2A3) (T, P, P3)

B=

Finally, the determinant is obtained as

(A1A2A3) (P19, P5)

=kn||< T, || RN (A Ty | | kKA (AT ] | kK)
13)3) = det(AT] [1®) = Det A.

1)](A] ) A

2.4.12 Applying the inverse formula derived in the previous problem for the inverse
dyadic A—', we can write

A= L (AT
DetA-1
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whence we can identify the dyadic 6 as

- i;K—lT”T(B).

DetA—1

2l

2.4.15 Start from the linear equation

M|(X+xAe))=Y +yAes,

where X, Y € K, are Euclidean bivectors and x,y € [E; are Euclidean vectors.
Splitting the Minkowskian equation in two Euclidean equations as

AX+Cx = Y,
E|X + §|X = -y,
they can be easily solved by elimination. Expressing the result in the form

X+xANey :ﬁ*1|(Y+y/\e4),
the inverse dyadic can be identified.
2.5.1 The answer is yes, which can be seen if we write the dyadic in the from

6 +b—|—cb—|—c b—cb-c
= aa — -
V2 V2 V2 V2

The dyadic corresponds to Minkowskian metric: 01 = 02 = 1,03 = —1 and
its vectors {e;} make a basis:

b+c b-c j
aN——AN———==aAbAc#0.
V2 V2 2 7

2.5.2 Startby finding the reciprocal dual basis {&; } and then expressing T= > eie;.

2.5.5 Expand K = A;B; + A,B, + A3B; and proceed similarly as in Problem
2.4.11.

2.5.8
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e, = en S ey = el Ve AT
en|Y e (eVen)es TP = ey [IWT|TW.
262 _ ] _ ] _
R(61)|R(62) = (Icosf; + Hysinby)|(l cosbs + Hy sin 62)
= T(cos 01 cos by — sin by sinfs) + ﬁl (cos by sin by + cos b, sin b;)
= Tcos(&l +62) + ﬁl sin(61 + 65).
2.6.5

=(3)
123 _123 124 _124
epoaa| 'y, = era3a|e7 e % —eqaza| (e + 1)
12 124 o
= €e4¢€ 3—|—63€ —|—"':HM3.

3.3.1 Straightforward analysis gives

x -y

2

2 2 2
y-—z = —y
=(dzANd =0
(ds m<W+WP+@“wW>

However, since 22 4 y? = p? where p is the polar radius, this suggests express-
ing the one-form in polar coordinates with

dy = d(psinp) = sindp + p cos pdy,

dz = d(pcosy) = cospdp — psin pdep,

whence we have quite simply ¢ = d¢. From this it is easy to see that the

one-form is closed: d A ¢ = d A dy = 0. However, it is not exact, because
integration around the origin gives

27
IC = dp|C = /cp — o
0

3.4.4 Obviously, two of the eigenvectors are es and ez (or their linear combina-

tions) corresponding to the eigenvalue 1. The other two eigenvectors are linear
combinations of e; and e4. From

(cere1 + seser + sere4 + ceseq)|(aer + fes) = Maer + Pey)
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we obtain equations for the coefficients a, 3, and A. Solutions for the right and
left eigenvectors and their eigenvalues are

1
er = —(e; L ey) (61 +e4), Ay =et?,

1
V2 RV

The dyadic can now be written as

A=Xeje; + A _e_e_ + exes + ezes.

The inverse is obtained by inverting the eigenvalues. Because 1/\y = eT? =
Az this corresponds to the change ¥ — —4.

The trace and determinant become

tri:2c+25+2:26ﬂ+2, detA=c>—s2=1.

All are four-forms, which are scalar multiples of dz A dy A dz A d7. The
scalar can be found by multiplying by the four-vectorky = e, Ae, Ae; Ae;

(@) kn|(@ A ®) = 2kn|(BAEAdT) = 2e4.|(BAE) = 2(By E, +
B,.E, + B, E,) This corresponds to the Gibbsian vector expression 2B - E.

(b) Similarly we obtain ¥ A ¥ — —2D - H.
) AT —-D-E-B-H.

du Ay = (de +d70;) A (06— T AdT)
=dgANo—dg AJAdT —d7 A O;p.

Because dg A g is a four-form in Eu3 space, it vanishes, whence

(de AT+ 0;0)ANd7=0 =dzAT+0,0=0.

dp = (zdz + ydy)/p. Thus, we can write
A= f(peosp)dp or A = (zA(x)/p)dz + (yA(z)/p)dy,
where we must insert p = \/:Wy2 . Writing
dAA = A'(pcosp)(—psing)dp Adp

and
dAA =0,(zA(z)/p)dy A dz + 0, (yA(x)/p)dz A dy,

the latter expanded gives, after canceling two terms,

dAA = A(z)(y/p)dz A dy,
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which coincides with that above.

5.1.4 Since ﬁg € [, E; is a Euclidean dyadic, we can write

(12|72 |(T; ! Jer2s) = e12a [le Jerns = I 1Y) = TS7,
which proves the relation (e123]7,) ™" = Tz, ' | e123.

=F— €1 = e1slF — €123 €, (€125 |Ty) I(E251C,)

= €123 L( §g|ug J6123|(€123 LCg) = €123 L( §g|ﬂg 1|Cg)

fi=einlli,, @=E" =enslE,i," les,

B= ¢ =~ Je)l(e12C,) = T, IS,

Here we have also applied the rule
(a]e1zs)|(er23| ) = alex,
which is valid for any three-dimensional Euclidean vector a and dual vector a.
5.1.7 Denoting
M ' =& +& Ae, +dr AT  +dr A B, Aes,
there arise four dyadic equations:

BB, -1 e =17, alE -€(8, =0,

i@ - Bt =0, aa -t =197,
From these we can solve:
! ! - =/ = =5 —
& =—( e, m'=-E-amp),

5.1.8

M® = —(@NB + AT )Adre, = —enen (@B +EAT 1)llenen)

5.1.10 In the Gibbsian representation, the permittivity and permeability are defined
by 9 + 1 = 10 parameters because the dyadic ﬁg and the scalar a can be
chosen freely. The magnetoelectric dyadics involve two arbitrary bivectors
which correspond to 3 + 3 = 6 parameters. The total, 16 parameters, equals
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that of a four-dimensional dyadic 6 = Y q;e;, which can be defined in terms
of four vectors q; with four components each.

5.1.12 Substituted in (5.96) we have

Mg = K(Q) + CKQGTGT + (al A ag)(bl A bg),

whence one can immediately see that {, = ¢, = 0. Equation (5.69) is now
valid and gives

while (5.66) must now be replaced by
—Ti; " Jersserns = A®) + (a; Aas)(br Aby).
Recalling the expression for the inverse (5.70), this can be written in the form
i, =7, "' +aB,
with some scalar v and
aff = —(a; Aa)|e1a3(b1 Abs)eas.

Expanding
_ 1

= ]_ _
_ T =T\—1
,U/g = ;Eg |(| + ;a,@|eg)
and

= 1 = — R 1 = 1 = =
(T + ;aﬂ|e§) LT - ;aﬂ|e§ + ?ameﬂame; e

z 1 — 1 _
=" - Zaplef1+ =BE |a) L,
5 € ( 5 €y )

we finally have

=l

]-:T ]- =T =T 1 =T\—1
9 = ;eg - ?(Eg |a)(18|€g)(1 + ;aﬂ|€g) 3

which is of the required form.

5.1.13 From Q = Y asb; we have Q® = ¥
pattern of Section 2.4 we can write

Q@)=Y B,ai

i<j

i<j aijbij, whence following the

where a;; and 3;; are dual bivectors reciprocal to a;; and b;j, respectively.
They are obtained from

a;; = (—1)" ag;;lan,
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and similarly for Bij. Thus, we can write

Q) = > brupaxillBron

i<j
= byaillByar = Q27| Byan.
1<j

The last steps are valid for n = 4, because in this case the bi-indices
{ij} and {K(ij)} form the same sequences in reverse order. Applying
en = an(an|en) = By (bn|en) we obtain

Q® TJJENEN

Q) llenen

Q)" =

Setting ﬁg = 6(2) and ﬁég) = (6(2))(2) = 36(4), we can write

ﬁg;lTJJeNeN:3(ﬁgJJ:ENEN)JJeNeN _ 3ﬁg

M§2)||8NEN MEJ?)”ENEN

This is of the required form (5.95) and valid for a modified medium dyadic ﬁg
corresponding to any )-medium.

5.1.14 The condition (5.95) leads to four three-dimensional conditions
Aé, - BR, =0,
AE, [T, + BETIE, ' =0,
A, '[C, + B, TIC) =
Ag, I, "¢, - BE; |€;1T|Z:{ =0

Denoting a = A/ B, these reduce to

ﬁg = a?Z, Eg = _Ega Zg = _Zga
which equal the a-medium conditions (5.92).

54.2

fo=0E+J. AIL|B+g,H+J, AL|D.
5.5.3 We first derive by inserting a = 3 a;e;

e1234](e123]a) = Z a;e1234] (e123]€;) = Z a;ey = —e4 N\ a,
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and (aJe123)|(5123 [a = a|a, €1934 L(ve4 A a) = —e123 [a. Expanding the

different terms of e W with (5.24) substituted,
epp|@ = —e, A gg 7, " e1s,

13 (€ Ner) = —e, A (G — &, 7' |C,) Aer,
€134 (AT ATi") = —erazern3 Hﬁg_l,
s (AT AB Aer) = —eins|Ti, ¢, Aer,

the result is obtained by summing the expressions.

6.1.3 From (6.32)—(6.35) we first see that? = Zmust be satisfied, because otherwise
Ed—zd #0. Sec_ondly, from (6.35) it follows that Zmust be alinear combination

of € and Ti, say £ = A€ + BJ. Inserting in (6.35), we then obtain conditions
for the transformation parameters Z,6: Z2 = —A/B, tan? § = —4AB.

6.1.4 From
G+¢ Ae, +dr AT ' +dr ABAe,)|(Bs +EL Adr)
=+(1/2)(B1 + Ex AdrT)
we can extract two equations

@By +¢|Ex = £(1/Z)Buy,

i By + BlEL = F(1/2)Ex
from which we obtain through substitution
By = —fl(B £ (1/2)I")[Ex

and the equation for E :

@ —@F (1/2I)E B £ (1/2)1")[Es = 0.
This is a (generalized) eigenvalue equation for the eigenvalue 1/7.

6.2.2 The condition for the reciprocal medium is ﬁTJ ey =eyn Lﬁ When we apply
the identities, this becomes

(MTJ 6123) A er — MTKGT A |)J6123 = €123 L(TT A e.,-)|m —er A (6123 LM)
Substituting the expansion for ﬁ, after some steps this equation is split in four
(space-space, space-time, time-space and time-time) parts as

EITJ €123 = €123 Lgl, ﬁ_lTJeu:z =es|i !,
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ETJ6123 = —€123 LB, BTJ €123 = —€123 [3-

These conditions can also be expressed in terms of the three-dimensional unit
dyadic TS) = €1923€193 as

7.1.4 Inserting ¢, = A, — ¢pod7 and vy, = 9. —J. Ad7in (7.37),

(dQ|a)Q

Qe = —pe1234]7,-
Inserting 6 =5S— pee-e., we can expand
(d[Qld)(S - pcere,)|(Ac — dedr) = (d|Qld)(S|A. + uce )

= —peiaza|(0e — Je AdT) = pes(e123loe) — peias|Je.

Splitting the spatial and temporal parts and denoting
02 = d[Q|d = d[S|d — ped? = V2 — 11ed>

we obtain the wave equations

= 1
O°S|A, = —peias|J., O%¢. = 26123|Qe-

7.2.5 Starting from the bivector equation

X =M,|E = Q®|E + A(B|E),
we solve E = ﬁg_l |X to find the inverse dyadic. Denoting
(6*1)(2) _ (6(2))71 _ 6(*2)
for brevity and multiplying the equation with (B |6(’2) )| we have
BIQ™X = (1+BIQ""|A)BIE.

from which we can solve B|=. Substituting it in the original equation we can
solve E. This gives the inverse dyadic as

W1 gy - @PA)BRC)
! 1+ B|(Q-2]A
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which is of the suggested form. From this we can define the dual bivectors as

Q-2 _BIQ-2
Q A p- BO-
V/1+BQRE2|A \/1+B[QE2|A

The wave one-form k(v)v satisfies the equation

T =

E(w)v|S|k(v)v = k2 pe.
Expanding
kv = kdw = k,dz + k,dy + k.dz, S = e, + e e, + 2e e,

the equation becomes
k2 + k; + 2k2 = ko pe,

which describes a spheroid in k-space.

From (2.169) the inverse of the three-dimensional metric dyadic ﬁg becomes

:(2)T =
_ €123€ 1 SC
it = Sl eS¢

€123€123 | |ﬁ§3)

whence

— 1 = =
ﬂ;1JJ61236123 = 561236123H(81238123HS(z)) = =5,

==

Applying _ _ B
S — peere;)? =53 — yeShe e, + 0

leads to the required result.

Because in four-dimensional space any dual bivector I" satisfying T’ AT = 0
can be expressed as a simple dual bivector in terms of two dual vectors, we can
write

P NP, =0 = D,=7mA",

T AT, =0 = T,=xAPB.

From &, A ¥, = 0 we then have n A v A x A B = 0, which means that the
four dual vectors are linearly dependent and one of them can be expressed as a
linear combination of the others. Writing x = A~y + BB + Cn, we have

U,=(Avy+BB+Cn)AB=(Ay+Cn)APB.
On the other hand, we can also write

®,=nAy=(Ay+Cn)Av/C.
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The two-forms are of the required form if we denote v = Ay + Cn and
v=Ca.
Start as

6123|(DE A B + H A D/CI) = DE|(6123 |_B) + H|(6123 LD)/CI

= DE|(,|E + DE[G,|H + H[¢,|[E/¢ + H[E,|E/c.

When substituting the dyadic expressions, the terms with the antisymmetric

dyadics 1| X, and || Z, vanish because
E|(1|Z,)|E = (E|Z,)|E = (E A E)|Z, = 0.
The expression reduces to
E|piq:|E - E|iT|H + Elpiq2|H + H|K|E + H|p2aq1 |E + H|paq2|E

= (p1|E + p2|H)(q: |E + q2|H).

Because E A B = 0 and H A D = 0 for any plane wave, the last expression
vanishes. Thus, in this medium any plane wave satisfies either of the two
conditions

PiE+p2H=0 or qu|E+ q2/H=0.
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adjoint dyadic, 61
af ne bi-isotropic medium, 130
af ne transformation, 99, 116
spatial, 128
anisotropic medium, 127, 183
antecedant, 36
anticommutativity of A, 9, 22
antisymmetric dyadic, 14, 51, 191
associativity
of double-wedge product, 38
of duality product, 37
of wedge product, 17
axial vector, 107

bac cab rule, 15, 21, 89
generalized, 25
basis
of trivectors, 18
of bivectors, 10
of dual cvectors, 6
of multivectors, 23
of vectors, 5
bi-anisotropic medium, 124
bi-index, 10
bi-isotropic medium, 127

Index

bivector, 9

bivector basis, 66

bivector dyadic, 16, 38
Bohm-Aharonov effect, 111
boundary conditions, 138, 142
boundary operator 9, 96

Cartan, 4
Cayley-Hamilton equation, 57
chain, 98, 106
charge conservation law, 109
charge density three-form, 106
Clifford, 4
closed form, 91
commutativity

of double-wedge product, 38
complementary basis, 24
complementary basis multivector, 49
complementary spaces, 73
complete dyadic, 8
complex force, 160
complex power, 148
conservation law, 112
constitutive equation, 113
continuity equation, 119
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contraction, 6, 22

coordinate transformations, 114
coplanar vectors, 48
covariance, 101

cube of dyadic, 37

curl, 84, 89

curlcurl rule, 86, 88

cycle, 98

cyclic ordering, 11

d’ Alembertian operator, 87
de Rham’s theorem, 91
decomposable medium, 136
decomposition

of bivector, 21

of multivector, 26

of vector, 15
de nite metric, 69
Deschamps graph, 108, 109, 112
determinant

of dyadic, 44

of bivector dyadic, 66

of dyadic, 61
determinant of dyadic, 44
diagonal dyadic, 63
differential forms, 83
dimension

of bivector, 12

of p-vector, 21

of trivector, 18, 43
divergence, 85, 89
dot product, 68

for multivectors, 71

in Minkowskian metric, 70
double eigenvalue, 58
double-cross product, 16
double-duality product, 13, 37
double-incomplete duality product,44
double-wedge cube, 41
double-wedge power, 44, 61
double-wedge product, 16, 38
double-wedge square, 40
dual vector, 6
duality, 163
duality product, 6, 12, 37

double incomplete, 44
incomplete, 14, 22
duality rotation, 170
duality transformation, 114, 165
duplex method, 163
dyadic, 7, 35
dyadic identities, 39, 46, 50
dyadic polynomial, 8

eigenvalues, 56
eigenvectors, 55, 57
electric current two-form, 106
electric eld one-form, 105
electric force, 152
electric potential, 181, 182
electromagnetic force, 153
energy conservation, 147
energy density, 145, 147
energy-momentum tensor, 155
energy-power density, 148
equivalent sources, 143, 174
Euclidean metric, 69
exact form, 91
eye, 7

double, 13

multiple, 23

triple, 18

factorization, 136

factorized operator, 194

nite elements, 97

force eld, 110

force-energy density, 154, 155

four-form, 89

four-potential, 111, 181
magnetic, 114

fourth-order operator, 194

gauge condition, 92, 94, 183, 186

general duality, 165

generalized Q-medium, 135, 193,
199, 204

geometric algebra, 1

geometric interpretation, 30

Gibbs, 4

Gibbs’ identity
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in three dimensions, 48
Gibbsian isotropy, 129
grade, 74
grade of multivector, 17
gradient, 84, 100
Grassmann, 1
Green dyadic, 208
Green function, 206

Hamilton, 2
handedness, 31, 98
Heaviside, 4, 163
Helmholtz decomposition, 88, 92
Hermitian matrix, 149
Hodge dyadic, 36, 73, 123
in three dimensions, 75
in four dimensions, 79
in three dimensions, 91
in two dimensions, 78
hook, 7
double, 13
multiple, 23
triple, 18
Huygens’ principle, 143

ideal boundary, 149
identity, 19, 46
incomplete duality product, 14
incomplete dyadic, 8
inde nite metric, 69
inner product, 6
interface conditions, 141
inverse
of bivector dyadic, 66
of dyadic, 37, 60
of metric dyadic, 62, 69
irrotational vector, 92
isotropic dyadic, 64
isotropic medium, 127

Kronecker symbol, 7

Laplacian operator, 86
Leibnitz rule, 85
linear dependence, 48

INDEX

of eigenvectors, 56
linear dyadic, 41
linear mapping, 7
Lorentz force, 151
Lorentz transformation, 103

Mobius strip, 98
magnetic eld one-form, 105
magnetic force, 152
magnetic moment, 153
magnetic potential, 181, 183, 186
magnetic sources, 113
manifold, 94
Maxwell equations, 118
in four dimensions, 110
Maxwell Amp ere equations, 109
Maxwell F araday equations, 107
medium dyadic, 113, 123
af ne-transformed, 116
inverse, 125
modi ed, 124
medium equation, 113
medium equations, 119
metric dyadic, 36, 68, 74, 124
for multivectors, 70
inverse, 62
Minkowskian, 80
relation to Hodge dyadic, 76
Minkowskian metric, 69
Minkowskian vectors, 11
modi ed medium dyadic, 124
momentum density, 158
multi-index, 24, 44, 70
multilinear identity, 47
multivector, 17
multivector basis, 23

nabla operator V, 83
nonradiating sources, 175
normalized time 7, 102

one-form, 84, 87

operator d, 83

ordering of indices, 11
orientation, 30, 98

orthogonal transformation, 102
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orthogonality, 6, 15, 26
of eigenvectors, 55

Outer product, 2

outer product, 9

parallel vector, 26
parallel vectors, 15, 64
PEC and PMC, 142, 150
permutation, 18
planar dyadic, 43
plane wave, 195, 201
Poincare’s lemma, 91, 96
Poisson equation, 92
polar vector, 107
polarization, 64
polyadic, 19
potential, 181
one-form, 108, 111
scalar, 93
two-form, 92
zero-form, 108
power, 145
power balance, 145
power of dyadic, 37
Poynting two-form, 145, 147
Poynting vector, 145
precedant, 36

Q-medium, 131, 185, 191, 197, 210
generalized, 135, 199, 204

quadrivector, 17, 24

Quaternions, 2

reaction, 172
reciprocal basis, 7
in n dimensions, 59
reciprocal bivector basis, 66
reciprocal medium, 173
reciprocal metric dyadics, 69
reciprocity, 172
reciprocity conditions, 159, 174
redundancy in indices, 10
rotation dyadic
in four dimensions, 81, 102
in three dimensions, 101
in two dimensions, 78

self-dual quantity, 169
signature, 69, 70

simple bivector, 10
simple duality, 169
simplex, 97, 106
six-vector, 118

soft and hard surface, 151
solenoidal vector, 92
source equivalence, 174
source- eld system, 138
spatial bi-isotropy, 130
spatial component, 89
spatial isotropy, 128
square of dyadic, 37
star-like region, 91
Stokes’ theorem, 96
stress dyadic, 155
stress-energy tensor, 155
super forms, 118, 145
surface sources, 141

TE/TM polarization, 201
temporal component, 89
three-form, 85, 88
time-harmonic elds, 109, 120, 148,
160, 172, 177
topological space, 94
trace of dyadic, 38, 40, 57
transpose operation, 8
triadic, 19
trivector, 17
two-form, 84, 87

uniaxial dyadic, 65
uniaxial medium, 130
uniqueness, 176
unit dyadic
for p-vectors, 22
for bivectors, 16, 41
for one-forms, 100
for trivectors, 20, 42
for vectors, 8
in n dimensions, 50, 59
in three dimensions, 49
relations, 74
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vector space, 5

wave equation, 92, 181, 187 189
wave operator, 182
wave-operator, 188
wedge product, 9

associativity, 17
work, 105
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