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Preface

The material contained in these lecture notes represents an introduction to classical elec-
tromagnetism, written approximately at the level of classical texts such as Jackson [19]. It
is suitable for a graduate course in classical electrodynamics and assumes students to have
a basic familiarity with the material summarized in Appendix A, which would typically
be covered in advanced undergraduate courses in electromagnetism (for example, mate-
rial in the book by Griffiths [13]). These lectures are a work in progress, so please do not
distribute them without notifying me.

Solutions to all problems at the ends of chapters are contained in the Instructor Solu-
tions Manual, which is available only to instructors. A number of problems at the ends
of chapters are marked ***, indicating that those problems are contained in the Student’s
Solutions Manual, available to any students taking the course.

Mike Guidry
Knoxville, Tennessee
June 14, 2025



Overview

The first inkling of the properties that we now attribute to electricity and magnetism traces
to the distant past when humans began to realize and remark upon observed physical phe-
nomena such as the behavior of naturally occurring electricity in amber and the properties
of naturally occurring magnetism in lodestones. Although these phenomena were known
qualitatively to the ancient Greeks, they remained mysterious for centuries and the modern
quantitative understanding of electricity and magnetism emerged over a period of only a
little over a century, beginning in the late 1700s.

1.1 The Synthesis of Classical Electromagnetism
.|

At the risk of slighting the contributions of many, one could say that the explosion in
knowledge of electricity and magnetism beginning in the late 18th century, and the forging
of that knowledge into a theoretically and mathematically coherent framework that we
now call electromagnetism over the next century or so, can be illustrated by citing a few
landmark achievements.

1. Henry Cavendish (1731-1810) did pioneering experiments on electrostatics in the early
1770s, including establishing that electrical forces varied as one over the square of the
distance. However, his work was not widely published until after Coulomb’s publication
in 1785.

2. Charles-Augustin de Coulomb (1736-1806) published his extensive work on electro-
statics beginning in 1785, including the eponymous inverse-square law for electrical
interaction between charges.

3. Hans Christian @Orsted (1777-1827) discovered the magnetic effect of the electric cur-
rent, establishing the first connection between electric and magnetic phenomena.

4. André-Marie Ampére (1775-1827) extended the work of @rsted, finding in 1823 the
circuit law between electric current passing through a loop and magnetic field around
the loop, and establishing the formula describing the interaction of two currents.

5. Michael Faraday (1791-1867) did his highly influential work studying time-varying
currents and fields in the mid-1800s. He discovered electromagnetic induction in 1831,
which proved to be a crucial step in Maxwell’s unification of electric and magnetic
phenomena into modern electromagnetism.

6. James Clerk Maxwell (1831-1879) published his famous 1865 paper (read to the Royal
Society in 1864), which unified electricity and magnetism and synthesized in equations
a dynamical theory of what could now be termed the electromagnetic field [27, 30].



Overview

10.

. Oliver Heaviside (1850-1925) reformulated Maxwell’s equations in their more modern

vector calculus form in the late 1800s.

. Heinrich Rudolph Herz (1857-1894) produced the transverse electromagnetic waves

predicted by Maxwell’s theory in the laboratory in 1888, and studied their wave prop-
erties (refraction, reflection, ...) This placed Maxwell’s theory on firm experimental
footing and established experimentally the connection between electromagnetism and
optics suggested by Maxwell’s theory.

. Joseph John Thomson (1856-1940) discovered the electron in 1897. This was the first

step in elaborating how electromagnetic waves interacted with matter at a microscopic
level, though a full microscopic theory of atoms and molecules awaited the inven-
tion of quantum mechanics in ~1925-1926. This, for example, allowed the classical
Drude model for conduction electrons described in Section 7.3.2 to be constructed,
even though there wasn’t yet (in the year 1900) a theory of atoms in any modern form.
Albert Einstein (1879-1955) published his special theory of relativity in 1905. It was
inspired by Maxwell’s theory, since Einstein was strongly motivated by a desire to unify
particle motion and electromagnetism, which he realized could be accomplished only
if both were described by Lorentz-invariant theories.

One could add to this list the invention of quantum mechanics in 1925-1926, which pro-
vided a firm basis for describing electromagnetism interacting with matter. But this book

is about classical electromagnetism, and the quantum revolution that shook physics begin-
ning in 1925 is primarily part of a quantum theory of electromagnetism, which merits a
separate book and is necessarily beyond our present scope.

1.2 The Maxwell Equations

Thus, by the late 1800s the basics of classical electromagnetic theory could be summarized
concisely in the Maxwell equations,! which may be written in free space as

1

p

V.-E= e (Gauss’s law), (1.1a)

V xE + aaf =0 (Faraday’s law), (1.1b)
V.-B=0 (No magnetic charges), (1.1¢)

V xB— cl288f = uoJ (Ampere’s law, as modified by Maxwell), (1.1d)

Maxwell’s original formulation of what we now call the Maxwell equations was in terms of the vector and
scalar potentials instead of the electric and magnetic fields (see Sections 2.6 and 8.6 for the relationship
between the potentials and the fields), required 20 equations instead of four, and did not use the modern vector
calculus notation of Egs. (1.1), which was invented later by Oliver Heaviside and independently by J. Willard
Gibbs. Heaviside reduced Maxwell’s 20 equations to the four in Egs. (1.1), by writing them entirely in terms
of the electric and magnetic fields in the new vector calculus notation. One cannot overstate the importance
of compact, concise, and evocative notion in the advancement of mathematical physics, and Ref. [18] may be
consulted for the history of this important evolution in notation for electromagnetic equations.



Charge Conservation

using modern notation and ST units (see the discussion of units in Section 2.1), where

E is the electric field,

B is the magnetic field,

p is the charge density,

J the current vector,

&9 is the permittivity of free space [defined for SI units in Eq. (2.3)], and
Uo is the permeability of free space, which takes the value

AN

o =4mx 107" NA~2, (1.2)

when expressed in SI units, where N is newtons and A is amperes. It should be noted that
the SI-system constants & and Ll are not independent but are constrained by Uy& =
1/c?, where c is the speed of light.”

An important property of the Maxwell equations is that they obey a set of symmetries,
which are summarized in Box 1.1. In Ch. 12 we shall elaborate on the relationship of these
symmetries to the conservation laws obeyed by classical electromagnetism.

1.3 Charge Conservation
|

The charge density p and the current vector J appearing in the Maxwell equations are not
independent but are constrained by the continuity equation,
dp

o +V.J=0 (Continuity equation), (1.3)

which ensures conservation of charge by requiring that variation of electrical charge in
some arbitrary volume is caused by flow of electrical current through the surface of that
volume. The local conservation of charge implied by Eq. (1.3) is not a separate feature,
but is implied by the Maxwell equations themselves (see Problem 1.1). As indicated in
Box 1.1, this conservation of charge by the equations of electromagnetism is associated
with the gauge symmetry of electromagnetism, which will enter our later discussion in a
number of forms.

1.4 Maxwell and the Displacement Current
I ———

A feature of the Maxwell equations with profound implications is that Maxwell realized
that the original form of Ampére’s law (which lacked the dE /9t term of Eq. (1.1d)) was
inconsistent with Eq. (1.3) because it was valid only for stationary charge densities. As

2 This relationship between & and 1 is a consequence of the units chosen for the electric field and magnetic
field in the SI system.
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Symmetries of the Maxwell Equations

Symmetry plays a fundamental role in physics [17]. The Maxwell equations (1.1)
exhibit some symmetries that have important implications for electromagnetism.

1. Invariance under Space and Time Translations: Invariance under translations
in space and time is associated with conservation of momentum and energy,
respectively. Satisfaction of these invariances by the Maxwell equations implies
that energy and momentum can be assigned to the electromagnetic field.

2. Invariance under Rotations: The formulation of the Maxwell equations as vector
equations ensures rotational invariance (isotropy of space), which in turn implies
conservation of angular momentum by the electromagnetic field.

The association of invariance under space translations, time translations,
and rotations with conservation of linear momentum, energy, and angular
momentum, respectively, is a general consequence of Noether’s theo-
rem: For every continuous symmetry of a field theory Lagrangian there
is a corresponding conserved quantity. See Section 16.2 of Ref. [17].

3. Symmetry under Space Inversion (Parity) P: In the presence of rotational invari-
ance, parity is equivalent to mirror reflection. Under inversion E — —E, which is
the transformation law for a polar vector (normal 3-vector), but under inversion
B — B, which is the transformation law for a pseudovector or axial vector.

4. Symmetry under Time Reversal (T): A motion picture of electromagnetic events
would be consistent with the Maxwell equations if run backward or forward.

5. Lorentz Invariance: Electromagnetism isn’'t Galilean invariant but is Lorentz in-
variant (it is consistent with special relativity), while Newtonian mechanics is
Galilean invariant but not Lorentz invariant (it is inconsistent with special relativ-
ity). The Maxwell equations (1.1) are Lorentz covariant (their validity is unaltered
by Lorentz transformations). However, this isn’t clear from the notation because
space and time enter on an equal footing in special relativity and the use in Eqgs.
(1.1) of 3-vectors instead of 4-vectors, and of separate derivatives for space and
time, obscures this covariance. Later we will re-write the Maxwell equations in a
manifestly Lorentz-covariant form.

6. Gauge Invariance: Consistency of the Maxwell equations with Eqg. (1.3) requires
charge to be conserved locally, which implies local gauge invariance of the elec-
tromagnetic field (see Section 1.3). We shall have much to say about gauge
symmetry and its far-reaching implications in later chapters.

7. Electric and Magnetic Field Asymmetry: The Maxwell equations exhibit a large
asymmetry between electric and magnetic fields [most obvious in CGS units;
see Appendix B.2]. If a magnetic charge 47p,, were added to the right side of
Eq. (B.3c) and a magnetic current (47 /c)J,, added to the right side of Eq. (B.3b),
the Maxwell equations would become symmetric under E — B and B — —E.
However, no magnetic charges have ever been observed.



Classical Electromagnetic Forces

discussed in Section 11.1.1, Maxwell then added the JE /dr term (which is called the dis-
placement current) to Ampere’s law in Eq. (1.1d); this brought the full set of equations
(1.1) into harmony with Eq. (1.3), and effectively brought together the previously separate
subjects of electricity and magnetism. As a result, Eq. (1.1d) is also called the Ampere—
Maxwell law. The addition of the displacement current to Eq. (1.1d) has a number of far-
reaching implications. (1) We may now speak of the unified subject of electromagnetism.
(2) The fundamental equations of electromagnetism are now consistent with charge conser-
vation. (3) This modification will lead eventually to the interpretation of electromagnetic
waves as light. (4) That Maxwell’s equation obey the continuity equation and thus con-
serve charge will lead to the idea of classical electromagnetic gauge invariance, which
will underlie a quantum field theory of electromagnetism (quantum electrodynamics or
QED). (5) Electromagnetic gauge invariance will eventually be generalized to more com-
plex gauge invariance in the weak and strong interactions, resulting in the quantum field
theory that we term the Standard Model of elementary particle physics.

1.5 Classical Electromagnetic Forces
|

The four Maxwell equations of Egs. (1.1), supplemented by appropriate boundary condi-
tions,> may be solved for the fields E and B, if the charge density p and current J are
known. However, these equations make no reference to forces, which are often the tangible
connection to experimental results in classical physics. This is remedied by introducing the
empirically justified Lorentz force law,

F=¢(E+vxB) (Lorentz force), (1.4)

which implies that the electromagnetic force acting on a particle having charge g and ve-
locity v at the point x is determined completely by the instantaneous values of the fields E
and B at x. Then Newton’s second law relating momentum change to force,

dp

F_F

dt ’

allows calculating the complete motion of charges in an electromagnetic field.

(1.5)

1.6 Internal Consistency of Electromagnetism
1 ———

Classical mechanics is internally self-consistent, in the sense that there are phenomena
outside its domain (the very small requires quantum theory; the very fast requires special
relativity; strong gravity requires general relativity), but it gives internally consistent results

3 We will have much more to say about this later but, loosely, physically acceptable boundary conditions in
static problems require fields to vanish rapidly enough at infinity, while in dynamical problems fields must
represent outgoing solutions so that there is no unphysical flow of energy from infinity into regions of interest.
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when restricted to it domain of validity. Classical electromagnetism is different. In Eq.
(2.45) we shall show that the energy U of a continuous charge distribution p(x) is the
work W required to assemble it,

U:W:%/ﬁm,

where E is the electric field associated with the charge distribution and the integration is
over all of space. But from Eq. (2.9) the electric field of a continuous charge distribution

1 x—x
E — / d3/
0= gz [ p) E 2 a,

/’—4

behaves as

and U diverges as |x —x upon approaching a point charge located at x’. This infinite
self-energy of a classical point charge may be viewed as resulting from the charge acting
on itself and is clearly unphysical; the first thought is that it must be excluded from the
energy of a charge distribution. But further problems arise if one considers accelerated
charges, which radiate electromagnetic waves and must lose energy; this can be thought
of most simply as a radiative damping force acting on the charged particle, but this again
forces us to think of the charge acting on itself, with the short-range limit diverging.

We conclude that there is no consistent way to deal with such self-energies in classical
electromagnetism and the theory is internally inconsistent.* However, as a practical matter
we may ask at what order of magnitude for distance and time scales does one expect such
inconsistencies lead to actual problems? Consider the self-energy of an electron. As far as
is known experimentally elementary particle like electrons are point-like, without spatial
extent. But if the electron is assumed to have a finite radius r., the electrostatic energy
becomes of order ¢ /r., where e is the electron charge. The only other energy scale in the
problem is the electron restmass energy mec?, and if we equate these two energy scales and
solve for 7.,

re=—5=282x10""cm, (1.6)
mc

which is known as the classical radius of the electron. (In comparison, the Bohr radius of
the hydrogen atom is 0.529 x 1078 cm.) A corresponding timescale is given by the time for
light to travel this distance,
2
T ="= 107, (1.7)
c mc
Unless we consider motion of charges that changes over a length scale of order r., or a
timescale of order 7., the infinities associated with self energies are of no practical signif-
icance. In fact, one expects quantum effects to become important on a length given by the

4 Similar problems with infinities associated with matrix elements evaluated at a point (such as the infinite self-
energies of point particles) arise in quantum field theory. There a scheme called the renormalization program
has been developed to systematically subtract away the infinities in observable quantities and bury them in
quantities that are not observable. Not everyone is comfortable philosophically with the “sweeping under the
rug” nature of the quantum renormalization scheme, but everyone agrees that renormalization succeeds in
removing infinities from observables, and that the resulting (finite) predictions of quantum field theory are in
spectacular agreement with experimental observables.
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Compton wavelength rc = h/mc, which is

re _ hjme e 137
e

re  eX/mc? B

times larger than the classical electron radius. We conclude that inconsistencies associated
with self-energies of charged particles are irrelevant for our discussion.

1.7 Classical Electromagnetic Solutions
I ——————

Thus the understanding of classical electromagnetism can be summarized in a succinct
admonition: to be blunt, “shut up and calculate”, or to be less blunt and more precise,

Solve Maxwell’s equations with appropriate boundary conditions for the electric
and magnetic fields, and use those to compute forces and observables.

While this admonition is not wrong, it risks leaving two things at loose ends.

1. The solution of Maxwell’s equations with appropriate boundary conditions can be highly
non-trivial, often requiring considerable mathematical and computational prowess.

2. Although classical electromagnetism itself has changed little since the late 1800s, the
context in which we view classical electromagnetism has been altered dramatically by
modern advances in quantum field theory (which were often inspired and guided by the
theoretical understanding of classical electrodynamics).

The following chapters will address the first point at a practical level, by providing a variety
of mathematical and computational tools to facilitate solution of Maxwell’s equations in
various physically important contexts. The remainder of the current chapter will address
the second point at a more philosophical level, by setting electromagnetism more broadly
in the context of modern theoretical physics.

1.8 Electromagnetism in Modern Physics
I —

Let us make some general remarks about the relationship of classical electromagnetism
with modern theoretical physics.

1.8.1 Gauge Symmetry
One of the remarkable findings of modern physics is that the already beautiful edifice of

Maxwell’s equations for electromagnetism that we shall elaborate in these lectures hides
within it a deceptively powerful symmetry called (local) gauge invariance—in essence a



Overview

symmetry under local phase transformations—that was introduced in Box 1.1 and, with
suitable exposition, explains the origin of both classical and quantum theories of electro-
magnetism. But that is not all! The local gauge symmetry describing electromagnetism
can be generalized mathematically into a more powerful theory that can partially unify the
electromagnetic and weak nuclear forces into a single electroweak interaction, and this
can be generalized into the Standard Model (of elementary particle physics) that partially
unifies the electromagnetic, weak, and strong interactions in a single non-abelian gauge
theory.

In quantum field theory local gauge symmetries are generated by a set of quantum oper-
ators. If the quantum operators all commute among themselves, the gauge symmetry is said
to be abelian; if they do not all commute, the gauge symmetry is said to be non-abelian
(see the discussion of symmetries and group theory in Box 16.1). Because of the constraints
arising from non-zero commutators among operators, non-abelian gauge symmetries have
the potential to engender more complex behavior than abelian gauge symmetries. Elec-
tromagnetism corresponds to an abelian local gauge symmetry (with the quantum version
known as quantum electrodynamics or QED). In Ch. 18 we shall explore in more depth this
view of classical electromagnetism as an abelian gauge field theory and its relationship to
quantum electrodynamics. The Standard Electroweak Model and its generalization to the
Standard Model incorporating the strong interactions (quantum chromodynamics or QCD)
generally correspond to more complex non-abelian local gauge symmetries. Non-abelian
models of elementary particles are also known as Yang—Mills field theories.

1.8.2 Quantization of Electrical Charge

The basic unit of electrical charge is given by the magnitude of the charge on an electron,
which is measured to be

e =|q.| =1.60217733 x 10~ C [in SI units]. (1.8)

The charges on protons, and all presently known particles or systems of particles, are found
to be integral multiples of this unit (with positive or negative signs for non-zero charges).
It is known experimentally that the ratios of charges between different particles are inte-
gers to one part in 10%°. Indeed, the stability of the atomic matter all around us would be
compromised by even a tiny difference in the absolute values of the electron and proton
charges, so the very existence of ourselves and the visible Universe is strong evidence for
quantization of electrical charge.

Dirac proposed long ago that, if fundamental magnetic charges (magnetic
monopoles) existed, there could be a topological reason for charge quantization.
However, no reproducible observations of magnetic monopoles have ever been
reported, so Dirac’s idea remains only conjecture. As we have noted in Box 1.1, if
magnetic monopoles did exist the Maxwell equations (1.1) would require mod-
ifications that would make them more symmetric with respect to electric and
magnetic fields.
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Elementary particles of the Standard Model. Photons are labeled by y and gluons by G.
Elementary particles of half-integer spin that don’t undergo strong interactions are called
leptons; electrons and electron neutrinos are examples. Particles made from quarks,
antiquarks, and gluons (and thus that undergo strong interactions) are called hadrons;
pions (pi mesons) and protons are examples. A subset of hadrons corresponding to more
massive particles containing three quarks are called baryons; protons and neutrons are
examples. The different types of neutrinos (V,, vy, ...) and the different types of quarks (u,
d, s, ...) are called flavors. For simplicity the largely parallel classification of antiparticles
has been omitted in this diagram.

Since there is no evidence for the existence of free magnetic charge (magnetic monopoles),
we must conclude that there is presently no convincing fundamental explanation for the
observed quantization of electrical charge in integer multiples of the electron charge.

1.8.3 Charges of Known Elementary Particles

Our modern view is that matter in the Universe consists of the fermions in the Standard
Model (of elementary particle physics). The elementary particles of the Standard Model
are summarized in Fig. 1.1. In the Standard Model all matter is formed from fermions
(e, Ve, u,...), while interactions between elementary particles are mediated by the exchange
of gauge bosons (7, G, W+, Z0), and masses for bare (that is, non-interacting) particles arise
from couplings to the Higgs boson H. For reasons that remain elusive, the fermions (matter
fields) of the Standard Model may be divided into three generations (or families), I, II,
and III, with the fermions of each generation being successively more massive than in
the preceding generation, and with many properties repeating themselves in successive
generations. To give one example, the muon ( in generation II acts in many respects as if
it were a heavier version of the electron e in generation I. Table 1.1 gives Standard Model
quark quantum number assignments for the six known quark flavors displayed in Fig. 1.1.
As indicated in Table 1.1, the (electrical) charge Q of each quark is given by
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Up Down Strange Charm Bottom  Top

Symbol u d s c b t
Baryon number (B) % % % % % %
Spin > 2 2 : 2 >
Charge (Q) %e —%e —%e %e —%e %e
Isospin (T') : 3 0 0 0 0
Projection of isospin (73) % —% 0 0 0 0
Strangeness number (S) 0 0 —1 0 0 0
Charm number (c) 0 0 0 1 0 0
Bottom number (b) 0 0 0 -1 0
Top number () 0 0 0 0 0 1

The additive quantum numbers Q, 73, S, ¢, B, b, and ¢ of the corresponding antiquarks are
the negative of those for quarks. The charge is given by Q/e = T3 + %(B +S+c+b+1),
where e the absolute value of the electron charge.

1
Q/e=Ts+ 5 (B+S+ctb+i), (1.9)

which leads to third-integer charges for all the quarks (row 4 of Table 1.1).

Example 1.1 From Eq. (1.9) and Table 1.1, the charge of the down quark d is

1
Qule=Ts+ =(B+S+c+b+t)

2

111
——2+2<3+0+0+0+0>
_ !
=3

This quantization of charge in integer multiples of i% of the absolute value of the electron
charge is characteristic of quarks, as may be seen from Table 1.1.

However, the non-abelian gauge field theory of the strong interactions (quantum chromo-
dynamics) predicts that quarks are confined and can never appear as free particles,® and

3> More precisely, the gauge theory of the strong interactions, quantum chromodynamics (QCD), is thought to
exhibit color confinement: particles carrying the strong-interaction gauge charge (called whimsically “color”,
with no relationship to the usual meaning of color) are confined to the interior of the hadrons such as neutrons
and protons, and can never appear as free particles. Finding solutions for the equations of QCD is extremely
difficult because it is a strongly interacting, highly non-linear field theory in the limit that would lead to con-
finement. Thus it is not simple to prove that QCD is color-confining. However, modern large-scale computer
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indeed no free particles with fractional charges have ever been observed reproducibly in
experiments.

Example 1.2 A proton has a udu quark structure (two up quarks and one down quark)
and charge is an additive quantum number, so the charge of the proton is the sum of the
charges of its quarks. From Table 1.1, the charge of a proton is

2 2 1
:2 u = —_ —_—— = = 1’
Qp =2Qu+Qu <3+3 3>e +le

in terms of the fundamental charge unit e given by Eq. (1.8), while a neutron has a udd
quark structure and

so neutrons have zero net electrical charge.

Thus both neutrons and protons carry integer charges, even though their constituent quarks
have fractional charges.

Modern high energy physics proposes a variety of elementary particles, some of
which have electrical charges that are fractions of the fundamental unit (1.8) set
by the charge on the electron. However, the physically observable particles en-
tering into classical electromagnetism (and into relativistic quantum field theory)
all appear to have electrical charges that are integer multiples of the fundamental
charge unit given by Eq. (1.8).

Hence we shall develop the theory of classical electromagnetism assuming that charged
particles carry an electrical charge quantized in integer units of the electron charge, even
though we presently have scant fundamental explanation for why this should be so.

Background and Further Reading

The history of classical electromagnetism is summarized in various parts of Jackson [19]. A
view of classical electromagnetism with emphasis on the relationship of modern quantum
field theory to classical electromagnetism may be found in Wald [40]. Introductions to the
Standard Model of elementary particle physics and the origin of the particle and quantum
number assignments in Fig. 1.1 and Table 1.1 may be found in many places; for example,
in Refs. [14, 17].

simulations of QCD (a discipline called lattice gauge theory) have increasingly converged on the conclusion
that QCD exhibits confinement of particles like quarks carrying a color charge.
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Problems

1.1

1.2

1.3

Prove that Maxwell’s equations (1.1) are consistent with the continuity equation (1.3)
that ensures local conservation of electrical charge.

Use Eq. (1.9) and Table 1.1 to confirm that the top quark is expected to carry an
electrical charge of % Should you worry about seeing a particle with charge % in
your experimental apparatus? ***

A family of subatomic particles called the A-resonance has four distinct members
(AT+, AT, A%, A™), which have a valence quark stucture (uuu, uud, udd, ddd), re-
spectively, where u is the up quark and d is the down quark, with properties summa-
rized in Table 1.1. Use this table to confirm the electrical charge assigments

QAT ) =42¢ Q(AT)=+4le QA% =0e QA )=—le

for these particles. Thus, show that the four members of the A-resonance (each of
which is observable in high-energy physics experiments) have charges that are inte-
ger multiples of e, even though each consists of valence quarks having charges that
are fractions of e (which are not observable because of color confinement for quarks).
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The fundamental problem that is to be solved in electrodynamics is illustrated schemati-
cally in Fig. 2.1(b). If we have a distribution of n distinct source charges q1, q2, q3, - - - qn,
what net force do they exert on a fest charge Q7 In the most general case both the source
charges and test charges may be in motion but we shall begin with basics and consider the
simpler case of electrostatics, where the source charges are assumed to be fixed in spatial
position (but the test charge may move). Electrostatics problems can be divided into two
broad categories [34, 42]:

e summation problems, and
e boundary value problems

In a summation problem the charge density p(x) is specified initially at every point in
space at a given time, reducing the task of solving the electrostatics problem to evaluating
an integral. The integral might be easy or difficult to evaluate but conceptually a summation
problem has a clearly defined solution. If the charge density cannot be specified initially
at every point in space, one is dealing with a more challenging boundary value problem.
This will be the case if matter in any form is present, because the Coulomb force [see Eq.
(2.1)] will cause charge to redistribute itself in the matter until equilibrium is reached.! It
is remarkable that the electrostatics problem can be solved uniquely for every spatial point
even in this latter case, provided that a model of the polarizable matter is specified, with an
adequate model specifying both the behavior of the electric field in matter, and boundary
or matching conditions for the Maxwell equations. This chapter will introduce summation
problems for electrostatics, while Ch. 3 will address boundary value problems and their
solutions.

2.1 Coulomb’s Law

Let us assume initially that the source charges and the test charges in Fig. 2.1(b) are em-
bedded in vacuum, so that it isn’t necessary to worry about a polarized medium altering
the interactions between charges (that will be the subject of extensive discussion in later
chapters). Let us now consider a quantitative description of this idealized electrostatics
problem, utilizing experimental data, physical intuition, and mathematics for guidance.
Consider first the force acting between two isolated charges at rest with respect to each

! For historical reasons, in conductors this charge redistribution is called electrostatic induction and in non-
conductors it is called electrostatic polarization.
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(a) Coulomb interaction between two isolated and stationary test charges. (b) The
prototype electrostatics problem: interaction in vacuum of a test charge Q with a set of
stationary source charges g,.

other, as illustrated in Fig. 2.1(a). The force exerted on a single charge ¢ located at position
x1 by a single charge g, located at position x, may be measured experimentally and is
found to be given by Coulomb’s law,

F:@mﬂ“*” (Coulomb’s law), 2.1)

X —xf
where the charges ¢, are algebraic quantities that may be positive or negative, the force
points along the line from g to ¢, and is attractive if the signs of the changes are opposite
and repulsive if they are the same. The constant k appearing in Coulomb’s law depends on
the system of units that is in use. Three common choices are the SI system, Gaussian or
electrostatic units, and Heaviside—Lorentz units.

1. In the SI system of units,

1
= 2.2
4—7178()7 ( )

where the constant & is called the permittivity of free space. In the SI system the unit
of force is the Newton (N), the unit of distance is the meter (m), the unit of charge is
the coulomb (C), and

C? F
€ ~885x10712—_ =8.85x 10712 —, (2.3)
N m?2 m

where the farad (F) is the derived SI unit of electrical capacitance. The constants L, &,
and the speed of light ¢ that may appear in SI units are related by>

1
Hoto = . (2.4)

2 The three constants that enter into SI units, the permeability of free space pg defined in Eq. (1.2), the per-
mittivity of free space & defined in Eq. (2.3), and the speed of light c, are related by Eq. (2.4). This has
the potentially confusing implication that the form of equations written in SI units can be changed by using
Uo€c? = 1 to interchange constants appearing in them. As will be discussed in Section 8.2, SI units also
partially obscure that under typical laboratory conditions magnetic phenomena are intrinsically much weaker
than electrostatic phenomena, but that the two become comparable in strength if the characteristic speeds of
charged particles approach that of light.
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Thus Coulomb’s law (2.1) written explicitly in SI units is

_ Q192 X1 —Xx2

= ire m (Coulomb’s law, SI units). (2.9
0 [A1 — A2

The Maxwell equations and the Lorentz force law in SI units are summarized in Ap-
pendix B.1. We will use SI units in these lectures by default, specifying explicitly if we
choose other units in a few limited situations.

2. In Gaussian or CGS units, also termed electrostatic units (esu), k = 1 and unit charge
is chosen such that it exerts a force of one dyne on an equivalent point charge located
one centimeter away. In the Gaussian system the unit charge is called a statcoulomb.
The Maxwell equations and the Lorentz force law are expressed in Gaussian units in
Appendix B.2. There are some advantages to Gaussian units and many older books use
them often, but more modern books tend to use SI units because of the affinity with
standardized MKS units for non-electromagnetic quantities.

3. In some disciplines (for example, elementary particle physics) Heaviside—Lorentz units
may be used, where k = 1/4x. The Maxwell equations and the Lorentz force law are
given in Heaviside—Lorentz units in Appendix B.3.

In some cases one may encounter specialized variations on units where fundamental con-
stants like the speed of light ¢ or Planck’s constant 7 (in quantum problems) are set to one,
though that is probably more common in quantum field theory than in classical field theory.

Beginning with the time of Cavendish and Coulomb, the empirical validity of Coulomb’s
law (2.5) has been tested by a variety of techniques applied over a range of distance scales.
As discussed in Box 2.1, well-established experimental limits suggest that for classical
electromagnetism we can safely assume the photon to be massless and the deviation from
Coulomb’s law to be negligible.

2.2 The Electric Field

In experiments investigating the interaction of charges one typically measures a force, as
implied by Eq. (2.1). However, much of the power of theoretical physics derives from ab-
stracting broader implications from measurements. Perhaps no abstraction has been more
powerful in the development of physics than that of a field, which is simply an instance of
something that is defined at every point of spacetime. Let us introduce an electric field E
acting on a test charge g by defining the force F acting on the test charge to be

F = ¢E. 2.6)

Thus an electric field E = F /¢q may be interpreted as an object that can exert a force per
unit test charge for a test charge located at any point in in spacetime. The electric field is
a function of position, but it doesn’t depend on whether there is a test charge located at
P. The field exists, independent of whether there is a test charge exists upon which it acts.
Since force is a vector and charge is a scalar, the electric field is a vector field E (t, x) defined
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Deviations from the Inverse-Square Force Law

As established in the original experiments of Cavendish and Coulomb, the elec-
trostatic force between two charges in vacuum obeys an inverse square law (2.1).
Since those early experiments, the precision of testing for possible deviations from
the inverse square law has improved substantially. It is common to report possible
experimental deviation from the inverse square law in one of two ways.

1. Assume that the electrostatic force has the dependence F ~ 1/r*¢ and report
an upper experimental limit on €.

2. Assume that the electrostatic potential has the Yukawa form

m,,c

77

where m, is the photon mass (zero for an inverse square force). Then deviations

from the inverse square law may be reported as an upper limit on u or m,,.

V ~ r—le—ur _ r—le—(myc/h)r =

The original experiments of Cavendish using concentric spheres in 1772 estab-
lished an upper limit |g| < 0.02.

1. Greatly improved modern determinations based on Gauss’s law have pushed
this limit to € = (2.7 4+3.1) x 10716 [41].

2. The best limits on the mass of the photon come from measuring planetary
magnetic fields. Such measurements place a limit on the photon mass of
my, < 4x107'kg [12, 19, 22].

Hence the photon mass can be assumed to be zero for the entire regime of classical
electrodynamics, implying no significant deviation from the inverse square law.

at each point of spacetime (7,x), but we ignore any time dependence for now. Comparing
Eqgs. (2.6) and (2.1), the electric field at a point P(x) produced by a point charge g at x is

X— X

E(x) = kqi 2.7)

|x—x]3’

as illustrated in Fig. 2.2. In the SI system the unit of charge is the coulomb (C) and the
electric field E has units of volts per meter. The importance of the field concept in the
development of modern physics is elaborated in Box 2.2.

2.3 The Principle of Superposition

Now let us address the more general case in Fig. 2.1(b) of the interaction of a test charge
with a set of n source charges. In principle this could be a quite complicated problem, but
it is an experimentally verified fact that
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Significance of Fields in Electromagnetism

Equation (2.6) suggests measuring forces to infer fields, implying that fields are
derivative. But modern physics places strong emphasis directly on the fields. In-
deed, Maxwell’s equations (1.1) are formulated in terms of electric and magnetic
fields, which are the central concepts of classical electromagnetism. The impor-
tance of fields is most obvious in relativistic quantum field theory (QFT) , which is
not our subject here, but the field concept traces historically to the introduction of
electric and magnetic fields in classical electromagnetism, which is our subject.

Action at a Distance

Originally it was believed that forces associated with charges, currents, and mag-
nets acted instantaneously over any distance (this was termed action at a dis-
fance).“ The modern view—shaped by experimental measurement and the devel-
opment of relativistic QF T—is that fields are every bit as fundamental as particles.
In this picture, forces are mediated by fields, and the lightspeed limit of special
relativity means that no signal can transmit a force faster than the speed of light,
relegating action at a distance to the dustbin.

Actions Mediated by Fields

For example, if a charge moves the fields associated with the charge change,
but the change isn’t felt immediately at every point (x,7) of spacetime. Maxwell’'s
equations (1.1) describing electromagnetism require the change to be propagated
through changes in two vector fields, the electric field E (x,t) and the magnetic field
B(x,t), defined at each point of spacetime, and those changes can propagate only
at a finite speed (less than or equal to the speed of light).

This abstract view was resisted initially because fields could exist in vacuum,
and did not describe tangible matter. Modern physics takes quite a different view.
The introduction of electric and magnetic fields allows a simple mathematical de-
scription of electromagnetic phenomena, but the fields are not just mathematical
abstractions; they are real physical entities (“as real as a rinoceros” [11]), carrying
concrete physical properties such as energy, momentum, and angular momentum.
This is most clear in QFT, where these physical attributes become properties of
quanta of the field (photons) and electromagnetic interactions are viewed as be-
ing mediated by exchange of virtual photons. These photons associated with the
electromagnetic field have observable consequences: at high enough energy the
collision of two photons can produce matter in the form of an electron and positron
pair; real as a rinoceros indeed! Relativistic QFT implies that all non-gravitational
fundamental interactions (electromagnetic, strong, and weak) are mediated by the
gauge bosons of Fig. 1.1, which are the quanta of fields that generalize the gauge

symmetry of photons. Such is the rich legacy of classical electromagnetic fields.
¢ Likewise, Newtonian physics assumes gravity to act instantaneously on a distant object. Replacement
of Newtonian gravity with general relativity (a field theory consistent with the limiting speed of light)
eliminated action at a distance for gravity, just as relativistic QFT eliminated it for electromagnetism.
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y

The electric field vector E at a point P(x) that is generated by a charge g located at
position x.

1. if the charged-particle interactions are not too large, and
2. if quantum effects can be ignored,

then the interaction between any two charges is unaffected by the presence of all other
charges.’

Thus, the total force acting on the test charge Q in Fig. 2.1(a) can be obtained
to excellent approximation by summing the interactions of the charges pairwise,
while holding all other charges constant. This is termed the principle of linear
superposition (of forces). The ultimate source of this linearity may be traced to
the linear dependence of the Maxwell equations (1.1) on the electric field E and
magnetic field B.

Since the principle of linear superposition applies to the forces computed from Eq. (2.1)
it applies also to the electric fields calculated from Eq. (2.7), by virtue of the linear rela-
tionship (2.6). Therefore, the electric field acting at position x in Fig. 2.1(a) is given by a
vector sum of contributions from all the source charges ¢;,

1 ¢ X—X;
E(x) = j 2.8

where we have used Eq. (2.7) expressed in SI units. In most practical problems we will
be able to assume that the charges are sufficiently small and numerous that they can be
approximated by a continuous charge density p(x’), such that the charge contained in a
small 3D volume element dx’ = dx'dy'dz centered at x’ is Aq = p(x’)AxAyAz. Then the

3 In the presence of strong electric fields such as those generated by powerful lasers, and in various vacuum
polarization phenomena observed in quantum field theory experiments, this linear superposition principle may
fail. However, we shall restrict ourselves to the classical linear regime, where such effects may be neglected
by hypothesis. It is fortunate for development of electromagnetic theory that the experiments that laid the
foundations for the classical theory of electricity and magnetism were all performed under conditions where
linear superposition holds very precisely, which greatly expedited their original physical interpretation.
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sum over discrete charges in Eq. (2.8) may be replaced by an integral over a continuous
charge distribution,

E(x)= — / o) X=X py o L [PE) p sy 2.9)

~ 4ng, lx—x'3 ~ 4ne, R?

where in the last step a compact notation

/
R=x—x R:|R|:]x—x’| R:£:§ xX—Xx

= 2.10
R-R xx 2O

such that

. ., R
X I x=x 1, 2.11)

lx—x'|3 B ]x—x’|2 . |x—x/| R

has been introduced that will prove useful in solving problems. We will generally be work-
ing with continuous charge distributions in one, two, or three spatial dimensions.

1. If the charge is spread along a line in 1D with a charge per unit length of A, then the
volume element in Eq. (2.9) becomes a line charge Adl’, where dl’ is an infinitesimal
length element.

2. If the charge is spread over an area in 2D with a charge density per unit area of o, the
volume element becomes a surface charge oda’, where dd’ is a differential element of
area.

3. If the charge is spread over a volume in 3D with charge per unit volume p, the volume
element is a volume charge pd>x’, which we sometimes abbreviate as pd7’.

Thus, for continuous charge distributions in three, two, and one dimensions, respectively,
the electric field is given explicitly by

1 x—x 1 p(x) o
E =— N K = — Ra*x 2.12
1 x—x 1 o(x') 4
E = N = _dd = — Rdd 2.12
(x)2p T /G(x) ]’ da T 2 dd, (2.12b)
1 ox—x 1 AX) o
(x)lD = % )v(x ) m = % R2 Rdl y (2120)

in terms of volume densities p(x’), surface densities 6(x’), and line densities A (x'), re-
spectively.

Example 2.1 Let us determine the electric field produced by a straight line charge with
uniform charge density A. First consider the field produced at the point P of Fig. 2.3 if the
line charge is of finite length 2L. As shown in Problem 2.10, from Eq. (2.12c) the electric
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Charged line segment of length 2L used to calculate the electric field in Example 2.1.

field produced at the point P is

1 Lo A 72— xX
4w /4 242 2+
1 AL .
o 21Ey z(z2 +L2)1/2 &

(2.13)

where the compact notation of Eq. (2.10) has been used. If we identify this charge segment
with a straight wire, the electric field produced by a wire of infinite length can be obtained
by taking the limit L — oo of Eq. (2.13), which gives

1 21,

= 2.14
ey z z ( )

for the electric field produced by an infinitely long straight wire oriented along the x axis.
The electric field is perpendicular to the wire, with magnitude proportional to the inverse
of the distance from the wire.

Finally, before leaving this discussion of continuous charge distributions let us note that
a discrete set of charges also can be described by a continuous charge distribution p(x)
if the Dirac delta function §(x — X)) described in Appendix A.12 is used to pick out the
locations of each of the discrete charges g;,

p(x) =Y q:18(x—X), (2.15)
i=1

since substitution of the charge density (2.15) in Eq. (2.9) and integrating using the proper-
ties of the delta function is equivalent to the sum over contributions from discrete charges
to the electric field in Eq. (2.8).

2.4 Gauss’s Law
]

The electric field for a continuous charge distribution may be calculated from Eq. (2.9).
However, evaluating the integral in this equation isn’t always the easiest way to solve for
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Closed surface S illustrating Gauss’s law. The electric field generated by the charge g is E,
the normal vector to the surface is n, and da is an element of surface area.

the electric field. If a problem has some degree of symmetry, often another integral result
called Gauss’s law can lead to an easier solution. In Fig. 2.4 we indicate a charge g enclosed
by a surface S. The normal component of E times a surface area element da is

9 86— 9 40 (2.16)

E -nda=
nda 4rey 12 4re

where the last step used cos 8 da = r*>dQ, with dQ being the solid angle subtended by da
at the position of the charge. If the normal component of E is now integrated over the entire

surface S,

& (for g inside S)
%E ‘nda = a/ 7 (Gauss’s law), 2.17)
N 0 (for g outside S)

where §¢E -nda is called the flux through the surface S. Equation (2.17) is Gauss’s law in
integral form for a single charge. For a set of discrete charges Gauss’s law can be general-

ized to the form,
1
E-nda=— /s 2.18
¢ o 1 (2.18)

where the summation over i is restricted to charges g; that are inside the surface S. If the
charge distribution is continuous, Gauss’s law takes the form

%EmmZi/p@fm (Gauss’s law) (2.19)
N & Jv

where the integration is over the volume V contained within the surface S.* Gauss’s law
in the form of Egs. (2.17)-(2.19) may be viewed as integral formulation of the law of

4 Gauss’s law (2.19) is a consequence of (1) inverse-square forces between charges, (2) the central nature of
the force, and (3) linear superposition of charges. Newtonian gravity obeys similar conditions, so one can
construct a Gauss’s law for Newtonian gravity, where the gravitational “charge” is mass and mass density
replaces charge density. Of course there is only one sign for the gravitational charge in Newtonian gravity,
since the gravitational force is always attractive. (In the absence of dark energy, which can effectively turn

gravity repulsive on cosmological scales.)
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Examples of applying Gauss’s law to find the electric field. (a) A ball of uniformly
distributed charge with radius R, used in Example 2.2. (b) A cylinder carrying a charge
density proportional to the distance s from the cylindrical axis, used in Example 2.3.
Gauss’s law is often effective for examples like this that have a high degree of symmetry.

electrostatics. Corresponding differential forms of Gauss’s law may be obtained using the
divergence theorem of Eq. (A.33).

Divergence theorem: For a vector field defined within a volume V that is en-
closed by a surface S,

fA-nda: / V.Ad’x, (2.20)
S |4

where the left side is the surface integral of the outwardly directed normal com-
ponent of the vector A and the right side is the volume integral of the divergence
of A.

The divergence theorem (2.20) allows Eq. (2.19) to be written in the form
/<V~E—p> Bx=0.
&
1%
But this can be true generally only if the integrand vanishes, giving

V.-E= % (Gauss’s law), (2.21)

which is the differential form of Gauss’s law (2.19) for continuous charge distributions.
Thus, we have now obtained the first of Maxwell’s equations (1.1). Before proceeding,
let’s look at two examples of Gauss’s law in action [13].
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Example 2.2 Figure 2.5(a) shows a charged solid 2-sphere (a ball)® of radius R, for
which the total charge Q is assumed to be evenly distributed. What is the electric field
outside the ball? We may solve this easily using Gauss’s law in integral form. Imagine
surrounding the charged ball with a 2-sphere of radius r > R (this is called a Gaussian
surface). Applying Gauss’s law (2.18)

1
E -nda=—0.
?{ nda 80Q

Because of the spherical symmetry, E and nda point radially outward so that the scalar

product is trivial to evaluate:
?{E-nda = %\E\da,

and the magnitude |E| is constant over the surface by symmetry, so it can be pulled out of
the integral,

]{]E|da = \Eyfda = 4nr?|E|.

Combining the preceding results,

1
47rr2|E| = 7Q7
&
or finally,
1
_ 1o,
4mey r?

where 7 is a unit vector in the radial direction. Notice the well-known result that the field
external to the charge distribution is the same that would have been obtained by putting all
charge at the center of the ball.®

Example 2.3 Consider Fig. 2.5(b), where a long cylinder carries a charge density pro-
portional to the distance s’ from the axis of the cylinder, p = ks’, where k is a constant.
What is the electric field inside the cylinder? Let’s draw a Gaussian surface in the form of
a cylinder of radius s and length L, as illustrated in Fig. 2.5(b). From Eq. (2.19), Gauss’s
law for this surface is

1
E -nda=—
7{ nda SOQ,

where Q is the total charge enclosed by the Gaussian surface, which is given by integrat-
ing the charge over the volume within the Gaussian surface using cylindrical coordinates

5 A 2-sphere is hollow when displayed in 3D space, consisting only of the 2D spherical surface. Mathematically,
a “solid 2-sphere”, which includes the interior of a 2-sphere, is called a ball (an open ball if the surface points
are not included and a closed ball if they are).

6 By similar arguments applied to Newtonian gravity, one finds that for a sphere containing gravitating matter the
gravitational field external to the sphere is the same as if all mass were concentrated at the center of the sphere.
This similarity is of course because both Newtonian gravity and Coulomb’s law correspond to inverse-square
forces.
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(Appendix A.7.2) with a cylindrical volume element d7 = sdsd¢ dz

By symmetry E must point radially outward from the cylinder’s central axis, as indicated
in Fig. 2.5(b), so for the curved portion of the Gaussian cylinder

/E.nda:/ymda: \Ey/dazzmym,

while the two ends contribute zero because E is perpendicular to nda. Thus, from Gauss’s
law,

12
2nsL|E| = — = mkLs®
& 3
and the electric field is given by
1
E = —ks’8,
38 5“8

where § is a unit vector pointing radially from the central axis of the cylinder.

Quite generally, one sees from such examples that using Gauss’s theorem to determine the
electric field is a useful approach when there is a high degree of symmetry that can be
exploited to simplify the evaluation of integrals. Typically, the goal in applying Gauss’s
law is to simplify the integral on the left side of Egs. (2.18) or (2.19). Often this can be
done if we can choose a gaussian surface such that one or more of the following conditions
holds.

1. The electric field is zero over the surface.
2. The electric field is constant over the surface, by symmetry arguments.

3. The integrand E - nda reduces to the algebraic product |E | da because the vectors E and
n are parallel.

4. The integrand E - nda is zero because the vectors E and n are orthogonal.

For example, in the problems solved above the third condition was used in Example 2.2
and the third and fourth conditions were used in Example 2.3. If none of these conditions
are satisfied, Gauss’s law is still valid but there may be easier ways to determine the electric
field.
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Path for a line integral in an electric field that is generated by a charge Q located at the
origin.

2.5 The Scalar Potential

Consider a line integral between two points A and B in a field generated by a single charge
at the origin, as illustrated in Fig. 2.6. In spherical coordinates (Appendix A.7.1) the electric
field E and line element dl are

1 A A
moeri' dl =drt+rd60 +rsin6do ¢, (2.22)

where r, é, and (f) are unit vectors. Therefore, the line integral is

1 Q
/E 47178()Ar2

-0 Rp
- dmeyr R
1 (o0 0
=—=—-=. 2.23
47178() <RA RB) ( )
The integral around a closed path is then zero,
}f E-dl=0, (2.24)

since R4 = Rp in that case. Now we may invoke Stokes’ theorem [Eq. (A.29)]:

Stokes’ theorem: If A is a vector field and S is an arbitrary open surface bounded
by a closed curve C, then

/(V xA)-nda= jI{A -dl (Stokes’ theorem), (2.25)
S fo

where n is the normal to S, the line element on the curve C is dl, and the path
in the line integration is traversed in a right-hand screw sense relative to n. A
geometrical interpretation of Stokes’ theorem is given in Box 2.3.
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Geometrical Interpretation of Stokes’ Theorem

For a vector field A, Stokes’ theorem relates a surface integral of the curl vector field
V X A to a line integral around the (smooth) boundary of that surface:

7{A -dr = /(V xA)-nds = /(V xA)-ds  (Stokes’ theorem),
C N N

where S is the 2D surface enclosed by the 1D boundary C, the outward normal to
the surface is n, and the curl V x A may be expressed explicitly by
JdA, O0A JdA, OJA dA, O0A
VxA= 2% =23 —2_—)z
(8y 8z) +(8z ax )7 T\ ox dy ¢
in cartesian coordinates. The orientation of the surface n and the direction of the
integration path around the boundary curve that are illustrated in the following figure

n

dl

are related by the following right-hand rule:

Point the thumb of your right hand in the direction of a unit normal vector
near the edge of the surface S and curl your fingers; the direction that
your fingers point indicates the integration direction around C.

The physical content of Stokes’ theorem may be understood geometrically if one
divides the surface up into plaquettes:

R —
Cancel

in interior

For the darker gray plaquettes in (b) of (a) the circulating currents cancel in the
interior, leaving only the contribution from the boundary (c). Generalizing to the
whole surface, as plaquette size tends to zero all interior contributions to the surface
integral may be expected to cancel, leaving only the boundary contributions.
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This implies that
/S(VXE)'nda:ﬁE'dl:Q (2.26)
and since this must be valid for any closed path, the integrand on the left side must vanish,
VXE=0. (2.27)

Thus, we have shown that the curl of an electric field E is zero.”

Because of Eq. (2.27) and Stokes’ theorem, the line integral of the electric field around
any closed loop is zero, which implies that the line integral between points A and B in
Fig. 2.6 has the same value for all possible paths. Thus we can define a function ®(x) by

O(x) = — /ﬁ E(x)-dl, (2.28)

where € is a chosen standard reference point. The function ®(x) is called the scalar po-
tential or the electric potential. The scalar potential associated with a point charge g at the
origin is given by
1
d(r)= —— (g) , (2.29)

N dreg \r

where r is the separation between charge and point, and invoking superposition the poten-
tial generated by a collection of n charges is

1 v g
d(r)= — =, 2.30
(r) imeo & (2.30)

For a continuous charge distribution in one, two, or three spatial dimensions the potential
evaluates to

1 /

P(x) = 471:80/ ‘f(_xx)/’ a*x (3D volume charge), (2.31a)
D(x) = — o) 4y (2D surface charge) (2.31b)
= — a u .

drey | |x—x'| 8
1 A(xX
d(x) = 47180/ x (_xx)/’ dl’ (1D line charge), (2.31¢)

where p is a volume charge density, ¢ is a surface charge density, and A is a line charge
density.

2.6 The Electric Field and the Scalar Potential
|

The electric field is a special vector field because it has vanishing curl. We shall now use
this to reduce finding the electric field, which is a vector problem, to a simpler scalar

7 Note that this is true for static electric fields, but may no longer hold for time-dependent problems. For exam-
ple, see Eq. (10.9).
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problem. The potential difference between points A and B in Fig. 2.6 is given by

@(B)-@(A):—/;E.dm/;lz-dz

B o
:—/ E-dl—/ E-dl
% A

B
_ _/ E.dl (2.32)
A

Applying the fundamental theorem for gradients (A.27) to the left side gives,
B
®(B) — D(A) = / (VD)-dl, 2.33)
A

and therefore from Eqgs. (2.32) and (2.33),

B B
/(Vd))-dl:—/ E-dl. (2.34)
A A

But since Eq. (2.34) must be true for arbitrary points A and B, the integrands of the integrals
on the two sides of Eq. (2.34) must be equal and we obtain

E = Vo, (2.35)

which is a differential version of Eq. (2.28).

The electric field vector E may be obtained by taking minus the gradient of the
scalar potential ®.

In SI units force is measured in newtons and charge in coulombs, so electric fields E
have units of newtons per coulomb. Then the potential & has units of newton-meters per
coulomb, or joules per coulomb, where a joule per coulomb is defined to be a volt.

A major advantage of the potential formulation is that it is usually easier to construct the
scalar potential than the electric field, but if one knows the potential ®, the electric field
can be obtained simply by taking the gradient, as in Eq. (2.35). This is perhaps surprising
because P is a scalar with only one component, while E is a vector with three components.
The source of this seeming miracle is the set of restrictions placed on the components E by
the vanishing of the curl in Eq. (2.27), since expansion of V x E = 0 leads to the constraint
equations

OE, JE, JE, JE,  JE. OJE,

Jdy  ox dy  dz Jz  ox’ (2.36)

as you are asked to show in Problem 2.5.
Changing the arbitrary reference point & appearing in Eq. (2.28) shifts the potential by
a constant amount, implying that there is an essential ambiguity in defining &. It follows

that the potential itself has no clear physical meaning, but as long as we choose the same
reference O for all potentials,

1. differences between potentials (®(x;) — P (x;) are independent of &, and
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Moving an electrical test charge Q on a path between endpoints A and B in an electric
field generated by a static set of source charges. The work done is independent of the
path, depending only on the endpoints A and B, indicating that the electric field is
conservative. Alternatively, if the path is closed by the dashed curve from B to A, the work
done by the electric field over the closed path A to B and back to A is identically zero.

2. gradients of the potential V® are unaffected by shifting the reference point a constant
amount, since the derivative of a constant is zero.

Thus, potential differences and potential gradients have physical meaning. The selection of
the reference point & for the potential is in principle arbitrary, but the most common choice
in electrostatics is to take & to be an infinite distance away from the (assumed localized)

charges, where the potential is taken to drop to zero.?

2.7 Work and Energy for Electric Fields

A question of fundamental importance in electrostatics is illustrated in Fig. 2.7: if we have
a stationary configuration of source charges and a test charge Q is moved along some path
between two points A and B, how much work will be done on the test charge by the field
produced by the source charges?

2.7.1 Work Required to Move a Test Charge

The electrical force exerted on the charge Q is the product of Q and the electric field E
generated by the source charges, F = QF. Thus a minimal force —QF must be exerted at
each point to move the charge along the path and the total work W done is given by the
line integral

W:/ABF-dl:—Q/ABE-dl:Q[CI)(B)—CD(A)], (2.37)

8 This prescription requires more thought if a problem hypothesizes a charge distribution that extends to infinity.
In that case a different reference point ¢ must be used. We won’t worry about that here, since in real-world
problems charge distributions are typically bounded spatially.
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where Eq. (2.32) has been used. Because the work was done against an electric field, it is
independent of path. An alternative statement is that over a closed path

Therefore the electrostatic force is conservative, meaning that the work depends
only on the difference in potentials between the endpoints of the path and not on
the details of the path followed. An alternative statements is that the work done
on a closed path in a field is identically zero if the field is conservative.

If we wish to move the charge from an infinite distance away to a point B,
W = Q[®(B) — ®(=)], (2.38)
so the work done in moving a test charge from infinity to a point x = B is
W =0®(x), (2.39)

if the standard choice is made that the reference point for the potential is ®(e0) = 0,

Thus ®(x) = W /Q and the scalar potential ®(x) is the work per unit charge re-
quired to move a test charge from infinity to the position x in an electric field.
It is also the potential energy stored in the fields of the assembled charge con-
figuration that could be released by moving all the assembled charges back to
infinity.

Example 2.4 illustrates using Eq. (2.39) to calculate the total work done in assembling a
local set of charges.

Example 2.4 Let’s use Eq. (2.39) to calculate the total work done in assembling a set
of n charges g;, by bringing them from infinity to their final positions in a local assembly
of charges. The first charge costs nothing to move, since there are no assembled charges
and no electric field to fight against. Adding each additional charge will require the work
specified in Eq. (2.39) summed pairwise over contributions from all charges. Therefore the
total work required to assemble the final distribution of n charges is

LIS o X

= qi D(ri), (2.40)

where r;; is the distance between charges i and j, the restriction i # j omits infinite self-
energies of a charge interacting with itself (see the discussion in Section 1.6 of infinite self
energies of point particles), the initial factor of % is to correct for the double counting of
pairs in the double summation, and the factor in parentheses on the second line represents
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the potential ®(r;) at the position r; of charge ¢; generated by all the other charges [see
Eq. (2.30)].

Equation (2.40) represents the work required to assemble the n charges into some local
configuration. Therefore, Eq. (2.40) also represents a total (potential) energy stored in the
electric fields of the final assembly of charges, which could be released by moving all of
the charges back to infinity.

2.7.2 Energy of a Continuous Charge Distribution

Previous sections have shown how to calculate the energy of a discrete set of charges.
Let’s now address determining the energy of a continuous distribution of charge. From Eq.
(2.40) we infer that assembling a continuous volume charge requires an amount of work

W= %/pcbdf, (2.41)

where d7 is a volume element. This can be rewritten to eliminate the charge density p and
the scalar potential ® in favor of the electric field E in the following way. Use Gauss’s law
p =&V -E from Eq. (2.21) to express p in terms of E,

W= %/(V-E)d)dr, (2.42)
and integrate this by parts (see Appendix A.11) to give
W:g"<—/E-(Vq>)dr+]§cpE-da>, (2.43)
2 1% N
where da = nda. But from Eq. (2.35), V& = —E, so
W:</E d’c—i—%d)Eda,) (2.44)
2 \UJv s

where E = |E|, and the integration volume V in the first term is large enough to enclose
all charge. If we let V — oo then the second (surface) term tends to zero relative to the first
term, giving

W:%/ﬁm, (2.45)

where it is understood that the integration is over all space. The use of Eq. (2.45) is illus-
trated in Example 2.5.

Example 2.5 Let’s calculate the energy of a uniformly charged spherical shell of total
charge Q and radius R. From the solution of Problem 2.4, inside the sphere E = 0 and
outside
Q2
E=—= — EP= =

dmen 2| (4mep)>rd’
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where we work in spherical coordinates. Therefore, from Eq. (2.45),

QZ/”dr_ 1 0

- 87me

R 2  8mey R’

where all contributions to the energy have come from fields outside the sphere.

2.8 Equipotential Surfaces and Field Lines
|

The equation ®(x) = g defines a family of 2D surfaces having constant potential Py in
3D space that are called equipotential surfaces. By virtue of Eq. (2.37), it takes no work
to move charges on such equipotential surfaces. It is often useful to visualize the potential
in an electrostatics problem by displaying equipotential contours graphically. Likewise,
it is useful to visualize the electric field associated with the potential. The potential is a
scalar, having one value at a given coordinate. The electric field is a vector field; it can be
represented by an arrow at a given point, indicating a magnitude by the length (or color in
a color plot) and a direction by an orientation angle for the arrow.

2.8.1 Equipotential Contours and Vector Fields

Figure 2.8 illustrates a 2D projection of equipotential contours (the solid lines) superposed
on vectors indicating the magnitude and direction of the corresponding electric field for a
static dipole charge configuration (see Box 3.3). Note that in Fig. 2.8 the vectors represent-
ing the electric field are generally perpendicular to the potential contours where they cross.
We can see that this must be so immediately by considering an equipotential contour. From
Eq. (2.37), for any path lying entirely on an equipotential surface,

X2
E.-dl =0, (2.46)
X
which indicates either that E = 0 along the entire path, or that the direction of E is or-
thogonal to the equipotential surface at every point. Thus when any non-vanishing electric
field lies on an equipotential surface the field vector must be oriented at right angles to the
equipotential surface.

2.8.2 Electric Field Lines

Rather than drawing the full projection in 2D of the vector field, as has been done in
Fig. 2.8, it is often useful to construct electric field lines, which are continuous curves
drawn connecting points corresponding to the same magnitude of the electric field, drawn
such that a differential element of arc length on the field line dI points in the direction of
E(x) at each point; that is

dl = AE, (2.47)
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Equipotential contours (solid curves) and the electric vector field (arrows) originating in a
dipole charge distribution (see Box 3.3). For clarity, plotting of contours and vectors has
been suppressed near the two charges. Notice that the field vectors cross equipotential
contours at right angles, and must reverse from outward-going around the positive charge
to inward-going around the negative charge. To avoid clutter the equipotentials are not
labeled, but they are negative on the right side of the diagram (x < 0), as indicated by
dashed contours, and positive on the left side x > 0, as indicated by solid contours.

where A is a constant. Thus, from the discussion in Section 2.8.1, every electric field line is
locally normal to an equipotential surface,’ except at points where E = 0. The differential
equations defining the electric field lines correspond to writing out the components of Eq.
(2.47); in cartesian coordinates they take the form

de _dy _dz _
dE, dE, dE.

(2.48)

An example of electric field lines for an electric dipole charge distribution is given in
Fig. 2.9. Each field line connects points having a constant electric field strength, with the
direction of E given by the tangent to the curve at that point. Representative electric field
vectors are shown at various points. For example, two vectors are drawn on the uppermost
lobe, both of the same length since they are on the same field line, but with different
directions corresponding to tangents to the field line where they are drawn. Figure 2.10

9 Notice that this is consistent with the usual geometrical interpretation of the gradient in E = —V® being
related to a direction of steepest descent in a potential surface.
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Electric field lines for an electric dipole charge distribution with charges +¢. Notice the
convention reflected in the field lines that the electric field points away from positive
charges and toward negative charges. Some representative vectors E are shown at
several points, with length proportional to the field strength on that curve, and direction
tangent to the field line at that point.

illustrates plotting electric field lines and electric potential contours on the same graph for
an electric dipole. Figure 2.11 displays electric field lines and electric potential contours
for a charge distribution consisting of two nearby charges of the same sign.

Notice in these plots that since E has a unique direction at every spatial point, electric
field lines cannot cross (except at a null point where the field is tending to zero). The
number density of field lines passing through a differential element of an equipotential
surface is assumed to be proportional to the magnitude of E at that point. This implies that
the total number of field lines passing through a surface S is proportional to the electric
flux 9\5,

FE :/ﬁ-EdS. (2.49)
s

As you are asked to show in Problem 2.8, if the surface S is closed, charge conservation
demands that the flux through the surface must be proportional to the charge enclosed by
the surface,

T 2 (2.50)

&
which means that the net number of electric field lines crossing S is proportional to the net
charge enclosed by S. As a corollary, if no charge is enclosed in the volume V, every field
line that enters V must also leave V.



35

Superposition of Scalar Potentials

+q —q

Electric field lines (black with arrows) and equipotential contours (gray, no arrows) for an
electric dipole with charges £¢. Notice that the field lines are always locally perpendicular
to the potential contours.

2.8.3 2D Projections of 3D Physics

Two-dimensional representations of (usually 3D) electric fields and potentials can be very
useful in visualizing an electrostatics problem, but 2D projections can distort the actual
physical situation in a 3D problem. This is particularly true in interpreting the density of
field lines as indicating the local strength of the field, since projection from 3D to 2D can
give misleading information about the actual density of field lines in 3D. On the other
hand, more realistic 3D volume rendering is technically more demanding, and may present
its own problems of visual interpretation when displayed in static 2D media.

2.9 Superposition of Scalar Potentials
|

We introduced the principle of linear superposition in Section 2.3 with the hypothesis that
the forces acting on a test charge Q are the vector sum of contributions from each source
charge g,

F=F +F,+F3+... (2.51)

and since F = QF, dividing the terms in Eq. (2.51) by Q implies linearity for the electric
fields E also,

E=E,+E,+E;+... (2.52)
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/

Electric field lines (black with arrows) and equipotential contours (gray, no arrows) for two
nearby charges of the same sign +g.

Likewise, from the preceding definitions the scalar potential  may be expected to obey
linear superposition,

=P +Dy+P3+..., (2.53)

meaning that the potential at a point x is the sum of the potentials due to all source charges
considered separately. However, there is a fundamental difference between linear superpo-
sition for potentials and linear superposition for forces and electric fields.

Linear superposition of electrostatic forces and electric fields in Egs. (2.51) and
(2.52) corresponds to vector sums, but linear superposition of potentials in Eq.
(2.53) entails an ordinary arithmetic sum over scalar quantities ®;, which is typ-
ically easier to deal with than a sum over vectors.

Examples 2.6 and 2.7 illustrate calculating the potential ® of a charge distribution and then
taking its gradient to give the electric field.

Example 2.6 Let’s calculate the potential and corresponding electric field for the elec-
tric dipole charge configuration displayed in Fig. 2.12(a) at the point P, and also also ap-
proximate the result for a very large distance x > a along the x axis from the charges. At
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(a) An electric dipole charge configuration used in Example 2.6. (b) Uniformly charged disk
of radius R and surface charge density ¢ used in Example 2.7.

the point P the potential P is the sum of contributions from the two charges,

1 q —q 1 qa
D= = .
4me <x—a+x+a) 2mep <x2—a2>

The electric field is then oriented along the x axis with magnitude given by minus the

gradient of the potential

e vo 40 L[ ]

dx  7mey | (2 —a2)?

The scalar potential and electric field may be approximated as

1 raq do 1 saq
oo () et ()
2mey \ x2 * dx 7y \x3

if x> a, so that x2 — a? ~ x2.

Example 2.7 Let’s calculate the electric field at the point P along the x axis for the
charged disk of radius R and uniform surface charge density ¢ illustrated in Fig. 2.12(b).
For a ring of radius r and width dr the charge element at a distance (> +x2)'/? from the
point P is dq = (2nrdr)c. Then

1 ordr
db=— | ——
28 ( Va4 r? )
and since the potential obeys the superposition principle the total & at the point P is ob-
tained by integration over the disk,

: R ] ordr
d):/dcp:/ — ()
0 28 \ Vx2+r?
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Then the electric field at P is minus the gradient of the potential,

p_ d®_o (o
Todx 2g VX24+R?)’

where by symmetry E has only x components.

For relatively simple charge distributions like those in Examples 2.6 and 2.7, the potentials
can be worked out easily and then the electric field is determined by taking the gradient of
the potential. However, more complex situations may require more powerful and system-
atic ways to determine potentials. In the next section we show that the problem of finding
potentials can be cast in the form of solving a second-order partial differential equation.
Although it can become mathematically involved, this approach may be preferred over the
ones we have examined so far, particularly for problems with complicated boundary con-
ditions, because it provides a systematic procedure that may be applied to a broad range of
complex problems.

2.10 The Poisson and Laplace Equations
|

We have already found in Eq. (2.27) that the curl V x E of the electric field vanishes. It is
of interest then to ask, what is the divergence V - E of the electric field? From Eq. (2.35),

V.E=V.(—V®)= -V,

and comparing this result with Gauss’s law (2.21) gives Poisson’s equation,

Vi = _% (Poisson’s equation), (2.54)

where the Laplacian operator V? in cartesian coordinates is given by [see Eq. (A.19)]'°
02 2> 9

Vie b

ox? * dy? + 072’

which operates on a scalar to return a scalar. We will need the Laplacian operator at times

(2.55)

in other coordinate systems, so let’s go ahead and write it in spherical coordinates (r,0,¢),

2 19 (pd\, L 9 (. n9, L 9
vi= 2ar\" or + r2sinf 00 Smea@ * r2sin? 0 092’ (2.56)
[see Eq. (A.50)], and in cylindrical coordinates (p, ¢,z),
10 o 1 92 9?2
2_ L+t 9 (9 -~ 9
V=23 (pap>+p28¢2+azz‘ (2.57)

10" Some author use the symbol A instead of V? for the Laplacian operator. The Poisson and Laplace equations are
partial differential equations (PDEs), which are typically more difficult to deal with than ordinary differential
equations (ODEs). We shall address methods of solution for the Poisson and Laplace equations shortly.
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[see Eq. (A.57)].
For regions where there is no charge density p = 0 and Poisson’s equation reduces to
Laplace’s equation,

VZd =0 (Laplace’s equation). (2.58)

By construction, solving Poisson’s equation (or Laplace’s equation if p = 0) is equivalent
physically to solving for the potential ® using Eq. (2.28), and once & has been determined
by either means the electric field can be calculated from Eq. (2.35).

An important property of Laplace’s equation (2.58) is that it is linear: if each of
a set of potentials {®;,D,, P3,...,P,} satisfy (2.58), then a linear combination
of them,

b=a1P|+ayPr +a3P3,+...+ Dy,

with arbitrary constants a; is also a solution.

Example 2.8 Earlier it was asserted that Eq. (2.31a) gives the scalar potential ®(x) for
a 3D continuous charge distribution, which means that ®(x) should be a solution of the 3D
Poisson equation (2.54). Let’s check that it is. From Eq. (2.31a),

dmey | |x—X| ’

and applying the Laplacian operator to both sides of this equation gives

1 1
qu) - lv2 3 /'
) 4m/p(x) (‘x_x,,>dx

Evaluating the right side is potentially tricky as the integrand is singular as x’ — x, but this
may be handled simply using that from Eq. (A.75) the Laplacian of |x —x'|~! is propor-
tional to a Dirac delta function.

v2( _1x/|) — _4nd(x—¥),

|x

giving immediately

Vio(x) = _:()/P(x/)5(x—x’)d3 _ _Pg((’)‘{

which is Poisson’s equation (2.54).

A more involved solution for Example 2.8 that doesn’t invoke the Dirac 6-function may be
found in Ch. 1 of Jackson [19].
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Background and Further Reading

Introductions to the material of this chapter may be found in Corson and Lorrain [7], Grif-
fiths [13], Kamberaj [21], Lorrain and Corson [26], and Purcell and Morin [32]. More ad-
vanced treatments may be found in Jackson [19], Garg [11], Chaichian et al [5], Zangwill
[42], and Wald [40].
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Problems

2.1 Find the electric field produced by an infinite plane that carries a uniform surface

charge density ©.
2.2 Two infinite parallel planes have equal but opposite charge densities +0.

+0 -0

Find the electric fields in regions I, II, and II1.
Prove that an isolated good conductor in electrostatic equilibrium (no net motion of

2.3
charge carriers) has the following properties.

1. The interior electric field is zero.

Any excess charge resides on the surface.
The electric field just outside a charged conductor is perpendicular to the surface

with a magnitude o /&y, where o is the surface charge density at that point.
If the conductor is of irregular shape, the surface charge density o is greatest
where the surface has the largest local curvature (smallest radius of curvature).

Hint: Gauss’s law will be extremely useful. *#*
A thin spherical shell of radius a has a total charge of Q distributed uniformly over

24
its surface, as illustrated in the following figure.

S Gaussian
surfaces

Find the electric field inside and outside the spherical shell using the Gaussian sur-
faces indicated by dashed circles.

(a) Use Stokes’ theorem to prove that an electric field is conservative by examining
the work done on a test charge moved over a closed path. (b) Prove that the compo-
nents of an electric field E satisfy the constraints imposed by Eq. (2.36).

2.5
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2.6

2.7

2.8

29

2.10

2.11

Two charge distributions pa (x) and pg(x) are related by a change of scale: pg(ax) =
pa(x), where « is a constant. What is the relationship of the scalar potentials and the
electric fields for these two charge distributions?

Consider a 1D line segment of length 2L, shown in the following figure,

P(z,p)

r
+ p ~

-L +L

which carries a uniform charge density per unit length of A. What is the electric
potential at an arbitrary point P(z,p)? ***

Use Gauss’s law to show that if an equipotential contour corresponds to a closed sur-
face S, the electric flux (2.49) through the surface must satisfy .#g = Qv /&y, where
Qv is the charge contained within the volume V bounded by the surface S.

A uniform electric field E of strength 4 x 10* Vm~! is directed along the positive
x-axis. A proton (Q = 1.6 x 1071° C) is released from rest at point A and is found to
undergo a displacement of d = 0.5 m in the direction of E to point B. (a) What is the
difference in electrical potential between points A and B? (b) How much does the
potential energy of the proton change over this displacement?

Consider the electric dipole configuration

P(x,z)

Y
x

where the distance to the point P(x,z) is much larger than the separation of the two
charges. What is the electric potential @ and what are the components of the electric
field E, and E; evaluated at P(x,z), expressed as functions of the distance r = |r| and
the angle 0?

(a) Show that the general formula for the electric field produced by an infinite line
charge of uniform density A at a perpendicular distance z from the line charge is

A
21z

A

<,

by finding the electric field at the point P in the following figure,
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P(x)
Line ,

charge \ z x-x
-L

T x L

> X

produced by a line charge A of length 2L, and then taking the limit L — oo. (b) Show
that in the limit z > L, the electric field looks like that of a point charge of magnitude
2AL. *x*
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In Ch. 2 we introduced the Poisson equation (2.54), with solutions corresponding to scalar
potentials ®(x) in the presence of a charge density, and the Laplace equation (2.58), with
solutions corresponding to scalar potentials ®(x) in regions having no charge density, with
the electric field then obtained in either case by taking a gradient of the potential. Those
solutions result from solving the corresponding partial differential equations subject to
boundary conditions, which can be a highly nontrivial undertaking. This chapter addresses
the nature of the solutions of the Poisson and Laplace equations, and some means of obtain-
ing those solutions without necessarily solving the differential equations directly. However,
many problems are sufficiently complicated that the simplest approach is to grasp the nettle
and solve the Poisson and Laplace partial differential equations directly. We shall consider
such direct solutions in Ch. 4.

3.1 Electric Fields and Surface Charge Layers
I

Let us now demonstrate that an electric field necessarily exhibits a discontinuity if a surface
charge layer is crossed. Consider Fig. 3.1, which shows a small piece of a surface having
a surface charge density 6. We place a very thin rectangular Gaussian box of height € that
extends vertically just below and just above the surface. From Gauss’s law,

%E-da:—:
S &

where Q = 0A is the enclosed charge and da = na. In the limit that € — 0 the sides of the
box contribute no flux. The electric fields arising from the surface charge are perpendicular
to the local plane and parallel to n, so

}{E-dazE/da:EA
S

oA
807

@B Discontinuous normal of E at surface of a conductor. The surface charge density is ¢ and
the rectangular Gaussian surface has a top area of A and height of €.

44
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and therefore
c
E=—n 3.1
6™ 3.1
where 7 is a unit vector perpendicular to the surface and pointing away from it in Fig. 3.1.
Then the difference between electric fields above and below the plane is

o,
Eabove - Ebelow = —n, (32)
&

An electric field is necessarily discontinuous at a boundary charge layer: it
points in the same direction on either side of the boundary, but its magnitude
changes by o /&, when the boundary is crossed.

On the other hand, the scalar potential is continuous across the boundary, since if A is a
point just below the surface and B is a point just above it,

B
qDabove - quelow = _/A E. d17 (33)

which tends to zero as the distance between A and B is decreased. The gradient of ®
and E are related by V& = —E, so the scalar potential is continuous but V& inherits the
discontinuity in E at the boundary,

o,
VO,00e — V®peiow = —— 1. (3.4)
&
This can also be rewritten as

acI)above a":I)below O 0P B

on on g on

Vo a, 3.5)

where d®/dn is the normal derivative (directional derivative evaluated in a direction per-
pendicular to the surface). These boundary conditions are valid only just above and just
below the surface, so the above equations are valid only in the limit that the surface in
Fig. 3.1 is approached very closely from the top or bottom.

3.2 Properties of Poisson and Laplace Solutions
|

Since the Poisson or Laplace equations can be difficult to solve with appropriate boundary
conditions for many real-world problems, it is useful to catalog those features of the solu-
tions that are generic. Let us consider one-dimensional equations first before tackling 2D
and 3D versions.
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3.2.1 The Laplace Equation in 1D

Laplace’s equation in one dimension is a function of a single variable, which we choose to
be x,
9P d*®
Ve=0 — —=5=0 — — =0, 3.6
dx? dx? (3-6)
the last step indicates explicitly that the usual partial differential equation (PDE) reduces
to an ordinary differential equation (ODE), if there is only one variable. The ODE (3.6)

has a general solution
®(x) =ax+0b, (3.7)

which graphs as a straight line parameterized by the constants a and b (there are two pa-
rameters because it is a solution to a second-order ordinary differential equation). The
values of the parameters are determined by imposing boundary conditions. Two bound-
ary conditions are required, since there are two undetermined parameters. In this example,
the boundary conditions could consist of specifying ®(x) at two different values of x. The
boundary conditions in actual applications reflect the detailed physics of the system being
modeled by Eq. (3.6), and can be considerably more involved than this simple example.
This solution of the 1D Laplace equation has two unique features (which will carry over in
suitable form to 2D and 3D).

1. A solution ®(x) is an average of ®(x — c) and P(x+ ¢),

B (x) = % [@(x+ )+ D(x—c)], (3.8)

for arbitrary c.
2. There can be no local maxima or minima for the solution as a function of the parameter
x, which is a corollary of the first point.

This latter point is sometimes called Earnshaw’s theorem, which may be viewed as the
mean value theorem applied to electrostatics.! An alternative statement of Point 2 is that
the average of the scalar potential @ over any sphere that lies entirely in a charge-free
region is equal to the value of the potential at the center of the sphere (see Problem 4.2).
Point 2 implies that maxima or minima of a 1D Laplace solution can occur only at the
endpoints of the plot, since if there were a local maximum or minimum of & at some
value other of x not an endpoint, it could not be the average of points on either side of it,
contradicting the requirement of Eq. (3.8). Illustrations of this absence of local maxima or
minima will be given later in Figs. 4.2 and 4.4 for 2D Laplace solutions. One implication of

U Mean Value Theorem (MVT): For a continuous and differentiable function, the average rate of change over a
closed interval is equal to the instantaneous rate of change at some point in the interval. An illustrative example
of applying the MVT concerns detection of automobile speeds with police radar. Suppose the speed limit on
a long stretch of road to be 60 miles per hour (MPH). A car is measured by radar at Point A to have a speed
of 55 MPH, and a half hour later and 40 miles down the road at Point B the same car is measured to have a
speed of 58 MPH. For both local measurements at A and B the car was traveling below the speed limit of 60
MPH, but globally the average speed between A and B was 40 miles/0.5 hours = 80 MPH. By the MVT, it is
necessarily true that at some point between A and B the car had a speed of exactly 80 MPH, which exceeds
the speed limit by 20 MPH.
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da

/o
Py)

\

X

Averaging ® over a sphere of radius R with a single point charge ¢ lying on the z-axis,
external to the sphere and a distance r from its center (used in Example 3.1).

Earnshaw’s theorem is that no configuration of electrical charges can be held in equilibrium
by purely electrostatic forces, because there can be no local minima in energy (which varies
as the square of the electric field).

3.2.2 2D and 3D Laplace Equations

Let us now move to 2D and 3D versions of Laplace’s equation, where it is necessary to
solve partial differential equations that take the form
*® I’ ’®  I*® 0’
dx dy dx dy 9z
in cartesian coordinates. This introduces a higher level of difficulty than for the 1D case
because solution of PDE’s with boundary conditions are typically more complex than so-

Iution of ODEs with boundary conditions. We will illustrate for 3D. The solutions of the
Laplace and Poisson equations have two unique features that generalize those found in 1D.

1. The solution ®(x) at a point x is an average of values over a sphere centered at x.

1
P(x) = W%dea, (3.10)

where the integral is over the surface of a sphere of radius R centered at x.
2. Because of Point 1, the solution cannot have local minima or maxima, so extrema can
occur only on the boundaries.

(See illustrations of Point 2 in Figs. 4.2 and 4.4.)

Example 3.1 Let’s check Point 1 for a single point charge Q outside a sphere that is a
distance r from the center of the sphere, as illustrated in Fig. 3.2. From this figure the law
of cosines gives for the distance d from the charge Q to the patch da,

d*> =r* +R*> —2rRcos 6.
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At a single point on the surface of the sphere the potential is (see Fig. 3.2),
1 0 1 0
- 4mey d- 4mey /2 + R2 —2rRcosO’
and from Eq. (3.10) the average over the sphere is

1
Dy = 47rRZ47gso (r*+R*—2rRcos )" V/2R*sin0 dO d¢
0

_ [ 1/2|"
_47r802rR(r + R —2rRcos0) o

0 1 1 ¢
= —— R)—(r—R)]=—-=
Tne Rl R~ (= R) ,
which is the potential that would be produced by placing Q at the center of the sphere (see
Eq. (2.29)).

3.3 Uniqueness Theorems
|

Use of the Poisson or Laplace equations to determine the potential ® requires the solu-
tion of partial differential equations with boundary conditions. A simple example of such a
problem is illustrated in Fig. 3.3, where the task is to solve for the scalar potential in some
volume V bounded by a surface S with parts held at constant potentials. For partial differ-
ential equations it is often not immediately obvious what constitutes appropriate boundary
conditions (meaning that they allow a solution and that it is physically well-behaved). The
proof that a given set of boundary conditions fits the bill is called a uniqueness theorem.
Two categories of boundary conditions are most common in electrostatics problems.>

1. Dirichlet boundary conditions correspond to specification the potential on a closed sur-
face.

2. Neumann boundary conditions correspond to specification of the electric field at every
point on the surface (which is equivalent to specifying the normal derivative of the
potential, or the surface charge density, everywhere the surface).

This leads to two uniqueness theorems.

2 From a laboratory perspective, the Dirichlet criteria are typically the simplest and most natural way to set
boundary conditions. For example, in the lab one often has conductors connected to batteries, which maintain
a fixed finite potential on the conductor, or connected to ground, which corresponds effectively to maintaining
@ = (. But there may be other situations in which we do not know the potential on the boundaries, but we do
know the total charge on each bounding surface. Then Neumann boundary conditions become more natural.
Practically, Neumann boundary conditions are seldom natural when only perfect conductors and dielectric
matter are present; they can arise in applications such as the theory of waveguides or when steady currents
flow through an ohmic medium [42]. As will be mentioned later, in principle mixed conditions can result if
Dirichlet constraints are applied to parts of a boundary and Neumann constraints to other parts, but that is
typically mathematically complex. Hence we shall emphasize Dirichlet boundary conditions when examples
are needed in our discussion.
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Generic example of an electrostatics problem formulated in a 3D volume V that is bounded
by a 2D surface S. In this case the (finite) volume V is surrounded by a rectangular
conducting box S with boundary conditions corresponding to five of the six conducting box
faces held at zero potential, @ = 0, and one face at a finite potential, & = ®,. Since the
potential is being specified on the bounding surface S, this is an example of Dirichlet
boundary conditions. The problem would typically be to solve for the electrostatic potential
®(x,y,z) in the volume V, subject to the boundary conditions on S. If the charge density
p(x,y,z) is zero in the volume V, this would correspond to solving the Laplace equation,
subject to the boundary conditions.

Uniqueness Theorem I: The solution of Poisson’s or Laplace’s equations in
some volume V is uniquely determined if @ is specified everywhere on the
boundary surface S of the volume V.

The simplest way to set boundary conditions is to specify the value of the scalar field ® on
all surfaces surrounding the region (which corresponds to Dirichlet boundary conditions).
Then the first uniqueness theorem applies. However, in some situations we may not know
the potential at the boundaries but we do know the total charge on conducting surfaces.
This permits formulation of a second uniqueness theorem.

Uniqueness Theorem II: If a volume V is surrounded by conductors of having
charge densities p, the electric field is uniquely determined if the total charge on
each conductor is specified.

Thus the second uniqueness theorem is appropriate for Neumann boundary conditions. Let
us now turn to proof and a deeper look at these uniqueness theorems.

3.3.1 Uniqueness Theorems by Green’s Methods

From a formal point of view, the solution of the Laplace or Poisson equation in a volume
V bounded by a surface S with either Dirichlet or Neumann boundary conditions on S
(for example, Fig. 3.3) can be obtained using Green function methods [19]. These may be
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derived beginning with the divergence theorem,
fA -nda = / V-Ad’x (Divergence theorem), (3.11)
S 14

which is valid for any well-behaved vector field A in a volume V bounded by the closed
surface S. Let A = ¢ Vy where ¢ and y are arbitrary scalar fields. Then

V- (9Vy) = 9Viy+Ve.-Vy (3.12)
oVy -n= ¢a—w, (3.13)
on

where d/dn is the normal derivative at the surface, directed from inside to outside the
volume V. Substitution of Eqgs. (3.12) and (3.13) into the divergence theorem (3.11) then
gives Green’s first identity

/ (OV2y+Vo -Vy)d’x = f ‘?;”;da (Green’s first identity). (3.14)
\%4 S

If we then subtract from Eq. (3.14) the same expression but with ¢ and y interchanged,
the V¢ - Vy terms cancel, giving Green’s theorem (also termed Green'’s second identity)

/(¢V2w—wV2¢)d3x:7{ [(ban—q/gﬂ da  (Green’s theorem).  (3.15)
\%4 S

Let us now choose a particular function for v,

where x is the observation point and x’ is the integration variable, set ¢ equal to the scalar
potential ¢ = P, use Poisson’s equation

Vip— P
&

and use that from Eq. (A.75)

% <11€> — 4nS(x—¥),

so that Eq. (3.15) becomes

, N R B o (1\ 1@
/‘/[—47td>(x)6(x—x)+80Rp(x)]d _é[cbarl,(R)—Ran,da} (3.16)

Then, if x lies within the volume V/, this becomes

_ b pw)3,1%‘1ap_a1 /
q>(x)_4ﬂ80/V gt ke % (&) |4 G

Notice two important implications of this result.
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1. If the surface S is at infinity and the electric field on S falls off faster than R~!, the
surface term in Eq. (3.17) vanishes and we recover

q)(x> 1 / p(x,) d3xl

" 4ng |x — x| ’

which is the usual result of Eq. (2.31a),
2. In the second (surface) term both the the scalar potential ® and the normal derivative of
the scalar potential d®/dn’ appear.

e The first is associated with Dirichlet boundary conditions and
e the second with Neumann boundary conditions.

Thus Eq. (3.17) is overdetermined because it isn’t permitted to impose both types of bound-
ary conditions on the same closed surface.® Since it is overdetermined, Eq. (3.17) is not a
valid solution. In Section 3.4 we shall address how to correct this deficiency.

3.3.2 Proof of Uniqueness

Let us now demonstrate explicitly that the use of either (but not both) Dirichlet or Neu-
mann boundary conditions defines a unique potential problem, following the presentation
in Jackson [19]. Assume the contrary proposition that the solution is not unique and that
there are two potentials, ®; and &, that satisfy the Laplace equation with the same bound-
ary conditions. Let the difference between the two hypothesized solutions be defined by
U = &, — ®;. Then by Laplace

VU = V2@, — V2P, =0
inside the volume V, while on the boundary § either

1. U = 0 (Dirichlet boundary conditions) or
2. dU/dn =0 (Neumann boundary conditions).

Setting ¢ = y = U and applying Green’s first identity (3.14) gives
' U
/(UV2U+VU~VU)d3x:}£U—da. (3.18)
1% S

For either Dirichlet or Neumann of boundary conditions the surface integral on the right
vanishes, as does the first term in the volume integral on the left, and this reduces to

/|VU|2d3x:0, (3.19)
\%4

which implies that U is constant inside V, since VU = 0. For Dirichlet boundary conditions
U =0 on S (the two purported solutions must be equal on the boundary since they are
assumed to have the same boundary conditions). Furthermore, solutions of the Laplace or
Poisson equation must have any extrema on the boundaries (see Sections 3.2.1 and 3.2.2),

3 Mathematically, an overdetermined system effectively has more equation constraints than unknowns. Such a
system is typically inconsistent (no set of values for parameters satisfies all equations), and contradictory (its
equations can be manipulated to obtain different incompatible results).
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so since U = 0 on the boundary, U is also zero inside V, implying that ®; = &, and the
solution is unique. Likewise, for Neumann boundary conditions the solution is unique, up
to an arbitrary additive constant. For simplicity this uniqueness proof was for the Laplace
equation, but a similar proof of uniqueness follows for the Poisson equation (see Problem
3.9).

Thus we have shown that for either Dirichlet or Neumann boundary conditions
the solution of the Laplace equation is unique.

By similar proofs the solution is unique if the closed surface S has mixed boundary con-
ditions (part with Dirichlet boundary conditions and part with Neumann boundary condi-
tions).* However, since Dirichlet and Neumann boundary conditions each define a unique
solution, imposing both Dirichlet and Neumann conditions on the same boundary surface
will overdetermine the system and no reliable solution will exist. Let us conclude this
section by summarizing some general statements about Dirichlet and Neumann boundary
conditions in electrostatics problems gleaned from the preceding discussion.

1. One can specify either Dirichlet or Neumann constraints at each point on a boundary,
but not both. If both are specified the system is overdetermined.

2. Itis legitimate to specify parts of a boundary using Dirichlet conditions and other parts
using Neumann conditions (as long as Dirichlet and Neumann conditions don’t overlap
on any part of the boundary).

3. The uniqueness property means that a solution obtained by any method is the correct
solution, if it satisfies the equations and implements the correct boundary conditions.

Much of the uniqueness of solutions for the Poisson and Laplace equations follows the
Helmholtz Theorem, which is described in Box 3.1.

3.4 Boundary-Value Problems by Green Functions
|

In obtaining the result of Eq. (3.17) (recall: it is not a valid solution because the boundary
conditions are overdetermined) we chose the function y to be 1/|x —x’

, which satisfies

1

v? = 4183 (x— X)), (3.20)
jx — x|

where V% is the Laplace operator V2 acting on x’ rather than x. The function 1/|x —x/| is

a specific example of a class of functions called Green functions that satisfy Eq. (3.20). A

Green function is a solution to an inhomogeneous differential equation with a §-function

4 Although non-overlapping mixed boundary conditions are legitimate, they can be difficult to deal with relative
to problems with a single type of boundary condition. An example of solving a problem using mixed boundary
conditions may be found in Section 3.13 of Ref. [19].
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The Helmholtz Theorem

Let F(r) be any continuous vector field with continuous first partial derivatives.
Then F(r) can be uniquely expressed in terms of the negative gradient of a scalar
potential ®(r) and the curl of a vector potential A(r),

F(r)=-V®(r)+V xA(r).

This can also be written as the Helmholtz decomposition,
F(r)=F(r)+F+(r),

where L denotes a longitudinal component and T a transverse component of a
vector field. The theorem is sometimes paraphrased as a uniqueness statement:

A vector field with its curl and divergence specified everywhere is
uniquely determined, provided that the sources vanish at infinity, and that

the field vanishes at infinity at least as fast as 2.

EXAMPLE: 1t isn’t a coincidence that the Maxwell equations (1.1) in the
absence of a magnetic field B satisfy the electrostatic equations

VxE(x)=0 V-E(x):w,
&
insuring by the Helmholtz theorem that the electric field E (x) is uniquely
defined at all points because its curl and divergence are defined at all
points.

We will have more to say about this in later discussion of gauge invariance and
transverse and longitudinal components of the electromagnetic field.

source term.” It provides a convenient method for solving more complicated inhomogenous
differential equations through superposition, because general solutions for inhomogeneous
differential equations can be approximated by a superposition of d-functions evaluated at
different spacetime points. See the example of computing a Green function for a driven
harmonic oscillator in Box 3.2, and the evaluation of the retarded Green function for elec-
tromagnetic wave propagation in Section 11.4.

Generally a Green function G(x,x’) satisfies

V?G(x,x') = —4n8(x—x) (3.21)

3 An inhomogeneous differential equation is one with a function on its right side, as opposed to a homogeneous
differential equation, which has a zero on its right side. Green functions are applied to classical electromag-
netism in the present discussion; they also find extensive use in other areas of mathematical physics such as
quantum field theory, but that is a topic for another day.
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Green Function for a Driven Harmonic Oscillator

Before diving into the complexities of Green functions applied to electromagnetism,
it is useful to see the method in action for a more transparent problem. We may
illustrate by finding a solution for the mechanical problem of a 1D driven harmonic
oscillator illustrated in the following figure.

Fs —> f(t)
—\NV\VV\WWNVY—— m
—> 4

X

For driving force f(t), spring force Fy = —m@(x, and drag force Fy = —2myx,

d> d f() , ,
(W 4_29/E 4 w()) x(t) = o (Equation of motion).

First consider e 5
(W +2y§ + wg) G(t,t')=8(t—1),

where G(z,t') is a Green function that describes an oscillator subject to a §-function
driving force. The solution of this equation is (see Problem 3.8),

- f)
x(t) = G(t,t")—=drt’,
0=[ el
The Green function method assumes that f(z) can be decomposed into a super-
position of d-function pulses centered at different times. One way to find the Green
function is by Fourier transforms (Section 11.4). The Fourier transform of G(z,1') is

oo

G((o,t’)=/ e G(t,t)dt.

Applying the Fourier transform to both sides of the Green function equation gives

(—0* —2iyo+ ;) G(o,t') = / 81 —1') = e
and thus,

it
e

Gle,t) =—grr 2iyo — o

The inverse transform is

* 4 ) * 4 —io(t—t")
Gt,1') = / e G(w,) = - / e

e 2T 2 (0 — 0, ) (00— )’

where @. = —iy=+ (@ —¥?)'/?. There are two poles in the negative complex plane.
An integration contour may be closed in the upper half-plane for # < ¢’ (enclosing
no poles) and the lower half-plane for ¢t > ¢ (enclosing both poles), giving solutions

(@3 =) sin[(@3—¥)""(—1)]  (¥<a),
(P—a}) Psinh[(P-a}) "t —1)] (r> ),

where @ is the unit step function.

G(t,!) =0t —1)e ") x {
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where we define

G(x,x') = +F(x,x'), (3.22)

b
[ — x|
where F(x,x’) satisfies the Laplace equation inside the volume V,

V?F(x,x) =0. (3.23)

The first term on the right side of Eq. (3.22) is the simplest Green function and is called the
Green function of free space (physically it gives the response at a point x to a unit charge
placed at x'),

1

Go(x,x/) = W

(3.24)
Recall that Eq. (3.17) was derived by substituting Go(x,x’) into Green’s theorem (3.15),
but we concluded that Eq. (3.17) is not a valid solution because it mixes Dirichlet and
Neumann boundary terms in the surface integral. The additional term F(x,x’) in the gen-
eralized Green function (3.22) raises the possibility that if we substitute Eq. (3.22) into
Green'’s theorem, the function F(x,x’) can be chosen to eliminate from the resulting sur-
face integral either the Dirichlet or the Neumann terms, thus leaving a result with consistent
boundary conditions.

Indeed, substitution of ¢ = ® and ¥ = G(x,x’) into Green’s theorem (3.15) and use of
Eq. (3.21) generalizes Eq. (3.17) to

3.7
47r£0/p Gl x)d'x

| 9o, 9G(xx)]
+Hf [G( X) 5 o) ) ad (3.25)

Now the freedom to choose F(x,x’) in the definition (3.22) of the Green function means
that we can make the surface integral in Eq. (3.25) depend on a specific type of boundary
condition.

1. If Dirichlet boundary conditions are desired, we may require that

G(x,x¥)=0  (Dirichlet) (3.26)

for x’ on S. Then the first term in the surface integral of Eq. (3.25) vanishes and the solution
with Dirichlet boundary conditions is

3./ i% / aG(x7x,) !
4n£0/p G(x,x)d"x e A d)(x)ian, dd'. (3.27)

2. If instead Neumann boundary conditions are desired, the obvious choice dG(x,x')/dn’ =
0 for x’ on S makes the second term in the surface integral of Eq. (3.25) vanish. But appli-
cation of Gauss’s theorem to Eq. (3.21) indicates that

< w da/ = —47[,
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implying that the simplest allowable boundary condition is

dG(x,x') an

—ow =-5 (Neumann), (3.28)
for x' on S, where X is the total area of the bounding surface S.° Then the solution with
Neumann boundary conditions is

— 1 / N3,/ i aj /
D(x) = (P)s+ e, /Vp(x)G(x,x)d X+ o Gdd, (3.29)

where () is the average of the potential over the entire surface.

Thus, we have shown formally in Egs. (3.26) and (3.28) how to determine the
scalar potential by imposing consistent boundary conditions in an electrostatic
boundary-value problem.

The Green functions G(x,x’) satisfy the rather simple boundary conditions (3.26) or (3.28).
Nevertheless, they may be difficult to determine in many cases because of the dependence
on the shape of the surface S.

3.5 The Method of Images

Various tricks and clever algorithms have been devised to find solutions for the Poisson
or Laplace equations without actually solving the differential equations themselves. These
methods are generally applicable when certain special features are present in a problem,
and can often lead to much easier solutions than solving the relevant differential equation
with boundary conditions. One such approach is the method of images, where the actual
Poisson or Laplace problem is replaced with a different one (the analog problem) that is
easier to solve, but that is tailored to have boundary conditions equivalent to those of the
actual problem. Then, since the analog problem has the same boundary conditions and
is a solution of the Laplace or Poisson equation just as the actual problem, Uniqueness
Theorem I or 1II given in Section 3.3 guarantees that the solution of the analog problem is
also the solution of the original problem.

Let us illustrate this approach by solving a simple electrostatics problem using the image
method. In Fig. 3.4(a) we consider a charge g placed at a distance d above an infinite
conducting plane that is grounded (held at the potential & = 0). What is the potential in
the region z > 07 The presence of the charge will polarize the conducting plane, so the
potential will have a part associated with the charge ¢ and a part generated by the polarized
infinite conducting plane. How can the field in the region above the conducting plane be

6 A typical Neumann problem has a volume V bounded by two surfaces, one closed and finite, and the other
at infinity [19]. Thus the surface area ¥ is infinite, the term (®)g in Eq. (3.29) vanishes, and the right side
of the boundary condition (3.28) is zero. Then both the Dirichlet boundary condition Eq. (3.26) and and the
Neumann boundary condition Eq. (3.28) become homogeneous (zeros on the right side of the equations).
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(a) Charge g a distance d above an infinite, grounded, conducting plane at zero potential.
(b) An analogous image-charge configuration with the charge —g on the negative z axis,
and no infinite conducting plane.

determined when the distribution of the polarized charge isn’t known beforehand? One
way is to solve Poisson’s equation for z > 0 with the boundary conditions,

1. & =0 at z =0, since the conducting plane is grounded, and
2. ® — 0 at very large distances from the charge.

But before rushing off to try to solve the Poisson equation with these boundary conditions,
recall Uniqueness Theorem I from Section 3.3, which indicates that there can be only one
independent solution of the Poisson equation with precisely these boundary conditions.
Thus, if we can find such a solution by any means (including guessing!), it must be correct.

This motivates us to consider the completely different problem illustrated in Fig. 3.4(b).
This problem has the original charge ¢ at a distance d above the origin, but also has an
additional charge —q at a distance d below the origin (this is called an image charge, and
the conducting plane of the original problem has been removed. The problem in Fig. 3.4(b)
is simple compared with that of Fig. 3.4(a) and can be solved easily using Coulomb’s
law. For an arbitrary point P(x,y,z) at z > 0, the distances from P to the two charges are,
respectively,

=R R E-d)? =Rt (),

and the potential at the point P(x,y,z) generated by the two charges is

®(x,y,2) R <q _ q>

dmeg \ry 1

1 q q
- - . 3.30
amey <\/x2+y2+(z—d)2 \/x2+y2+(z+d)2> S

Now we notice that the boundary conditions are the same for the two problems: in the
analog problem there is a single charge ¢ in the region z > 0 (which is where we seek a
solution), and from Eq. (3.30),

1. the potential @ is equal to zero in the x —y plane, and
2. at large distances from the charges, ® — O,
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which are precisely the boundary conditions for the original problem in Fig. 3.4(a). To be
sure there is an extra charge —g in the z < 0 region for the analog problem, but that is
irrelevant because we restricted the solution to the region z > 0 in the original problem.
Thus, we conclude from Uniqueness Theorem I that the solution of our original problem in
Fig. 3.4(a) is given by Eq. (3.30), which is the solution of the much simpler analog problem
shown in Fig. 3.4(b). This approach can be a powerful one, but it is useful only if we can
conjure a solvable analog problem that has the same boundary conditions as the original
problem.

In using the method of images the image charges must be placed in a region that
is not in the domain of the original problem. In this example we accomplished
that by putting the image charge in the region z < 0, but required a solution only
for z > 0.

Now that the potential has been found in Eq. (3.30) for the upper half plane we can go
further and determine the induced charge in the conducting plane caused by the positive
charge at z =d. From Eq. (3.5) for the effect of charge layers, keeping only the contribution
from above the layer,

P
6=—&——. (3.31)
an
The normal derivative of @ at the surface is in the z direction, so
P
0= —&—=— . (3.32)
az z=0
The derivative may be evaluated from Eq. (3.30) as,
9o _ 1 ( —q(z—d) n q(z+d) )‘
dz =0 4reg [XZ +y2—|—(z—d)2]3/2 {xz +y2+(z+d)2]3/2 703
_ 1 qd n qd
T ameg \ 22 +d2P2 T 22+ a2
_ 1 qd
T 2mey [ +y2 4 d2
and from Eq. (3.32)
C=—8g | = : 3.33
& on =0 2717[)62 +y? _|_d2}3/2 ( )

The total induced charge Q then follows by integration. Using polar coordinates (r, ¢) with
r?» =x*>+y? and da = rdrd¢,

0 / ’ / w —ad drap= 44| (3.34)
= rdrd¢ = = —q. .
0 Jo 2m[x24y%+d?]3/? Vit +d? |y 1

So the total induced charge in the infinite sheet has the same magnitude as the polarizing
charge ¢, but with the opposite sign.
Let us also calculate the force F on g produced by the induced charge on the grounded
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conducting plate. This force must be the same as the force in the analog problem between
the charges g and —¢g separated by a distance 2d, because the charge ¢ cannot tell whether
it is seeing a point charge at a distance 2d or a grounded conducting plane at a distance d.
Thus from the analog problem Coulomb’s law gives for the force between the charge ¢ and
the conducting plane,
1 7
F=———=12 3.35

dmey (2d)2° (3.35)
where Z is a unit vector in the z direction. It will always be the case that in an image charge
problem such as that in Fig. 3.4, the force between a point charge and the conductor is
given by the force between the charge and image charge.

3.6 Green Function for the Conducting Sphere
|

As discussed in Section 3.4, solution of the Laplace or Poisson equations in a finite volume
V with either Dirichlet or Neumann boundary conditions on the bounding surface S of V
can be obtained using Green functions. For example, Eq. (3.27) solves for the potential ®
in terms of a Green function with Dirichlet boundary conditions and Eq. (3.29) solves for
the potential in terms of a Green function with Neumann boundary conditions. However,
choosing an appropriate Green function for a given problem can be difficult.

The physical meaning of F(x,x’) in Eq. (3.23) is that it is a solution of the Laplace
equation inside the volume V, so it represents the potential due to charges external to'V.
It may be thought of as resulting from an external distribution of charges chosen to satisfy
the Dirichlet boundary conditions (3.26) or the Neumann boundary conditions (3.28). But
this arrangement of charges to satisfy boundary conditions suggests a connection to the
method of images described in Section 3.5. As discussed by Jackson (see Section 1.10 of
Ref. [19]):

Determining the proper F(x,x’) in Eq. (3.22) to satisfy the boundary conditions
(3.26) or (3.28) is physically equivalent to using the method of images. Thus for
image problems the potential due to a unit source and its image charge that satisfy
homogeneous boundary conditions is just the Green function of Eq. (3.27) for
Dirichlet boundary conditions, or Eq. (3.29) for Neumann boundary conditions.

As an example, consider the problem of a charge outside a conducting sphere that is solved
by the image method in Problem 3.1 and is illustrated in Fig. 3.5(a). In the Green function
G(x,x), our usual convention is that the variable x’ refers to the location of the unit source
and the variable x is the point P at which the potential is being evaluated. These coordinates
and a sphere of radius « are illustrated in Fig. 3.5(b). For Dirichlet boundary conditions on
the sphere of radius a, the Green function defined by Eq. (3.21),

V2G(x,x) = —4n8(x —x'),



60

Electrostatic Boundary Value Problems

A j Z A
xl
(a) (b) E
| ANSE
[ ] b I
q’
a ...-'\"yo : ] a |
\ ” Sy /
y S5 y

X

(a) Geometry of image charge method for a charge ¢ indicated by a solid dot outside a
conducting sphere, with an image charge ¢’ indicated by an open dot inside the sphere.
(b) Coordinates associated with the Green function G(x,x’) for a conducting sphere.

for a unit source and its image, the scalar potential is given by [see Fig. 3.5(a)]

1 q q )
B(x) = + , (3.36)
<>4marﬂlwﬂ

with ¢’ and y' chosen such that the potential vanishes on the surface of the sphere in
Fig. 3.5(a) (|x| = a), which requires that

a a
i=-—q Y=—. (3.37)
y y
Using (3.37), replacing g by 4me, (to give unit source charge), and replacing y with x’ in
Eq. (3.36), the required Green function is then

1 a
G(x,x') = — 3.38
) el Ve @ 39
which can be expressed in spherical coordinates as [19]
1 1
G(x,x') = 5 (3.39)

(x2 4 x"2 — 2xx' cos ) 1/2 (x2x'2 /a* + a® — 2xx' cos Y) Y

where 7 is the angle between x and x’ that is illustrated in Fig. 3.5(b). From Eq. (3.39) it is
clear that

1. G(x,x') is symmetric in x and x, as it should be,” and

2. G(x,x") =0if either x or x’ approaches the spherical radius a, as required by the Dirich-
let boundary condition (3.26).

7 For Dirichlet boundary conditions, the Green function G(x,x') viewed as a function of one of its variables
represents a potential produced by a unit point source. Then symmetry in x and x’ implies physical inter-
changeability of source point and observation point.
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AZ
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Two hemispheres of radius a separated by an insulating band lying in the z = 0 plane, with
the upper hemisphere held at potential +V and the lower hemisphere held at potential
—V. Used in Example 3.2.

For the solution (3.27), of the Poisson equation with Dirichlet boundary conditions,

1 1 dG(x,x")
o) — ,G,,d3/—ffq3, ) d/,
(3= g [,P@GEx ) — = f o) 55 da
the second term requires the normal derivative dG/dn’. Recall our standard convention
that n’ is the unit normal vector outrward from the volume of interest. Thus, for the solution
outside the sphere in Fig. 3.5(a), it is inward along x’, toward the origin and

2_ 2

x*—a
= . 3.40
a(x? + a* —2axcosy)3/2 (5-40)

8£
on’

x'=a

Therefore, from Eq. (3.27) quoted above, if there is no charge distribution p (x’) in the prob-
lem, the solution outside the conducting sphere of the Laplace equation with the potential
specified on its surface (Dirichlet boundary conditions) is

1 a(x* —a®) _
— — [ ®(a. 0.0 Q/ E 41
4n / (a,6,¢') (x2 4 a% — 2axcos y)3/2 d (Exterlor), (341)

where dQ' is the element of solid angle at the point (a,6’,¢’), and
cos Y= cos O cos O’ +sinOsin O’ cos(¢p — ¢'). (3.42)

For the solution interior to the sphere the only thing that changes is that the normal deriva-
tive is radially outward, so the sign on the right side of Eq. (3.40) changes. Thus the interior
solution is

)
D(x) = / ®(a,0',¢') +az(a 2a;cisy)3 7dQ (Interion). (3.43)

If there is a charge distribution p(x’ ), then one must add to Egs. (3.41) and (3.43) the first
term of Eq. (3.27) with the associated Green function (3.39).
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Example 3.2 Let’s illustrate use of the exterior solution (3.41) by considering a con-
ducting sphere of radius a, divided into two hemispherical shells separated by an insulating
ring, as illustrated in Fig. 3.6. From Eq. (3.41) the solution for ®(x, 0, ¢) is

O(x,6,6) = ;;/Ozﬂdﬁb’ </Old(cos¢9’)—/_01 d(cos9’)> a( —a’)

(x2 4 a% —2axcosy)3/2’

By a change of variables in the second integral
0 —n—0 o — ¢ +m,
this can be put in the form

Va(x* — a?)

D(x.0,9) =

2
d¢’
0
1
X / d(cos @) {(a2 +x% —2ax cos ) /% — (a® +x* 4 2ax cos }/)*3/2] . (3.44)
0

Because of the complicated dependence among the angles in Eq. (3.42) this cannot be
integrated easily in closed form. If one restricts to the positive z axis the integrals can be
done, with the result [19]
?—a . . .
d(z)=V [1 Z\/m] (Valid on positive z-axis), (3.45)
which correctly reduces to ® =V at z = a. Of potentially more use is to expand the de-
nominator of Eq. (3.44) in a power series and integrate term by term, which yields

ova fa

2x2 12x2 \ 2
This expansion has been shown to converge rapidly for large x/a, and agrees with the
special solution (3.45) for cos8 =1 [19].

3Va? 7a* (5 3
D(x,0,0) = a |:COS@ <00526—2c056>+-~]. (3.46)

3.7 Approximate Solutions
|

In a complicated electrostatics problem it may be sufficient to approximate the solution,
as we have done in Eq. (3.46). Often this approximation takes the form of an expansion in
some naturally small parameter, with the first few terms of the expansion giving sufficient
accuracy for the problem at hand.

3.7.1 Spherical Harmonic Expansions of the Potential

The 3D volume charge density p(x) appearing in the expression Eq. (2.31a) for the scalar

potential,
1 p (x/) 3./
P(x)=— d A7
(x) 47t£o/lxx’] * (347)
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Geometry for the Legendre polynomials and the spherical harmonics in Egs. (3.48)-(3.51).

describes a distribution of charge localized in some finite volume V. In many situations
we are interested in the potential ®(x) resulting from this localized charge at distances
sufficiently far away that |x| > |x’| may be assumed, which suggests a series expansion of
1/ |x —x'|. Two types of expansions are commonly employed:

1. a Taylor series expansion in the cartesian coordinates (x,y.z), or

2. an expansion in terms of spherical harmonics, associated Legendre polynomials, or
Legendre polynomials that depends on the spherical coordinates (r,0,¢).

We will discuss here the multipole expansion in terms of Legendre polynomials or spheri-
cal harmonics. For a potential due to a unit point charge at x’, we may expand |x —x'|~! as

hd /

;
) i1 Pilcos0), (3.48)
=0 "~

1

e—x]

where P;(cos 0) is a Legendre polynomial [solution (4.36) of the Legendre equation (4.35)],
r. is the smaller and 7. the larger of |x| and |x’|,® and @ is the angle between x and x’ (see
Fig. 3.7). Equation (3.48) is termed a multipole expansion. In this expression

e the [ =0 term is called the monopole term,
e the [ =1 term is called the dipole term,

e the [ = 2 term is called the quadrupole term, and so on.

The reason for this terminology is suggested by the point-charge distributions discussed
in Box 3.3. Comparison of these expressions with the terms in Eq. (3.48) using r. =r
and r. = d (since r > d) suggests why Eq. (3.48) is called a multipole expansion: the
[ = 1 term is of the dipole form P (cos 8)/r* and the I = 2 term is of the quadrupole form
Py(cos8)/r>. (And the [ = 0 term is 1/r, which is termed the monopole term.)

Equation (3.48) can be expressed in terms of spherical harmonics using the spherical

8 The factor L /r’*! in Eq. (3.48) allows the expansion to be made in terms of either r/r' or ' /r, whichever is
smaller.
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Multipole moments

What is the electric potential generated atthe point P by the following static charge
distributions?

rp P
+q O
d
29 & f
d : (b) Linear

+q © quadrupole

(a) Dipole Potential
For the dipole at P in Fig. (a), the potential is given by

o= -1 (i_i)
4meg \re -

From the law of cosines (A.62), the distances are

2
d d? d
n=r+ (é) FrdcosO =r* (IZF;cose—l——) ~ (1¢;cos@),

2 42

where r = |r| and the term d? /41> was dropped, since we assume that > d. Thus,

11 d -2 d
—:—(1$—cose> 2—(1i—cos@>,
Ty r r r 2r

where a binomial expansion was used in the last step. Therefore,

q 1 1 g dcosf qd "\ Pi(cos0)
dirole ™ 4 rre, (r+ r_) Ame, 1> 47e, r? (r>d)

Hence the electric dipole potential is proportional to the Legendre polynomial
Py(cos 0), and falls off at large distance as 1/r*. The potential contours and electric
field vectors for a dipole are illustrated in Fig. 3.8.

(b) Quadrupole Potential
Carrying out a similar analysis for the linear quadrupole in Fig. (b) above (see Prob-
lem 3.3), the linear quadrupole potential is given by

20d? ) Py(cos )

(r>d),

q) le —
quadrupole 471'80 r3

which is proportional to Legendre polynomial P»(cos 6) and varies as the cube of
the inverse distance.
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Equipotential contours (curves) and the electric vector field (arrows) for the dipole charge
distribution discussed in Box 3.3. For clarity, plotting of field lines and vectors has been
suppressed very near the charges.

harmonic addition theorem

1

4

P(cosy) = 55 Y Yin(6/.0))¥in(6.0), (3.49)
m=—1

where P(cos ) is a Legendre polynomial, ¥;,,(0,¢) is a spherical harmonic, x has the
spherical coordinates (r, 0, ¢), x' has the spherical coordinates (r,6’,¢’), and the angle y
between the vectors x and x’ is given by

cosy = cos 8 cos 8’ +sin Osin @’ cos(¢p — ¢'). (3.50)

The spherical harmonic addition theorem (3.49) may then be used to express the expansion
(3.48) of the potential at x due to a unit charge at x’ as

oo l

1 1 7
P )3 S T (89 (6,9), (3.51)
lZO m:—l >
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where angles are defined in Fig. 3.7. This expression gives the potential completely factor-
ized in the coordinates x and x'.

If the localized distribution of charge p(x’) in Eq. (3.47) is assumed to vanish outside
of a small sphere of radius R centered on the origin, the potential generated by that charge
outside the radius R can be expanded in spherical harmonics as

471'80 Z Z 2l+1 pl+l (352)

The expansion coefficients gy, are given by

n = [Ti(8,0)(") P () (.59

and are called multipole moments. Spherical harmonics are related to associated Legendre
polynomials P/"(cos 8) by

2041 (1—m)!

i (om)l P"(cos 0)e™? . (3.54)

Yin(6,9) = (=1)"

They behave under complex conjugation as
Y5u(0,9) = (=1)"Y1-n(6,9), (3.55)
and obey the orthogonality condition
2
/ d(b/ Y, (6,0)Y,,(0,0)sin0dO = 81,6,/ (3.56)

and the completeness relation

Z ZY,m (0",0")Y,,(8,0) =8(¢ —¢') 8(cos @ —cos ). (3.57)

=0 m=—1

The utility of a multipole expansion like Egs. (3.52) or (3.48) is that the terms in
the expansion of the source-charge distribution fall off with distance r as r— (1),
justifying an approximation that retains only the first few terms in the multipole
expansion.

If we define

1. atotal charge Q (monopole moment),

2. the electric dipole moment vector p by

p= / xp(x)dx (3.58)
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3. and the traceless quadrupole moment tensor Q;; by’

Ql]_/( XX — 12 8;;) p(x )X (3.59)

where 12 =

X7,
the spherical multipole moments in Eq. (3.53) may be expressed in cartesian coordinates
as [19]

_ 1 NPy — L

qOO - \/ﬁ/p(‘x)d X = \/477_CQ7 (3603)
3 BN / / 3 .

an =\ 5z [ =)p@) A =\ (p—iny), (3.60b)

q10 = \/7/z p(xd*x = \/ Dz (3.60c)

1 15

g = 11 / E/(xl —iy)?p(x)d*Y = 12\/;(Qu —2iQ12 — 0n), (3.60d)
15 / / ./ / 1

g1 =~/ g/z (' =iy )p(x)d’x —*\/ (Q13—1Q23) (3.60e)

l 5 / / /]
920 = 51 H/@Zz—rz) )&y = \/7Q337 (3.60f)

where corresponding moments with m < 0 may be obtained using ¢;_,, = (—1)"'qj,,. An
expansion of ®(x) in cartesian coordinates may be obtained by a direct Taylor series ex-
pansion of 1/|x —x'| (see Appendix A.8). The result

1 Q p X xzxj
= — +—4+=) O; - .61
drey | r Z Vs (3.61)

is quoted without proof.'?

The spherical multipole moments like Eq. (3.53) and the corresponding cartesian multi-
pole moments like Eq. (3.58) generally have different numbers of components for a given
multipole order. For multipole order / there are (4 1)(/ +2)/2 cartesian components but
only 2/ 4 1 spherical components, which differs for / > 1. At a technical level (a con-
sequence of group theory; see Box 18.1) the source of this difference is that the spherical
moments are irreducible representations of the rotation group (they are said to transform as
irreducible spherical tensors) while the cartesian moments are reducible under rotational

9 With this definition Q;; is traceless (see Problem 3.6). A quadrupole moment definition without the trace-
lessness property Q;; = % Jp* )xﬁx} d3x' is also sometimes encountered. (The traceless form arises naturally
in a spherical harmonic multipole expansion; the other form arises in a different multipole expansion.) The
quadrupole moment is a rank-2 tensor, which can be expressed as a 3 x 3 matrix, implying nine components.
However, it is symmetric in its indices, which reduces the independent components to six, and the traceless
constraint reduces the number of independent components to five.

The mathematical difference between the cartesian multipole expansion and spherical multipole moment ex-
pansion is that the former is obtained by expanding 1/ |x —x/| in a Taylor series (see Appendix A.8), while
the latter is obtained by expanding 1/|x — x| in a a binomial series (see Appendix A.9 and Problem 3.2). The
spherical moment expansion is favored in fields like atomic or nuclear physics, where angular momentum
conservation is important.
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transformations. Physically this means that spherical multipole moments define compo-
nents of definite angular momentum, while cartesian moments are mixtures of components
with different angular momenta.

Another technical point is that the coefficients in a multipole moment expansion may
depend on choice of origin for the coefficients. In general it can be shown that the value
of g, in Eq. (3.53) for the lowest-order non-vanishing multipole moment of a charge
distribution is independent of origin for the coordinates, but higher-order moments will
generally depend on the location of the origin for the coordinate system [19].

Example 3.3 Consider a localized charge density

1
p(r) Il’ze Sin29.

Let’s make a multipole expansion of the potential associated with this charge density and
determine all the non-vanishing multipole moments. The charge distribution is axially sym-
metric, so only Y}, with m = 0 are non-zero. From Eq. (3.53), the moments may be written

n = [Yi0.0) px)x

/Yzo( ¢)r'p(r,0)r*drdgd(cos®)

21 1
= 20+1 l+4 -r
647;\/;/ d”/ Py(cos 0) sin” Od(cos 6)

2w 2 241 7 .,
_6477:3\/Z/ re dr 7 Pl(cose)[PO(cose) P>(cos0)]d(cos0)

21 —|— 1
= o\ ) (2610 - 5,2)

where we have used in the third line,

Yio(0,0) = \/ziﬁ_llﬁ(cose)

[Py(cos 6) — Py(cos 0)]

and used in the fifth line,

W N

sin?@ =1 —cos* 6 =
used in the last step

+1 2
[4&@&@“:ﬂifm

and the radial integral was evaluated using the tabulated definite integral

/wr”_le_(““)rdr: L) _
0 (a+1)"
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Figure for Example 3.4: a spherical surface has a uniform surface charge of density
o= Q/47'L'R2, except for a spherical cap at the north pole defined by a cone with opening
0 = o where 0 = 0.

Thus the multipole moments are

1 /2041 2
qim = 48 ?F(Z_FS) (25[0 — 5512>

and the delta functions allow reading off the only non-vanishing multipole moments as

1 5
‘IOO—\/HQ ‘120——6\/EQ33-

where the values were taken from Eq. (3.60).

Example 3.4 A spherical surface of radius R has a uniform surface charge of density
0 = Q/47R?, except for a spherical cap at the north pole defined by a cone with opening
0 = a where 0 =0, as illustrated in Fig. 3.9. Use the jump condition at a charge layer of
Eq. (3.2) for the electric field

. (o)
t
EPg=EPl—n+

to show that the potential inside the spherical surface can be expressed as

/

0 v I ,
= m;{)m [Pri1(cosa) —P_q(cosa)] WP[(COS 0).

What is the potential outside the sphere?
The surface charge density specifies a jump condition on the normal component of the
electric field (see Section 3.1),

. (9
t
EPg=EPl—n+

which allows us to solve for the potential ®(r, 8). Because of the axial symmetry about the
z axis we may expand the potential in Legendre polynomials according to Eqgs. (3.47) and
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(3.48),

o= T () e =T (5) miov

where the expansion coefficients A; are the same for ®;, and P, because we require P
to be continuous at the surface r = R. The radial components of the interior and exterior
electric fields follow from E, = —d®/dr,

Er=-Y (%) Pleoso),

=0
o (I+1)A; (R\'?
E;’“‘ZZZ()R - P, (cos6).

Substituting this into the jump condition given above for E, leads to

b min o (214 1)gA
G(cosQ)zso[E,t—E,L:R:Z%
=0

Py(cosB).

Multiply both sides by P (cos 0), integrate over d(cos 8), and use

+1 4 2 s
/71 Pn(x)Pm(x) X_T—f—l nm
to give
214+ 1)gA 20+1 (1
@I+ De P_2T / o (cos0)P(cos0)d(cosB),
R 2 1
implying that
R !
A= —/ 0(cos0)P;(cosB)d(cosB).
2y J-1

Then using that the surface is covered uniformly with charge except within the cone,

0
— cos 0 < cosw),
o(cos@) = { 4nR? ( )
0 (cosB >cosa),
leads to
COS ¢
A= STEoR /_1 P;(cosB)d(cosB).
This can be integrated by using [2]
1

Pi(x) = [Pi1(x) =Py ()]

21+1
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(where the primes indicate derivatives), which gives

Q cos o
A= 87meoR P;(cos0)d(cos )
0 s [dPy1(cosB) dP_y(cosb) d(cos6)
cos

8”80“1“ d(cos0)  d(cos)
0 cosa

" 8meR 2l +1 [dPi11(cos ) —dP1(cos 0)]
0

T 8meoR 21+ 1 [Pi1(cos0) — Py (cos 0)]7*
0 1

= SmegR 2 1 1 108 @) = Po(cos )],

where in the last step P;(—1) = (—1)/ was used. Substituting in the original expansions,

gk

N
D, =) A (I—e) P;(cos )

T
o

\ ©

- !

-
ZZ [Pri1(cosa) — Pl_l(cos(x)]WPl(cose).
1=0

OO
O

for the inside solution, and for the outside solution,

out—ZAl( ) P(cos0)

=2 Y L i cosa)— s (cosod] B Bicos0)
= 87[80 . U+1 1+1(COS 1—1(COS 1 1\ COS .

The preceding example illustrates many techniques that can be used in solving electrostatic
problems by multipole expansions.

3.7.2 Multipole Components of the Electric Field

We have expanded the potential in multipole moments so the corresponding electric fields
can be expanded in a similar way. It is easiest to express the components of the electric
field E = —V® in spherical coordinates. For a term in Eq. (3.52) with definite (/,m) the
spherical electric field components are [19]

[+1 1
"7 21+ e dim 753 Yin(0,9), (3.62a)
1 1 0
Eo=— (214 1)g 1m 172 59 Yin(0,9), (3.62b)
1 1 im

Ey = m . Ym 97 ) 3.62
¢ (21+1)806H ri+2 sin@ m(9,9) (3.62¢)
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with the multipole moments ¢;,,, defined in Eq. (3.60).

Example 3.5 For a dipole p oriented along the z axis, one finds

£ — 2pcosB Eo— psin@

- =277 gy =0
" Ameyr? °7 4neyr’ 0=

for the electric-field components (3.62).

3.7.3 Energy of a Charge Distribution in an External Field

If a localized charge distribution p (x) is subject to an external potential ®(x),'! the elec-
trostatic energy is

W= / p(x)®@(x)d’x. (3.63)
If the potential varies slowly over the extent of p(x), it can be expanded in a Taylor series,

2
®(x) = D(0) +x- VP(0) +;22xixj~ai§;j 0)+--
i !

—®(0)—x-E(0) — ;ZZx,-x,,-aai{' (0) + -

i

1 J0E;
= ®(0) —x-E(0) — EZZ (3xpx; — 2 6;) a—x{ 0)+--, (3.64)
i i
where in line 2 the definition of the electric field E = —V® was used and in the last line

Ly2V-E(0) was subtracted from the last term since V- E = 0 for the external field. Inserting
the expansion (3.64) in Eq. (3.63), the energy takes the form

1 JE;
W =q®(0)~p-E(0)~ £ }.} 05> (0)+-, (3.65)
i j i

where ¢ is the total charge, the dipole moment p is defined in Eq. (3.58), and the quadrupole
moment Q;; is defined in Eq. (3.59).

Example 3.6 Many atomic nuclei have charge distributions exhibiting a quadrupole de-
formation. Such nuclei will have a contribution to the energy from the quadrupole term in
the expansion (3.65) if they are subject to an external electric field. Such an “external” field
can be provided by the electrons of the atom containing the nucleus, or by a crystal lattice
in which the nucleus is embedded, and coupling to these external field leads to small energy
shifts and breaking of degeneracies for nuclear states that can be detected experimentally.

1" For example, this could be the charge distribution of an atomic nucleus subject to an external electric field
generated by the electrons of that atom, or to the external electric field of another nucleus in a collision
between the two nuclei.



73

Approximate Solutions

(The energy shifts are small, corresponding typically to radiofrequency wavelengths.) Such
methods allow the quadrupole moments of nuclei to be measured, which provide important
clues to the details of nuclear structure and interactions. In collisions between heavy ions
at nuclear accelerators, the electric field of one nucleus can cause excited states to be pop-
ulated in the other nucleus, in a process called Coulomb excitation. The study of the rates
at which those excited states are populated (for example by detecting the de-excitation by
emission of y-rays) is another way in which nuclear quadrupole deformations can be mea-
sured by analyzing their response to an applied electric field.

The expansion (3.65) manifests the characteristic way in which various multipoles of a
charge distribution interact with an external electric field:

1. the charge interacts with the potential in the first term,

2. the dipole moment interacts with the electric field in the second term,

3. the quadrupole moment interacts with the gradient of the electric field in the third term,
and so on.

Thus multipole expansions serve a pedagogical as well as practical purpose in understand-
ing electrostatic interactions.

Background and Further Reading

An introduction to the material of this chapter may be found in Griffiths [13] or Purcell and
Morin [32]. More advanced treatments may be found in Jackson [19], Garg [11], Chaichian
et al [5], and Zangwill [42].
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Problems
|

3.1 A charge g is placed outside a grounded (¥ = 0) conducting sphere:

o/ q

O=0

Use the method of images described in Section 3.5 to find the scalar potential ®
outside the sphere, and calculate the force exerted by the sphere on the charge g.
3.2 Assuming that |x| > |x'| in the following figure,

|x - x' P
dr =

Charge x| 8 X
distribution

prove that 1/|x — x/| can be expanded in the power series

1 —1 1—184—%82—3834-
x—x| r 278 16 ’

where r = |x| and ¥ = |x/

, and

/ /
EEF— <r—2cos9>,
r r

and that this is a series expansion in terms of Legendre polynomials that is equivalent

to Eq. (3.51). Finally, show that
l oo
) = g L [ () BlcosO)p ()’

is the scalar potential at the point P.
3.3 The following charge distribution is called a linear quadrupole.

Ip P

Linear
quadrupole

What is the potential generated at the point P assuming that r >> d? ***
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3.4

3.5

3.6

3.7

3.8

3.9

3.10

For the charge distribution shown below,

calculate the components of the dipole moment vector p assuming that |Q| =3 uC.
A point dipole with dipole moment p is located at xo. Show that for calculations of
potential & or energy density W of a dipole in an external field, the dipole can be
described by an effective charge density

Peff(x) =—-DP V5(x *xo),

where 8(x —x') is the 3D Dirac delta function. Hinz: See Eq. (A.76).
The quadrupole moment tensor is given by Eq. (3.59) as
0= [ (i, ~ 128, p(¥)d*.
where 2 = |x/|*. Evaluate Q; ; for a discrete set of N static charges g; and show that
it is traceless.
For the discrete charge distribution displayed in Problem 3.4, calculate the nine
cartesian components Q;j = Qxy,Qxy,- - of the quadruple moment tensor starting
from Eq. (3.59). Assume the origin of the coordinate system to be at the lower left
charge and that |Q| =3 uC.
Prove that in the Green function problem described in Box 3.2,
= t/
x(1) = / dt’G(t,t’)M

m

is a solution of the equation of motion

2
(Z’lﬂ +2y% - w§> x(t) = %,
for a driven mechanical oscillator. *%%*

Show that the uniqueness proof for solutions of the Laplace equation given in Section
3.3.2 carries through in similar fashion for the Poisson equation.

Prove Uniqueness Theorem II given in Section 3.3 by showing that if two different
electric fields are assumed to correspond to solutions of the Poisson equation with
the same boundary conditions, then the difference between them must be zero. Hint:
Gauss’s law in differential and integral form, general properties of conductors, and
some vector calculus voodoo will do the job. ***
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Equations

For relatively simple electrostatics problems solutions may be found using Coulomb’s law
directly, Gauss’s theorem, image methods, and so on, as we have shown in Chs. 2 and 3. For
more complicated problems these methods may be difficult to apply and a more straightfor-
ward way to proceed may be to solve the Poisson or Laplace differential equations directly.
This chapter discusses some means to obtain solutions for those equations.

4.1 Solutions by Separation of Variables

It is more difficult to find systematic solutions for the Poisson and Laplace partial dif-
ferential equations than for ordinary differential equations. A typical case to be solved is
where the potential or the charge density is specified on the boundaries of a region, and we
wish to find the potential at arbitrary points in the interior. A standard approach to such a
problem is to solve the Laplace or Poisson equation subject to boundary conditions by the
separation of variables method.

4.1.1 Separation of Variables in Cartesian Coordinates

Let us introduce the separation of variables method using cartesian coordinates. The basic
idea is to assume that the solution can be written in the product form

q>(xayaz) ZX(X)Y(y)Z(Z), 4.1

where X (x), Y (y), and Z(z) are functions only of x, y, and z, respectively. Let us illustrate
the method by considering the problem corresponding to Fig. 4.1 [7], where it is necessary
to solve for the scalar potential @ subject to boundary conditions given by specifying ® on
three conducting surfaces. The problem is independent of the z direction, and we assume
that there is no charge density between the plates. Therefore, we wish to solve the 2D
Laplace equation in cartesian coordinates,

I*® I’
=0 4.2
subject to the boundary conditions
D=0 (y=0,y=a), (4.3a)
D=y (x=0), (4.3b)
-0 (x — o). (4.3¢)
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YA

@, |a

v *

Grounded (® = 0) semi-infinite plane-parallel electrodes terminated by a planar electrode
at potential ®. The electrodes are assumed to extend infinitely to the right and to be
infinite in the direction perpendicular to the page. (Maintaining the difference in potential
between the plates at ® = 0 and ® = ®( requires a strip of insulator at the joints.)
Adapted from Ref. [7].

Inserting the 2D product function
D(x,y) =X (x)Y(y) (4.4)
into Eq. (4.2) and dividing through by ® = X (x)Y (y) gives
1d’X  1d%
- [l 4.5
X dx? + Y dy? ’ (4.5)

where we write the derivatives as ordinary derivatives since X (x) and Y () are functions of
a single variable. Now the second term of Eq. (4.5) is independent of x and the first term
is independent of y, and the two terms must always sum to zero. Thus each term must be
equal to a constant C,,,

1d* 1d%
—— = —— =0 4.6
X dx? ! Y dy? 2 (4.6)
Equation (4.5) then implies that C; + C, = 0, so for later convenience we introduce a new
constant k and set C; = k* and C, = —k2. Therefore, the problem has been reduced to
solving two ordinary differential equations
ax
ax
— +kY =0. 4.7b
e + (4.7b)

As can be verified by substitution, the second equation (4.7b) has a solution
Y = Asin(ky) + Bcos(ky), 4.8)

where A and B are arbitrary constants. We may determine constants by imposing the bound-
ary conditions (4.3). From Eq. (4.3a), ® =0 at y =0 requires that B=0,and ®=0aty=a



78

Solving the Poisson and Laplace Equations

requires that

/4
k=" (n=1,23,). (4.9)
a
Therefore,
Y:Asin(”—”y) (n=1,2,3,--). (4.10)
a
The equation for X in Eq. (4.7a) now takes the form
d*X nw\ 2
(=) x=0 4.11
dx? ( a > ’ @10
which has a solution
X = Ge"™/% 1 He "™/, (4.12)

as may be verified by substitution. However, the boundary condition ® — 0 as x — oo of
Eq. (4.3c) can be satisfied only if G = 0, so we discard the first term of Eq. (4.12) and insert
Egs. (4.10) and (4.12) into Eq. (4.4) to give
T
®(x,y) = Csin (%) e/, (4.13)

with C another arbitrary constant.

The solution (4.13) satisfies the boundary conditions (4.3a) and (4.3c), but does not
satisfy the boundary condition (4.3b). However, the Laplace equation is linear, meaning
that if {®,®,, D3, -+, D, } satisfy it, then the linear combination

P =aP +arPr+az P34+ +a,P,

where a,, are arbitrary constants, satisfies it also. Therefore, we take as a better approxima-
tion a linear combination of solutions (4.13) in the form

®(x,y) = ¥ cpsin (@) ¢4 (4.14)
n=1 a

The boundary condition (4.3b) at x = 0 implies that

®(0,y) =g = ¥ ¢,sin (”—”y) (4.15)
n=0

a
which is a Fourier sine series, so we can exploit the corresponding orthogonality prop-
erties to evaluate the coefficients c,. Specifically, multiply both sides of Eq. (4.15) by
sin[(pxy)/al, where p is an integer, and integrate fromy =0toy =a,

a a
/ ®y sin (p—”y) dy:/ Y cusin (@) sin (”—”y) dy. (4.16)
0 a 0= a a
For the integral on the left side of this equation
2ad
« . pmy P20 (if pis odd),
/ dysin (—) dy=<{ p% 4.17)
0 a

0 @if p is even),
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/D,

Solution (4.21) of the 2D Laplace equation for the problem in Fig. 4.1, obtained by
separation of variables.

while for the integral on the right side,

a 0 (if p #n),
/ Cnsin (”—”y>sm (p—”y) dy=1{ 4 (4.18)
0 a a )

Comparing Eqs. (4.17) and (4.18), we conclude that the expansion coefficients are given
by

40
=0 (ifnisodd),
c, =4 nm (4.19)
0 (if n is even),
and the potential as a function of x and y is
40 |
D(r,y) = — Y sin (@> e/, (4.20)
nwo,_{5s.n a

This series should converge quickly because of the rapid decrease of the factor ¢ "%/ /n
with n. A convergent power series is a perfectly adequate way to define a solution, but it
happens that the series (4.20) can be summed exactly to give the more convenient closed
form [13],
29y _, ( sin(my/a)
o)) =" —— L 4.21
(x,) x o0 <sinh(7tx/a) ’ “21)

This solution is plotted in Fig. 4.2.

Example 4.1 Consider Fig. 4.3, where we wish to calculate the electrostatic potential
in the region between the parallel-plane electrodes [7]. There is no z dependence so again
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YA

@,

/ d=0 X
z

Grounded (® = 0) parallel-plane electrodes of width a and separated by a distance b are
terminated on two sides with plane electrodes at potentials ®; and ®,. The electrodes are
assumed to be infinite in the direction perpendicular to the page. Adapted from Ref. [7].

let’s solve the 2D Laplace equation by separation of variables. This problem has much in
common with the example from Fig. 4.1 just worked out, but the boundary conditions are
different.

=0 (y=0,y=0), (4.22a)
o =79 (x=0), (4.22b)
D=9, (x=a), (4.22¢)
The most general solution is of the form
o(x,y)= Y (A,,e*"’”/” —|—Bne"7”/b) sin (?) , (4.23)

n=1
where the constants A, and B,, may be determined using the boundary conditions. As you
are asked to show in Problem 4.3, the coefficients A,, and B, are given by

4 D, — P, na/b 4e—"ma/b [ Py _ P, e"ma/b
Ay = ( e > B,="" - 429

- % 1 — ¢—2n7ma/b niw 1 — ¢—2nma/b

where n=1,3,5,---. This gives ®(x,y) when inserted in Eq. (4.23). This solution is plotted
in Fig. 4.4.

Notice in Figs. 4.2 and 4.4 the property asserted in Section 3.2.2 that solutions of the
Laplace or Poisson equations can have maxima or minima only on the boundaries of the
domain, with no local maxima or minima permitted within the volume of the solution.

4.1.2 Separation of Variables in Spherical Coordinates

In the preceding examples of solving the Laplace equation by separation of variables the
geometry was rectangular and cartesian coordinates were appropriate. However, for some
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EiauFe

Solution the 2D Laplace equation for the problem in Fig. 4.3 by separation of
variables.(Excuse quality; temporary placeholder).

problems other coordinate systems such as spherical or cylindrical may be more natural.
In this section we consider solution of Laplace’s equation in spherical coordinates. The
Laplace equation in spherical coordinates (r,0,¢) is

1 0 [,00 1 0 (. o0 1 0%
ﬁ E (r ar> + r2 sin@ % (sm@ae) + 7r28in29 W = 07 (425)

To illustrate we will consider problems having axial symmetry (no dependence on ¢), in
which case the Laplacian equation reduces to

9 (,00\ 1 (. b\
a’/‘(r 81/‘>+Sln689<81n686> = V. (426)

Just as in the cartesian coordinate examples we seek product solutions in which the vari-
ables (r, 0) are separated,

®(r,0) =R(r)0O(0), (4.27)

where R(r) is a function only of r and ®(6) is a function only of 6. Substituting Eq. (4.27)
into Eq. (4.26) and dividing through by R® gives,

1 d [ ,dR I d (. .d®
Rdr<r dr>+®81n9d9<81n9d6) —0, (428)

where now we use total derivatives rather than partial derivatives since the functions being
differentiated are functions of a single variable. By similar logic as in the cartesian case,
the second term in Eq. (4.28) is independent of r so the first term must also be independent
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of r. Thus we write the separated equations as two ordinary differential equations

1d [ ,dR
R ( dr> =k (4.299)

1 d . de
®sing do <9 a’9> =k (4.295)

where the constants are written as k and —k, since the sum of the two equations must be
Zero.

Consider first the R equation in Eq. (4.29a). Multiplying both sides by R and carrying
out the leftmost d /dr operation gives

d°R dR
2
2Fr— —kR=0 4.30
) e dr ’ (4.30)
which has a solution
B
R =Ar" + rn+1,, (431)

that when inserted in Eq. (4.29a) requires n and k to be related by,
nin+1)=k. (4.32)

Now consider the ® equation (4.29b). Multiplying by ®sin8 and using Eq. (4.32), it
may be written

d S
’T <sin0> +n(n+1)sin6@®=0 (4.33)

It is convenient to change variables by letting i = cos 6. By the chain rule, for any function
J(u) of u,

df dfdu . df df
—— = =—sinf-—=—/1—pu>— 4.34
40 dude ~ Mau v (4.34)
where we have used du/d® = —sin8 and 1 — u” = sin? 0. Then, Eq. (4.33) becomes
CZL {(1 - uz)fl(‘s] +n(n+1)0=0 (Legendre’s equation). (4.35)

This is called Legendre’s equation and its solutions are polynomials in cos 6 called Legen-
dre polynomials, designated by P,(cos 8), where n is termed the order of the polynomial. !
Letting cos 6 = x, normalized Legendre polynomials? are typically defined by Rodrigue’s
formula

1 a
2np) dxn

P, (x) (x> —1)" (4.36)

' Mathematically, Legendre’s differential equation (4.35) arises naturally from solution of the Laplace and re-
lated partial differential equations using separation of variables in spherical coordinates. The eigenfunctions of
the angular part of the Laplacian operator acting on & on the left side of Eq. (4.25) are spherical harmonics (see
Section 3.7.1); modulo multiplicative constants, Legendre polynomials are the subset of spherical harmonics
left invariant by rotations about the polar axis. Viewed in this way, the Legendre polynomials are intimately
connected to rotational symmetry. Indeed, many of their properties are found most easily using symmetry and
group theory methods, which in turn implies that they have deep physical and geometrical meaning.

2 The normalization is chosen to make all Legendre polynomials equal to one at cos @ = 1.
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n P,(cos0)

0 1

1 cos 6

2 $(3cos?0 1)

3 %(500s39—3cos(9)

4 £(35cos* 6 —30c0s? 0 +3)

5 £(63cos® 8 —70cos 6 + 15cos )

Some low-order Legendre polynomials are tabulated in Table 4.1. A general solution of
Laplace’s equation in spherical coordinates assuming axial symmetry is then given by

oo

D(r,0) = Y Aur"Py(cos8) + Y B,r "V P, (cos0) (4.37)
n=0 n=0

The Legendre polynomials form a complete set, so arbitrary boundary conditions for prob-
lems with axial symmetry can be satisfied using them. Furthermore, they satisfy the or-
thogonality condition

* d 2 9] 4.38
/_1 Pm(x)Pn(x) X—m mn (4.38)

or expressed explicitly in spherical coordinates,

+1 T
/ Pm(cose)Pn(cose)d(cose):/ P, (cos 0)P,(cos0)sin0d 6
1 0

2
2 if m=n,

=21 Smp = 2n+1 ( ) (4.39)
n 0 Gf m # n),

which are important in evaluating the coefficients in the expansion Eq. (4.37).

Example 4.2 Consider the conducting ball of radius a in an electric field illustrated in
Fig. 4.5. Inside the ball the field will be zero and far outside it will be the undisturbed field
E(. Near the ball the field will be distorted by polarization. Let’s solve the 2D Laplace
equation for the exterior field by separation of variables in spherical coordinates, assuming
axial symmetry. We take as boundary conditions

d=0 (r=a) (4.40)
& = —Eyrcos6 (r=o0) (4.41)
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A conducting ball of radius a in an external electric field E directed along the z axis, with
axial symmetry assumed around the z axis.

At the radius of the ball » = a, from Egs. (4.37) and (4.40)
O(r,0) = Y Aur"Py(cos0) + Y B, "TVP,(cos ) = 0. (4.42)
n=0 n=0

The coefficients A, and B, may be evaluated using the orthogonality relation (4.39) for the
Legendre polynomials. Multiplying Eq. (4.42) by P, (cos 0) and integrating over d(cos 6),
from Eq. (4.39) the only non-vanishing terms are those for which n = m, implying that

+1 +1
O:A,,a”/ P2(cos 0)d(cos 9)+Bna_(”+l)/ P2(cos 8)d(cos 8)
—1 —1

2 2
=A nl __ = B —(n+l) =
nd <2n+1>+ n 2+1)’

which requires the coefficients to be related by
B, = —Aya®"t!. (4.43)

Therefore, from Eqs. (4.42) and (4.43),

a2n+l

(r,0) = H;)An (rn - MH) Py(cos6). (4.44)

Now as r — oo the second term in parentheses in Eq. (4.44) becomes negligible compared
with the first and the boundary condition (4.41) requires that
—Eprcos@ = —EyrP(cos0) = Z Anr"Py(cos0), (4.45)

n=0

where we have used P; (cos 0) = cos 0 from Table 4.1. Thus, the only non-zero term on the
right side is n = 1, implying that

Al = _E07
with all other A, = 0. Then from Eq. (4.43) all the B,, are zero except for

B, = —Ad’ = Eyd’,
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and the potential at any point (r, 0) is given by

3cos 6
®(r,0) = —Eyrcos O +an 0(2)5
,
!
=—Fy <1 — 3> rcos 0, (4.40)
T

where the first term is the potential corresponding to the applied field E(y and the second
term is the induced polarization potential. The electric field components follow from Eq.
(4.46) by taking the gradient [see Eq. (A.47) for the gradient in spherical coordinates],

P 243
E,::Eo<l+i> cos 6, (4.47)
ar r
19d a\ .
At the surface of the conductor we know that
o
Er|r:a = %7

so solving for ¢ and using Eq. (4.47) with r = a gives
6 = 3¢&yEycos 0, (4.49)

for the induced charge density.

4.1.3 Separation of Variables in Cylindrical Coordinates
Material to follow.
4.2 Variational Methods
]
Material to follow.

Background and Further Reading

An introduction to the material of this chapter may be found in Griffiths [13] or Purcell and
Morin [32]. More advanced treatments may be found in Jackson [19], Garg [11], Chaichian
et al [5], and Zangwill [42].
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Problems

41

4.2

4.3

A surface charge density specified by a function 6(6) is pasted onto an empty 3D
spherical shell of radius R. Assume axial symmetry and use separation of variables
in the Laplace equation to derive a general formula for the potential ® as a function
of o(0) inside and outside the shell radius R.

One form of Earnshaw’s theorem (see Section 3.2.1) states that, for any electric field
E, the average of the scalar potential ® over any sphere that lies entirely in a charge-
free region is equal to the value of the potential at the center of the sphere. For a
charge Q outside a sphere of radius ry = |r| as in the following diagram,

the potential averaged over the sphere (®) is given by

1 1 0
P) = O(r—ry)drdQ.
(@) 47‘51’%/477:80 IR—r| ro(r—ro)dr

This could be integrated directly, but instead prove Earnshaw’s theorem by evaluating
the integral using the spherical harmonic expansion

oo l

1 1
—— =4z E —
W
lx—x/| = =, 20+1

!

r *

¥ (6,6')Yin(6,6),
rs

given in Eq. (3.51). ##%
Consider the following figure ,

YA

@,

/ d=0 X
z

which illustrates grounded (® = 0) parallel-plane electrodes of width a and separated
by a distance b, which are terminated on the left and right sides with plane electrodes
at potentials ®; and ®,, and the top and bottom sides are held at potentials ® = 0.
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4.4

The electrodes are assumed to be infinite in the direction perpendicular to the page.
Calculate the potential in the region between the parallel-plane electrodes.

Assume a sphere of radius R parameterized by spherical coordinates (r,0,¢), with a
surface charge layer of density

0(0) =kPi(cos0) =kcosH,

where k is a constant and P; (cos 0) is a Legendre polynomial. Use the Laplace equa-
tion assuming axial symmetry (no ¢ dependence) to find expressions for the potential
®(r, 0) inside and outside of R. Hint: This problem will be easy if you work Problem
4.1 first. **%*



Electrostatics in Conducting Matter

There are a number of categories for the classification of matter in materials science. One
of the most fundamental distinctions is between'

1. insulators (often termed dielectrics in electromagnetism) which correspond to matter
having charge carriers that are tightly bound and do not transport electrical charge well,
and

2. conductors, which have delocalized charge carriers that are free to transport electrical
charge efficiently; conductors are also often called metals.

In atomic matter the charge carriers are typically electrons, electron holes, or ions, but
for purposes of being definite in discussion, we shall normally assume electrons to be the
charge carriers, unless otherwise stated.

5.1 Properties of Conductors
.

The high mobility of charge carriers in good conductors underlies many of their basic prop-

erties. A good conductor in electrostatic equilibrium is expected to exhibit the following
properties (see Problem 2.3)

5.1.1 Electric Fields Inside a Conductor Vanish

Intuitively E = 0 inside a conductor because if there were an electric field inside the con-
ductor it would accelerate electrons, violating the assumption of electrostatic equilibrium.
More precisely, consider Fig. 5.1(a) where a conducting slab is immersed in an external
electric field E oriented horizontally. Initially the external field will attract negative charges
to the left side of the slab, leaving a net positive charge on the right side. This polarization
of charge within the slab will create an internal electric field E’ that opposes the external
field E (remember the convention that the electric field vector points from positive to neg-
ative charge). This piling up of negative charges on one side and positive charges on the
opposite side in response to application of an external electric field is called an induced

' There are also things in between such as semimetals or semiconductors that transport charge poorly, or only
under certain conditions, some materials like Mott insulators having different mechanisms than simple insula-
tors, or superconductors that do a super job of carrying current without resistance. We will leave finer details
of classification to materials science for now and concentrate on the electromagnetic behavior of simple and
idealized conductors and insulators.

88
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Gaussian Gaussian X7
- + surface s surface

(a) Conducting slab in a uniform electric field E. (b) Gaussian surface (dashed curve)
inside a conductor. (¢) Cylindrical Gaussian surface perpendicular to the surface of a
conductor.

charge. Charge will continue to flow within the slab until the induced internal electric field
E' exactly cancels the external field E, leaving a net zero electric field inside the conduc-
tor. Because this is a conductor the charge carriers are extremely mobile and the generation
of internal fields that oppose and cancel the external field typically occurs on a timescale
sufficiently short that it can be assumed to be instantaneous for most considerations.

5.1.2 The Charge Density Is Zero Inside a Conductor

Just as the electric field vanishes inside a conductor, the charge density p is also zero.
Consider the Gaussian surface shown in Fig. 5.1(b). From Gauss’s law with zero internal
electric field (Point 1 above),

%E-nda:jI{Oonda:O:g,
s S &

where Q is the total charge enclosed by the surface. Hence the absence of an electric field
means necessarily that the charge density p = 0 inside a conductor.

5.1.3 Excess Charge Resides on the Surface of a Conductor

That excess charge must reside at the surface of the conductor is a consequence of Gauss’s
law and follows immediately from the requirement that p = 0 inside the conductor. Since
the Gaussian surface (dashed curve) in Fig. 5.1(b) can be place arbitrarily close to the
surface, it follows that any excess charge can exist only at the surface of a conductor.

5.1.4 Any Exterior Electric Field is Normal to the Surface

No electric field exists inside a conductor; if any electric field exists outside the conductor
it is necessarily
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e generated by the excess surface charge, and is
e perpendicular to the surface of the conductor.

Consider Fig. 5.1(c), where we construct a cylindrical Gaussian surface with the end faces
parallel to the surface of the conductor that is partially inside and partially outside the
conductor. If at a point on the surface the electric field E had a component tangent to the
surface of the conductor, this would cause electrons to move along the surface and disturb
electrostatic equilibrium. Thus E is perpendicular the the surface of the conductor and there
is no flux through the curved part of the Gaussian cylinder. There also is no flux through the
flat face of the cylinder inside the conductor, because E is zero there. Hence any net flux
passes only through the flat face of the Gaussian cylinder outside the conductor. Applying
Gauss’s law to this surface,

]{E~nda:/ Elda—pA=2 -9
N base & &

where o is the surface charge density and A is the area of the endplate of the cylinder. It
follows that any electric field must (1) be outside the conductor, (2) have a magnitude pro-
portional to the surface charge density, and (3) have an orientation normal to the surface.

5.1.5 A Conductor is an Equipotential

A conductor necessarily has the same same potential @ at each point in the conductor. This
follows because for any two points either within the conductor or on its surface,

®(A) — D(B) — —/ABE-dl—O,

because E = 0 in the interior and on the surface.

5.1.6 Surface Charge Accumulates Where Curvature Is Large

If a conductor is of irregular shape, the surface charge density o will be greatest where
the surface has the largest local curvature (that is, the smallest radius of curvature). Con-
sider an irregularly shaped conductor, as in Fig. 5.1(b), and partition the surface into small
elements of area da; subtending equal angles measured from the center of the conductor.
Points 1 and 3 above then require that o;da; be constant, and since da; depends on the
radius of curvature, the smaller the radius of curvature (the larger the curvature) the greater
the local surface charge density ©.

5.2 Capacitance
I —————

From the equations of electrostatics the source charge Q is proportional to the scalar po-
tential @, with the constant proportionality termed the capacitance C. For an isolated con-



Capacitance

Area = A —/\ (O3
Charge +Q . C= %
s4 ’ S
Charge -Q
A parallel plate capacitor.
ductor carrying a charge Q with potential ®, the capacitance is
0
C=—=. 5.1
s (5.1)

In the SI system of units the charge is measured in coulombs, the potential in volts, and the
capacitance in farads (F),2 with 1F = 1 coulomb/volt.

5.2.1 Parallel Plate Capacitors

Capacitance is also a useful concept in dealing with the charges and potentials associated
with more than one conductor. The generic example is the parallel plate capacitor illus-
trated in Fig. 5.2. For two conductors the capacitance is defined to be the charge on the
positive plate divided by the difference in potential between the two plates. If the differ-
ence in potential for two conductors denoted by V,

V=, —d_, (5.2)

the capacitance for a parallel plate capacitor is given by

C= g (Two conductors). (5.3)

14

For the capacitor in Fig. 5.2 the capacitance depends only on its geometry,

A
C:&
s

(Parallel plate capacitor), 5.4)

where A is the surface area of a plate and s is the separation between the plates (which we
assume to be parallel to each other, and of equal area) .

As will be discussed in Section 6.1, the capacitance of a parallel plate capacitor like that
shown in Fig. 5.2 can be increased significantly by replacing the gap between the electrodes
with a layer of insulating (dielectric) material, such as teflon. This is a consequence of the
electric field polarizing the charge distribution in the dielectric layer lying between the
plates (see Box 6.1).

2 The farad is a very large unit for typical phenomena, so it is common to use microfarads (1 uF = 10~°F) and
picofarads (1 pF = 10~ F) as units of capacitance in practical calculations.
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5.2.2 Energy Stored in a Capacitor

Charging a capacitor (for example, by connecting the two plates in Fig. 5.2 to the poles of
a battery) stores energy in the electric field that is created between the oppositely-charged
electrodes of the device. The amount of energy in the field may be determined by comput-
ing the work done to charge the capacitor to a particular level. Consider the parallelplate
capacitor of Fig. 5.2. If at some point in the charging process the charge on the positive
plate is g, from Egs. (2.37) and (5.3) the work increment dW required to add the next
charge increment dgq is given by

AW = (%) dq, (5.5)

and the total work that must be done to charge the plate from ¢ = 0 to ¢ = Q is given by

integration,
. 0 2
q 0
W= [aw = (7)61 _ 2 5.6
Jaw=["(2)da= % (5.6)

Therefore, using Q = CV from Eq. (5.3), the work required to charge to a potential differ-
ence V between the electrodes is

1
W= 5CV2, (5.7)
From Eq. (5.4), this takes the specific form
=——V 5.8
sV (5.8)

for a parallel plate capacitor, where A is the area of a plate and d is the separation of the
plates.
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Problems

5.1

5.2

5.3

Consider a sphere containing a single point charge Q located a distance ' from the
origin along the z-axis.

Calculate the average electric field inside the sphere. Hint: Separate the volume of
the sphere 7 into the part outside Q plus the part inside Q, as indicated by the dashed
circle in the figure, and show by qualitative argument that the contribution from
outside the dashed circle is zero.

Consider the spherical capacitor shown in the following figure,

-Q

where the outer spherical conducting shell has radius b and charge —Q, and the
innner spherical conducting shell has radius a and charge +Q. What is the capaci-
tance of this device? *##

A capacitor consists of concentric cylinders with radii a for the inner cylinder and b
for the outer cylinder.
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\ \
¢ ;

Derive a formula for the capacitance per unit length assuming the inner cylinder to
be positively charged with a charge density of A coulombs per unit length.




Electrostatics in Dielectric Matter

To this point we have considered electrostatics primarily in vacuum, except for the presence
of electrical charges, and of conducting matter in a few instances. But many important
applications of electromagnetic theory involve interactions in non-conducting (dielectric)
matter. There are two fundamental differences between conductors and dielectrics, and
their electrostatic behavior.

1. Conductors have available many electrons that are not bound to atoms or molecules,
and thus are very mobile. In constrast, ideal dielectrics have no free electrons.

2. Dielectrics typically can have electric fields in their interior, but conductors suppress
any internal electric fields.

Therefore, this chapter begins to address how the properties of dielectric matter influence
the equations of electrostatics. We will find that electric fields in matter are largely dipole
fields, with the the net dipole moment having two basic sources:

1. Some molecules have an intrinsic dipole moment, and an external electric field exerts a
torque that tends to align those moments with the field.

2. An electric field produces dipoles by polarizing matter, even if the atoms or molecules
have no significant dipole moment in the absence of the applied field. This polarization
effect is characterized by a quantity called the atomic polarizability.

In either case the material my be characterized in terms of a polarization P and an electric
susceptibility, which is proportional to the ratio of P to the electric field. The primary
effect of the polarization is to create a surface charge density in dielectric material. A
considerable amount can be learned about the nature of dielectrics by examining the effect
of this induced surface charge density on capacitors.

6.1 Dielectrics

95

As illustrated in Box 6.1, a capacitor with dielectric material between the metal plates
has increased capacitance because of this induced surface charge (with the practical im-
plications of reducing the size of the capacitor, or increasing its working voltage). Let us
investigate in more depth the effect of a dielectric on a capacitor. A parallel-plate capacitor
with no material between the plates has a capacitance C defined by

0 _ent

== 6.1
on s 6.1
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Capacitors and Dielectrics

The simplest parallel-plate capacitor has two separated parallel metal plates with
nothing in between, as illustrated in Fig. (a) below.

(a) No dielectric (b) With dielectric
ks
A A /
st ) ’ Dielectric \
€LA €,A
0=% 0>

Inserting a dielectric between the plates of the capacitor as in Fig. (b) increases
the capacitance because the induced surface charge on the dielectric produced by
the electric field between the plates partially cancels the opposite charge on the
adjacent plate. Understanding this mechanism leads to fundamental insight into the
role of an electric field in a dielectric, as described in Section 6.1.1.

where Q is the magnitude of the charge on the plates (positive Q on one plate and negative
0 on the other), @, is the difference in electrical potential between the two plates, A is the
surface area of a plate, and s is the separation of the plates.

6.1.1 Capacitors and Dielectrics

Now suppose that a layer of dielectric material is placed between the capacitor plates, as
illustrated in Box 6.1. The capacitance may still be defined by the ratio of the charge to
the potential difference between the plates, C = Q/®,, but now the actual value of C
will be increased over that found for no dielectric between the plates. The presence of
the dielectric between the plates allows more charge Q to accumulate on the plates and
therefore greater capacitance, for the same potential difference, plate area, and separation
of the plates. Qualitatively, this influence of the dielectric on the capacitance is not difficult
to understand. The material of the dielectric consists of atoms or molecules with negatively
charged electrons and positively charged nuclei.

1. The electric field between the plates polarizes the charge distribution of the dielectric.

2. Assuming the charge on the upper plate to be positive, negative charges in the dielectric
will be pulled upward and positive charges pushed down, as illustrated in Fig. 6.1.

3. This exposes a layer of uncompensated negative charge near the top and a layer of
uncompensated positive charge near the bottom of the dielectric.!

' As will be quantified shortly, this displacement of charge is very small. Remember that we are dealing with a
dielectric where the electrons are bound up in atoms and molecules. There is no significant population of free
charge carriers, as would be the case with a metallic conductor.
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(a) %+++++++++++‘Q0
Disharge ,”K@Charge T
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*
(b) J7=+++++++++++++++‘Q:KQo
Dielectric E
. s

Effect on capacitor of a dielectric between the plates. (a) No dielectric. (b) With dielectric.
The switch allows charging and discharging the capacitor. Adapted from Ref. [32].

4. The charge Q on the upper plate will increase because of the induced top layer of neg-
ative charge below it in the dielectric.

5. We shall show later that Q increases until the algebraic sum of Q and the induced charge
in the upper layer is equal to the total charge on the top plate Qg before the dielectric
was inserted.

6. It follows that the total charge Q in the top layer is larger than the charge Qg of the top
plate in Fig. 6.1(a) before the dielectric was inserted.

7. Thus, the charge is the Q that appears in Eq. (6.1) and is, in the circuit of Fig. 6.1, the
charge supplied by the battery to charge the capacitor.

The induced charge layer is not part of the charge Q appearing in Eq. (6.1). If the
switch in the circuit of Fig. 6.1 is used to discharge the fully-charged capacitor
though the resistance R, the charge Q will be dissipated.

Thus the induced charge present in the charged capacitor is absorbed back into the normal
structure of the dielectric in the discharged capacitor.

6.1.2 Dielectric Constants

Different dielectric materials would be expected to have different efficiencies for increas-
ing the charge capacity of a capacitor, according to the ease with which electrons can be
displaced with respect to the atomic nuclei in the dielectric matter by the applied electric
field. The factor Q/Qp by which the charge and thus the capacitance is increased by insert-
ing a particular material between the capacitor plates is called the dielectric constant Kk of
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Substance Conditions K
Vacuum (Definition) 1.00000
Air gas, 0°C, 1 atm 1.00059
Water vapor gas, 110° C, 1 atm 1.0126
Liquid water liquid, 20° C 80.4
Silicon solid 20° C 11.7
Polyethelene solid, 20° C 225-23
Porcelain solid 20° C 6.0—8.0
that material:
0=xQy) <+— C=k(y. (6.2)

Dielectric constants are ratios of charges and thus dimensionless; a few values of x are
given in Table 6.1 for some representative substances. The dielectric constant of the vac-
uum is defined to be k¥ = 1, typical gases have k slightly larger than one, and liquids and
solids can have dielectric constants varying widely in the range K ~ 1 — 100. The remark-
ably large value kK = 80.4 for water merits an explanation that will be given later.

6.1.3 Bound Charge and Free Charge

In considering the effect of a dielectric on a capacitor, it is useful to introduce some ter-
minology distinguishing between the charge associated with the dielectric itself and the
mobile charges that can charge the plates. Those charges associated intrinsically with the
dielectric are termed bound charges; those charges that are mobile and not bound in the
dielectric are termed free charges. The bound charges are not mobile because they are at-
tached physically to the atoms and molecules making up the dielectric.> Bound charges
can be polarized by electric fields causing tiny charge displacements in the charged capac-
itor, but if the capacitor is discharged the bound charges remain with the dielectric, which
becomes unpolarized as the electric field vanishes (assuming no permanent dipole moment
for the substance of the dielectric); the bound charges are not part of the charge Q on the
capacitor plates. Conversely, the free charges may be viewed as those charges that we have
some agency over in an experiment (for example, through manipulation of the electrical
circuit in Fig. 6.1 by using the switch to charge or discharge the capacitor).

2 We assume that fields are not large enough to cause ionization and breakdown of the dielectric (possibly
accompanied by smoke and fire, which would be unseemly in a theoretical discusssion).
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Molecule

y

@ GEIA Diagram for calculation of the potential at point P produced by a molecular charge
distribution.

6.2 Moments of a Molecular Charge Distribution

Let’s consider the potential ®@p at a distant point P produced by the molecular electrical
charge distribution of Fig. 6.2,

1 rpxX)
Op = e / = d7, (6.3)

where the integral is over all of the charge distribution. From the law of cosines (A.62) the
distance R is given by

R=(r*+r?—2rrcos 9)1/2, (6.4)

where we define r = |x| and ¥ = |x/|, and Eq. (6.3) becomes

1

dp=—
P 4rey

/(r2+r’2 —2rr cos0) ' ?p(x)dT. (6.5)

Let us now expand this expression for the potential in multipole moments.

6.2.1 Multipole Expansion of the Potential

For a distant point P we have r > r’ and a binomial expansion gives (see Problem 3.2)

/

1+r—cos9
r

I\ 2 209 /13
+ <r> Jeos -1 1+ﬁ([r] )] (6.6)
r 2 r

Then from Egs. (6.3) and (6.6) the potential can be written as

1 1 1 1 3cos260—1
$p = Anen / / , / / GE A T .
p & [r/ dt’ + P rcos0pdt + 3 r 2 pdt + , (6.7

1

1

2 /2 / 1/2
— = |7 —|—r —2]]‘(:1)59 = —
R ( ) 7
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where the constant r = |x| has been brought outside the integrals (the integration variable
is x). Now this is a power series in 1/r with coefficients that are constants depending only
on integrals over the charge distribution and independent of the distance to P. Thus the
potential can be written as a power series (multipole expansion) with constant coefficients

L [6, 6,0

_ G 6.8
P 4meg | r r2+r3+ ’ 6.8)

where the coefficients C; are the integrals over the internal charge distribution in Eq. (6.7).
The electric field then follows from E = —V®p.

6.2.2 Dominence of Monopole and Dipole Terms

At large distance from the source, the rapid convergence of terms in Eq. (6.8) implies that
only low-order multipoles dominate. Behavior of the electric potential & at large distance
from the source typically will be dominated by the first term that has a non-zero coeffi-
cient in the multipole expansion (6.8). Let us examine the coefficients in Eq. (6.8). The
monopole coefficient Cy = [ p(x')d7’ is the total charge. For a neutral atom or molecule,
Co = 0. If the atom or molecules is ionized so that p # 0, the monopole term will always
dominate at large enough distance. If the atom or molecule is charge-neutral so that p =0,
the dipole term with C; = [/ cos 6p(x')d7’ dominates since Cp = 0. Furthermore, if the
charge distribution is charge-neutral the value of C; is independent of the choice of origin.>

As we shall see, for our main task here of understanding the behavior of di-
electrics, in a multipole expansion only the monopole strength (the total charge)
and the dipole strength of the molecular building blocks of the dielectric are
important in determining its electric-field properties. Thus, for the properties of
dielectrics all multipole moments of the charge distribution of order beyond the
dipole can usually be ignored.

As noted in the introduction to this chapter, a net dipole moment can come about because
of induced polarization by an electric field, or because of molecules that have a permanent
dipole moment. We shall now consider induced moments in Section 6.3 and permanent
dipole moments in Section 6.4.

6.3 Induced Dipole Moments
I —

The simplest atom is hydrogen, consisting of one nucleus (a proton) and one electron. The
nucleus is so small compared with the electron cloud that in hydrogen and in more com-
plicated atoms and molecules the nuclei can be approximated as point charges. Quantum
3 Generally, the value of a multipole moment may depend on the origin chosen for the coordinate system. But

for the special case of a dipole moment in a charge-neutral dielectric, the value of the dipole moment is always
independent of the choice of origin.
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mechanically the electron in hydrogen must be viewed as a cloud of negative charge with
smoothly varying density (with the integrated charge equal to the electron charge ¢). The
density falls off exponentially on the boundaries, so it makes sense to view the charge
clouds of atoms and molecules as having approximate classical radii and shapes.

6.3.1 Polarization of the Electron Cloud

The electron cloud of the undisturbed hydrogen atom is spherically symmetric, but if it
is placed in an electric field pointing upward along a z-axis the atomic charge cloud will
be polarized, with the negative electrons pulled down and the positive nucleus pushed up.
This distorted atom will have an electric dipole moment because the center of mass of the
electron cloud will be displaced a small amount Az from the nucleus, giving a net dipole
moment of magnitude ~ eAz, where e is the total electron charge. Example 6.1 estimates
the size of this distortion in actual atoms.

Example 6.1 A very rough estimate of how much distortion will be caused by a field
of strength £ may be made by noting that a strong electric field already exists holding the
unperturbed H atom together, which may be estimated as

L€

" 4mega?’
where a is a characteristic atomic length scale (for example, some multiple of the Bohr
radius). If it is assumed that a field of the same order of magnitude would be required to
produce significant distortion, the distortion may be estimated to be

Az E

a  e/Ameyd®
Typically, e/4mega® ~ 10'! volts/m, which is enormous (thousands of times larger than
any field that can be produced at present in a laboratory); the distortion of the atom Az/a
induced by electrical polarization will be tiny indeed!

The dipole moment vector p induced by an electric field E will point in the direction of
the field and the magnitude of the induced dipole moment is generally proportional to the
electric field (at least if the field is not too strong, which we assume to be the case).

6.3.2 Atomic Polarizabilities

The factor relating the dipole moment vector p to E is termed the atomic polarizability o,
p=0E. (6.9)

More generally, in a molecules the polarization may be asymmetric with respect to different
axes and the scalar coefficient o in this equation must be replaced by a polarizability ten-
sor, as described in Box 6.2. It is common to report atomic polarizabilities as the quantity
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o /4mey (which has units of volume) rather than as o itself.* Some atomic polarizabilities
are given in Table 6.2, listed in order of atoms with increasing total electron number. The
large variations in polarizabilities that are evident in Table 6.2 may be attributed to differ-
ences in total electron number and in valence electronic structure. For example, the noble
gas elements He, Ne, and Ar have small polarizabilities because their outer electrons are
more tightly bound than for other elements, but the polarizabilities increase in the sequence
He to Ne to Ar because of an increase in the total electron number. As another example,
the elements Na and K each have one loosely bound electron outside a closed electronic
shell and that electron is very susceptible to perturbation by an electric field. As a result,
Na and K have very large polarizabilities (x = 27 and k = 34, respectively).

Example 6.2 Let’s estimate the amount of charge displacement in an atom induced by
a typical electric field. From the polarizability of atomic hydrogen given in Table 6.2,
the magnitude of the dipole moment induced by an electric field of strength one mega-
volt/ meter is p < 1073* coulomb-meters.

Thus the characteristic atomic and molecular polarizations induced by applied electric
fields are extremely small.

6.4 Permanent Dipole Moments of Polar Molecules
|

Some molecules have asymmetric shapes and exhibit permanent dipole moments in their
normal ground state, even in the absence of an external field; a few examples are shown
in Fig. 6.3. Molecules that have a permanent dipole moment are termed polar molecules.
As arule, the intrinsic dipole moments of polar molecules are much larger than the dipole
moments induced by laboratory electric fields for either non-polar or polar molecules.

4 Beware: both & and a/47gy are sometimes called the “atomic polarizability” in the literature.

/ol = 3.43 T bl = 6.13 / Ipl=4.76

Hydrogen chloride (HCI) Water (H20) Ammonia (NH3)

Approximate geometry of the electron cloud and the observed dipole moment vector p for
some polar molecules. Magnitudes p = |p| of the dipole moment vector are in units of
1073 coulomb-meters (adapted from Ref. [32]).
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Asymmetric Polarization

Molecules can be very asymmetric and may have different polarizabilities along
different axes. For example, the linear molecule carbon dioxide (CO,) illustrated in
the following figure

has a polarizability more than twice as large if the field is applied along its long
axis than if it is applied perpendicular to that. In the most general case of a highly
asymmetric molecule the simple relation (6.9) between the polarization vector and
the electric field vector must be replaced by a tensor equation that can be expressed
as a matrix—vector multiply,

Px Oy Oy Oy E,
P=|Py| =% Oy &, E, |,
p z aZ)C azy azz EZ

which is equivalent to the simultaneous equations
Px = axxEx + axyEy + aszza
Py = ayxEx an anyy + ayzEz:
P = 0B, + azyEy + o E;.

Thus the scalar coefficient & in Eq. (6.9) has been replaced by a polarizability tensor
&/ that has the components

Oy Oy Oy

A= 0y Oy Oy |,

aZ/Y azy aZZ

expressed as a matrix in the current basis.

Example 6.3 As shown in Fig. 6.3, the magnitude of the (permanent) dipole moment for
the polar molecule HCl is p = |p| = 3.43 x 107" coulomb-meters (which is equivalent to
shifting the charge of one electron by a distance of 2 x 10~° cm [32]). From Example 6.2,
the magnitude of the dipole moment in hydrogen induced by an electric field of magnitude
one megavolt per meter is p < 1073% coulomb-meters. This result is a characteristic one
and permanent dipole moments are typically multiple orders of magnitude larger than those
induced by laboratory electric fields.
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Table 6.2 Atomic polarizabilities (¢t/47e,) in units of 1073 m?

Element: H He Li Be C Ne Na Ar K
0.66 0.21 12 9.3 1.5 0.4 27 1.6 34

F.
+q  F+
E d
F -9 P
E

m Torque applied to a molecule with an intrinsic dipole moment in a uniform electric field.

In a uniform electric field polar molecules will have their dipole vectors partially aligned
with the field. The net force on the dipole vanishes, because the force on the negative end
exactly cancels the force on the positive end (see Fig. 6.4), but the torque N acting on the
dipole is

N=pxE, (6.10)

where p is the dipole moment vector. The direction of N is so as to align the dipole moment
of a polar molecule with the electric field. Perturbations such as thermal fluctuations tend
to inhibit this alignment, so the typical physical outcome is an equilbrium with the dipoles
partially aligned with the field.

6.5 Polarization Density
|

We have discussed two basic mechanism that lead to polarization of a dielectric: (1) distor-
tion of the charge distribution by an electric field, which induces many tiny dipoles pointing
in the same direction as the field if the dielectric substance consists of atoms or non-polar
molecules, and (2) alignment of the existing intrinsic dipole moments by an electric field
if the substance consists of polar molecules.” The net effect of either is to produce a set
of dipoles aligned or partially aligned with the electric field. Our primary interest here is
in the effect of this polarization, without regard to the mechanism by which it was pro-
duced. Therefore, a measure of polarization for matter can be formed by asking how many
dipoles N of average dipole moment p there are in a unit volume, without regard to their

3 An applied field induces polarization for polar and non-polar molecules. However, any induced polarization
for a polar molecule is usually very small compared with its intrinsic polarization and can be neglected.
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ZA Charge
z, O/ +P da
| +P da
- | Ld
(@) (b) E/T_ z
- | -Pda

Z ~—
1 Charge
- Pda

X

(a) A column of polarized material with cross section da observed at a distant point A
produces the same field as two charges, one at each end of (b). Adapted from Ref. [32].

source. The total dipole strength of an infinitesimal volume element is then pNd7 and the
polarization density P can be defined by

6.11)

P=pN~— Number of dipole moments 7
Unit volume

which has units of C-m/m> = C/m?. The polarization-charge density Ppol 18 given by minus
the divergence of the polarization density,

Ppoi(x) = —V - P(x). (6.12)

The electric field is discontinuous across the surface of the dielectric (see Sections 6.9 and
6.11), so there must be a surface charge density given by the difference between the density
(6.12) evaluated for the two media at the boundary that is given by

Opol = —(P2—Pp)-h (6.13)

where P; is the polarization in Medium i and # is a unit vector that is normal to the boundary
and points from Medium 1 to Medium 2.

6.6 Field Outside Polarized Dielectric Matter

Let’s now estimate the electric potential associated with the polarized dielectric material,
considering separately the regions outside and inside of the dielectric matter. If it is as-
sumed that the dielectric was assembled from neutral matter so that there is no net charge,
there will be no monopole term in the multipole expansion (6.8). Therefore to good ap-
proximation only the dipole moments need be considered as sources of a field. Consider a
thin vertical cylinder of dielectric matter in an electric field, as illustrated in Fig. 6.5. The
polarization P is uniform and points in the positive z direction, and we wish to calculate
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the electric potential at the point A. An element of the cylinder of height dz in Fig. 6.5(a)
has a dipole moment

p = Pdt = Pdadz, (6.14)

and its contribution to the potential at point A is

P cosOdadz

dd, =
A 47178()}’2

(6.15)

Then the potential at the point A produced by the entire column of polarized matter is
obtained by integration,

®, Pda /12 dzcos 0

- dmey J;, r?

_ —Pda /Z2 dr
o 47T€0 21 1’2

_ Pda <1—1>. (6.16)

7477:80 oI

But this the same as a potential produced by a positive point charge Pda at the top of the
column at a distance r, from A and a negative point charge —Pda placed at the bottom of
the column a distance r| from A (see the dipole potential example in Box 3.3). A column
of uniformly polarized matter produces the same potential and thus the same electric field
at an external point A as a dipole consisting of two concentrated charges of magnitude Pda
at the two ends of the column.

We can make Eq. (6.16) plausible by the heuristic argument illustrated in Fig. 6.5(b).
Consider making the cylinder shown in Fig. 6.5(a) by stacking on top of each other small
cylinder segments of height dz, with a charge of +Pda on its top face and —Pda on
its bottom face. But now within the column the + charge on the top of a segment will
be cancelled by the — charge on the bottom of the next segment up, except for the top-
most segment, which will have an uncompensated charge on its top face of +Pda, and
the bottom-most segment, which will have an uncompensated charge on its bottom face
of —Pda. Thus the column of tiny dipoles will appear to be a single large dipole with
end charges +Pda and —Pda, separated by a distance 7 — z;. Note that nowhere in this
derivation have we assumed that A is particularly distant; we have only assumed that the
distance to A is much larger than the lengths of the individual microscopic dipoles and
much larger than the width of the column in Fig. 6.5(a), both of which are very small.

We can take a slab of dielectric and divide it up infinitesimally into such columns and
integrate over them to conclude that the electric field outside the slab is the same as if two
sheets of surface charge were located at the positions of the top and bottom of the slab,
carrying constant surface charge density o = 4P and ¢ = —P, respectively. See Fig. 6.6.



107

Field Inside Polarized Dielectric Matter

(a) Block of polarized dielectric (b) Top and bottom layers of surface charge

(a) A block of dielectric polarized by an electric field in the z direction. (b) Two sheets of
charge £P at the positions of the top and bottom surfaces of the block in (a).

6.7 Field Inside Polarized Dielectric Matter
]

It may be expected that the field inside polarized dielectric matter could be quite com-
plicated. Inside the dielectric we cannot assume that a point is at a much larger distance
than the size of the dipoles. However, we may surmise that the electrostatic properties are
governed by averages rather than the detailed local microscopic structure. Therefore, let us
average over a region that is macroscopically small but microscopically large.® The spatial
average of E over a volume V inside the polarized matter is given by

JEdt 1 /
E)y = =— [ Edt 6.17
(E)v Tde v , (6.17)
where the volume V = [dt. This average field (E)y is a macroscopic quantity formed
from a spatial average of the microscopic quantity E(x) appearing in the integrand of Eq.
(6.17). Let us summarize some important properties of the macroscopic (that is, averaged)
electric field.

1. The fundamental relation (2.27) that is obeyed by the microscopic electric field,
VXE=0 (6.18)

remains valid for the macroscopic electric field.

2. This implies that the macroscopic electric field is still derivable from a scalar potential,
through E = —V® (see Section 2.5).

3. If an electric field is applied to a medium consisting of a large number of atoms or
molecules. The dominant multipole mode response to the applied field is again dipole,

6 That is, a region that is large enough to suppress statistical sampling fluctuations, but small enough that P
doesn’t vary substantially over the averaging volume. If d is the characteristic size of atoms, L is the averaging
scale, and R is the size of the sample, then a suitable macroscopic description of averaged field quantities
requires that d < L <. The basic reason that the averaging procedure preserves important properties of the
fields such as V x E = 0 is that derivative operations commute with averaging operations. A more detailed
discussion of the procedure of averaging microscopic quantities to produce macroscopic quantities may be
found in Section 6.6 of Jackson [19] and Section 3.1 of Wald [40].
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with an electric polarization P corresponding to the density of dipoles in Eq. (6.11),
P(x) = ZNl<pt>a
l

where p; is the dipole moment of the ith species (atoms or molecules), the average
(---) is taken over a small volume centered on x, and N; is the average number per unit
volume of the ith species at x.

6.8 The Electric Displacement D

The macroscopic potential or field can be built up by linear superposition of contributions
from each macroscopically small volume element AV at the variable point x'. If there are
no macroscopic multipole moments higher than dipole, then from Eq. (3.61), the macro-
scopically averaged potential is

AD(x,x) = — [p(x/) av 4 PE =X (6.19)

4me |x—x’\ |x_x/‘3

assuming x to lie outside AV. Setting AV — d°x’ and integrating over all space gives the

potential
1 3./ p(x/) / ! 1
D(x) 4 /d X [[x—x’] +P(x) x| (6.20)

where the prime on V' indicates that the V operator acts on x’ instead of x. An integration
of the second term by parts leads to

®(x) ! / P [p(x) -V -P(x)], (6.21)

~ 4re, |x —x/|

which represents the potential generated by an effective charge distribution p(x') = p(x') —
V'.P(x').” Then Gauss’s law (1.1a) reads

V-E= 810 [p—V'-P(x], (6.22)
which reduces to Eq. (1.1a) in the absence of polarization. If we define the electric dis-
placement D by

D=¢gE+P, (6.23)
Eq. (6.22) can be written as
V.-D=p. (6.24)

Solution for potentials or fields requires that the relations that connect the displacement D
and the electric field E be specified.
7 The divergence term appears in the effective charge density p because for non-uniform polarization there can

be a net increase or decrease of charge within any small volume; see Section 6.9. As was noted in Eq. (6.12),
the polarization-charge density at a point x in polarized media is given by pyo1(x) = —V - P(x).
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6.8.1 Constituitive Relationships

The relationships that connect D and E are called constitutive relations. It is common to
make two assumptions in these relationships.

1. The response to the applied field is linear, P o< E.
2. The medium is isotropic, so that P is parallel to E and the coefficient of proportionality
has no angular dependence,

P =gy E, (6.25)
where X, is termed the electric susceptibility of the medium.
With these assumptions the displacement D and the electric field E are related by
D=¢E e=¢g(l+x), (6.26)

where € is the electric permittivity and
€
K=—=1+% (6.27)
& X

is called the dielectric constant. Then the polarization can be written

P=(e—g&)E. (6.28)
If the dielectric medium is uniform in addition to being isotropic, then € is independent of
position and the divergence equation (6.24) can be written

V.E= g, (6.29)

which is Gauss’s law (1.1a) with & replaced by € = &(1 + x.). Equations (6.24) and
(6.18) are the macroscopic counterparts of the microscopic equations (1.1a) and (2.27),
respectively.

For a medium fulfilling all the conditions specified above, solutions for electro-
statics problems in that medium are equivalent to the corresponding solutions
found previously for vacuum, except that the electric fields must be reduced by
a factor &y /€. Physically this reduction is a consequence of polarized atoms pro-
ducing fields in the medium that oppose the applied field.

One consequence of immediate relevance to our prior discussion is that the capacitance
of a parallel-plate capacitor is increased by a factor € /¢ if the empty space between the
electrodes is filled with a material having dielectric constant € /&y (neglecting the effect of
fringing fields). Example 6.4 illustrates.

Example 6.4 From Eq. (6.26), inserting a dielectric layer in a parallel-plate capacitor
alters the electric field, changing the capacitance from Cj to

C=KCo= gico — (1 - %.)Co. (6.30)
0
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For the capacitor described in Section 5.2.1, the capacitance with a dielectric layer between
the plates is
£ € Agy Aeg
€ & d d
The corresponding work required to charge a parallel-plate capacitor that was given in
Section 5.2.2 is modified to

6.31)

o 1 ., 2

which is €/¢gp times the work required to charge the capacitor without the dielectric layer
that was given in Eq. (5.8).

6.8.2 Boundary Conditions

If a system contains different media, boundary conditions must be considered for both D
and E at all interfaces between different media. This will be addressed in more depth in
Section 6.11, but the results for electrostatics are that the normal components of D, and the
tangential components of E on either side of an interface between Medium 1 and Medium
2, must satisfy the boundary conditions (for either static or time-varying fields)

(Dy—D))-n=o, (6.33a)
(E;—E ) xn=0, (6.33b)
where n is a unit normal to the surface pointing from Medium 1 to Medium 2, and o is the

macroscopic surface-charge density on the boundary surface (which does not include the
polarization charge discussed in following sections).

6.9 Surface and Volume Bound Charges
I —————

The potential created by a single dipole can be written

1 -7
D (x) PT

— L 6.34
47!780 27 ( )

where from Fig. 6.7, r = |r| where r = x — X/, and p is the dipole moment vector. The total
potential contributed by dipoles then follows by integration,

1 Px)-7
P(x) = .
(x) P /V 53— dT, (6.35)

where d7’ = d°x’ and P is the dipole moment density. This can be rewritten using

A <1> = riz (6.36)

r
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_q

Coordinate system for an electric dipole. The distance from the dipole to P is r = x — x’
and r = |r|.

in the form

1 1N
q:(x)z%/vp-v (r) dr, 6.37)

which can be integrated using the product rule in Eq. (A.18c)
V- (fA)=f(V-A)+A-(V'f).

Setting f = 1/r and A = P, and integrating both sides over the volume V/, the product rule
becomes

!/ P / 1 / / / 1 ’
/VV (r> dt _/V;(V -P)dt +/V(P-V);dr. (6.38)

Now apply the divergence theorem (A.33)

7{A-nda = / V.-Adx,
S 14

to the term on the left side of Eq. (6.38) to give

1 1 1
—P-ndd = / f(V’-P)dT’+/(P-V’)fd1:’, (6.39)
. \%4

JSr vr r

multiply both sides by 1/4mey and rearrange to give

1 / 1 1 1 1.,
— | (P-V *dlzij{fP-d’——/fv.Pd’ 4
47580./\/( )r t dmey Js r naa 4me, VV( )dt, (6.40)
and finally, upon comparing with Eq. (6.37),
) = 57 7{11) nda — - /I(V' P)d7 (6.41)
=——¢-P-nda——— | —(V- ) ‘
drey Jsr Amey Jy r

Thus we see that
1. The first term of Eq. (6.41) looks like the potential generated by a surface charge
o,=P-h, (6.42)

with # the unit vector normal to the surface and the subscript “b” indicating that it
originates in the bound charges.
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2. The second term of Eq. (6.41) looks like the potential generated by a volume charge of
magnitude

pp=-V.P (6.43)
Hence Eq. (6.41) can be written
1 Ob , 4 1 Po
=——09¢ —d — | —drt 6.44
4reg Js r + 4meg Jv r ’ ( )
and the potential ® and electric field E of a polarized object are equivalent to that produced
by a volume charge density p, = —V - P plus a surface charge density o, = P-#. Notice that

the volume charge density py, involves derivatives of the polarization P; thus it contributes
only if the polarization is spatially non-uniform [see Eq. (6.21)].

Example 6.5 Let’s use the result of Eq. (6.44) to determine the potential inside and
outside a uniformly polarized sphere of radius R. Since we assume uniform polarization the
second (volume-charge) term, which is non-zero only if the derivative of the polarization
density is finite, makes no contribution and the potential is generated entirely by the surface
charge defined in Eq. (6.42),

o, =P -n=PcosH, (6.45)
where the z-axis has been chosen as the direction of polarization. Thus, we need to evaluate

the potential for a sphere with the surface charge (6.45) painted on it. This problem was
already solved in Problems 4.1 and 4.4, with the result that

P
é cos 6 (r <R),

®(r,60) =14 03 (6.46)
3eg2 cos @ (r>R).

The electric field is then given by E = —V®. Note that since rcos 8 = z, inside the sphere
the field is uniform:

P 1
E=-Vb=——%z=——P <R). 6.47
38t 3 (r<R) (6.47)
Outside the sphere the field has a dipole form
1 p-7
b=—"— >R 6.48
dmey r? (r2R), (6.48)
where the dipole moment is equal to the total dipole moment of the sphere,
4
p= g7:R3P, (6.49)

since P is the dipole moment density.

Curves of constant electric field strength for the electric field of the uniformly polarized
sphere computed in Example 6.5 are plotted in Fig. 6.8.
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@ EHEER A point charge Q located at a distance ' from the center of a sphere of radius R.

6.10 Average Electric Fields in Matter

The influence of matter on electrostatics will in most cases require some amount of av-
eraging over the detailed and complex microscopic interactions in the matter. Hence one
fundamental task will be to compute the electric field averaged over some volume of mat-
ter. Let’s begin by consider a sphere containing a single point charge Q located a distance
' from the origin along the z-axis, as illustrated in Fig. 6.9 [7]. By symmetry the average
field over the entire volume must be along the z-axis The average field is then

J;E;dt 1/
E)=2"""=_ |Ed
< Z) deT TJ): Z T?
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where 7 is the volume of the sphere. It is convenient to separate the integral into two
parts: one over the spherical shell from radii 7 to R (outside the dashed circle in the above
diagram) and one over the sphere of radius 7’ (inside the dashed circle).

The integral over the outer volume vanishes, by the following qualitative argument. Con-
sider the concentric shell at radius R with thickness dr. The solid angle element intercepts
the volume elements d7; and d7, in the shaded shell of thickness dr. The value of E, de-
creases quadratically with distance from Q but d7 increases quadratically with distance,
so their product remains constant. But E; is positive at d7; but negative at d7,, so the two
contributions cancel. A similar argument can be make for all shells and the entire outer
shell with r > ¢/ contributes zero.

To calculate the integral over the inner volume (inside the dashed circle), consider the
point P in Fig. 6.9. The potential at P is

1o 1 0

“4meyr 47me Ix—x'|’

where from Fig. 6.9 that r; = |x —x/|. Thus, we may expand in the multipole expansion
given in Eq. (3.48),

1 oo [ l

re >
—— =) ———PF(cosb) = Py(cos0)
|x_x/‘ E{) rl>+1 Z;O ( )l+1

where we’ve used from Fig. 6.9 that r < /. Writing this expansion out and substituting the
explicit values for the Legendre polynomials from Table 4.1,

1 1r 1r
458 = 1+ - COS 6+§72(3cos 6—1)+§73(5003 0 —3cosO+--
The electric field is minus the gradient of the potential, so we need to evaluate E, =
—d®/dz. Utilizing
8}’ 8 1/2

rcos@ =z a—zza—z(xz—FyZ—I—zz)

the preceding multipole expansion can be written in terms of z and the derivative taken to
give the expansion for the electric field

2 3
Ez:—Q[1+Z+(3Z — )4

Z
= - =cos0
,

4meyr'? 2r'2
Then we may compute the average by integrating term by term in this series. The first term
gives

or
(E:)1 = 47r80r’2/ / 2mr? s1n9dra’0——3

All of the higher-order terms give zero, so we obtain

o' o’ 3 o p
36T 3€ 4mR3 4meoR3  4meyR3’

(E;) =—

where the volume is T = %nR3 and the dipole moment p of the charge Q is p = Qr'. This



115

Boundary Conditions at Interfaces

result was for a single charge on the z-axis. For an arbitrary charge distribution the same
result is obtained, except that

Protal
E,)=—
(Ez) AmegR3’

where poa 18 the total dipole moment of the arbitrary charge distribution within the sphere
of radius R.

6.11 Boundary Conditions at Interfaces
I —

In advanced applications one often must consider problems in which media with differ-
ent properties are spatially adjacent and boundary conditions at all interfaces must be ac-
counted for. We may do so by using the vacuum Maxwell equations modified to reflect the
influence of the medium on classical electrodynamics. As we now discuss, the in-medium
Maxwell equations may be expressed in either differential or integral form.

6.11.1 Differential Form of Maxwell Equations in Medium

In a medium that may be polarized by electric or magnetic fields, the vacuum Maxwell
equations (1.1) are modified to the Maxwell equations in medium, expressed in differential
form,

V.-D=p (Gauss’s law), (6.50a)
VXE+ aa—? =0 (Faraday’s law), (6.50b)
V.-B=0 (No magnetic charges), (6.50¢)
V xH— aa—lt) =J (Ampere—Maxwell law), (6.50d)

where D is defined in Eq. (6.23) and H is defined in Eq. (9.11).8 The Maxwell equations
(6.50) in differential form can be cast in integral form using the divergence theorem and
Stokes’ theorem.

6.11.2 Integral Form of Maxwell Equations in Medium

Let V be a finite volume bounded by a closed surface (or surfaces) S, let da be an area
element of that surface, and let n be a unit normal at da, pointing out of the volume. The

divergence theorem (2.20)
%A-nda = / V.Adx,
s 14

8 The vacuum Maxwell equations (1.1) can be recovered from the Maxwell equations in medium (6.50) by
substituting D = & E and H = B/ into Egs. (6.50), remembering from Eq. (2.4) that oo = 1/c?.



116

Electrostatics in Dielectric Matter

applied to Eq. (6.50a) yields
j{D-nda:/pcpx, (6.51)
S 1%

with Eq. (6.51) being an integral form of Gauss’s law requiring that the total flux D out
through the surface be equal to the charge contained in the volume. Likewise, applying the
divergence theorem to Eq. (6.50c) yields the integral equation

7{B ‘nda =0, (6.52)
s

where Eq. (6.52) is the magnetic analog of Eq. (6.51), requiring that there be no net flux B
through the closed surface S because no magnetic charges are known to exist.

In a similar manner, suppose that C is a closed contour spanned by an open surface S,
dl is a line element on C, da is an area element on ', and n’ is a unit vector pointing in a
direction given by the right-hand rule (see Box 2.3). Applying Stokes’ theorem (2.25),

/(v xA)-nda:}{A-dl,
S C

to Eq. (6.50b) gives
JB

_ o
7£ E-dl =~ [ 5= -nlda, (6.53)

which is an integral form of Faraday’s law of magnetic induction. Likewise, applying
Stokes’ theorem to Eq. (6.50d) gives

- D\
%CH-dl—fg/ <J—|—8t>-nda (6.54)

which is an integral form of the Ampeére—-Maxwell law of magnetic fields. Summarizing
equations (6.51)-(6.54), the integral forms of Maxwell’s equations in medium are

%D ‘nda = / o dx (Gauss’s law) (6.55a)
s 1%
oB
E-dl=— | — -n'da, (Faraday’s law) (6.55b)
c s ot
B-nda=0, (No magnetic charges) (6.55¢)
s
oD , N
H-dl = 7{ J+ a5 -n'da (Ampere—Maxwell law) (6.55d)
c s

Equations (6.55) may be used to determine the relationship of normal and tangential com-
ponents of the fields on either side of an interface between media having different electro-
magnetic properties, as we shall now illustrate following the discussion in Jackson [19].

6.11.3 Matching Conditions at Boundaries

Consider Fig. 6.10, where there is a boundary between Medium 1 and Medium 2 and
we allow the most general possibility that the interface at the boundary can have both a
surface charge o and a surface current density K. To facilitate the analysis, an infinitesimal
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E2’ BZ
D2' H2

E1, B1
D1, H1

Schematic illustration of a boundary surface between two different media that is assumed
to carry surface charge ¢ and surface current density K. The infinitesimal Gaussian
cylinder of volume V' is assumed to lie half in one medium and half in the other, with the
normal to its surface n pointing from Medium 1 into Medium 2. The infinitesimal
rectangular contour C is assumed to lie partly in one medium and partly in the other, with
its plane perpendicular to the surface so that its normal ¢ (pointing out of the page in the
figure) is tangent to the surface. Adapted from Ref. [19].

cylindrical Gaussian pillbox of volume V straddles the surface between the two media.
In addition, an infinitesimal rectangular contour C has long sides on either side of the
boundary and is oriented so that the normal to the rectangular surface points out of the
page and is tangent to the interface.

Let us first apply equations (6.55a) and (6.55c) to the cylindrical Gaussian pillbox in
Fig. 6.10. In the limit that the pillbox is assumed to be very shallow the side of the cylinder
does not contribute to the integrals on the left side of Eqgs. (6.55a) and (6.55¢). If the top
and bottom of the cylinder are are assumed to be parallel to the interface and to each have
area Aa, then the integral on the left side of Eq. (6.55a) is given by

fD-nda = (Dz—Dl) -nAa.
s
Now, applying a similar argument to the left side of Eq. (6.55¢), the integral is given by
%Bﬂda = (32—31) -nAa.
S

If the charge density p is singular at the interface and produces an idealized surface charge
density o, the integral on the right side of Eq. (6.55a) evaluates to

/ pd’x = oAa,
JV

and the normal components of D and B on the two sides of the interface are related to each
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other by

=0, (6.562)
0 (6.56b)

Thus, stating Egs. (6.56) in words:

1. the normal component of the magnetic field B is continuous across the inter-
face, but

2. the discontinuity of the normal component of the electric displacement D at
any point on the interface is equal to the surface charge density o at that point.

In a similar manner, the infinitesimal rectangular contour C in Fig. 6.10 can be used in
conjunction with Stokes’ theorem to determine the discontinuities in the tangential compo-
nents of E and H. In the limit that the short sides of the rectangular loop may be neglected
and each long side is of length Al and parallel to the interface, the integral on the left side
of Eq. (6.55b) is

fE-dl — (txn)-(E2—E1)AL
c
Likewise, the integral on the left side of Eq. (6.55d) is
fﬂ.dz — (txn).(Hy—H))AL
foi

The right side of Eq. (6.55b) vanishes because in the limit of vanishing length of the short
side of the rectangular contour dB/dt is finite while Az — 0. Because there is an idealized
surface current density K flowing exactly on the boundary, the integral on the right side of

Eq. (6.55d) is equal to
?{ <J+ 8D> -tda=K-tAl,
Y ot

where the second term vanishes by the same argument as that given above for the right
side of Eq. (6.55b). Therefore, the tangential components of E and H on either side of the
media interface are related by

(txn)-(E,—E;)=0 (txn)-(Hy—H,)=K-t,
and using the identity (A.4), this implies that
nx(E,—E;)=0, (6.57a)
nx (Hy,—H;)=K, (6.57Db)

where in Eq. (6.57b) it is understood that the surface current only has components parallel
to the interface at each point. Thus, stating Eqs. (6.57) in words:

1. the tangential component of the electric field E is continuous across an interface, but
2. the tangential component of H is discontinuous across the interface by an amount hav-
ing magnitude |K| and direction K x n.
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A dielectric ball of radius a and dielectric constant k = €/ placed in an initially uniform
external electric field E( directed along the z axis. Used in the example discussed in
Section 6.12.

The discontinuity equations (6.56) and (6.57) for the fields B, E, D, and H allow solving
the Maxwell equations in different regions having potentially different electromagnetic
properties, and then connecting the solutions to obtain the fields evaluated over all of the
space.

6.12 Example: A Dielectric Boundary Value Problem
|

Methods developed in previous chapters may be adapted to handle the presence of di-
electrics in boundary value problems. Let us illustrate, in the process displaying techniques
that are applicable to a variety of problems.

6.12.1 Dielectric Ball in External Electric Field

A ball with dielectric constant Kk = €/¢& is placed in an initially uniform electric field di-
rected along the z axis, as illustrated in Fig. 6.11, with the assumption that there are no free
charges inside or outside of the ball. Let’s determine the scalar potential ® and the electric
field E using the Laplace equation with appropriate boundary conditions. Exploiting axial
symmetry about the z axis and solving the Laplace equation in spherical coordinates by
separation of variables (see Section 4.1.2), general solutions are of the form given by Eq.
(4.37),

oo

(r,0) = Y (A + By )P (cos 0).
=0

However, there are no charges at the origin and the requirement that ®(r, 0) be finite there
demands that for the interior solution, B; = 0, and the interior solution is of the form

Din(r,0) = Y Ay’ Pi(cos ), (6.58)
=0
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and the exterior solution is of the form

oo

Doue(r,0) = Z(Blrl + C]FUH))PI(COS 0),
1=0

with the constants A;, B;, and C; to be determined by imposing boundary conditions. At
infinity, we must have [see Eq. (4.41)],

®(r — 00) = —Epz = —Eprcos 0 = —EyrP;(cos ).
This requires that
—EorPi(cos0) = [Blrl + Clr*(”l)]Pl(cos 0)~ BlrlPl(cos 0),
since the C; term vanishes as r — oo. Multiplying both sides by Pj(cos 6) and integrating,
—Eor/P1 (cos 0)P;(cos 0)d(cos ) = B;r! /P1 (cosB)P,(cosO)d(cosH).

Using the orthogonality relation (4.38),

+1 )
/ Pi(cos0)P;(cos0)d(cos0) = —— &y,
1

_ 20+1
all terms vanish except for / = 1 and we obtain B; = —Ej, with all other B; equal to zero.
Thus, the exterior solution becomes,
Dou(1,0) = —Eor' Pi(cos 0) + Y Cir VP (cos 6). (6.59)
=0

Now let’s use the boundary conditions at the edge of the sphere to fix the other constants,
by requiring the matching conditions at the surface » = a for tangential and normal com-
ponents of P,

1 aq)in 1 8<I>Out )
_ _ - | |
a0 |_,~ aa6 |, ‘Tmeentid (6.60)
aq)in 8<I>0m
— ar | e - (Normal). 6.61)

We must substitute the expansions (6.58) and (6.59) into these matching equations and
solve to determine the constants. First consider the tangential matching. Substituting (6.58)
and (6.59) into Eq. (6.60) gives

19 & 14 >
———Y AP (cos0) = ——— |Bir'Pi(cos0)+ Y ¢ UFY) Py(cos0),
adb lg(’) . adb l;’) .
which simplifies to
i alAliPl(cos 0) = —aniPl (cosB) + i a_(l“)CliPl(cos 0). (6.62)
& d6 20 = 20

Let’s convert the derivatives of Legendre polynomials P,(x) to associated Legendre poly-
nomials P)"(x) using the general relationship [2],

P"x)=(1 —xz)mﬁ%Pn(x), (6.63)
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which, upon specializing to m = 1, yields

Py _
‘ d)(cX) =(1-2)""2R)(x), (6.64)
or, upon letting x = cos 0,
dP, 0]
S’;S) — —P!(cos ). (6.65)
Then Eq. (6.62) becomes
— Y d'AP! (cos ) = —aEyP} (cos0) + Z a= VP! (cos6). (6.66)
=0 =0

We will now exploit the orthogonality properties of the associated Legendre polynomials,
which obey the relationship [2],

o 2 (g+m)!
/;1 Pp (.X')Pq (x)dx = qu5pq qu = m (q — m)” (667)
or in spherical coordinates
T
/0 Py (cos 0)P;'(cos 0)sin0d0 = Ky 6. (6.68)

There are two solutions for Eq. (6.66),

1. a special solution for [ =1, and
2. a general solution for all [ # 1.

Special solution (I = 1): To obtain the special solution let x = cos 6, multiply both sides
by P! (x), and integrate to give

- Za[Al/Pll (x)P! (x)dx = —an/Pl1 (x)P! (x)dx+ Za_(ZH)CZ /P,1 (x)P} (x)dx.
1=0 1=0
Utilizing Eq. (6.67), this gives

— ZalAléu = —an + Z a*(’“)C,&,,
[=0 =0

and finally aA; = —aEy + aiZCl, so that

G

Ay=—-Ey+— (Special solution for [ = 1). (6.69)
a

General solution (I # 1): To obtain the general solution, set x = cos 6, multiply both sides
of Eq. (6.66) by P! (x), and integrate to give

~Y d, / P! ()P} (x)dx = —aEo / P (x)Pl (x)dx+ Y a0+ / P} (x)P} (x)dx.
=0 =0

Utilizing the orthogonality relation (6.67), this gives a/A; = a~ D, which rearranges to

G

A=
a21+1

(General solution for [ # 1). (6.70)
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Two relations [Egs. (6.69) and (6.70)] have been obtained among the coefficients using
the tangential matching condition (6.60) but the contraints imposed by matching at the
boundary have not been exhausted: we may use the normal matching condition (6.61) to
obtain additional constraints on the coefficients. Upon substituting the expansions (6.58)
and (6.59) into Eq. (6.61),

e 17 AP(x) = &B1 Py (x) + Y —(I1+1)Ca 2Py (x). 6.71)
=0 =0

As before, there are two solutions,

1. a special solution, when [ = 1, and
2. a general solution, when | # 1.

Special solution (I = 1): The special solution may be found by multiplying Eq. (6.71)
by Pj(x) and integrating. Upon exploiting orthogonality properties the result is another
relationship among coefficients:

€ C
ZA=—Ey—2 —; (Special solution for [ = 1). (6.72)
&o a

General solution (I # 1): The general solution may be obtained by multiplying both sides
of Eq. (6.71) by P,(x), integrating, and exploiting the orthogonality constraints (4.38) to
give

G
a2l+1

élAl =—(+1) (General solution for [ # 1). (6.73)

We have obtained four equations—(6.69), (6.70), (6.72), and (6.73)—by exploiting bound-
ary matching conditions on the fields; these must be solved simultaneously for the unknown
coefficients. We note that Egs. (6.70) and (6.73) can be satisfied only if A; = C; = 0 for all
[ # 1, and solving the other two equations (6.69) and (6.72) simultaneously for / = 1 gives

3 eleg—1Y\ ;3
Ai=—| ———— | E = +— Ey. 6.74
! <e/so+2> 0 i (e/£o+2>a 0 ©.74)

Inserting these results into Egs. (6.58) and (6.59) gives for the interior and exterior scalar
potentials

3 3
q)in:— — | E| O=—| — |E Interi t t.17 6.75
<2+£/£0> 07 cos (2+8/80> 02 (Interior potential), (6.75a)

e/eg—1 0
Do = —Eoz+ (sfsz”> Eod® Corsz (Exterior potential), (6.75b)
The electric fields then follow from E = —V®,
3
E, = <8/80+2> Ey (Interior electric field), (6.76a)
Eout = Ep — (Exterior electric field), (6.76b)

47'6801’3

as shown in Problem 6.5. From these results we conclude that for the interior electric field
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1. Ej, is a constant that is proportional to the constant exterior field Ey,

2. if € = &, the interior field is equal to the exterior field, E;, = Ep, and

3. if € > g, then the strength of the interior field is reduced relative to that of the exterior
field, E;, < Ey.

In Eq. (6.75b) for the external field, it is clear that the first term is just the unperturbed
exterior field E( and the second term is a correction associated with a potential generated
by the polarized dielectric sphere. If the induced electric dipole moment p [see Eq. (3.53)]
of the polarized sphere is taken to have magnitude

e/en—1Y\ 3
=4ney | ——— E 6.77
14 0 (8/80 +2> a Lo, ( )
then the exterior potential (6.75b) can be written
p cos@
Dou = —Eoz+ e (6.78)

making clear that the external potential is the unperturbed external potential (first term)
modified by a potential corresponding to an induced electric dipole at the origin that is as-
sociated with the polarized dielectric sphere. From Egs. (6.25) and (6.27), the polarization
P is given by

P=(e—g&)E, (6.79)

and from Eq. (6.11) the polarization may also be defined as the density of dipole moments.
Then from Eq. (6.77), the polarization of the dielectric sphere is given by

dipol t
P—(c—e)E = 1po‘e moments \ . p
unit volume 3 a3
e/eg—1
=3 —— | Ey. 6.80
& <€/€o—|—2> 0 (6.80)

As you are asked to show in Problem 6.6, the surface charge on the polarized dielectric in
Fig. 6.11 is then given by

eleg—1
Opol = 3&p <8/80—|—2

The results of this extended example of a spherical dielectric in an external electric field
are displayed graphically in Figs. 6.12 and 6.13.

)EOCOSG. (6.81)

6.12.2 Interpretation of Results

As indicated schematically in Fig. 6.12(a), the external field Ey aligned in the z direction
polarizes the dielectric sphere, with the polarization vector P given in Eq. (6.80) and ori-
ented in the direction of the external field. The polarization is the density of induced dipole
moments (6.77). This corresponds to the polarization of charge illustrated in Fig. 6.12(b)
with positive charge accumulating on the right side of the sphere and negative charge on
the left side. The polarization of charge indicated in Fig. 6.12(b) induces an electric field
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(@)

(a) Polarization of a dielectric ball by an external electric field Eq. (b) The polarization of
charge induces a field E’ inside the sphere that opposes and partially cancels the applied
field Ey.

E’ that opposes the applied field E but does not completely cancel it for the dielectric-
filled sphere as would be the case for a conducting metal-filled sphere. The electric field
E;, inside the sphere is given by Eq. (6.76) and is constant. If € > & the electric field in-
side acts in the opposite direction as the applied field and is reduced in strength by a factor
3/(€/&y+2) relative to the applied field. This is indicated schematically in Fig. 6.13(a),
where we notice that

1. The field inside Ej, is in the same direction as the applied field E(, but is reduced in
strength by the induced field E’ acting against the applied field.

2. This reduction in strength for the interior field is indicated by the decreased density of
field lines inside the sphere relative to the outside.

3. There is a discontinuity of the electric field lines at the boundary of the sphere because
of the surface charge with density given by Eq. (6.81) that has accumulated there as a
consequence of polarization by the external field.

Asindicated in Egs. (6.77) and (6.78), in the presence of the dielectric the external potential
has two contributions:

e DT TR ST R
e ——
L e
—
z - z
== +— E
e S
=

— e

(a) Dielectric filled sphere (a) Metal filled sphere

(a) Electric field lines for dielectric filled sphere in an external electric field E( directed
along the z axis. (b) Electric field lines for a conducting ball in an external electric field E
directed along the z axis. Original calculation in Fig. 4.5.
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1. the original potential due to the external field, and

2. a correction term that may be interpreted as the potential generated by an effective
electric dipole centered on the dielectric sphere, which has been produced by the charge
polarization.

At large distance the external potential is that of the original applied field Eq, but near the
sphere the field lines in Fig. 6.13(a) are strongly distorted by the increasing importance of
the second term in Eq. (6.78), which grows rapidly as the sphere is approached since it

scales as r—2.

Background and Further Reading

Good introductions to the material of this chapter may be found in Griffiths [13]. More
advanced treatments may be found in Jackson [19], Garg [11], Chaichian et al [5], and
Zangwill [42].
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Problems

6.1 Two concentric conducting spheres of inner and outer radii a and b, respectively,
carry charges +Q. The empty space between the spheres is half-filled by a hemi-
spherical shell of dielectric having dielectric constant £/ &.

(a) Find the electric field in the region between the spheres. (b) Calculate the surface-
charge distribution on the inner sphere. (c) Calculate the polarization-charge density
induced on the surface of the dielectric at r = a. ***

6.2 Two long coaxial conducting cylinders of radii a and b are lowered vertically into a
dielectric liquid.

TG T
L-h
L
Yy
Dielectric h
liquid
~ A

If the liquid rises an average height of / between the electrodes when a potential dif-
ference V is established between them, show that the susceptibility of the dielectric
liquid is given by

(b° —a*)pghln(b/a)
80V2 ’

Ne =
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6.3

6.4

6.5

6.6

where p is the density of the liquid, g is the acceleration due to gravity, and the
susceptibility of the air is neglected.

A parallel-plate capacitor has plates of area A separated by a distance d and the plates
are charged to a potential difference V using a battery.

(a) With the charging battery disconnected a dielectric sheet that has exactly the same
width and length as a plate is inserted between the plates. Find the work done on the
dielectric sheet; is it pulled in or must it be pushed in?

(b) Repeat the experiment and analysis of part (a), but with the charging battery
connected to the plates.

A point charge ¢ is located in free space a distance d from the center of a dielectric
sphere of radius a, with a < d. Find the potential at all points in space as an expansion
in spherical harmonics with expansion coefficients evaluated.

Prove that for the dielectric ball in an external electric field considered in Section
6.12, the interior and exterior electric fields are given by Egs. (6.76a) and (6.76b),
respectively. *#%

For the dielectric ball in an external electric field

_— P _—
—_— . —_—
_— a —_—
e -
& V4
_— _—
—_—— —
SN €o _
Eo Eo

that is analyzed in Section 6.12, show that the surface charge density induced by the
polarization is given by,

e/leg—1
Opol = 3 (:‘:;8()—#2) Epcos0,

where € characterizes the interior and & characterizes the exterior permittivity.
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An important class of problems in electrostatics corresponds to situations where the source
of the electric field E is a steady flow of electrical charge. In this chapter we shall study
electrostatics in the presence of such steady-current sources.

7.1 Steady-Current Conditions
|

The current / passing through an arbitrary surface S is given by
I:/dS-J. (7.1)
s

where J is the current density. Generally the charge density p and the current density J are
required to satisfy the continuity equation (1.3),
dp

— +V.J=0
a:* ’

which ensures local conservation of charge by demanding that electrical charge variation
in some arbitrarily small volume be caused by flow of electrical current through the surface
of that volume. If we restrict consideration to charge densities having no explicit time de-
pendence, dp /dt = 0 and the continuity equation simplifies to the steady-current condition

V.J=0 (Steady-current condition). (7.2)

Currents satisfying (7.2) can produce static electric and static magnetic fields, which can
be studied independently because the Maxwell equations (1.1) do not mix static electric
and magnetic fields. The field lines of a current density J consistent with Eq. (7.2) must
satisfy the condition that every field line

e begins and ends at infinity, or
e closes on itself, implying that
e any field line entering an infinitesimal volume of space must also exit that volume.

Figure 7.1 shows an example of field lines for a current satisfying these conditions. The
resemblance of Fig. 7.1 to streamlines for fluid flow is obvious, and the analogy of a steady
current as a flow of fluid is often a useful one as long as the details of microscopic inter-
actions between particles in an ordinary fluid can be ignored. If the motion of a charge
density is characterized by a velocity field v(x) we may write

J(x) = p(x)v(x). (7.3)
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Field lines of a current density that satisfies the condition (7.2) for a steady current. The
resemblance to streamlines for flow of an ordinary fluid is apparent.

If the charge density can be viewed as moving rigidly with a uniform velocity v = vg, the
current can be expressed as

J(x) = p(x)vo (7.4)

and Eq. (7.3) is termed the convection current density. If N different species carrying
charges g;, with number densities #; and uniform velocities v; contribute to the current,
the current density is a sum of the different contributions

N
J=Y qinib;. (71.5)
i=1
We shall most often exemplify using currents with a single kind of charge carrier, but
currents with such mixed charge carriers—perhaps with different charge signs for the con-
stituent carriers—may be found in some realistic applications such as in biological and
astrophysical settings.

7.2 Vacuum Currents
|

We begin with the simplest currents, which can be viewed as a stream of particles flowing
in a vacuum, with no influence from any fields or surrounding matter. The properties of
vacuum currents may be explored by considering the operation of the vacuum diode il-
lustrated in Fig. 7.2(a), which is a parallel plate capacitor with one plate heated so that it
expels electrons by thermionic emission.! These devices may be unfamiliar to the reader
as they have been replaced by semiconductors in most modern consumer electronics, but
a theoretical analysis of the vacuum diode provides substantial insight into the nature of
vacuum currents. In particular, vacuum diodes illustrate clearly a characteristic property
of vacuum currents: the current is limited ultimately by interactions between the charge-
carrying particles in the current itself.

! Thermionic emission is the ejection of particles from the surface of a heated metal because the thermal energy
of the metal gives some particles sufficient kinetic energy to escape, with the rate of ejection increasing with
temperature. We consider only the case of the emitted particles being electrons.
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Heated cathode
Anode

11

x=0 x=1L Il

Thermionic
(a) electrons

X

(a) A vacuum diode. The heated cathode emits electrons thermionically that strike the
anode, causing a current to flow in the circuit. (b) Curves for the electric potential ®
between the plates for (I) low, (II) medium, and (Ill) high thermionic electron density.

In our analysis a vacuum will be assumed to exist between the plates in Fig. 7.2(a), and
for simplicity the thermionic electrons are taken to have negligible velocity when produced.
A vacuum diode behaves differently at different cathode temperatures, which corresponds
to different rates of electron emission from the heated plate, as will now be discussed.

7.2.1 Vacuum Diodes at Low Temperature

At low cathode temperatures the rate of electron emission, and thus the density of electrons
between the plates, is small. The emitted electrons accelerate in the potential ®(x) =xV /L,
and if the electron density is negligible the behavior of the electrons corresponds to the
usual solution of the Laplace equation (2.58) between the plates of a capacitor that is
illustrated by Curve I in Fig. 7.2(b). The current per electron in the gap is estimated in

Problem 7.2 to be
e

I= Zv, (7.6)

where L is the plate separation and v is the average speed of electrons in the gap.
7.2.2 Vacuum Diodes at Intermediate Temperatures

If the temperature of the cathode is raised the rate of electron emission increases, as does
the current in the gap since each additional electron makes a contribution given by Eq.
(7.6). Eventually, the charge density in the gap created by the electrons can no longer be
ignored; a space charge?® builds up in the gap, and the solution for the potential is no longer

2 Space charge is a general term used to indicate a volume of uncompensated charge that builds up in an other-
wise electrically neutral region of space.
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given by the Laplace equation V2® = 0, but rather by the Poisson equation (2.54),

b
80.

Vi = — (1.7)

The transition of the solution from Laplace to Poisson is a signal that the Coulomb repul-
sion between the emitted electrons in the gap associated with the charge density p (which
is negative) can no longer be ignored. In one dimension V? = d? /dx? is a curvature and the
Poisson equation (7.7) implies that the potential ®(x) begins to develop a positive curva-
ture between the plates as a result of the (negative) space charge built up there (physically
because the Coulomb interaction between the charges in the gap begins to retard their ac-
celeration), leading to the behavior exemplified by Curve II in Fig. 7.2(b).

7.2.3 Vacuum Diodes at High (Saturation) Temperature

Despite the retarding effect of the accumulating space charge the charge density and current
continue to increase as the temperature of the cathode is raised, although more slowly than
at lower temperatures. Eventually however, a temperature is reached where d®/dx — 0
at x = 0, which is exemplified by Curve 3 in Fig. 7.2(b). The current saturates at this
point, since there is no electric field at the cathode (x = 0) to accelerate additional emitted
electrons.

7.2.4 Space Charge and the Child—-Langmuir Law

The saturated saturated steady current illustrated by Curve III in Fig. 7.2(b) still satisfies
Eq. (7.2), meaning that

p(x)v(x) = constant (7.8)
everywhere. Furthermore, because we assumed v(0) = 0, the kinetic energy of each elec-
tron is
—mv?(x) = ed(x). (7.9)

Combining these results with the Poisson equation (7.7) leads to the Child—Langmuir law
specifying the space-charge limited current density,

4 [2e gV3/?
=5V, OLZ : (7.10)

as you are asked to show in Problem 7.3.

7.3 Currents in Matter

Electrical currents flowing in neutral matter are generally more complex than those flowing
in a vacuum, requiring the full power of quantum mechanics and statistical mechanics for
an adequate theoretical understanding. Nevertheless, it is empirically well established that
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the current density for many systems can be described well by Ohm’s law, which is based
on classical considerations and is described in the following subsection.

7.3.1 Ohm’s Law

To make a current flow some force must push on the charges (continuously if, as is usually
the case, there is any resistance to the charge flow). For most materials the current density
J is proportional to the force per unit charge f,

J=of, (7.11)

where the constant of proportionality ¢ depends on the nature of the medium and is called
the conductivity. Often the reciprocal of the conductivity, p = ¢!, which is called the
resistivity, is used instead. If the force is electromagnetic in origin,

J=06(E+vxB), (7.12)

where E is the electric field, B is the magnetic field, and v is the velocity. Except for special
circumstances such as in relativistic plasmas, the velocity is small and the v x B term can
be neglected, leaving

J=cE  (Ohm’slaw). (7.13)

This is called Ohm’s law. For a cylindrical wire of cross-sectional area A and conductivity
o, if the potential difference between the ends is V the electric field and current density are
uniform and the total current is given

A
I=JAGEA — 67 (7.14)

In this and similar examples the total current flow in the wire from one point to another is
proportional to the potential difference between the points,

V =IR (Ohm’s law), (7.15)

where the constant of proportionality R is called the resistance. This is the most familiar
form of Ohm’s law. The resistance depends on the geometry and the conductivity of the
medium; in the example given above R = L/GA, where L is the length. In more complex
situations (for example, crossed electric and magnetic fields) the simple scalar form of
Ohm’s law described here is replaced by a tensor formulation, as described in Box 7.1.

7.3.2 The Drude Model of Metallic Conduction

An unavoidable difficulty for any classical treatment of electromagnetism is that important
phenomena involving interaction with matter, such as the dielectric or magnetic properties
of various materials, depend essentially on the microscopic structure of the matter, which

3 Ohm’s law is not a true “law” in the same sense as say Coulomb’s law or the law of gravity. It is a “rule of
thumb” that is often but not always obeyed. The subset of conductors that do obey Ohm’s law are called ohmic
conductors.
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Resistivity and Conductivity Tensors

In the simplest cases the current and the electric field may be assumed collinear
and the elementary form of Ohm’s law described in Section 7.3.1 holds: V = IR,
where V is voltage, I is current, and R is resistance. This can also be expressed in
terms of the electric field E and current density j as j = oE where o is the scalar
conductivity, or the inverted expression E = p j, where the scalar resistivity p is
given by p = o~!. In more complex situations such as in the Hall effect described
in Box 8.1 where there are both electric and magnetic fields, the resistivities and re-
lated quantities become tensors. Restricting to two dimensions for the Hall problem,
the rank-2 resistivity tensor p and rank-2 conductivity tensor ¢ may be expressed
as the matrices

p= Pii P2 _ (Puw Pxy o — 011 O\ _ [Ou Oy
P21 P22 p yX pyy 021 Oxn ny ny ’

where the components are p;; = E;/j; and o;; = j;/E;, with p and o related by
matrix inversion, p = ¢~'. Then E; = p;;j; and j; = o;,E;, or

E, _ Pxx  Pxy jx jx _ Oxx  Oxy E,
E, Pyx Pyy Jy Jy On Oy ) \E )’

written out explicitly. Notice that if p,, = p,, vanishes the resistivity matrix becomes
diagonal and we revert to the simple Ohm’s law description of Section 7.3.1, with a
scalar resistivity.

requires arguments from quantum theory and quantum statistical mechanics that are out-
side the scope of classical electrodynamics and classical mechanics. In a presentation of
classical electrodynamics, one is forced then into one of two alternatives:

1. graft sufficient quantum theory and results into the presentation, assuming that the
reader has sufficient understanding of quantum theory, or

2. approximate quantum phenomena by classical or semiclassical models.

An example of the second alternative is the Drude model of electrical conduction [8, 9],
which predates modern quantum mechanics by 25 years, but is still widely used in con-
densed matter physics to give a qualitative overview of metallic conduction [3]. We begin
this section with a brief introduction to the Drude model.

Although at the time there was little precise theoretical justification, in the year 1900
Drude proposed a model of metallic conduction that assumed the heavy, positively charged
ions (atomic nucleus plus core electrons in modern language) to be fixed spatially in a
crystal lattice, and that the light valence electrons became detached from the ions and
wandered freely, scattering randomly from the fixed ions as in a miniature pinball machine;
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Drude model of electrical conduction in metal with atoms of atomic number Z, which is
basically a classical analysis of a pinball machine in which the ions are stationary and act
as the posts of the machine and the valence electrons are detached from the ions, free to
roam through the crystal lattice and scatter from the ions as in a pinball machine. In this
diagram (which is not to scale) each large circle is an ion, which consists of the dark gray
nucleus with charge +eZ, surrounded by a white region containing the core electrons
carrying charge —e(Z — &), where § is the number of electrons ionized from each ion. The
small black balls indicate electrons that have been freed from the ions and scatter
randomly from the fixed ions. In this example an electric field has been assumed that
causes a net drift of the randomly scattering electrons to the right.

Fig. 7.3 illustrates.* These free (valence) electrons are called the conduction electrons, and
in the Drude model they are viewed as forming a gas. There are four basic assumptions
that enter into this Drude model.

1. Between collisions with ions the conduction electrons move freely in straight lines, if
there are no applied fields. If external fields are applied, the electrons move according
to Newton’s laws of motion in those fields (this is called the independent electron ap-
proximation), neglecting fields produced by other electrons or ions (this is called the
free electron approximation). The independent electron approximation is found to be
fairly good in many contexts, but even a qualitative understanding of the behavior of
metals often requires improving on the free electron approximation.

As indicated in Fig. 7.3, the number of ionized valence electrons per atom is denoted by &, which will depend
on the valence of the atoms comprising the metal. For example, metallic copper in a 41 valence state has
6(Cu) = 1 and metallic iron in a 42 valence state has §(Fe) = 2. One should bear in mind that when the
Drude model was formulated in 1900 the electron had only recently been discovered as a distinguishable
particle (by J. J. Thomson in 1897), but it was not yet certain that atoms even existed, or what their structure
was if they did. In particular, it is clear that our discussion above distinguishing core electrons from valence
electrons in atoms is an interpolation into the Drude model of knowledge that would only come later: even the
rudimentary Bohr model of the atom was still 15 years in the future, and it would be another 25 years before
quantum mechanics would be invented when Drude published his model.
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2. As in kinetic theory, collisions are assumed to alter electron velocity instantaneously.’
Although the simple picture of Fig. 7.3 with instantaneous interactions misses the mark
in details, many qualitative features of metallic behavior survive.

3. A parameter 7 called the relaxation time or mean collision time is of fundamental im-
portance in the Drude model. The probability per unit time for an electron collision to
occur is 7! so that the probability that an electron experiences a collision in a time
interval dr is dt/t. With these assumptions, an electron chosen at random at a given
time will travel an average time 7 before the next collision, and will have traveled an
average time 7 since its last collision. In the simplest approximation, the relation time
T is assumed independent of electron position and velocity. Perhaps surprisingly, this
assumption often works reasonably well.

4. Electrons reach thermal equilibrium only through collisions. After each collision an
electron emerges with a velocity having a random direction and a magnitude propor-
tional to the local temperature at the site of the collision.

The following example illustrates an application of the Drude model to the relationship of
current, voltage, and resistance for a current flowing in a wire.

Example 7.1 According to the empirical Ohm’s law described in Section 7.3.1, for a
current / flowing in a wire, V = IR, where V is the voltage drop and R is the resistance,
which depends on the geometry of the wire but is independent of V and I. Let us show
that the Drude model provides a reasonable understanding of Ohm’s law, and allows an
estimate of the resistance R. The dependence of the resistance on the geometry of the wire
can be eliminated by introducing the resistivity p, which depends only on the nature of the
metal in the wire, through the requirement that it be the constant of proportionality between
the electric field E and the current density J that it induces,

E=pJ, (7.16)

where we assume the simplest case that E and J are parallel. [If they were not parallel, the
scalar resistivity in Eq. (7.16) would become a resistivity tensor, as described in Box 7.1.]
The magnitude of J is the charge per unit time crossing a unit area perpendicular to the
current. For uniform flow of a current / through a wire of length L and cross sectional area
A, the current density will be J = I /A and since the voltage drop along the wire is EL, from
Eq. (7.16) V = IpL/A and the resistance is related to the resistivity of the metal and the
geometry of the wire by

_pL
=
If n electrons per unit volume, each carrying charge —e move with velocity v, in a time df
the charge passing through a cross section A will be —nevAdt, so the current density is

R (7.17)

J = —nev. (7.18)

3 As illustrated in Problem 7.1, the density of the “gas of conduction electrons” is typically of order 1000 times
larger than that of classical gases at standard temperature and pressure; nevertheless, the Drude model assumes
the normal kinetic theory of gases to apply in relatively unaltered form.
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In the absence of an applied field electrons may be expected to move randomly in all
directions and the velocity v in Eq. (7.18) averages to zero, but if an electric field E is
applied there will be a non-zero net velocity of the electrons opposite the direction of E
(since the electron charge is negative).

This velocity can be computed as follows. For a typical electron at time zero, let Ar be
the time elapsed since its last collision. Its velocity will be a sum of the velocity v after
the last collision plus a velocity —eE 8t/m (where m is the electron mass) gained from
the electric field. Since the Drude model assumes the direction of the velocity after the
previous collision to be random, v( averages to zero and the average electronic velocity is
given entirely by the average of —eEAt/m. But the average of At is the Drude relaxation
time 7 and therefore the average velocity is

E
=T (7.19)
m
and the current density is
2
J=cE o="" (7.20)
m

where o = p~!

allel the scalar conductivity of Eq. (7.20) becomes a conductivity tensor, as described in
Box 7.1.] The Drude relaxation time is then

is called the conductivity. [As for the resistivity, if E and J are not par-

m
T=—>5, (7.21)
pne
from which measured resistivities p can be used to estimate relaxation times. These are
found to be T ~ 10~!* seconds for many metals at room temperature.

The Drude model describes some conduction phenomena qualitatively, but fails dramati-
cally for others. The successes point to aspects of conduction theory that can be understood
in simple classical terms, such in Example 7.1; the failures can be understood and amelio-
rated only with the aid of modern quantum theories of electrical conduction.

Background and Further Reading

The properties of vacuum diodes are described in Ref. [42]. An introduction to the Drude
model of classical conduction may be found in Ref. [3].
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Problems
|

7.1 In the Drude model, estimate the number density of the gas of conduction electrons
for a typical metal like copper. Compare with the number density for a typical gas by
calculating the number density for air molecules under standard conditions.

7.2 For the vacuum diode of Fig. 7.2(a), assume that the cathode temperature is low
enough that electron density between the plates is small. Find an expression for the
average current per electron in the gap between the plates in terms of plate separation
L and average electron speed v.

7.3 Using Eqgs. (7.8) and (7.9), and the Poisson equation (7.7), prove the space-charge
limiting result given in Eq. (7.10). **%*
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Chapters 2-6 have dealt with the subject of electrostatics. The basic goal of electrostatics is
that we have some set of discrete source charges {g; }, or a localized continuous distribution
of charge p(x), that are stationary with respect to a chosen reference frame, and we desire
to calculate the electric field produced by those charges at arbitrary locations in space.
This can be accomplished using the principle of superposition: calculate the contribution
of each source charge ¢; or infinitesimal piece of a continuous charge dp(x) to the electric
field at some point, and sum them to get the total electric field at that point. We have
developed a number of sophisticated ways to do this beyond brute force summation or
integration, but that is the essential idea. In this chapter we wish to expand upon this idea
by the (seemingly) elemental extension of allowing the source charges to move.

8.1 Magnetostatics Versus Electrostatics
|

The introduction of charges in motion (currents) may seem an innocuous change on its
surface, but it adds to the electric field associated with the stationary source charges a new
magnetic field associated with their motion, and a host of associated phenomena (mag-
netism) having a phenomenology that is often very different from that of electrostatics;
so much so that it took centuries after electrostatic and magnetic phenomena were first
identified in nature to realize that they are not separate subjects but are in fact different
manifestations of the same basic physical principles.

Magnetostatics is more subtle and complex than electrostatics. From Maxwell’s equa-
tions (1.1), a time-independent current distribution J(x) is a source of a vector field B(x)
called the magnetic field that satisfies the differential equations’

V.B(x) =0, (8.1a)
V x B(x) = pioJ (x). (8.1b)

Applying the divergence operation to both sides of Eq. (8.1b) using the vector identity
V. (V xA) =0o0f Eq. (A.6) gives

V. (VxB(x)) =0=puyV-J(x). (8.2)

Thus, magnetostatic current densities satisfy V-J(x) = 0. In electrostatics stationary charges
produce electric fields constant in time; in magnetostatics stationary (unchanging) currents

I Equations (8.1) specify the divergence and the curl of the vector field B(x). This should be sufficient to specify
B(x) uniquely by the Helmholtz theorem of Box 3.1, if the fields and sources are sufficiently well-behaved.
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produce magnetic fields that are constant in time. The more complex nature of magne-
tostatics relative to electrostatics arises in part because magnetostatics involves a current
density that is a vector and the force law [given in Eq. (8.4) below] involves a cross prod-
uct of vectors, in contrast to the scalar quantities and operations inherent in electrostatics.
From a physics perspective magnetism is also complicated by there being two fundamen-
tally different types of currents that can produce magnetic effects:

1. currents that results from moving charges, and

2. currents that result from the quantum spins of point-like particles (magnetization cur-
rents ), which have no suitable classical .21n.e110gs.2

It follows that magnetizable matter exhibits much greater variety than polarizable matter
(Ch. 6), both in its fundamental attributes and in the way that it responds to external fields.

For example, permanent magnetism (ferromagnetism), caused by spontaneous
breaking of angular momentum symmetry by macroscopic alignment of spins,
occurs much more commonly than than the dielectric counterpart of ferroelec-
tricity where a material spontaneously polarizes in the absence of an external
electric field [42].

From the static (all time derivatives set to zero) vacuum Maxwell equations (1.1), the basic
equations governing electrostatics are

VxE(x)=0 (8.32)

V.E(x)= @ (8.3b)
&

Comparing with the basic equations (8.1) governing magnetostatics, we see that the formal

roles of the divergence and curl operators are interchanged between electrostatics and mag-

netostatics. As a purely practical matter, this leads to methods and corresponding results

for magnetostatics that are quite different from the methods and corresponding results in
electrostatics.

Finally, though, let us note that from a fundamental point of view special relativity tells

us that (despite the differences described above) the distinction between electric E fields

and magnetic B fields amounts to nothing more than a choice of observer reference frame.

What looks like an electric field in one inertial frame looks like a magnetic field
in a different inertial frame. Thus the distinction between electric and magnetic
phenomena isn’t consistent with special relativity and Lorentz invariance.

2 Quantum-mechanical orbital angular momentum can be viewed semiclassically as charge in motion on a
classical orbit (think of the Bohr model of the hydrogen atom), but quantum spin angular momentum has no
corresponding classical analog that is completely faithful to the underlying quantum physics. Intrinsic spin is
inherently quantum in nature and any attempt to treat it classically raises issues at a fundamental level.
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i <
e —
(a) | Z» v A > (b)
q B
, ™
ds

(a) The magnetic force f,, acting on a charged particle moving with velocity v in a
segment of conductor of length L and cross-sectional area A, subject to a magnetic field B.
(b) Current loop carrying a steady current I in a uniform magnetic field B. The vector line
segment ds has a magnitude equal to the segment length and direction equal to the local
current direction.

We shall take that up in later chapters addressing the special theory of relativity, Lorentz
transformations, and the formulation of the Maxwell equations in a manifestly Lorentz-
covariant manner. For now we note that in the low-energy world of most everyday and
laboratory experience,® there is utility in a formalism that distinguishes between electric
and magnetic phenomena through the use of equations that are (secretly) Lorentz covariant,
but are not manifestly so.

8.2 Magnetic Forces
|

A magnetic field B generated by source charges in motion and the electric field E asso-
ciated with those charges lead to a force F that is found to act on a test charge g having
relative velocity v according to the Lorentz force law,

F=g(E+vxB) (Lorentz force law). (8.4)

As you are asked to show in Problem 9.2, the magnetic force acting on a single charged
particle in the short segment of conductor illustrated in Fig. 8.1(a) is

fm=qvxB, (8.5)

and is directed upward by the right-hand rule for the cross product. The total magnetic
force acting on the segment in Fig. 8.1(a) is given by

Fu=I(LxB), (8.6)

3 Although it is not completely apparent from the appearance of the equations in SI units without examining the
constants carefully [recall from Eq. (2.4) that the SI constants ty and & are related to each other through the
speed of light c], magnetic fields are intrinsically much weaker than electric fields under typical laboratory
conditions. But this is largely because the characteristic speeds of charged particles are much less than the
speed of light ¢ in those circumstances. If the speed of charged particles approaches ¢, magnetic forces and
electric forces become comparable in intrinsic strength. This is a consequence of special relativity, which
requires not only space and time, but also electric and magnetic phenomena, to enter the theory on an equal
footing, and whether a field is seen as electric or magnetic by an observer depends on the inertial frame of that
observer.
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where L has magnitude L and direction equivalent to that of the current, and the magnitude
of the current is I = ngvA. A finite length of wire having uniform cross section can be
partitioned into segments of length ds as in Fig. 8.1(b), and the total force acting on the
wire is found to be

b
Fu :1/ (ds x B), (8.7)

where a and b are the endpoints. For the special case of a steady current, uniform magnetic
field B, and a closed loop (a = b), the force acting on the loop is

FM:I]{(dst):I<7§ds)><B:0, (8.8)

which vanishes because for a closed loop the set of length-element vectors ds forms a
closed polygon so ¢ ds = 0.

For any closed current loop in a uniform magnetic field the total magnetic force
acting on the loop is zero.

Although in a uniform field the net force on current loops vanishes, the net torque does
not, as you are asked to show in Problem 9.3.

The quite different phenomenology of magnetism relative to electrostatics in everyday
experience is partially due to characteristic charged-particle velocities being much less than
the speed of light in typical observations (see Section 8.1), and partially due to the nature
of the Lorentz force law, which mixes the effect of the electric field and magnetic field
in a non-trivial way. The characteristic motion of a charged particle in a magnetic field is
circular, as illustrated in Box 8.1 and Fig. 8.2. Two important physical consequences of the
force law (8.4) are illustrated in Box 8.1, cyclotron orbits and the classical Hall effect.

How much work can be done by the Lorentz force? We calculated previously in Eq.
(2.37) that the work done if a test charge is moved in an electric field is the product of the
charge and the difference in electric potential over the path. If we repeat that calculation
using the Lorentz force (8.4) with B = 0 the same result is obtained (which is reassuring!).
On the other hand, let’s set E = 0 in Eq. (8.4) and calculate the work done by the magnetic
part of the Lorentz force on a test charge.

If a charge O moves a distance dL = vdt, then the amount of work done by the
magnetic field is

dW =F -dL = Q(v x B) -vdt = 0. (8.9)

The magnetic field does no work, since the cross product v x B is perpendicular
to the velocity v, so that the scalar product (v x B) - v vanishes identically.

As exemplified in the cyclotron motion discussed in Box 8.1, magnetic forces can alter the
direction of charged-particle velocity but not its magnitude.
If a magnetic field appears to us to be doing work, Eq. (8.9) indicates that we have
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(a) Cyclotron motion caused by magnetic field B pointing into the page along the z axis
acting on a charge g with a velocity v, as explained in Box 8.1. We have used the standard
notation of @ or x to indicate a magnetic field pointing into the page (and ® to indicate
one pointing out of the page). (b) An electric field E perpendicular to the magnetic field
converts circular cyclotron motion into spiral motion because of the Lorentz force law (8.4).

misunderstood what is happening. Often, when at first glance a magnetic field appears to
be doing work, what is actually happening is that a magnetic field acts to alter the direction
of motion, which then permits an electric field to do the observed work. In such a case the
magnetic field enables the work to be done by changing the direction of motion, but the
actual work is done by an electric field, never by the magnetic field.

8.3 The Law of Biot and Savart

The magnetic field B(x) of a steady line current described by the density J(x) is given by
the empirical Biot—Savart law,*

B(x) = ”O/J(x) X(x_x)cﬁx’—”o/ux) <R v (8.10)

 4m |x_x/‘3  4m R?

where the permeability of free space L is defined in Eq. (1.2) and the second form employs
the compact notation of Egs. (2.10) and (2.11). The integral in Eq. (8.10) can be performed
analytically only for simple geometrical arrangements. When a steady current is flowing in
a 1D wire the magnitude of the current / must be constant. If L is a vector that points to a
line element dL of the wire as in Fig. 8.3, substitution of IdL for Jd>x in Eq. (8.10) yields

4 The law embodied in Eq. (8.10) was formulated by Jean-Baptiste Biot and Félix Savart in 1820. The SI unit for
B is the tesla (T), where 1T = 1NA~! m~!. Although discouraged by champions of international standards,
it is common also to use the gaussian (CGI) unit of gauss (G) for B, even when using SI units overall, where
1 tesla = 10* gauss. For reference, the magnetic field at the surface of the Earth is of order one gauss, and the
strongest known magnetic fields are ~ 10'© gauss, which are observed in highly magnetized, rapidly rotating
neutron stars called magnetars.
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Motion of Charged Particles in Magnetic and Electric Fields

Characteristic cyclotron motion of a charged particle in a magnetic field is circular
with the centripetal acceleration that curves the path provided by the magnetic force.

Cyclotron Motion

As illustrated in Fig. 8.2(a) and Problem 8.11, the magnetic field B, oriented into
the page, produces through the gv X B component of the Lorentz force (8.4) a
centripetal force directed toward the center of the circle for a particle of charge g and
velocity v, causing the particle to be deflected in a circular path without changing its
speed (implying that the magnetic field does no work). The motion becomes more
complex if an electric field is present also. For both an electric field and magnetic
field, the circular cyclotron motion due to the magnetic field can be converted into a
the spiral motion depicted in Fig. 8.2(b) by the gE component of the Lorentz force.

Classical and Quantum Hall Effects
An important consequence of the Lorentz force is exemplified by the classical Hall
effect, depicted in the following diagram for a 2D conductor.

E,—> %’/x
T Magnetic T

s field B, rl—%,jx

Y
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(a) A current density j, is produced by an applied electric field E,. (b) A uniform
magnetic field B applied in the +z direction deflects electrons in the current in the
—y direction (Lorentz force). (c) Negative charge accumulate on one edge and pos-
itive charge on the opposite edge, producing a transverse electric field E, (Hall
field) and associated force that just cancels the Lorentz force; thus in equilibrium
current flows only in the x direction. (d) Typically the longitudinal voltage V| and
the transverse Hall voltage Vi, are measured. The Hall resistance Ry (inferred from
Ry = Vi4/wj,) depends on the sign and density of charge carriers. Thus the Hall ef-
fect is a diagnostic for charge carriers in materials. At very high magnetic fields, the
classical Hall effect is modified dramatically by quantum mechanics. Corresponding
quantum Hall experiments revealed topological effects that initiated the topological
matter revolution in modern condensed matter and materials science.
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dL

Current loop carrying a steady current I for Eq. (8.11).

the Biot—Savart law in the form

B(x):“—ol dLx (x—L) _pol [dLxR
4an x—L)? 4an Rz

8.11)

for a steady current.

Similar to the case for electric flux defined in Eq. (2.49), it is convenient to introduce
the magnetic flux %\ through a surface S, which is defined as the normal component of B
integrated over S,

Py :/B-da. (8.12)
S

In electrostatics one can use lines of force to describe an electric field. In a similar way, for
magnetic fields, one can draw lines of the magnetic field, which are everywhere tangent to
the direction of B at that point.

Since steady currents normally flow in closed loops, the integral in the Biot—Savart law is
typically evaluated over a closed curve. However, the Biot—Savart law can also be applied
to infinitely long wires. Let us use the Biot-Savart law to calculate the magnetic field due
to current in a very long straight wire carrying a steady current /, as illustrated in Fig. 8.4.
An element /dL of the current will produce a magnetic field dB with magnitude

Uol dLsin ¢
dB=-—
Aar 2

as illustrated in Fig. 8.4. Expressing the variables dL, sin¢, and r* in terms of the angle 6,

/f

Magnetic field dB produced by an element IdL of an infinitely long straight wire. The
vector dB lies in a plane perpendicular to the wire at the point P.
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Geometry for calculating the force per unit length acting between two long, straight parallel
wires.

the magnitude of B is given by

+m/2
B—LOI/ cos 040 — HoL (8.13)

~dmp Joap 27p
where we’ve assumed the length of the wire to be infinite.
This result can be generalized easily to calculate the force acting between the two long
parallel wires illustrated in Fig. 8.5, as you are asked to show in Problem 8.7. The resulting
force per unit length is
dF  polady

dl, 2nd’

with the force attractive if the currents I, and I, flow in the same direction and repulsive if
they flow in opposite directions.’

(8.14)

Example 8.1 Let us use the Biot—Savart law (8.11) to calculate the magnetic field pro-
duced along the z axis by the circular current loop in Fig. 8.6. The components of dB that
are perpendicular to the z symmetry axis cancel one another when the entire loop is tra-
versed, but the z components add with the same magnitude for each line increment dL,
which gives

I I R?
_ Mol cos® de:ﬁ“TO (8.15)

Be =tz &+
where §dL = 2R and cos§ = R/V/R? + 7> were used. This non-zero value of B on the
symmetry axis contrasts with the value of zero for the electric field E found for the corre-
sponding electrostatics problem of a uniformly charged ring. The difference follows from
the cross product in the Biot—Savart formula that isn’t present in the electric field formula.
This causes contributions to B(z = 0) from opposite sides of the ring to add constructively

5 Until the year 2019, this equation provided the official definition of the ampere (amp) unit of current in the
SI system: one ampere is the current passing through two long parallel wires 1 meter apart with thickness
negligible relative to their separation that produces a magnetic force of 2 x 10~7 newtons per meter. In a 2019
revision of the ST units system, the elementary charge e was fixed to be exactly 1.602176634 x 10'° C, and an
ampere (amp) was defined to be an electric current equivalent to one Coulomb (C) of charge moving past a
reference point per second.
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Geometry for Biot—Savart calculation of the magnetic field on the symmetry axis of a
circular current loop, as illustrated in Example 8.1.

for the magnetic field, but to subtract and cancel each other for the electric field. This
example is one illustration of the basic differences between electric fields produced by sta-
tionary charges and magnetic fields produced by charges in motion.

Both Coulomb’s law and the Biot—Savart law are empirical, with each tailored to account
for the corresponding electrostatic and magnetostatic data, respectively.

The Biot—Savart law may be viewed as the empirical starting point for magneto-
statics, just as Coulomb’s law may be viewed as the empirical starting point for
electrostatics.

Both laws exhibit an inverse-square distance dependence, but otherwise they differ sub-
stantially because of the vector character of the magnetic law.

8.4 Differential Form of the Biot—Savart Law
]

The Biot—Savart law (8.10) for a line current in integral form,
Ho [J(x)x(x—x) 5,
Bx)="— | —————=d
(x) an / x— x’]3 X,

contains (in principle) a complete description of magnetostatics for line currents, but is not
always the most convenient form for solving problems. In many situations a differential
equation is more convenient to use. Let us find a form of the Biot—Savart law expressed as
a differential equation, following the presentation in Jackson [19]. From Eq. (A.11),

x—x 1 , 1
__v(_ 1 V_y 8.16
]x—x’\3 <|x—xl\> <|x_xl‘>7 (810
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which allows converting the Biot—Savart equation (8.10) into

B(x)= 2 / JE) X (x=X) s

4 ‘x—x/P
Ivlo

V /‘x >y, (8.17)

where V has been pulled out of the integral because it operates on x but not x’.5 Now take
the divergence of Eq. (8.17)

ve-Hygyy [ I s
4 lx —x'|

But from Eq. (A.6) we have the identity V- (V x A) =0 so

V.-B=0, (8.18)

which may be termed the first law of magnetostatics [and is the third Maxwell equation
(1.1c¢), corresponding to the absence of magnetic charges].
Next, take the curl of B in Eq. (8.17),

/
VXB:@VXVX ()
4n |x—x/|

d*x. (8.19)
Using the vector identity V x (V x A) = V(V-A) — VA of Eq. (A.8), this becomes
Ho / 1 3. Ho 2 1 3./
VxB="=-V [JX')-V &X' ——= [ J(x)V d
8 4w / () <|x—x’\> S () (|x—x’| *
/-‘0 1 3./
pu— .2
471. /J( ) <‘x_x/’>dx+.u0"(x)v (8 0)

where we have used the identities of Eq. (A.11),

V< ! ):—V’< ! ) vz( ! ):—4n6(x—x/) (8.21)
|x —x'| |x —x/| lx —x'|

(with V operating on x and V' operating on x’) in the last step. Integrating the remaining
integral in Eq. (8.20) by parts then gives

V xB=upJ + "~ ) oy, 8.22
Ho + / P x,| (8.22)

But for steady-state magnetism V - J = 0 and we obtain finally
V xB=puyl, (8.23)

which may be termed the second law of magnetostatics [and is the fourth Maxwell equation
(1.1d) if electric fields don’t depend on time (Ampere’s law)].

6 Remember that in these manipulations, using our standard notation, the integrations are over the primed co-
ordinates, but applied gradient, divergence, and curl operations (V, V-, and V x, respectively, without primes)
are taken with respect to the unprimed coordinates. This is made explicit in the notation exemplified in Egs.
(A.11) of Appendix A, where V = V, operates on the x coordinates while V' = V., operates on the x’ coordi-
nates. However, we will usually use the abbreviated notation V=V, and V' = V..
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dl c

The 2D surface S and the contour C bounding the surface for Stokes’ theorem. An
infinitesimal line element on C is indicated by dI and an infinitesimal surface element on S
is indicated by da, with the normal to da denoted by n. The path in the line integration is
traversed in a right-hand rule sense relative to n, as indicated by arrows.

The integral equivalent of Ampere’s law (8.23) may be obtained from Stokes’ theorem

(2.25),
/(V X ) naa f s

S

for the vector field A where S is an arbitrary open surface bounded by a closed curve C and
where n is the normal to S. Figure 8.7 illustrates. Applying Stokes’ theorem to Eq. (8.23),

/(VxB)-nda:%B-dl:uo/J~nda (8.24)
s c s
and therefore Eq. (8.23) becomes
jl{B~dl = ,uo/J-nda. (8.25)
c S

Using that the total current / passing through the closed curve C is given by the surface
integral on the right side of Eq. (8.25),

I= /J-nda, (8.26)
S
gives us Ampere’s law in integral form,
%Bdl = Uol, (8.27)
c

We found in our study of electrostatics that Gauss’s law can often be used to find the
electric field in highly symmetric cases. Ampére’s law can be employed in an analogous
way for magnetostatic problems with high symmetry. The following example illustrates.

Example 8.2 Let’s determine the magnetic field for the long solenoid illustrated in
Fig. 8.8, with n closely wound turns per unit length on a cylinder of radius R and car-
rying a steady current /. Because the solenoid is tightly wound, each coil may be assumed
to be perpendicular to the symmetry axis of the cylinder. One expects then on symmetry
and general grounds that the magnetic field is oriented along the cylinder axis, and that it
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n coils per
unit length

AAAPANAANANNAAAANAD

]

Analysis of a long, tightly wound solenoid using Ampére’s law. Two rectangular loops are
shown, Loop 1 is outside the solenoid and Loop 2 overlaps half inside and half outside of
the solenoid.

must be zero at large distances from the solenoid. Let’s apply Ampere’s law (8.27) to the
two rectangular Ampérian loops shown in the diagram.” Loop 1 is completely outside the
solenoid and encloses no current, I.,. = 0, with its left side a distance a and its right side a
distance b from the central axis of the cylinder. Applying Ampere’s law to it

4 B-d1 = [B(a) - BOIL = Holene =0,

where B = |B|. Thus,

1. B(a) = B(b) and the magnetic field outside is independent of the distance from the
solenoid, but
2. the boundary conditions require that B = 0 at infinity,

which implies that B = 0 everywhere outside the solenoid. Loop 2 is halfway inside the
solenoid and Ampere’s law gives

j{B -dl = BL = Hglene = HonlL,

where B is the field inside the solenoid, since there is no contribution from the half rectangle
outside the cylinder because B = 0 there. Thus inside the solenoid the field is uniform,
B = upniz, where Z is a unit vector along the cylinder axis, and outside the solenoid the
magnetic field vanishes.

Like Gauss’s law, Ampere’s law is generally valid (for steady currents), but it is useful only

7 We shall refer to such constructions employed in the use of Ampere’s law as Ampérian loops, by analogy with
the Gaussian surfaces introduced in Section 2.4 in the use of Gauss’s law.
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—

X

Using the Biot—Savart law in Example 8.3 to find the magnetic field produced by an infinite
sheet of surface current K = KX in the x — y plane.

if a problem has sufficient symmetry to allow B to be pulled out of the integral ¢ B-dl,
permitting Eq. (8.27) to be solved easily for the magnetic field.

8.5 Biot-Savart Law for Surface and Volume Currents
]

The integral form of the Biot—Savart Law for line currents given in Eq. (8.10) may be gen-
eralized easily to apply to surface currents and volume currents. For a 2D surface current
K, the Biot—Savart law takes the form

B(x)_“0/K("”><("—"’)da/_“O K(x) <R

- — dd 8.28
am x—xf An R« (8.28)

while for a 3D volume current J

B(x) o M/J(x,) X (x_x,> d3xl o & J(x,) Xkd?’.x/’

— = 8.29
4r |x_x/‘3 4r R? ( )

where the second form of each expression employs the compact notation of Egs. (2.10)
and (2.11).

Example 8.3 Let us use Eq. (8.28) to calculate the magnetic field due to a surface cur-
rent K = KX in the x — y plane, as illustrated in Fig. 8.9. From the Biot—Savart law the
magnetic field must be perpendicular to K so it cannot have an x component and cannot
have a z component by symmetry in y since any vertical contribution at +y would be can-
celled by one at —y. Thus the magnetic field has only y components and by the right-hand
rule it points left above the plane of Fig. 8.9 and right below it. The rectangular Amperian
loop A is parallel to the yz plane and is half above and half below the xy surface. Applying
Ampere’s law (8.27) to the loop A gives

7{8 -dl =2BL = ,u()lenc = ,LL()KL,
C
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where L is the width of the rectangle and I, is the current enclosed by the rectangle. Thus
B= % HoK and the magnetic field produced by the sheet of current K = KX in Fig. 8.9 is

1

1

B = (8.30)

where ¥ is a unit vector in the y direction.

In Example 8.3 the magnetic field produced by a uniform sheet of current is independent
of the distance from the surface containing the current in Example 8.3, just as would be the
case for the electric field produced by a uniform surface charge in electrostatics.

8.6 Vector Potentials and Gauge Invariance
|

We have seen in the preceding section that the basic laws of magnetostatics are defined in
differential form through Egs. (8.23) and (8.18),

V xB=uyd, V.-B=0, (8.31)

which must be solved for the magnetic field B. In electrostatics the electric potential &
proved to be an extremely useful quantity because the electric field can be derived from
it by taking the gradient, E = —V®. The electric potential & is a scalar quantity and it is
often termed the scalar potential [we have indeed used the terms “(electric) potential” and
“scalar potential” interchangeably]. For the special case that the current density is zero in
a region, it is possible to define a magnetic scalar potential ®\; such that the magnetic
field is given by B = —V®y. Then in Eq. (8.31) Vx B =0, and V- B = 0 reduces to
the Laplace equation for ®y;, implying that the methods for solving Laplace’s equation
developed for electrostatics in Chs. 2-6 become applicable. However, this approach has
limited utility because it is valid only for regions where the current density vanishes. As
we now discuss, an approach with potentially broader application may be developed by
exploiting the second equation above, V - B = 0. This will allow defining a vector potential
A, from which the magnetic field B can be derived by taking the curl of A.

We begin by noting that V - B = 0 will hold everywhere if B is the curl of some vector
field A (the vector potential),

B(x) =V xA(x), (8.32)

since then the identity V- (V x A) = 0 ensures that the divergence of B vanishes under all
conditions. In fact, B was already written in this form in Eq. (8.17),

J(x
B(x) = %‘;Vx / ‘x(;‘ &Py (8.33)
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and upon comparing Egs. (8.32) and (8.33), a vector potential A consistent with the phe-
nomenology of magnetism takes the general form

Ho J (x/) 3./
Alx)="— d \% 8.34
0=t [ I8 0wy, (8.34
where the addition of the arbitrary scalar function (x) has no effect on V- B = 0 because
of the identity V x (Vf) = 0 [see Eq. (A.7)] for a scalar function f. Since x(x) is an
arbitrary scalar function of x, the vector potential A can be transformed freely according to

A—A+Vy, (8.35)

which has no effect on the magnetostatic equation V - B = (0 because identically V - (V x
Vx)=0.

Gauge transformations: The addition of the gradient of an arbitrary scalar func-
tion y to the vector potential A — A + Vy is called a gauge transformation and
the invariance of the laws of electromagnetism under this transformation is called
gauge invariance. The gauge symmetry associated with this invariance has large
implications for classical electromagnetism and quantum electrodynamics, and a
generalization of this gauge symmetry is of fundamental importance in relativis-
tic quantum field theories, particularly for the Standard Model of elementary
particle physics. We will elaborate on electromagnetism as the prototype gauge
field theory in Ch. 18.

From the Helmholtz theorem (Box 3.1), a vector field with suitable boundary conditions is

specified uniquely by its curl and its divergence. From Eq. (8.32), specifying the magnetic

field requires only the curl of A. Thus we are free to make gauge transformations on the

vector potential such that V - A has any convenient functional form, without affecting the

magnetic field and thus without altering the physics of classical electromagnetism.
Substituting B = V x A into Eq. (8.23) gives

V x(VxA)=puyd,
which becomes
V(V-A)—V?A = pol, (8.36)

upon invoking the identity V x (V x A) = V(V -A) — V?A given in Eq. (A.8). Now let us
exploit the freedom of gauge transformations (8.35) by choosing a gauge where

V. A=0 (Coulomb gauge condition), (8.37)

is satisfied, which defines the Coulomb gauge (also know as the radiation gauge or the
transverse gauge, for reasons that will be explained later). In Coulomb gauge, Eq. (8.36)
is transformed into the Poisson equation,

VA = — uodJ (Coulomb gauge). (8.38)
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Loop current

A small current loop that produces a vector potential A(x) and corresponding magnetic
field B(x) at the point P, where it is assumed that x >> x’.

From application of the Poisson equation in electrostatics we expect that the solution for A
in Coulomb gauge is given by the first term of Eq. (8.34) with } = constant,

J
/ E (xx,’ (8.39)

provided that J(x’) — 0 sufficiently rapidly at infinity. Classical gauge transformations will
be discussed in more depth in Ch. 11.

8.7 Magnetic Fields of Localized Currents
|

We now consider a current distribution that is localized in a region of space small compared
to the length scale of interest to an observer; Fig. 8.10 illustrates, where a loop that is small
compared with the distance to an observer at P carries a steady current /. A full treatment
of this problem by analogy with electric multipole expansions is possible using vector
spherical harmonics, which are described briefly in Box 8.2. We shall avoid using them
and confine ourselves instead to lowest-order multipole expansions.

Let us assume that x > x’ and expand the denominator of Eq. (8.39) in a multipole series
of the form (3.48) for the current distribution in Fig. 8.10,

I lz (r> P,(cos0)dl, (8.40)

lx—x/| r&\r

= |x’|, and 0 is indicated in Fig. 8.10. Thus the vector potential can be

‘uOI { ?{ ]{r cos Odl’
+3 f (r)? <2cos2 60— ) di’ + } (8.41)

The first term in Eq. (8.41) vanishes because the integral of the current vector over all

where r =
expanded as
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Vector Spherical Harmonics

Vector spherical harmonics are an extension of regular (scalar) spherical harmonics
designed for use with vector fields. Generally the components of vector spherical
harmonics are complex-valued functions expressed in terms of spherical basis vec-
tors. Following the conventions of Ref. [4], three vector spherical harmonics may be
defined

Yim =Yt ‘le = rVYlm q>lm =rX VYlm7

where r is the radial vector in spherical coordinates. The purpose of the radial fac-
tors is to ensure that the vector spherical harmonics have the same dimensions as
ordinary spherical harmonics, and that they do not depend on the radial coordinate.
These new vector fields facilitate separation of radial from angular coordinates in
spherical coordinates, permitting a a multipole expansion of the electric field E of

the form

E= Z Z (Elrm(r)Ylm +El(r1l)(r)q‘lm +El(jl) (r)q>lm> )
1=0 m=—1

The component labels indicate that E;,, (r) is the radial component, and El(n? (r) and

E,(j,)(r) are transverse components of the vector field (with respect to the vector r).

orientations will average to zero.® This reflects that the first term in the multipole expan-
sion is the monopole term, which measures the total “charge”; but there are no magnetic
monopoles because there is no magnetic charge consistent with the Maxwell equations
(V- B = 0). Defining the magnetic moment m by the integral

1
m= / X xJ(xX)ad*x, (8.42)
and the magnetic moment density or magnetization M(x) by
1
M(x)= > [xx J(x)], (8.43)
for I = |J| the multipole expansion (8.41) of the vector potential can be written as
(r)= 5—; mr>2< Ty higher-order multipole terms,

where the first term has the form of a magnetic dipole. The higher-order multipoles in
this expression have increasingly larger powers of |x| in their denominators and at large
distances from the current source the vector potential for a steady-state current distribution
can be approximated well by retaining only the magnetic dipole term (see Problem 8.8,

A(r)

8 This argument is intuitive; a more formal proof that the first term vanishes is given in Section 5.6 of Ref. [19].

Uo m X 7
C4m 2

(8.44)
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Then the magnetic field may be found by taking the curl of A, giving the components (see
Problem 8.9)

B, = %u)se Bo=""ne  B,=0. (8.45)

Because the dipole term dominates the multipole expansion in typical situations, it is com-
mon to refer to the magnetic dipole moment as simply the magnetic moment.

If the current as assumed to correspond to an arbitrary closed loop confined to a plane
the magnitude of the magnetic moment takes a simple form that is independent of the shape
of the loop,

|m| = IA, (8.46)
where [ is the current and A is the area enclosed by the planar current loop. If the current

distribution is due to charged particles with charges ¢;, masses M;, and velocities v;, the
current density is

J= Zq,-vlﬁ(x —X;),
i
where x; is the position of the ith particle, and the magnetic moment is
1
m — EZC],‘(JL‘,‘ X v,~).
i

But the orbital angular momentum of particle i is L; = M;(x; x v;) and the magnetic moment
becomes

qi
m—=
~ 2M;

L;. (8.47)

If all the particles have the same charge-to-mass ratio g;/M; = e/M,
e e
m=—)L=—1L 8.48

w7 oL = gy L (8.48)
where L is the total orbital angular momentum. Equation (8.48) is the well-known classical
connection between angular momentum and magnetic moment. It holds approximately for
orbital angular momentum even on the atomic scale, but fails for moments arising from
intrinsic particle spin, which is a uniquely quantum effect that is beyond the scope of our
present discussion of classical electromagnetism.

Background and Further Reading

Good introductions to the material of this chapter may be found in Griffiths [13]. More
advanced treatments may be found in Jackson [19], Garg [11], Chaichian et al [5], and
Zangwill [42].
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Problems

8.1

8.2

8.3

8.4
8.5

A localized current distribution of cylindrical symmetry has a current flowing only
in the azimuthal direction, with a current density J = J(r, 6)@ The current is zero
both outside the cylinder and near the origin. Working in Coulomb gauge, show that
the corresponding vector potential A has only an azimuthal component with

Aiq;’(r, 0)= —4‘%(; ;mlrlPl1 (cosB),

where Pl1 (cos 0) is an associated Legendre polynomial and the multiple moments are
given by

) i+ /r_l_lpll(cose)](”79)d3x (interior),

nmjp =

_l(l—i—l) /"lpzl(cose)J(’%e)d% (exterior),

for the interior and exterior solutions, respectively.

A cylindrical solenoid of length L and radius a carries a current / through N turns
per unit length.

11

g z

VU V U\ +I

Show that in the limit NL — oo, the magnetic field is

UoNT
2
at the point defined on the cylinder axis by the angles 6; and 6, in the preceding

figure.
It was asserted in Eq. (8.39) that the vector potential in Coulomb gauge is given by

_& J(x,) 3./
Alx) = 47r/ |x—x’|d *

provided that the current distribution J(x') vanishes sufficiently rapidly at infinity.
Prove that this solution does indeed satisfy the Coulomb gauge condition.

Show that the vector potential A = %Bo x X corresponds to a magnetic field By. ***
(a) Starting from the classical Lorentz-force equation, show that E, = v,B; in the
Hall effect experimental diagram shown in Box 8.1.

B, = (cosB; +cos6y)

(b) The electron velocity v in the Hall experiment depends on interactions with the
lattice in the 2D Hall device. In the classical Drude model of electron transport (see



157

Problems

8.6

8.7

Section 7.3.2) the force is given by F = m(dv/dt +v/7), where m is the effective
electron mass and 7 is the Drude-model relaxation time. Assuming steady-state elec-
tron flow and defining the cyclotron frequency @. = e B/m, show that the classical
equations of motion for Hall-device electrons in the Drude approximation are

et et et
vy = ——Ey — 0. Tvy vy = ——Ey + 0. Tvy v, =——EF,
m m m

where e is the electronic charge, m is the electron mass, B is the magnetic field, and

E is the electric field.

(c) Use the results from parts (a) and (b) to show that in the figure of Box 8.1,

BT
E,=—"E,

Hint: At equilibrium, v, = 0.
(d) The current density J in the Drude model is

e*n, e*n,T

J= tE = oE o= ,
m m

where n, is the electron number density, ¢ is the conductance, and 7 is the Drude-
model relaxation time. Using the figure in Box 8.1, prove that

Eyzf I:W]x Ry=—=——- RR=—=—,
w

where Vy is the Hall voltage (associated with the induced electric field Ey), I is the
total current, J, is the current density in the x direction, ¢ = —e was assumed for
electrons, Ry is the Hall resistance, and Ry is the longitudinal resistance (along the
x axis) of the Hall device shown in Box 8.1.

(a) Show that for a 2D Hall device like the one shown in Box 8.1, with length L and
width w, that J/ = o E (where J is the current density, E is the electric field, and o is
the conductivity) is equivalent to the simple form of Ohm’s law, V = IR. Hint: See
Section 7.3.1 and Box 7.1.

(b) Show that for the Hall device shown in Box 8.1, the resistance components R;; =
Vi/1; and resistivity components p;; = E;/ j; are related by

Ryx =Py Ruox = (L/w)pxx.

Verify the final forms of the p and o tensors in Box 7.1. *%%*

Show that the magnitude of the force per unit length acting between two infinitely
long parallel wires carrying steady currents I, and I, respectively, and separated by
a distance d,
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8.8

8.9

8.10

8.11

is given by

dF  polay

dl, 2nd

and is attractive if the currents are in the same direction and repulsive if they are in
the opposite directions.

Prove that for the current loop in Fig. 8.10 the vector potential is at large distance
from the source is given by

_ UHomXF

4r 2

/‘.

A(r)

where we define r = |x| and ¥ = |x/|. Hint: Use a multipole expansion assuming

r> r’, and that
%(iﬂr’)dﬂ: —i'x/da’:—i'xa

in Fig. 8.10, where a is the “vector area” of the loop. ***

Find the formula for the magnetic field corresponding to the vector potential derived
in Problem 8.8

Consider two parallel, infinite line charges A separated by a distance d and and mov-
ing in the same direction at a speed v, as viewed in the laboratory frame. The follow-
ing figure illustrates.

\

\/

Show that for the electrostatic repulsion between the charges to be equal in magni-
tude to the magnetic attraction, v must be equal to the speed of light c. Hint: Re-
member that the SI constants & and Ly are related to each other through c. ***

Consider a particle with positive charge g and mass m moving in a uniform magnetic
field B directed into the page with initial velocity v in the x — y plane perpendicular
to the field and to the x axis, as illustrated in the following diagram.
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X

X

X

X

X

X

X

X

y
X X X X
B

X X X X

v
X X X X

® X

X X x g x

X X X X

X X X X

Show that the resulting force acting on the particle has constant magnitude Fy; = gqvB,
with orientation perpendicular to both B and v. Thus show that the positively charged
particle executes clockwise circular motion in the x —y plane with the force always

directed toward the center of a circular orbit of radius R = mv?/qvB, with orbital

period T = 2mtm/gB. *%*

8.12 A rectangular loop consists of N = 100 closely wrapped turns and has dimensions
a=0.4m and b = 0.3 m. The loop is hinged along the y-axis and its plane makes an

angle of 6 = 30° with the x-axis.

z/

4

What is the magnitude of the torque exerted on the loop by a uniform magnetic
field B = 0.8 T directed along the x-axis when the steady current is / = 1.2 A in the
direction shown? What is the expected direction of rotation of the loop? ***



Magnetic Fields in Matter

Just as it was shown in Ch. 6 that electric fields can polarize matter electrostatically, mag-
netic fields can polarize matter magnetically. In classical electromagnetism all magnetic
phenomena have their origin in the motion of electrical charges. At the microscopic level,
we may view magnetism as being produced by small current loops (for example, electrons
in orbits around nuclei in atoms) that may be modeled as tiny magnetic dipoles. Ordinarily
the effects of these dipoles cancel out because of random orientation of atoms, but if a
magnetic field is applied to the matter it can cause a net alignment of the dipoles so that the
matter becomes magnetically polarized (magnetized). For the electric polarization of mat-
ter described in Ch. 6, the polarization is usually in the direction of the E field. Magnetic
polarization of matter is more complex and varied than electric polarization of matter. For
example,

1. paramagnetic materials acquire a magnetization in the same direction as the applied
field B, while

2. diamagnetic materials acquire a magnetization in the direction opposite the applied
field, and

3. ferromagnetic materials can become permanent magnets, by retaining their magne-
tization after the polarizing field has been removed, with the retained magnetization
depending on the entire magnetic history of the material.

As a consequence, the discussion of magnetized matter is more involved than the discus-
sion of electrically polarized matter.

9.1 Alignment of Current Loops in Magnetic Fields
e

In classical electromagnetism, magnetic interactions in matter are assumed to be a con-
sequence of small current loops arising at the atomic and molecular level.! As shown in
Probs. 9.2 and 9.3, these current loops experience no net force in a uniform magnetic field

I Some early investigators of magnetism were enamored of the idea that magnetic effects were attributable to
Coulomb-like interactions with magnetic dipoles formed from north and south magnetic poles, analogous to
electric dipoles formed from a positive and negative charge (this is often called the Gilbert model). Today we
know that there are no distinct magnetic charges and a more realistic picture of magnetism is based on small
loops of electrical current (this is often called the Ampérian model). These fictitious magnetic charges can be
used as a basis for theoretical approaches that give approximately “correct” results for long-distance behavior,
but that tend to fail at short distance. We shall always use the Amperian picture of magnetism arising from
tiny current loops.

160
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if they carry steady currents, but they do experience a net torque that tends to align them
with the magnetic field. It is this alignment of current loops by the magnetic field that leads
to magnetization of matter. If the magnetic interaction is expanded in a multipole series
(see Section 8.7), only the lowest orders contribute when observing from a large distance.
For a magnetic interaction, the / = 0 monopole term is the total “charge”, but there are no
magnetic charges (no magnetic monopoles) so the / = 0 term vanishes and the lowest-order
magnetic multipole is the dipole with / = 1. Thus, to good approximation we may treat the
current loops as a set of magnetic dipoles.? Just as found for electric multipole moments
in Section 6.2.2, the low-order moments dominate for a distant observer. The difference
here is that there is no monopole moment for magnetism, so it is dominated typically by
the magnetic dipole moments.

Thus the current loops may be replaced by magnetic dipoles in the analysis of mag-
netized matter. The magnetic dipole moment vector m for a loop carrying a current / is
defined by

m:I/da:Ia, ©.1)

where a is the vector area of a surface S bounded by the loop:

a:/dazl%rxdl, 9.2)
S 2

where the second integral is around the boundary curve of the area S. If the loop is flat,
a has a magnitude equal to the usual area enclosed and the direction of a (and of m) is
given by the right-hand rule applied to the direction of the current in the loop. Then the
magnitude of the magnetic dipole moment vector m is

|m| = Ia, 9.3)

where [ is the magnitude of the current and « is the area bounded by the loop. The torque
T exerted on a current loop of area a carrying current /, or on the corresponding magnetic
dipole moment m, is

T=IlaxB=mxB, 9.4)

with the direction given by the right-hand rule applied to the direction of the current within
the loop.

9.2 Ampere’s Law in Magnetically Polarized Matter
I

In the previous chapter we have dealt with steady-state magnetic fields in a microscopic
manner, assuming that the current density J is a known function of position. In macroscopic
problems dealing with magnetic effects in materials, this will often not be true since the
magnetic polarization of the matter will modify current densities. Now we must develop
methods to solve for the fields in the presence of such polarization.

2 Retaining only the dipoles and not higher-order multipoles is justified if the distance to the observer greatly
exceeds the size of the current loop. This is almost always true, since the current loops are atomic-scale.
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9.2.1 Macroscopic Averaging

The atomic currents in matter produce rapidly fluctuating current densities on a micro-
scopic scale. Just as discussed in Section 6.7 for electric fields in matter, only averages
over small macroscopic volumes are known and only these enter into the classical equa-
tions of electromagnetism. The first step in introducing averaging in matter for electric
fields in Section 6.7 was to note that the averaging procedure preserves the crucial relation
V x E = 0, which ensures that the macroscopic electric field is still derivable from a scalar
potential through E = —V®. In a similar manner, for magnetic fields the macroscopic av-
eraging procedure leads to the same equation V - B = 0 that we introduced in Eq. (8.18).
Thus, the averaging procedure preserves the notion of a vector potential A(x), from which
we can derive the macroscopic magnetic field by taking the curl, B=V x A.

The basic effect of magnetization is to establish currents within a material and on its
surface such that these currents produce the field due to magnetization. The average macro-
scopic magnetization or magnetic (dipole) moment density is

(x) = Y Ni(m;), 9.5)

where (m;) is the magnetic moment averaged over a small volume around the point x.
In addition to the bulk magnetization we may assume that there is a macroscopic current
density J(x) produced by the flow of free charge in the medium. Then the vector potential
resulting from averaging over a small volume AV around x’ will take the form

J(x M) x (x—x'
U P

where the first term represents the contribution of the flow of free charge and the second
term represents the contribution from the magnetic dipoles in the medium described by Eq.
(8.44). Letting AV tend to d>x’, the total vector potential at x is given by an integral over

all space,
Ho J&) M) x(x=x)] 5,
Alx)=— d'x. 7
(x) 4%/[\x—x’]+ x| X 9.7)

The second (magnetization) term can be cast in another form by utilizing Eq. (8.16) to

write
/M JXE=X) 5o /M xv’( ! )d3’
x—x]’ x—x

Integration by parts then allows Eq. (9.7) to be written

Ax) = ,uo/ &)+ V' xM(x)] &y 9.8)

4n lx—x/|

where a surface term has been discarded by assuming M(x) to be localized and well be-
haved.
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9.2.2 The Auxiliary Field H and Constituitive Relations

From the results in the preceding section we see that the magnetization contributes an
effective current density

Ju=VxM. 9.9)

Then J + Jy plays the role of the effective current such that

VxB=puy(J+VxM). (9.10)
It is then convenient to define a new macroscopic field H by>
1
=—B-M. 9.11)
Ho

The introduction of H in the presence of magnetically polarized materials is a matter of
convenience, analogous to the introduction in Section 6.7 of D to account for electrically
polarized materials in electrostatics. The fundamental fields in classical electromagnetism
are the electric field E and the magnetic field B.* The derived fields D and H are introduced
as a convenient way to take into account the average contributions to charge density and
current of the atomic-level charges and currents. Then the macroscopic fields in medium
that replace the microscopic fields of Eqgs. (8.31) are

VxH=1IJ,
(9.12)
V.-B=0,
which are analogous to the macroscopic fields for electrostatics in medium
VXE =0,
(9.13)
V.-D= p,

that were derived in Sections 6.7 and 6.8.

Just as for Eqs. (9.13), the description of macroscopic magnetostatics in Egs. (9.12)
requires constituitive relationships, in this case between the fundamental field B and the
derived field H. For paramagnetic and diamagnetic materials that are isotropic, the rela-
tionship may be assumed linear,

B=puH, (9.14)

3 We have routinely termed B the magnetic field. Some authors instead call H the magnetic field, which requires
finding another name for B. For example, Jackson [19] calls H the magnetic field and B the magnetic induction.
This is a question of terminology, not physics, and arguments can be made from a theoretical or experimental
perspective in favor of either naming convention. Because the fundamental fields are E and B, and the auxiliary
fields D and H are derived quantities, we have adopted the convention of calling B the magnetic field, with
no specific name for H. Likewise E is termed the electric field and D the displacement field (but the common
name “displacement” for D survives for historical, not descriptive, reasons).

This is a classical statement. As we shall discuss in Ch. 18, in quantum mechanics one finds that the scalar
potential ® and the vector potential A (or a 4-vector having ¢ and A as components in a Lorentz-invariant
theory) should be viewed as more fundamental than the electric and magnetic fields, for two basic reasons.
(1) There are experiments where probes that never see the magnetic field are influenced by the vector potential
(the Aharonov-Bohm effect), and (2) the fundamental coupling of electromagnetism to charged particles is
through the vector and scalar potentials (the minimal coupling prescription; also called minimal substitution).
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Schematic illustration of magnetic hysteresis.

where the constant (1 is characteristic of the medium and is called the magnetic permeabil-
ity. It is also common to characterize the magnetic properties of the medium in terms of
the magnetic susceptibility ¥, which is related to the magnetic permeability by

u
=(=—-1). 9.15
x (Mo ) ( )

Typically for paramagnetic materials t > 1 and for diamagnetic materials g < 1, with
W/ o differing from unity by a part in ~ 10° for either case. The physical reasons for
paramagnetism and diamagnetism are discussed in Box 9.1.

The case of ferromagnetic materials is more involved. In ferromagnetic substances the
magnetic susceptibility ) (or the magnetic permeability u) is positive but not constant;
it depends on the applied field H, and typically can take large values. When an external
field is applied to a ferromagnetic material the system acquires a magnetization M aligned
with the applied field. The origin of permanent ferromagnetism (magnetism that remains in
the absence of an external field) is an essentially quantum-mechanical effect where many
spins align spontaneously to form a highly collective state.> Ferromagnets may exhibit
hysteresis, where the magnetic field B is not a single-valued function of H and the state
of the system may depend on its preparation history; Fig. 9.1 illustrates. These complex
behaviors lead to a constituitive relationship

B=F[H|, (9.16)

where the notation F[H] indicates that F is a non-linear function of H. The compli-
cated nonlinear relationship of B and H in ferromagnetic materials means that magnetic
boundary-value problems are generally more difficult to deal with than corresponding
problems in electrostatics.

5 This is an example of quantum-mechanical spontaneous symmetry breaking, which is a phenomenon where
the ground state wavefunction does not have the full symmetry of the Hamiltonian for a system. In the case
of permanent ferromagnetism, the correct Hamiltonian is rotationally invariant (conservation of angular mo-
mentum) but the ferromagnetic wavefunction has spins aligned in a preferred direction, even if no external
field is present, which breaks rotational invariance. Thermal fluctuations can destroy this collective alignment
of spins, so in permanent ferromagnets the collective magnetic state disappears above a critical temperature
called the Curie temperature Tc. For T > T¢, a ferromagnet then behaves as a paramagnet. An introduction to
spontaneously broken symmetry may be found in Chs. 17 and 18 of Ref. [17].
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Diamagnetism and Paramagnetism

Materials characterized by small magnetic susceptibilities |x| < 1 are called para-
magnetic if x > 0, and diamagnetic if y < 0. Magnetization in diamagnetic and
paramagnetic media typically depends linearly on the applied magnetic field.

Physical Origin of Diamagnetism

In diamagnetic media an external field H creates a magnetization M opposite to H,
so x < 0. Physically, external fields induce currents associated with orbital motion
in the diamagnetic material. (The external field also interacts with electron spins,
but this is a much smaller effect than the interaction with orbital currents.) The field
created by the moving charges opposes the applied field H (Lenz’s law). Thus,
the magnetic field is decreased inside the material and magnetic lines of force are
expelled from the medium. This diamagnetic effect is particularly dramatic in su-
perconductors, where the magnetic field is expelled completely (Meissner effect),
except for a thin surface layer where the magnetic field decays exponentially over a
distance called the London penetration depth).*

Physical Origin of Paramagnetism

Some materials have magnetic dipoles associated with intrinsic spins (a quantum-
mechanical effect). Application of an external field H then partially aligns the dipoles
with the applied field, thereby enhancing the internal field. (This ordering is opposed
by thermal fluctuations, so the fraction of alignment is temperature dependent.)
Such materials are called paramagnetic. The net effect is that the lines of magnetic
force are “drawn in” to paramagnetic material.

Magnetic Field Lines for Diamagnets and Paramagnets
The contrasting behavior of diamagnetic and paramagnetic matter in magnetic fields
can be characterized by their magnetic field lines, as in the following figure [5].

':H. 'h}

The diamagnetic matter in (a) expels the magnetic field but the paramagnetic matter

in (b) enhances the density of field lines within the sample.

¢ Diamagnetic effects are greatly amplified in a superconductor because the induced currents flow with-
out resistance. It may be shown in quantum field theory that the (normally massless) photon gains
an effective mass through interaction with the dielectric medium, which causes it to penetrate the su-
perconductor with exponentially decaying probability. This acquisition of effective mass by photons
is a non-relativistic model of the Higgs mechanism, whereby a massless gauge boson (the photon)
acquires a mass. As we shall discuss further in Ch. 18, this Higgs mode of spontaneous symmetry
breaking is fundamental for the Standard Model of elementary particle physics.
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9.2.3 Magnetic Boundary-Value Conditions

Boundary conditions for B and H at media interfaces were considered in Section 6.11; Eqs.
(6.56b) and (6.57b) indicate that normal components of B and tangential components of H
on opposite sides of a boundary between medium 1 and medium 2 are related by

(B,—B))-n=0, (9.17a)
nx(H,—H,) =K, (9.17b)

where n is a unit normal vector pointing from region 1 into region 2, and K is the sur-
face current density. If media satisfy the linear constituitive relation (9.14) and have finite
conductivities so that J = 6E and K = 0, boundary conditions can be expressed as [19],

B, -n=B|n Bzxn:%len, (9.18)
1

or as

H2-n:%H1-n Hyxn—=H, xn. (9.19)
2

If uy > o the boundary conditions on H for highly-permeable material are essentially
the same as for the electric field at the surface of a conductor, which permits electrostatic
potential theory to be applied to magnetic field problems. In the next section we shall
address methods of solving magnetostatic boundary value problems.

9.3 Solving Magnetostatic Boundary-Value Problems
I —

Magnetostatic boundary value problems require solving Eqs. (9.12) subject to constituitive
relations as in Eqgs. (9.14) and (9.16). Especially because of the range of constituitive re-
lations that are possible for magnetic and magnetized materials, a variety of situations can
occur and a survey of possible methods of attack is useful. We summarize some approaches
following the presentation in Jackson [19].

9.3.1 Solutions Using a Vector Potential

Because V - B = 0, it is always possible introduce a vector potential A(x) such that B =
V x A. Then if we have a non-linear constituitive relation (9.16) the resulting differential
equation

VxH[V xA] =]

is generally very difficult to solve. However, if the constituitive relation is linear, B = uH,
the preceding equation becomes

V x <;V><A>—J. (9.20)
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For a region of space in which i is constant, the vector identity V x (VxA) =V(V-A) —
V2A of Eq. (A.8) may be used to write this as

V(V-A)—V?*A=plJ. (9.21)

Invoking the Coulomb gauge condition (8.37) by setting V- A = 0 we obtain the Poisson
equation

VA =—ul. (9.22)

Comparing with Eq. (8.38) in vacuum, this is a Poisson equation with a current density

modified by the medium, which is similar to a Poisson equation for uniform dielectric me-

dia with an effective charge density (€/&y). Matching of solutions for Eq. (9.22) across

interfaces between different (linear) media can be implemented using the boundary condi-
tions (9.18) or (9.19).

9.3.2 Solutions Using a Magnetic Scalar Potential

As mentioned in Section 8.6, for the special case J = 0 where the current density van-
ishes in a region of interest, V x H = 0, suggesting the introduction of a magnetic scalar
potential Py such that

H=-Vdy. (9.23)

If the medium is linear and u is constant the magnetic scalar potential satisfies the Laplace
equation

V2P =0, (9.24)

for which the boundary conditions (9.18) are appropriate. This method is of limited utility

since it applies only if J = 0. One use case is the magnetic field external to a closed loop
of current. Another is the hard ferromagnet that will be considered in Section 9.3.3.

9.3.3 Solutions for Hard Ferromagnets

A hard ferromagnet is one having a magnetization sufficiently stable that is largely inde-
pendent of applied field for moderate field strengths. This suggests an approximation where
the ferromagnet can be assumed to have a specified fixed magnetization M (x), using either
magnetic scalar potential methods or vector potential methods.

Using the Magnetic Scalar Potential: Since J = 0 for a hard ferromagnetic, the magnetic
scalar potential method of Section 9.3.2 is applicable. Then V - B = 0 becomes

V-B=u,V-(H+M)=0, (9.25)

where Eq. (9.11) was used, and since H = —V®) from Eq. (9.23), this becomes a magnetic
Poisson equation,

Vioy=V-M=—py, (9.26)
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where an effective magnetic-charge density
om=-V-M 9.27)

has been introduced. By analogy with the second term of Eq. (6.21) for electrostatics in
electrically polarized matter, if there are no boundary surfaces the solution is expected to

be [19]
o =—— | ———=d'x=——V. d 9.28
M () 471:_/ |x — x| ST Ix — x| © ©-28)

where the second form results from an integration by parts and Eq. (8.16), which is justified
if M is localized and well behaved.

Although physical magnetization distribution generally don’t have discontinuities, it is
sometimes useful to idealize a problem and treat M (x) as if it is discontinuous. We can then
model a hard ferromagnet as having a volume V and a surface S, with M(x) finite inside
but falling to zero at the surface S. Application of the divergence theorem to the surface
indicates that in this idealization there is an effective magnetic surface-charge density given
by [19]

o =n-M, (9.29)

where n is the outward normal at the surface. Then the first form of the potential (9.28) is

modified to
1 [ V. .Mx 1 MY
Dri(x) = — — 7@ Prt L g ME) (9.30)
A [, |x—x| arw [o |x—x/|

An important special case is for uniform magnetization of the volume. Then J' = 0 inside
the volume and the first term of Eq. (9.30) vanishes, leaving only the surface term,

1 [ M 1 /
oy (x) = - g ME) L oF) 9.31)
A o |x—x| am [olx—x|

where Eq. (9.29) was used. Thus, introduction of a sharp boundary for the volume of a
uniformly magnetized object induces a surface charge on the boundary given by Eq. (9.29).

Using the Vector Potential: 1f we choose to satisfy V - B automatically by introducing a
vector potential A and defining the magnetic field by B = V x A, then the first of Egs.
(9.12) is

1
VxH=V x <B—M) =0, (9.32)
Ho
which becomes upon introduction of B=V x A,
1

—(VxVXxA)=VxM,

Ho
and upon using the identity V x (V x A) = V(V-A) — V2A on the left side and Eq. (9.9)
on the right side,

V(V-A)—V?A = uoly, (9.33)
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A uniformly magnetized sphere of radius a, with a sharp surface and a surface magnetic
charge density o (60); M = M2 is parallel to the z axis, so that oy =n-M = Mycos 6.

where Jy is the effective magnetic current density defined in Eq. (9.9). Transforming to
Coulomb gauge (8.37) by setting V- A = 0 then leads to a Poisson equation for the vector
potential,

V2A = — . (9.34)

If there are no bounding surfaces, the solution is

Alx) = 1o / VXMX) 3, 9.35)

4z Ix — x|

[compare Eq. (9.8) with J = 0]. If the magnetization is discontinuous (as in the uniformly
magnetized sphere with sharp surface in Section 9.3.4), it is necessary to add a surface
integral to Eq. (9.28). For the case of M falling to zero at the surface S bounding the
volume V, starting from Eq. (9.7) the proper generalization of Eq. (9.35) may be shown to

be [19]
V/ M(x M(x !
A= Mo [ VXME) 5 Ko f MIX) X, (9.36)
ar [, |x—x| am [o |x—x/|

For the special case that the magnetization is constant over the volume V, only the second
(surface integral) term can contribute in Eq. (9.36).

9.3.4 Example: Uniformly Magnetized Sphere

As an example of solving boundary problems in magnetostatics using the methods just
discussed, let us consider a spherical ball with uniform permanent magnetization that has
a sharp transition at the surface from magnetized to non-magnetized matter; Fig. 9.2 illus-
trates.

Solution Using the Magnetic Scalar Potential: The sphere is uniformly magnetized, so
there are no volume currents and the scalar magnetic potential method of Section 9.3.2
is applicable. As discussed in Section 9.3.3, there will be a surface charge oy = n-M
associated with the sharp transition from magnetized to un-magnetized material. Assuming
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that M = MyZ so that oy = n- M = M cos 8 in spherical coordinates, from Eq. (9.28) the
scalar magnetic potential is

1 ox) ,, My [ cos®
oD 0)=— = dQ.
u(r6) an Jglx—x/| 4n |x — x|

Inserting the multipole expansion

1 - rl<
= —— P(cos0)
|x — x| 1;0 rit

of Eq. (3.48) and using that P;(cos 6) = cos 0 gives

Moa* [ P
Di(r,0) = —= / 1(c030) oy

47[ |x _ xl’
Mo(l2 - rl
T 4rn Z rlj—l /PI(COS 6)Pi(cos 6)dQ’
=0 ">
1 |
— gMoa2 %Pl (cos @) = §M()a2 ’% cos 6, (9.37)

where the orthogonality condition of Eq. (4.39) has eliminated all terms in the sum except
for / =1, and r_ and r. are the smaller and larger of r and a, respectively.

Interior solution: Inside the sphere, r. = r and r. = a, so the magnetic scalar potential is
given by

: 1 1
Doy = gMorcos 0= §Moz.

Then from Eq. (9.23)

; d (1 N R 1
Hj, = -Voy = 92 <Moz> 2= Mpz= —gM,

and from Eq. (9.11),
1 210
B, =wHin+M)=uy| —-M+M)|)=—M.
Therefore, the interior solution is

o 1 2
W=3Mi:  Ho——3M  Bu- “Hoy, (9.38)

3 3
where we see that the fields are constant inside the sphere, with B parallel and H antipar-
allel to M.

Exterior solution: For the exterior solution, . = a and r. = r, giving from Eq. (9.37) for
the exterior potential,

1 0
Pout — Mo 3508

) (9.39)

2
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Lines of B and H for a uniformly magnetized sphere having a sharp boundary [19].

which may be recognized as a dipole potential with dipole moment

4dnad
3

Then, proceeding as above the exterior solution is

m—

M. (9.40)

3

out 3}’3—613
HOut:_V@ :—77M Bout:“O(H—i_M):

373

) oM. (941

The B and H fields for the interior and exterior solutions are plotted in Fig. 9.3

Solution Using the Vector Potential: Alternatively, the vector potential and Eq. (9.36) can
be used to obtain the solution for the problem posed in Fig. 9.2. The magnetization is
assumed uniform inside the sphere so the volume current Jy; = 0 and the first (volume)
term in Eq. (9.36) make no contribution. However, there is a surface charge because of the
sharp boundary on magnetization so the second term in Eq. (9.36) will be non-zero and

/ /
Ax)=Ho w dd. 9.42)
4w [ [x—x|

Using the notation (&;,&>,€3) = (%,9,2) for cartesian basis vectors and (&,,€¢,€y) =
(7,0,9) for spherical basis vectors, since M = My€3 we have
M(x') xn' = Mysin6'g,
= Mysin ' (—sing&; +cos ¢'e,),
where Eq. (A.41) was used. The problem has azimuthal (¢) symmetry about the z-axis. If
the observing point P is chosen to lie in the x-y plane, then only the y component of M x n

survives integration over the azimuth so (—sin¢’€; + cos ¢’€,) — cos ¢’€;, which gives
an azimuthal component of the vector potential

! !/
A “OM / S“TG C;f’|¢ aQ, (9.43)

where the components of x" are (¥ = a,0’,¢’), confining the integration to the surface of
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the sphere. Since

" 3
Y11(0',¢") = \/ s1n9’e’¢ :—\/;sin(?’(cos(})/—i—isin(b’),

we may write
8
sinf’cos ¢’ = —\/?Re [Y11(6',¢")],

where Re (x) denotes the real part of x. Thus,

Re Y11 9/ }dQI.
) 877: — x|

Then if the denominator is expanded using Eq. (3.51),

re Rl Z Z T

the spherical harmonic orthogonality relation (3.56),

m(0',0")Y1 (6, 9),

2 T
|0 [ ¥i,0(6.0)¥in(6.9) sin 640 = &1,
0 0

ensures that only the [ = 1,m = 1 term survives the summation and the vector potential is

A(x) = %Moaz (:;) sin 6. (9.44)
>

For the inside solution, r. = r and r- = a, so
AlD(x) = %Morsin 6. (9.45)

You are asked to calculate the corresponding B and H fields for the interior of the sphere
in Problem 9.1.

By placing a shell of permeable matter in a magnetic field, it is possible to shield the
interior of the shell from the magnetic field. Example 9.1 illustrates.

Example 9.1 Consider Fig. 9.4, where the shell contains material of permeability p.
Let us find the fields B and H for this arrangement. There are no currents so the magnetic
scalar potential method of Section 9.3.2 is applicable and from Eq. (9.23)

H=_Vay,

and since B = uH, the equation V- B = 0 is replaced by V- H = 0 in all regions. There-
fore, the magnetic potential Py satisfies the Laplace equation everywhere and the problem
reduces to solving the Laplace equation subject to the boundary conditions of Eq. (9.19) at
r=aandr=>.



173

Solving Magnetostatic Boundary-Value Problems
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A shell of material with permeability ut is placed in a previously uniform magnetic field By.
Example 9.1 demonstrates that if the shell contains highly permeable material the cavity
inside the shell is shielded strongly from the magnetic field.

Exterior solution: If r > b, the potential is of the form
®y = —Hprcos 0 + Z rlﬁPI(COS 0) (r>b), (9.46)
=0
which gives a uniform field ®y; = H at large distance.

Interior solution: Likewise, the potential must take the form

- 1
D\ = Z (ﬁzrl + y’rl+1> Py(cosB). (a<r<b), (9.47a)
=0
Oy =) 87 P(cosh) (r<a). (9.47b)
=0

in interior regions.

Matching boundary conditions: The boundary conditions at » = a and r = b require the
components Hyg and B, be continuous, which implies that

W(b-‘r) = w(b—) 20 (a) = 20 (a-), (9.48a)
8CI>M . 8CI>M 8cI)M _ aq)M
Ho—=(by) = p—5=(b-) p— = (ay) = po— = (), (9.48b)

where the notation b4 means the limit » — b approached from r > b and the notation b_
means means the limit » — b approached from r < b, with a similar convention for a. The
four conditions (9.48) determine the unknown constants in Egs. (9.46) and (9.47). One
finds that all coefficients with / # 1 vanish and the / = 1 coefficients satisfy the simultane-
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The magnetic shielding effect of a shell of highly permeable material. Lines for the
magnetic field B are shown [19]. Note the absence of field lines for the cavity inside the
shell. Calculation described in Example 9.1.

ous equations
oy — b’ B — 11 = b’ Ho,
200 + W' By —2u'n = —b’Hy,
aBi+n—-a8 =0,
wa B —2u'n—a’d =0,

(9.49)

where 1’ = /1y, which may be solved simultaneously for the unknown coefficients. For
example, the solution of Egs. (9.49) for a; and 6; are [19],

/ r_
Q) = (2“ + 1)(:” 31) (b3 —aS)H(),
a
2/ + 1) +2) =255 (' = 1)

(9.50)

8 = — oW Ho

_ : .

(Qu'+ 1) (' +2) ~2 55 ('~ 1)

b3
The corresponding magnetic field lines are shown in Fig. 9.5. For this solution the potential
outside the shell corresponds to the original uniform field H plus a dipole field with dipole
moment o parallel to Hy. In the cavity inside the shell there is a uniform field parallel to
Hj and equal in magnitude to —&;. If i > Lo, the dipole moment o and the inner field
— 01 tend to

9o
3H — ———H,. Sl
o — b 0 51 — 2“(1_03/173) 0 (95 )

1

Thus the field in the inner cavity of Fig. 9.5 is proportional to 4~ and a shield made of

highly permeable material causes a large reduction of the magnetic field inside the cavity.
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Example 9.1 illustrates that even thin shells of material with gt /gy ~ 10° — 10° can greatly
reduce the interior magnetic field, as is clear from Fig. 9.5.

Background and Further Reading

The presentation in this chapter has followed Jackson [19] rather closely. See also Garg
[11], Chaichian et al [5], and Zangwill [42].
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Problems

9.1

9.2

9.3

Find the fields B;, and Hj, corresponding to the vector potential of Eq. (9.45),
Ai; (x)= %Mor sin @,

inside the sphere of Fig. 9.2.

Classical magnetism can be viewed as resulting from current loops in matter. Ana-
lyze the magnetic forces acting on a rectangular current loop carrying a steady cur-
rent / in a uniform magnetic field B. Show that the total magnetic force acting on the
loop is

Flef(dst),

and that the total force vanishes for a loop carrying a steady current in a uniform
magnetic field. #**

In Problem 9.2 and Section 8.2 we showed that there is no net force acting on a loop
carrying a steady current that is immersed in a uniform magnetic field. Show that
there is however a net torque acting on current loops in uniform magnetic fields, and
that the net effect of this torque is to align magnetic dipole moments with the applied
magnetic field by aligning the normal vector of the plane of current loops with B.



Dynamical Charges and Currents

In the discussion to this point we have considered primarily static charges (no relative mo-
tion) as sources of electric fields and steady-state charge currents (no change in time) as
the source of magnetic fields. However, many important electromagnetic phenomena in-
volve the motion of charges and/or non-steady electrical currents. Hans Christian @rsted
(1777-1827) discovered the magnetic effect of the electric current, establishing the first
connection between electric and magnetic phenomena, and André—Marie Ampere (1775-
1827) extended that work, finding in 1823 the circuit law between electric current passing
through a loop and magnetic field around the loop and establishing a formula describing
the interaction of two currents. However, it was Michael Faraday who performed the most
quantitative experiments on time-dependent electric and magnetic field, and their relation-
ship, beginning in 1831. As we shall see, these experiments implied that a time-varying
electric field produces a magnetic field and a time-varying magnetic field produces an
electric field, and paved the way for the understanding of classical electromagnetism that
was elucidated fully by Maxwell.

10.1 Faraday and the Law of Induction
A ———

Faraday extended the earlier insights of @rsted and Ampere by concentrating on time-
varying electric and magnetic phemomena. In a nutshell, Faraday’s essential observations
were that

1. atransient current is produced in a test circuit if a steady current in a nearby circuit is
turned off;

2. a transient current is also produced in a test circuit if a nearby circuit with a steady
current is moved relative to the first circuit;

3. atransient current is produced in a test circuit if a permanent magnet is moved into or
out of the circuit.

In summary, Faraday established experimentally that a current flows in a test circuit if
a current in a nearby circuit changes over time, or if the two circuits move with respect
to each other, or if a magnetic field varies near the test circuit. Faraday interpreted these
results as originating in a changing magnetic flux that

1. is produced an electric field around the test circuit,
2. which leads to an electromotive force & (EMF) that drives a current in the test circuit
governed by Ohm’s law (see Section 7.3.1).

177
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Magnetic flux B through a circuit C bounding a surface S, with a unit normal to the surface
n and surface element da.

Thus, Faraday’s results and his interpretation of those results represent the first steps in the
unification of electricity and magnetism into a single theory of electromagnetism.

10.2 Mathematical Description of Faraday’s Results
|

Faraday was a talented experimentalist with incisive intuition, but without much formal
training in the sciences or mathematics. Maxwell and others are largely responsible for
transforming Faraday’s brilliant insights and measurements into mathematical language.
Let us express the results of Faraday’s observations mathematically. Consider Fig. 10.1,
where the magnetic flux passing through the area enclosed by the circuit indicated by the
contour C is

Ty = /B-nda (10.1)
S

and the electromotive force & around the circuit that causes a current flow according to
Ohm’s law is

&= ]{E’-dl, (10.2)
C

where E’ is the electric field at element dl of the circuit C. All of Faraday’s observations
listed above may be explained by the relationship

d Py
E=—k——.
dt
between the rate of change of the magnetic flux d.%y/dt and the EMF &, where k is a
constant of proportionality that can be determined by requiring Galilean invariance at low

velocities.! This indicates that k = 1 in SI units (and k = ¢~! in Gaussian units). Therefore,

1" As we shall see in Ch. 15, the Maxwell equations are invariant under Lorentz transformations, not Galilean
transformations. But Lorentz transformations reduce to Galilean transformations in the limit v < ¢, so requir-
ing Galilean invariance for low velocities is a legitimate way to determine the constant k.
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in SI units

&=-_""M (10.3)

where the sign is specified by Lenz’s law.?

Lenz’s law: The induced current and corresponding magnetic field are in a di-
rection so as to oppose changing the flux through the circuit.

Combining Eq. (10.3) with Egs. (10.1) and (10.2) gives Faraday’s law in integral form,
d
%E’-dl = /B-nda (Faraday’s law), (10.4)
fo dt Js

indicating that the induced EMF is proportional to the fotal time derivative of the magnetic
flux.? Notice that this reduces to the result $.E -dl =0 of Eq. (2.26) for the static case with
dB/dt = 0. Equation (10.4) represents a form of Faraday’s law with broad implications. If
we view C as a geometrical closed path not necessarily coincident with an electrical circuit,
Eq. (10.4) may be viewed as a relationship among the fields B and E’.

If the circuit C is moving with some velocity, the total time derivative must take that
motion into account, since the flux through the circuit can change for two reasons:

1. the flux varies with time at a given point, or
2. translation of the circuit changes the location of the circuit in an external field.

This can be taken into account by computing the convective derivative,

d d

—=—=—+4v-V 10.5

a VY (10.5)
where v is the velocity and the partial derivative in the first term on the right side has the
usual meaning that it is the derivative with respect to a variable (time in this case) with all

other variables held constant. Then the total time derivative of the moving circuit is [19],

d JB
dt/SB-nda—/Sgt-nda—l—]i(va)-dl, (10.6)

which can be used to write Eq. (10.4) in the form

) OB
ji[E —(va)]~dl——/Sat-nda. (10.7)

This is Faraday’s law applied to the moving circuit C, but if we think of the circuit C and

2 Griffiths [13] states the Lenz law in somewhat more picturesque form “Nature abhors a change in flux”. For a
dramatic example of just how much Nature detests magnetic flux changes, see Problem 10.1.

3 The flux can be changed by changing the magnetic field, or the shape, position, or orientation of the circuit.
The total time derivative d/dt appearing in Eq. (10.4) accounts for all such possibilities. Note that E’ is the
electric field at dl in the coordinate system where dl is at rest.
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surface S being instantaneously at a certain point, then application of Eq. (10.4) to that

circuit at fixed location gives,
JB
}{E-dl——/-nda, (10.8)
c ot

S

where E is now the electric field in the laboratory frame. Galilean invariance (valid at low
velocities) then requires the left sides of Egs. (10.7) and (10.8) to be equivalent.

If the circuit is held fixed in a reference frame so that the electric and magnetic fields are
defined in the same frame, Faraday’s law (10.4) in integral form can be transformed into a
differential equation. From Stoke’s theorem,

fE’-dl:/(VxE’)-nda,
C N

and Eq. (10.4) may be written as

/(VXE+M>-nda:O.
S ot

But the circuit C and surface S are arbitrary, so the expression in parentheses must vanish
identically, giving
JB

VX E + 5 = 0 (Faraday’s law), (10.9)

which is Faraday’s law (1.1b) in differential form. Note that this is the time-dependent
generalization of V x E = 0 from Eq. (2.27) in electrostatics. In a static system the curl of
E vanishes but that is no longer true in the presence of a time-dependent magnetic field.

Background and Further Reading

See Griffith’s [13] for an introduction and Garg [11] and Zangwill [42] for more advanced
discussions.
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Problems

10.1 Consider a metal ring placed on top of a strong solenoid (enhanced by an iron core),
as illustrated in the following figure.

A

Solenoid
with iron
core

AAAAAAAAAIAIAAAAAAAAA
VUVVUUVVUVUVVUVVUUY

Ny,
>

If the solenoid is plugged in the metal ring will jump into the air, by as much as
several feet in typical demonstrations. Explain why. Hint: See Refs. [36, 39] for a
discussion of this demonstration. **%*
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The preceding chapters have provided a systematic explanation and validation of the vari-
ous pieces of electromagnetic theory that James Clerk Maxwell synthesized into what we
now call the Maxwell equations. To this point we have treated electricity and magnetism
largely as separate subjects. As Faraday’s discoveries that were discussed in Ch. 10 make
clear, this distinction begins to fail when one moves from static to time-dependent phe-
nomena, and we will now begin to address a unified picture of electromagnetism, valid for
electric and magnetic phenomena in both static and dynamical contexts. In this chapter we
take the Maxwell equations to be the basis for all classical understanding of electromag-
netism and address systematically their broader scientific and technical implications.

11.1 The Almost-but-Not-Quite Maxwell’s Equations

The basic equations of electricity and magnetism that we have studied in Chs. 2-9 can be
summarized (in medium, in differential form, in SI units) as

V-D=p (Gauss’s law), (11.1a)

JB
V xE + > =0 (Faraday’s law), (11.1b)
V.-B=0 (No magnetic charges), (11.1¢)
VxH=J (Ampere’s law), (11.1d)

Expressed here in modern notation, these were the fundamental equations of electromag-
netism as they stood in the mid-1800s when James Clerk Maxwell set about his synthesis
of electromagnetic understanding. A comparison shows that these are almost, but not quite,
the Maxwell equations that were introduced in Egs. (6.50). The difference lies in the fourth
equation (Ampere’s law), where a term —dD/dr is missing relative to the fourth Maxwell
equation (6.50d).

11.1.1 Ampere’s Law and the Displacement Current

It is important to recognize that all but Faraday’s law in Eqs. (11.1) were derived from
data taken under steady-state conditions, so we should expect that modifications might
be required for the description of time-dependent fields. Maxwell realized that the funda-
mental equations of electromagnetism (11.1) known in his time were inconsistent as they
then stood. Since the divergence of a curl vanishes by a basic vector-calculus identity,
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V- (V x H) =0, it follows from Ampere’s law (11.1d) for steady currents that
V.J=V.(VxH)=0. (11.2)

But from the continuity equation (1.3) ensuring conservation of charge,

dp
L v |
ot ’
so V-J =0 can hold only if the charge density doesn’t change with time. Therefore,
Maxwell modified Ampere’s law to accomodate a time dependence by introducing a dis-
placement current term dD/ot,!
aD

VxH=J —>VXH:J+§7
thus converting Eqgs. (11.1) into what we now call the Maxwell equations (6.50) (in medium
in differential form),

(11.3)

V-D=p (Gauss’s law), (11.4a)
JB
V xE + o =0 (Faraday’s law), (11.4b)
V.-B=0 (No magnetic charges), (11.4c)
oD
V xH - 5 = J (Ampere—Maxwell law), (11.44d)

where the last equation is now called the Ampére—Maxwell law. 1t still is the same law
as before when applied to steady-state phenomena, but addition of the displacement cur-
rent term means that a changing electric field can generate a magnetic field, even if there
is no current. Thus, it is the converse of Faraday’s law, where a changing magnetic field
can produce an electric field. As you were asked to show way back in Problem 1.1, these
(Maxwell) equations are now consistent with the continuity equation. Taking the diver-
gence of both sides of the Ampere—Maxwell law,

d(V-D)

ar '
and using V- D = p from Gauss’s law and the identity V - (V x H) = 0 from Eq. (A.6), this
becomes

V. (VxH)=V.J+

dp
5 tVI=0,

which is the continuity equation (1.3).

1" As elaborated in Box 11.1, Maxwell’s original detailed physical reason for the displacement term and corre-
sponding name is partially bogus, being based on a now-discredited mechanical model of electric and magnetic
fields in the fictitious aether. However, his insight that the displace term is required was seminal, and the name
itself survives in the modern form of the Maxwell equations.

Recall that the vacuum Maxwell equations (1.1) in differential form can be recovered by substituting D = &E
and H = B/yy into these equations, remembering from Eq. (2.4) that upgy = 1/c?, and that the Maxwell
equations in medium in integral form are given by Egs. (6.55).

1
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Maxwell, Steampunk, and the Displacement Current

Maxwell’'s reasons for introducing the displacement current were based partially on
a now-discredited mechanical model of the (fictitious) aether, which was thought in
the 19th century to be the special medium through which electromagnetic waves
traveled. These ideas of a mechanical aether have strong overlap with the modern
literary and animé genre called steampunk, which is a fictional alternative history in
which modern electrical and internal combustion technologies fail to develop and all
mechanical devices (including flying machines) are driven by steam, as described
in Ref. [31]. A schematic illustration of Maxwell’s mechanical model (the “elastic
vortex aether”) is illustrated in the following figure.

Maxwell calculated that his elastic vortex aether propagated transverse waves at a
speed of 3.107 x 108 ms~!, which was close to the 3.149 x 108 ms~! for the speed
of light that Hippolyte Fizeau had measured in 1847 using a rotating toothed wheel
with mirror apparatus. Maxwell remarked [28, 29],

“we can scarcely avoid the inference that light consists of the transverse
undulations of the same medium which is the cause of electric and mag-
netic phenomena”,

which was the first direct claim that light had an electromagnetic origin. The dis-
placement term in the Maxwell equations and the electromagnetic origin of light
have stood the test of time, despite their origin in a fictitious steampunk-like me-
chanical model of vortices and idle wheels inspired by the cogs and gears in the
machinery of the Victorian age.

Local conservation of charge: Physically the continuity equation requires that
changes in electrical charge in some arbitrary volume are caused by flow of
charge through the surface bounding that volume.

1. This requires conservation of charge within a volume of space that can be
arbitrarily small, thus implying that charge is conserved locally.

2. A charge that disappears from one point in space and instantly reappears at
another point is consistent with global charge conservation, but not with local
charge conservation.

The reason requires relativistic quantum field theory for its full explanation: de-

P T . P P T I R P, I |
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Maxwell’s equations (11.4), supplemented by the Lorentz force law (1.4)

F =qg(E+vxB),

to describe electromagnetic forces, and Newton’s laws of motion to translate force into
experimentally observable particle motion are thought to describe all of classical electro-
magnetism.

11.1.2 Implications of the Ampéere—Maxwell Law

As was introduced in Section 1.4, Maxwell’s seemingly small change in the Ampere law
turns out to have enormous implications for both our classical and quantum understanding
of electromagnetism.

1.

Maxwell’s addition of dD/dt to Ampere’s law (and Faraday’s induction experiments)
effectively brought together the previously separate subjects of electricity and mag-
netism. Ampere’s law is only about magnetism, but both the polarized electric field D
and the polarized magnetic field H appear in the Ampere—Maxwell law, while E and B
both appear in Faraday’s law.

Changing electric fields produce magnetic fields and changing magnetic fields
produce electric fields, and we may now speak meaningfully of the unified sub-
ject of electromagnetism.

The fundamental equations of electromagnetism are now consistent with (local) con-
servation of electrical charge.

. This modification will lead eventually to the greatest triumph of Maxwell’s theory (see

Section 13.2.1):

The Maxwell equations have wave solutions, and the corresponding electromag-
netic waves may be interpreted as light,

which unifies the field of electricity, not only with the field of magnetism, but also with
the field of optics.

. That Maxwell’s equations obey the continuity equation and thus conserve charge locally

leads to the idea of electromagnetic gauge invariance, which will provide powerful tools
for dealing with classical electromagnetism, and will underlie a quantum field theory of
electromagnetism (quantum electrodynamics or QED).

. Electromagnetic gauge invariance will eventually be generalized to more sophisticated

local gauge invariance in the weak and strong interactions, resulting in the relativistic
quantum field theory that we term the Standard Model of elementary particle physics.

Some of these topics are beyond the scope of classical electromagnetism, but it is important
to appreciate that they have their historical and scientific antecedents in that discipline. A
general introduction to modern relativistic quantum field theory and many of these topics
specifically may be found in Ref. [14].
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11.2 Vector and Scalar Potentials
|

In our discussions of electrostatics and magnetostatics we introduced the scalar potential
@ (Section 2.5) and the vector potential A (Section 8.6). The Maxwell equations (11.4) are
a set of coupled first-order differential equations relating the components of the electric
and magnetic fields. To solve those coupled differential equations it is often convenient to
introduce the potentials A and ®, which satisfy some of the Maxwell equations identically
and leave a smaller number of second-order differential equations to solve.

Consider the two homogeneous equations (the ones equal to zero on the right side) in
Eqgs. 11.4. As we have noted in Section 8.6, since V - B = 0, the magnetic field B can be
described as the curl of a vector potential A,

B=V xA. (11.5)

Then Faraday’s law (11.4b) may be written as,

JdA
V x <E+8t> =0. (11.6)

Since the curl of the quantity E + dA/dt in parentheses vanishes, it can be written as the
gradient of a scalar function; let’s choose it to be minus the scalar potential P,

E+ oA =—-Vo,
ot
which rearranges to
JdA
=-Vo-— —. 11.
E Y a7

For simplicity, let us restrict consideration to the vacuum form of the Maxwell equations
that is given in Eq. (1.1), which are formulated in terms of the electric field E and the
magnetic field B,

P

V.E= o (Gauss’s law), (11.8a)

VX E+ aaf =0 (Faraday’s law), (11.8b)
V.-B=0 (No magnetic charges), (11.8¢)

V xB— clzaaf = UoJ (Ampere—Maxwell law). (11.8d)

Substituting B=V x A and E = —V® — JA/Jr into the Maxwell equations (11.8), we
find using the identities V- (V x B) = 0 and V x V& = 0, that the homogeneous equations
(11.8b) and (11.8c) are satisfied identically, while the inhomogeneous equations (11.8a)

3 Recall the reason: if B =V x A, then by taking the divergence of both sides V-B = V- (V x A) = 0, where
the identity (A.6) was used. Thus the condition V- B = 0 is guaranteed if B derives from the curl of a vector
potential.
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and (11.8d) are transformed into coupled second-order differential equations,

V2¢+Z(V.A):—g), (11.9a)
1 0%A 1 0P

where the identity V x (V x A) = V(V-A) — V24 has been used. Thus the problem has been
converted into solving the two coupled equations (11.9). These equations can be decoupled
by a suitable gauge transformation, as will now be shown.

11.3 Exploiting Gauge Symmetry

In Section 8.6 we showed that the magnetic field is invariant under a gauge transformation
on the vector potential,

A—A =A+Vy,

where Y is an arbitrary scalar function. But in general the Maxwell equations involve both
magnetic and electric fields. If the electric field is to be unaltered under this gause trans-
formation of the magnetic field the scalar potential must be changed at the same time
according to

d
dd = X
Jt
Gauge Transformation: A classical gauge transformation on the electromag-
netic field is defined by the simultaneous transformations

9x
ot’
on the vector potential A and the scalar potential ®, where ¥ is an arbitrary scalar

function. A gauge transformation leaves the electric and magnetic fields, and thus
Maxwell’s equations, unchanged.

A—>A+Vy D P— (11.10)

Notice that in the gauge transformation (11.10) the same scalar function ) must be used in
both equations, but the choice of y is arbitrary.

Mathematically, the invariance of electromagnetism under the gauge transformation
(11.10) means that an electromagnetic field may be viewed as an equivalence class of
potentials {®,A}, where equivalence classes are defined in Box 11.2. Thus, on the set of
all possible electromagnetic potentials {(®,A}),(P2,A2), -} we may define an equiv-
alence relation “related by the gauge transformation of Eq. (11.10)” and the equivalence
class is the set of all electromagnetic potentials related to each other by a gauge transfor-
mation. The objects of the class then are “equivalent” in the sense that all members of the
equivalence class give the same electric and magnetic fields, and thus lead to the same
classical electromagnetic physics when inserted in the Maxwell equations.
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Equivalence Classes

A very useful concept for a set is that of an equivalence class, which is predicated
on there being an equivalence relation defined between set members. Equivalence
classes are of utility when one wishes to refer to a subset of things that are “the
same” for our considerations, in that they all exhibit a specific property.

For example, if for the set of all balls of a solid color we define an equiva-
lence relation “having the same color”, then the subset of all yellow balls
would be one equivalence class of the set of all balls of a solid color, and
the subset of all black balls would be another.

When a set S has an equivalence relation defined on it the set may be partitioned
naturally into disjoint (non-overlapping) equivalence classes, with elements a and b
belonging to the same equivalence class if and only if they are equivalent. Formally,
equivalence is a binary relation ~ between members of a set S exhibiting

1. Reflexivity: for each a € S, one has a ~ a.
2. Symmetry:foreach a,b € S, ifa~ b, then b ~ a.
3. Transitivity: for each a,b,c € S, ifa~ b and b ~ c, then a ~ c.

Since mathematical groups are sets with added structure, equivalence classes may
be defined in a similar way for groups.

11.3.1 Lorenz Gauge

Suppose that we now take advantage of the invariance of electromagnetism under gauge
transformations and choose a set of potentials {®,A} that satisfy the Lorenz condition

19

V~A+c—2§ =0 (Lorenz gauge). (11.11)

A constraint like Eq. (11.11) is termed a gauge-fixing condition and imposing such a con-
straint is termed fixing the gauge. The gauge choice implied by Eq. (11.11) is called the
Lorenz gauge.* If the Lorenz gauge condition is inserted into the coupled equations (11.9),
the equations decouple and solving the Maxwell equations has now been reduced to solv-

4 The Lorenz gauge (named for Danish physicist and mathematician Ludvig Lorenz) has often mistakenly been
called the Lorentz gauge, after the better-known Dutch physicist Hendrik Lorentz (who shared the 1902 Nobel
Prize in physics for the theoretical explanation of the Zeeman effect). The present author must confess to
being among the many who have made this error, referring to the “Lorentz” rather than “Lorenz” gauge in an
early book [14]. Ludvig Lorenz did significant work on electromagnetism contemporary with, but independent
of, Maxwell. For example, he proposed independently that electromagnetic waves might be lightwaves. An
overview of Lorenz’s scientific work is given in Ref. [24], and the history of his work and the incorrect
attribution of his famous gauge to Lorentz is discussed in Ref. [20].
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ing two second-order differential equations,

1 9°® P
Ve~ —=_C% 11.12
¢z 0t? g’ ( 2)
1 924
2 _

which are uncoupled: solution of Eq. (11.12a) gives the scalar potential ® independent of
the vector potential A, while solution of Eq. (11.12b) gives the vector potential, indepen-
dent of the scalar potential. Equations (11.12) along with the gauge condition (11.11) are
completely equivalent in physical content to the original Maxwell equations (11.4).

It is always possible to find potentials {®,A} that satisfy the Lorenz condition.
Suppose that we have a solution with gauge potentials that satisfies Eqs. (11.9),
but does not satisfy Eqs. (11.11). Then, make a gauge transformation to new
potentials {®’, A"} and require the new potentials to satisfy the Lorentz condition

1 09 1 0 1 9%y
VA+—-—=0=V-A+—-—+Vy—==2.
+cz ot 0 +cz ot TV c2 dr?
Thus, if a scalar function ) can be found that satisfies
1 9%y 1 0P
Vig——=5=—(V-A+—-— 11.13
X250 < Ta 8t>’ ( )

the new potentials will satisfy the Lorenz gauge conditions (11.11) and the si-
multaneous equations (11.12).

The Lorenz condition Eq. (11.11) does not exhaust the gauge degrees of freedom in
Lorenz gauge. The restricted gauge transformation
X

A—A+Vy <I>—><[>—§, (11.14)

where the scalar function y (which is arbitrary for general gauge transformations) is re-
stricted to those that satisfy the constraint
1 9%y
VY ———=5=0 11.15

X255 =0, (11.15)
preserves the Lorenz condition if {A,®} satisfies it to begin with. Thus the Lorenz gauge
corresponds to an entire family of of gauge conditions that satisfy Eq. (11.11). The Lorenz
gauge is often used for two reasons:

1. It leads to the decoupled equations (11.12) that treat @ and A on an equal footing.
2. As will be elaborated in Ch. 15, the Lorenz gauge condition is manifestly invariant
under Lorentz transformations, which fits naturally into special relativity.?

3 Note that the equations are in (Ludvig) Lorenz gauge, but we shall see in Ch. 15 that they are invariant under
(Hendrik) Lorentz transformations. This perhaps helps to explain the historical confusion in the name of the

gauge.
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There are infinitely many valid gauge transformations that can be made using Eq. (11.10)
with different choices for the scalar function ). However, only some prove to be useful.
One of use is the transformation to Lorenz gauge described in this section. Another that
we have already encountered in Section 8.6 is the transformation to Coulomb gauge.

11.3.2 Coulomb Gauge

We have already introduced the Coulomb gauge condition in Eq. (8.37),
V-A=0 (Coulomb gauge condition).

From Eq. (11.9a), in Coulomb gauge the scalar potential obeys a Poisson equation

Vio— P (11.16)

&
which has a solution
1 X't
p( 9 )d3xl.

P(x,t) =
(%) dwey ) |x— x|

(11.17)

This is the instantaneous Coulomb potential caused by the charge density p(x), which is
the motivation for the appelation Coulomb gauge.

As Box 11.3 discusses, the Coulomb potential (11.17) suggests instantaneous
transmission of information in a universe where lightspeed c is the speed limit.
In Chs. 15-18 we will resolve this issue and show that electromagnetism is in
fact causal because no information is being transmitted at a speed v > c.

From Eq. (11.9b), in Coulomb gauge the vector potential obeys

1 0’°A 1 0d
VIA— =5 = —pgJ + = —.
c? or? Hol+ c? ot
As guaranteed by the Helmholtz theorem for any vector (see Box 3.1), the current density
can be decomposed as a sum of two terms

J=J.+Jt, (11.19)

(11.18)

where the terms have the following properties:

1. The component Ji has vanishing curl, V x J; = 0; it is called the longitudinal current
or the irrotational current.

2. The component Jt has vanishing divergence, V - Jt = 0; it is called the transverse
current or the solenoidal current.

The longitudinal and transverse currents are given explicitly by

1 VJx,t) ,
Ly [ YD sy 1.2
h=-p / PRl (11.200)
/
Jo= Lvxvx [IE0D) 5 (11.20b)
4n |x — x|
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Causality and the Coulomb and Gravitational Potentials

Causality (that actions must precede results) is a fundamental principle underlying
all of modern science. The Coulomb potential of Eq. (11.17) appears to violate that
principle.

Causality and the Coulomb Potential

The Coulomb potential in Eq. (11.17) is said to be “instantaneous” because the
associated force acts without delay at any x corresponding to a distance |x —x/|
from the source. This is inconsistent with special relativity and relativistic quantum
field theory, which require that a force be transmitted by a virtual particle (the photon
in this case) communicated at a speed less than or equal to the speed of light c.

Causality and the Newtonian Gravitational Potential

The Newtonianian gravitational potential has the form of a Coulomb potential with
masses playing the role of charges, and has the same causality problem: it implies
that the gravitational force acts instantaneously over any distance. The solution of
this problem in gravitational physics is replacement of Newtonian gravity with gen-
eral relativity, which generalizes special relativity and requires that the transmission
speed of the gravitational force be equal to the speed of light. This prediction of
general relativity has been confirmed by observations, as we now describe.

The Speed of Light and the Speed of Gravity
In 2017 the ground-based Ligo—Virgo detectors observed gravitational wave
GW170817.% But there was more to come: 1.7 seconds later the Fermi Gamma-ray
Space Telescope (Fermi) and International Gamma-Ray Astrophysics Laboratory
(INTEGRAL) in orbit around Earth detected a gamma-ray burst from the same por-
tion of the sky as the source of the gravitational wave. Detailed observations of the
afterglow of the gamma-ray burst at many wavelengths, and comprehensive anal-
ysis of the gravitational and electromagnetic data sets, concluded that the gravita-
tional wave and the gamma-ray burst were caused by a binary neutron star merger
in the galaxy NGC 4993, at a distance of 40 megaparsecs (130 million lightyears).
That the gravitational and electromagnetic signals arrived within 1.7 seconds of
each other after traveling a distance of 40 megaparsecs implied that the speed of
gravity (for the gravitational waves) and the speed of light ¢ (for the gamma-rays)
differ by no more than 3 parts in 10'>. Thus, we conclude that the speed of gravity
is ¢ (as predicted by the general theory of relativity). More extensive discussion of
physical implications for GW170817 may be found in Ref. [15] and in Section 24.7

of Ref. [16].

¢ The name GW170817 indicates that the gravitational wave (GW) was observed in the year 20(17), in
the (08)th month of that year, on the (17)th day of that month.
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From Eq. (11.17) and the continuity equation (1.3),

1 _d®
=V— =t 11.21
C2 a P IJ() T, ( )
which gives when inserted into Eq. (11.9b), upon using the identity V(V -A) = 0 and Eq.
(11.19),
1 0°A
VA — = = = —puodr. 11.22
2 012 HodJT ( )
Thus, in Coulomb gauge the source for the equation for A can be expressed entirely in
terms of the transverse current Jr. For this reason, the Coulomb gauge is sometimes termed
the transverse gauge. The Coulomb gauge is also sometimes called the radiation gauge,
because one finds that in describing electromagnetic radiation by quantum electrodynam-
ics, only the vector potential (which is determined by the transverse components) need be

quantized.

Notice that Eq. (11.22) has the form of a wave equation with the speed of the
wave equal to ¢, which is the behavior expected for electromagnetic waves. How-
ever, the discussion given above implies that for the scalar potential the propa-
gation speed is infinite. The full resolution of this seeming paradox is beyond
our scope because it requires relativistic quantum field theory, but in essence the
propagating classical field has only transverse components and one finds that in
quantum electrodynamics only the vector potential (and thus only the transverse
components) need be quantized.

As we will see in Ch. 15, Lorentz covariance is most transparent if the 3-vector potential A
and the scalar potential ¢ are combined into a spacetime 4-vector A* with the components
of the 4-vector given by

AR = (A%, A1 A% A%) = (®,A) = (®,A1,A%,A%), (11.23)

where @ is the scalar potential and A is the 3-vector potential with components A’(i =
1,2,3). In the 4-vector the first component A is called the timelike component and the
other three components (A!, A% A%) are called the spacelike components of the 4-vector.
It was asserted above that only the two transverse components of the vector (typically
chosen to be A; and A, for A and A® and A3 for A*) are required to describe propagating
waves. But a 3-vector like A normally has three components, and a 4-vector like A* has
four components. So how can a propagating photon have only two rather than three or four

6 A small terminology inconsistency must be dealt with. We have been calling the 3-vector A the vector poten-
tial, but relativistically it will be more convenient to work with the 4-vector potential A* (which makes more
obvious the requirement of relativity that space and time enter on an equal footing); see Section 16.8.3. We
adopt a policy that where it is clear that we are working non-relativistically, A will often be called the vector
potential, while if it is clear that we are working in a relativistic context, A* will often be called the vector po-
tential. If there is a chance for confusion the explicit names ““3-vector potential” for A and “4-vector potential”
for A* will be used. Similar terminology considerations apply to other quantities such as the 3-vector current
J and the 4-vector current J#, each of which is called the “current vector” in various contexts.
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degrees of freedom? A systematic discussion of relativistic quantum field theory applied
to electrons and photons (QED) is beyond our present scope. However, the short answer
is that it is found in QED that in a covariant gauge like Lorenz gauge there are four states
of polarization, but the contributions from timelike and longitudinal polarizations enter
with equal magnitudes but opposite signs and exactly cancel each other, leaving only the
transverse contributions for a free propagating photon. (This is called the Gupta—Bleuler
mechanism in quantum electrodynamics.) A massive vector field would have three spatial
polarization components. As we will see, the reduction to two spatial polarizations is a
consequence of the photon being identically massless: massless vector fields have two
rather than three states of polarization.

11.4 Retarded Green Function
|

From Eqgs. (11.12), it is clear that the key to solving Maxwell’s equations in Lorenz gauge
is to be able to solve the wave equation with a source f,

Oy =—f, (11.24)

where we introduce for convenience the d’ Alembertian operator (] with’

_ 19 2
D:—cia—tz V=, (11.25)
because if one knows how to solve (11.24), one can solve Eqgs. (11.12). Lorenz gauge has
been assumed, so Eq. (11.11) must also be satified, but the retarded solution of Eqgs. (11.12)
with sources that will be found shortly will in fact satisfy Eq. (11.11) automatically, pro-
vided that the solution decreases rapidly enough at infinity. Generalizing the electrostatics
case, a Green function G(z,x;1'x") can be defined by

OG(t,x;t'x') = -6(x—x)8(t - 1), (11.26)

where the derivative operators in [J are understood to operate on the unprimed variables,
and in contrast to Eq. (3.21) for electrostatics, the Green function depends on (#',x") and
(t,x) and there is a delta function in /' —7 as well as in x — x". If we can obtain a Green
function, a solution y of Eq. (11.24) is given by the principle of superposition,

w(t,x) = / Gt x:t'X)f (¢ ) & i, (11.27)

assuming that the integral converges. Let us seek a solution of Eq. (11.26) using Fourier
transforms, guided by the discussion in Wald [40].

7 The d’Alembertian operator [J is a Lorentz-invariant combination of the second derivatives with respect to
space and time that will play a significant role in discussing the relationship of the Maxwell equations to
special relativity in Ch. 15.
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11.4.1 Fourier Transforms

For an integrable function F : R — R, define its Fourier transform F as®

A

F(k)= \/12? [ jF(x)e*"’“dx. (11.28)

Fourier transforms can also be extended to distributions such as the Dirac delta function;
for example, the Fourier transform of the delta function is,

5y (k) = \/12? . (11.29)

Assuming a function to be smooth and to fall off fast enough at infinity, the original func-
tion F(x) can be recovered by the inverse Fourier transform,

F(x)= \/127[ /_ :wﬁ(k)e+ikxdk. (11.30)

This formula applies also to distributions and the inverse of the Fourier transform for a
delta function is
1

8 (1) = +WS ket*gr = — " ik Hikx g 11.31
xo(x)_m _ Xo( )e _27[ B e e . ( . )

One of the most useful properties of Fourier transforms is that differentiation in real space
corresponds to multiplication by ik in Fourier transform space. For example,
dF .
— (k) = ikF (k), 11.32
(k) = ikF (k) (1132)

for the Fourier transform of dF (x)/dt, as you are asked to show in Problem 11.1.

Thus a partial differential equation with constant coefficients expressed in real
space can be converted to a corresponding algebraic equation in Fourier trans-
form space.

Now let’s solve Eq. (11.26) for G using Fourier transform methods.
11.4.2 Green Functions Using Fourier Transforms

To simplify notation let us temporarily set X' =t = 0 and ¢ = 1, and define the 4D Fourier
transform of G as’

~ 1 oo . .
Gl0k)= /7 Glt,x)e ' e * ¥t dx (11.33)

8 There are different conventions for choosing the normalization factor in defining Fourier transforms. The
definitions in Egs. (11.28) and(11.30) employ the “symmetric convention”, which uses a normalization factor
of 1/ V27 for both the transform (11.28) and the inverse transform (11.30). Note that a simple example of a
solution using Green functions for a driven mechanical oscillator was described in Box 3.2, where a different
normalization for Fourier transforms was used.

° By convention the time Fourier transform is defined by integrating with ¢ rather than with ¢~'®’ for com-
patibility with the 4-momentum vector k* = (®/c, k) of special relativity that will be introduced in Ch. 15.
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Taking the Fourier transform of Eq. (11.26) with respect to ¢ and x, using Eq. (11.29) with
xo = 0, and using Eq. (11.32) yields

A 1
22
—k)G(w,k) =—— 11.34
(@ ) G(0k) =~y (134
where k = |k|. Naively, this suggest the solution
A 1 1 1
Glw, k) = - (11.35)

4m? (02 —k2) 4 (w+k)(o—k)

but division by (@ — k?) is illegal since it is possible that @ = k. To see the difficulty
clearly, let’s attempt to take the inverse transform of G with respect to @ (but not k). This
is a Fourier transform with respect to space but not time; denoting it as G,

- 1 Foo .
Gt k) = m/_ G(w,k)e ™ do.

e—l(l)l‘

1 e
- 4n2Van /_oo ORI

where Eq. (11.35) was used. This has logarithmic divergences of the integral'® if @ — =+k,
so it is ill-defined.

The fundamental reason that the integral in (11.36) is not well defined as it stands is that
many different Green functions satisfy Eq. (11.26), so a unique solution for G in (11.36)
cannot be expected without providing further information to identify the particular Green

(11.36)

function that we seek. To proceed it is necessary to regularize the integration in Eq. (11.36)
in such a way that

1. equation (11.34) remains valid,
2. the right side of Eq. (11.36) becomes well defined, and
3. the resulting solution has the desired boundary and causality properties.

One way to do this is to displace the poles at @ = £k into the complex w plane and evaluate
the resulting contour integral. There is more than one way to do this, each leading to a
different Green function. The Green function that we seek is the retarded Green function,
which will be appropriate for the situation where there is only outgoing radiation from a
source. To get this solution the poles should be displaced into the lower half of the complex
-plane; thus we define the retarded Green function by

o—iot

1 e
T am2\2n /_oo (0+k+ie)(w—k+ig)

where € is positive and the limit € — 0 is to be taken after the integral is evaluated. View-
ing the integral in Eq. (11.37) as a contour integral in the complex w-plane, if # < O the

G(t,k) do, (11.37)

integration contour can be closed by a large semicircle in the upper half plane since the
exponential factor exp(—iwt) is damped there, as illustrated in Fig. 11.1(a). The poles are

10 All diverges are trouble, but some are worse than others. The prototypical logarithmic divergence occurs in an
integral of the form f(x) = |, é} dA/A. This integral diverges as x — oo, which is relatively mild, growing only
as f(x) ~log(x) at large x.
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Im (o) Im (o)
(a) t<0 . I : . Re (o)
pole pole
. i . > Re (0) (b) t>0
pole pole

Contour integration paths for the the retarded Green function. (a) Path for ¢ < 0, which
encloses no poles so it gives zero. (b) Path for r > 0, which encloses both poles and the
value of the integral comes from the sum of residues at the two poles.

in the negative half-plane so the contour does not enclose them and by the Cauchy residue
theorem,

G(t,k) =0  (t<0). (11.38)

That the Green function vanishes for # = 0 is characteristic of the retarded solution, cor-
responding to outgoing but no incoming radiation. This solution is relevant physically if
there is no radiation present when the source is turned on.

By similar reasoning, for ¢ > 0 the integration contour can be closed in the lower half-
plane, as illustrated in Fig. 11.1(b). Now the contour encloses poles at @ = £k — i€ and by
the Cauchy theorem the integral evaluates to 27ti times a sum of residues at the two poles.
The residue res f(a) of a function f(z) at a pole z = a is given by

1 ) dmfl "
res f(a) = (m—l)!g%<dz’”‘1(z_a) f(z)), (11.39)
where m is the order of the pole (exponent on the denominator factor tending to zero at the
pole) and a is the location of the pole (with a # o). In Eq. (11.37) the poles are of order
m = 1 and we obtain

G(t,k) e = (t>0). (11.40)

27i <e*’ e+%’)<_ 1 sinks
4227w \ 2k 2k 2n\2m k

The retarded Green function in real (position) space then results from taking the inverse
transform of Eq. (11.40) with respect to k (homework),

1 1 sinkt jx 3
X))ot = "Xk
5(r —|x])
= —" . 11.41

Restoring 7, x/, and ¢, this result becomes

0 (r<t),

G(l‘,x;t’,x’)ret: S(t—1' —|x—x|/c) (> 1) (11.42)
4w |x —x'| '
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This propagator now has the desired causal behavior.'!

Using the language of special relativity that will be introduced in Ch. 15,
G(t,x;1', X' )¢ is non-zero only on the future lightcone of the source point (¢',x’),
meaning that it vanishes unless |x —x'| = ¢(z —¢’). That is, if a field satisfying
the wave equation Ly = — f of Eq. (11.24) is zero at early times and

1. a &-function source is placed at (¢',x'),
2. the resulting disturbance of the field (electromagnetic waves) will propagate
away from the source at the speed of light.

Because the retarded Green function respects the principle of causality (cause
precedes effect) it is said to be a causal Green function.

Thus, light corresponds to a wave solution of the Maxwell equations that is fixed by the
theory to have a constant speed of propagation v = ¢, independent of inertial frame. Elec-
tricity and magnetism are now unified in the science of electromagnetism, and optics has
now become the science of electromagnetic waves.

11.4.3 Causal Solutions for Vector and Scalar Potentials

The retarded solution of Eq. (11.24) is the solution obtained using the retarded Green
function in Eq. (11.27),

1 [ fe—=|x=X|/c,X) 5,
1,X)=— d’x'. 11.43
v(r.x) 47r/ |x — x| g ( )
This can also be written more compactly as
t Ie
w(t,x) G ICYEN (11.44)
47r |x—x/|
where the notation means that f(¢',x") is to be evaluated at the retarded time
4
f—— x| (11.45)
C

and where ¢’ isn’t independent but rather is a function of ¢, x, and x’ 12 Written in this form
the retarded solution looks like a solution of the Poisson equation, but evaluated at the
retarded time (11.45).

1 The retarded time has a simple meaning. When there is a local change in an electromagnetic field, the field
at some distant point doesn’t reflect that change instantaneously. Instead, the signal of a change in the field
propagates at the speed of light and there is a time delay in its action at a distant point; the time at the distant
point minus the time for the signal to propagate is termed the retarded time.

In Eq. (11.44), the integration is not over all of space at an instant of time (as the notation might suggest).
Rather, it is restricted to the surface defined by the past lightcone of the spacetime point (t,x), since only
points on the past lightcone can be causally connected to (¢,x) by a signal traveling at lightspeed (see the
discussion of lightcones and causality in Ch. 15).
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The Maxwell equations (11.12a) and (11.12b) for the scalar and vector potentials are of
the form (11.24), so we can write immediately the corresponding retarded solutions,

1 (' X )t 3,
P(t,x) = d 11.46
( 7x) 47[80/ ‘x_x/| x7 ( a)
Ho (' Xt 3
A == | — ==X 11.4
(t,x) yp x—x| d’x ( 6b)

Finally, substitution of Eqs. (11.46a) and (11.46b) in Eq. (11.11) and some manipulation
indicates that these solutions are indeed consistent with the Lorenz gauge condition (see
Problem 11.3). Therefore, we may conclude that the solution of the Maxwell equations
for a charge density p and a current density J, with no initial incoming radiation, is given
by Egs. (11.46). This has been shown here in for the special case of Lorenz gauge, but the
Maxwell equations are invariant under gauge transformations so this solution may be taken
to be valid generally.

Background and Further Reading

Much of this chapter is based on the presentations in Jackson [19], Garg [11], and Wald
[40]. Further useful discussion may be found in Refs. [5, 13, 42].
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Problems
|

11.1 One of the most useful aspects of Fourier transforms is that differentiation in real
space corresponds to multiplication by a factor ik in Fourier transform space, which
converts differential equations into algebraic equations. As an example, prove that

I oy =ik ),
for the Fourier transform of dF /dx. ***

11.2 Supply and explain the steps in verifying the result of Eq. (11.41).

11.3 Prove that Egs. (11.46) are consistent with the Lorenz gauge condition (11.11). **%*

11.4 For problems with a magnetic field oriented along the z axis, two gauge choices that
can be made for the vector potential A = (Ay,A,,A;) are

A =(0,Bx,0) (Landau gauge),
1
A= EB(—y, x,0) (Symmetric gauge).

Demonstrate that both of these gauges lead to the same magnetic field B = (By, By, B;) =
(0,0,B), where B = |B)|.



Conservation Laws

In Box 1.1 we summarized concisely the symmetries that the equations of classical elec-

tromagnetism exhibit. In this chapter we elaborate on the corresponding conservation laws

that are implied by the symmetries of the Maxwell equations. The prototype conservation

law in electromagnetism is charge conservation, exmplified in the continuity equation (1.3)
dp

5 +V.J=0 (Continuity equation),

discussed in Section 1.3, which relates the change of charge density in a local region to flow
of charge through the boundaries of that region. Various other electromagnetic conservation
laws can be formulated in a similar manner.

12.1 Conservation of Energy

200
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Problems
. |

12.1 No problems yet for this chapter.



Electromagnetic Waves

Perhaps the consequence of classical electromagnetism having the greatest everyday im-
port is that the Maxwell equations have traveling wave solutions that can propagate through
space carrying energy, momentum, and angular momentum. The continuous arrival of life-
sustaining energy from the Sun, your smartphone, and the satellite navigation system in
your phone or car are but a few implications. These propagating electromagnetic fields
are termed free fields, because the electric field lines do not terminate in charges and the
magnetic field lines do not encircle current for these solutions.

In the 19th century it was commonly held that waves required a medium for trans-
mission, based on experience with waves like water waves that did propagate through a
medium. Thus was hypothesized the existence of a medium specifically for transmission
of the electromagnetic waves predicted by Maxwell’s theory that was called the luminifer-
ous aether or just aether for short,! and electromagnetic waves were hypothesized to travel
in a preferred inertial frame that was at rest with respect the aether. The aether hypothesis
held sway for decades, but its death knell sounded from both observational and theoretical
quarters as the 19th century turned into the 20th century:

1. The Michelson—-Morley light interferometry experiment in 1887 found no evidence for
motion of the Earth through the aether (this hypothesized effect was called aether drift).

2. The publication of Einstein’s special theory of relativity in 1905 rendered the aether
superfluous, by asserting that there are no preferred inertial frames and that electromag-
netic waves traveled at a constant speed ¢ in every inertial frame.

The idea that electromagnetic waves travel at the same speed in all inertial frames was
radical, but correct, and special relativity implied that both electromagnetism and particle
mechanics were governed by Lorentz invariance. With the aether now irrelevant, let us
speak of it no more and consider electromagnetic waves, first in vacuum, and then in matter.

13.1 The Classical Wave Equation

Wave phenomena in classical physics are described by a wave equation, which is a second-
order partial differential equation that in one spatial dimension and cartesian coordinates

I To accomplish its task, while remaining faithful to the rest of observed reality, the aether was required to
possess rather miraculous properties. It was assumed that the aether filled all of space but that it was invisible
(since no one could see it), that it was rigid (because electromagnetic waves are transverse and normal trans-
verse waves require a rigid body for transmission), and that it influenced only electromagnetic waves (so that
it didn’t disturb our understanding of non-electromagnetic phenomena).

202
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Sinusoidal solutions (13.4) of a 1D wave equation with amplitude A and wavelength

A = 2x. The solid curve has phaseshift 6 = 0 and the dashed curve has a phaseshift

0 = 3m/4. The two waves have the same amplitude and wavelength, but they are shifted
in phase by 37 /4.

takes the form
Py(z,t) 1 0°y(z1)
dx? v or?
where y(z,) is a scalar field, v is the speed of the wave,? and we have allowed the pos-
sibility of a source term % (z,t). The 1D classical wave equation admits solutions of the
form

= Z(z,1), (13.1)

y(z,t) = y(ztwr), (13.2)

with the + sign indicating whether the wave is traveling in the positive or negative z direc-
tion. The wave equation is linear, meaning that a sum of solutions is also a solution, and
the most general 1D solution is of the form

v(z,t) = f(z+vt) +glz—nt), (13.3)

which represents a superposition of left-going (negative-z direction) and right-going (positive-
z direction) waves.

Example 13.1 The sinusoidal waveform
W(z,1) = Acoslk(z—vr) + ), (13.4)

that is illustrated in Fig. 13.1 is a representative and instructive solution of the classical
wave equation (13.1), both because many simple wave solutions have a similar form, and
because complex waveforms can be built up by a linear combination of such waves (Fourier
series). As illustrated in Fig. 13.1, the amplitude A is the maximum displacement of the

2 Specifically v is the phase velocity of the wave described by the function y, which will depend on the nature
of the wave. For example, for transverse waves on a string v = (7'/1) 1/2 where T is the string tension and 1
is the mass per unit length of the string, while we shall see that electromagnetic waves in vacuum propagate at
the speed of light c.
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wave. The argument of the cosine function is called the phase of the wave, and k is the
wave number, which is related to the wavelength A by

_2n
A
with the wavelength displayed in Fig. 13.1. As illustrated in Fig. 13.1, if the wave is as-
sumed to be propagating to the right in the positive x direction, the phaseshift O represents
a shift to the left (a delay) of the waveform. As time passes the the entire wave proceeds to
the right in Fig. 13.1 with a constant speed v, such that a distance Ax = 27 /k corresponds
to one complete cycle of the cosine function, and one wavelength. At a fixed point x, the
wave amplitude vibrates up and down, executing one complete cycle in a period T given
by

k (Wavenumber), (13.5)

27
T=—. 13.6
o (13.6)
The corresponding frequency v represents the number of oscillations per unit time and is
given by
1 kv v
R 13.7
T 2n A’ (13.7)
which may also be expressed as the angular frequency @, with
o =2nv =kv, (13.8)
which allows Eq. (13.4) to be written more concisely as
y(x,t) =Acos(kz— ot + §). (13.9)

It is sometimes useful to write a waveform in complex notation using the Euler formula,
¢'® = cos@ +isiné, (13.10)
which allows writing Eq. (13.9) in the form
w(z,1) = Re (Ae“““*“”*a)) , (13.11)

where Re (- - - ) takes the real part of a complex argument.

Extending to three dimensions, Eq. (13.1) generalizes to the 3D wave equation
92 n 92 n 92 1 92
dx2  dy? 972 % or?

which can be written in the compact form

Dy (x) = f, (13.13)

by utilizing the d’ Alembertian operator [J given in Eq. (11.25) and the Laplacian operator
V? defined in Eq. (2.55).

) w(x) =7 (x,1),, (13.12)

2 9* 0?

19* _, 9L 9 9
ox2  dyr 972

—— == +V V2=
c? 8t2+

0=
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Let us now consider wave solutions of the Maxwell equations, first in vacuum, and then in
medium.

13.2 Electromagnetic Waves in Vacuum
|

Electromagnetic waves are solutions of the Maxwell equations in the absence of sources.
Removing the source terms p /&y and poJ from the vacuum Maxwell equations (1.1) gives
the source-free Maxwell equations in vacuum,

V.-E=0, (13.14a)
0B
VXE=—— 13.14b
X 5 ( )
V.B—0, (13.14c)
1 0E
VXxB=——. 13.14d
X ¢ ot ( )

We may interpret these four equations in the following way:

1. The two equations (13.14b) and (13.14d) involving curls are coupled partial differential
equations describing the time evolution of the electric field E(x,7) and magnetic field
B(x,1), respectively.

2. The two equations (13.14a) and (13.14c) involving divergences provide initial condi-
tions for the integration of (13.14b) and (13.14d), and we may deduce from them that

P 0
a—t(V-E):O E(V.B):o. (13.15)

Thus if the fields are free of divergence initially because of conditions set by Eqs.
(13.14a) and (13.14c¢), they will remain divergence-free as time evolves in the inte-
gration because of Eq. (13.15).

We shall now show that there are solutions of the source-free Maxwell equations in vacuum
(13.14) that are vector versions of the classical wave solution for a scalar field. However,
these wave solutions for the E and B fields

1. are 3D vector fields, and
2. the vector E and B fields are not independent because they are coupled through one of
the first-order Maxwell equations, for example the Faraday equation (13.14b).

Thus electromagnetic wave solutions may be expected to be much richer than those for a
scalar wave equation.

13.2.1 Electromagnetic Wave Equations for the Fields

First, applying the curl operation to Eq. (13.14b) and using the vector identity of Eq. (A.8),
Vx(VxA)=V(V-A)— V34, (13.16)
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we obtain
JB
Vx(VXE)=V(V-E)—V?E=-Vx (az)
J 1 9’E
=——(VxB)=——5 =
ot (VxB) ¢ 91’
where Eq. (13.14d) was used in the last step. Thus,
1 J’E
2 dr?’
But from the 1st vacuum Maxwell equation V - E = 0, and we obtain finally,

1 J’E
VE=— =5 13.17
Next apply the curl operation to Eq. (13.14d) and use the identity (13.16) to obtain in a
similar manner

V(V-E)—V’E = —

_v(v.B _v2g_ L JE

Vx(VxB)=V(V-B) VB_csz(at
1 0 1 0’B
_FZE(VXE)__?W’

where Eq. (13.14b) was used in the last step. But from the 3rd vacuum Maxwell equation,
V .B =0, and we obtain
1 0°B
VB= - —— 13.18
Finally, collecting the results in Eqs. (13.17) and (13.18), the wave solutions of the Maxwell
equationa are expressed by

1 0°E
2
1 9°B
2
VB 55 =0, (13.19b)

from which one sees that each cartesian component of E and B satisfies a scalar wave equa-
tion of the form (13.1) with no source term (% = 0). Thus the coupled first-order Maxwell
equations (13.14b) and (13.14d) have been decoupled in the vector wave equations (13.19),
but at a price of the decoupled equations becoming second-order PDEs.?

Equations (13.19) indicate that each cartesian component of E (x,#) and B(x,¢) satisfies a
scalar wave equation of the form (13.1), but this is no longer true in spherical or cylindrical
coordinates. Functions that happen to satisfy Eqgs. (13.19) are not automatically guaranteed
to be solutions of the Maxwell equations (13.19); they only describe valid electric and mag-
netic fields if they satisfy also the divergence conditions of Egs. (13.14a) and (13.14c), and

3 Note that the wave equations (13.19) require second derivatives of the fields, which appear only because of the
displacement term (1/c?)9E /3t that Maxwell added to Ampere’s law to convert it into the Ampere-Maxwell
law given in Eq. (13.14d). Thus one of the several fundamental consequences following from Maxwell’s
modification of Ampere’s law that were discussed in Section 11.1.2 is the existence of electromagnetic wave
solutions of the Maxwell equations.
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satisfy Egs. (13.14b) and (13.14d) when coupled together. These Maxwell-equation con-
straints are easy to demonstrate for simple plane-wave solutions of Egs. (13.19), but more
difficult for more complicated situations such as spherical waves or beam-like solutions. In
such cases it may be simpler to use a set of wave equations based on the electromagnetic
potentials rather than the fields, as illustrated in the next section.

13.2.2 Electromagnetic Wave Equations for the Potentials

An uncoupled description of electromagnetic waves can be obtained using the potentials
rather than the fields.

Coulomb Gauge: For example, if we work in Coulomb gauge the gauge constraint V-A =
0 of Eq. (8.37) for the vector potential A implies that V>® = 0, which has a solution ® =0,
and the electric field in the presence of a vector potential is the electrostatic result given in
Eq. (2.35) plus a time derivative of the vector potential:

JA
E=-Vo— —. 13.20
3 ( )
Thus, substituting
B=VxA E = —la—A
c dt
into the Faraday law (13.14b) and applying V - A = 0 once again gives
1 0°A
VA— — =5 =0 13.21
¢ dt? ’ ( )

which can be solved for A and the electric and magnetic fields obtained by applying the
d/dt and curl operations to A.

Lorenz Gauge: In a similar way, the Lorenz gauge condition of Eq. (11.11)

1 0®
VA+—-—=0 13.22
t3, ; ( )
can be used to deduce the wave equations
1 0%®
VP — =5 =0 13.23
1 0%A
VA— - => =0 13.24

for the scalar potential @ and vector potential A in Lorenz gauge.

13.2.3 Monochromatic Plane-Wave Solutions

Comparing Eqgs. (13.1) and (13.19), we may interpret the solutions of Egs. (13.19) as waves
in the electric and magnetic fields propagating at the speed of light ¢ in vacuum, with the
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For a plane wave the fields are constant on any plane transverse to the direction of
propagation given by k.

wavespeed c arising because of the relationship in Eq. (2.4) between the SI constants &
and [y, and the speed of light,

1
VEHo
The essential nature of these wave solutions may be illustrated by considering sinusoidal
waves of a single angular frequency @ (monochromatic waves), since more complex wave-
forms correspond to a Fourier superposition of such waves. We assume these monochro-

matic and sinusoidal waves to propagate in the positive-z, direction, and assume them to be
plane-waves (no x and y dependence); so-called, because the fields are uniform over a plane

=3.0x108ms™!. (13.25)

CcC =

perpendicular to the direction of propagation,* as illustrated schematically in Fig. 13.2. For
plane waves the wave equations for E and B can be solved directly relatively easily as in
Section 13.2.1, so it isn’t necessary to solve for the potentials first, as in Section 13.2.2.

Using the exponential notation introduced in Eq. (13.11), the fields E and B correspond-
ing to wave solutions of Egs. (13.19) may be expressed in the general form,

E(x,1) = Ee'k*—o1) (13.26a)
B(x,t) = Bye!kx—1) (13.26b)

where &) and By are complex vectors [that have absorbed the phaseshift 6 of Eq. (13.4)],
and k is the wavevector, with

w N

k=—nh 50J_ﬁ Bo:kxgo, (13.27)

c
where 7 is the direction of wave propagation. Generally every solution of the Maxwell
equations satisfies Eqgs. (13.26), but not every solution of Eqs. (13.26) is consistent with
the Maxwell equations, which impose additional constraints. Taking the wave propagation
4 Monochromatic plane waves are a fiction, since no physical wave can have infinite extent. However, they are

a useful fiction because (1) they are simple mathematically, (2) realistic waves often resemble plane waves in
a local-enough region, and (3) linear combinations of plane waves can approximate physical waves.
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direction to be along the z-axis, from Eq. (13.19a) the wave equation for the z component
of E is
0°E. 1 9’E,
— —5—=5 =0 13.28
dz2  ¢* dr? ’ ( )
and the constraint V- E = 0 of Eq. (13.14a) imposes dE/dt = 0, so E, is independent of
z and the wave equation (13.28) reduces to
J’E,
=0. 13.29
o2 ( )

Integrating gives E, = at + b where a and b are constants. The first term at can be discarded
as unphysical because it grows in time without bound, giving E, = constant, which we

choose to be zero. By a similar procedure, we can choose B, = 0. Therefore,
E.=B,=0. (13.30)

In addition, Faraday’s law requires a relationship between electric and magnetic fields,

1
B(x,t) = —fa x E(x,1). (13.31)
¢
where # is the direction of wave propagation. In summary, for a plane wave traveling in
the direction #,

1
Ela Bla Bxt) =-axE(x1). (13.32)
C

These results indicate that
1. electromagetic waves are transverse: oscillations in the electric and magnetic fields are

e perpendicular to the direction of wave propagation,
e perpendicular to each other, and
e in phase with each other.

2. The fields B scaled by a factor of ¢ and E have the same magnitude at all points of
spacetime, By = Ey/c.

A transverse electromagnetic field propagating in the vacuum along the z-axis with the
electric field oscillating in the x — z plane is illustrated schematically in Fig. 13.3.

13.2.4 Energy and Momentum of Electromagnetic Waves

From Ch. 12, the general expression for the energy density u associated with an electro-
magnetic wave is

1,1
u=3 <80E + 0B ) (13.33)

From Eq. (13.32), for monochromatic plane waves

1
B> = ?EZ = UogoE?, (13.34)
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An electromagnetic wave in vacuum propagating along the z axis. The electric field E
oscillates sinusoidally in the x — z plane, implying that the magnetic field B oscillates
sinusoidally in the y — z plane, in phase with the electric field, with the strength of the
waves related by cBy = Ey at each spacetime point.

and the contributions of the electric and magnetic fields to the energy density are equal,

u= 8OE2 — 8() (ReEOel(kZ*(DI*FS))z
= gyEZ cos? (kz — ot + 8). (13.35)

The energy flux density associated with an electromagnetic wave (energy per unit area per
unit time) is given by the Poynting vector

1
S=—(E xB), 13.36
uo( x B) (13.36)

and for a monochromatic plane wave propagating in the z-direction,
S = ceoE§ cos? (kz — wt + §)z = cuz. (13.37)

The corresponding momentum density is
8= 55, (13.38)
C

and for monochromatic plane waves propagating in the Z direction,

1 1
g = -&E3cos’(kz— ot +8)2 = ~uz. (13.39)

c c
Typically for electromagnetic waves the period is so short® that any macroscopic mea-
surement will encompass many cycles and for energy and momentum densities we are
interested in their average value over a cycle. The average of the rapidly oscillating cosine

3 For example, in the visible spectrum the characteristic wavelength of yellow light is ~ 6 x 10~7 m, corre-
sponding to a frequency of ~ 5 x 10~14 Hz.
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squared function over one period is

1 /T 1
(cos?(kz—2mt T + 8)) = T / cos?(kz — 2t )T + 8)dt = X (13.40)
0
where () denotes the average (over one cycle). Thus, the energy density, Poynting vector,
and momentum density averaged over one cycle become

|

(u) = EEoEZ, (13.41)
1

(S) = 5ceoEgz (13.42)
1 R

(&) = 2—680E3z (13.43)

for a wave propagating in the Z direction.

13.3 Polarization of Electromagnetic Waves
I ————

The polarization of an electromagnetic wave characterizes the orientation of its field vec-
tors over time. This polarization can be measured (see Section 13.3.5) and is often of con-
siderable physical interest, since the polarization carries information about how the wave
was formed, and about the environments that it has encountered while propagating from
the source.® By convention, the polarization of electromagnetic waves is defined by the
plane in which the electric field E is oscillating, as illustrated in Fig. 13.4.

13.3.1 The Polarization Ellipse

Confining ourselves to monochromatic plane electromagnetic waves propagating in vac-
uum, we shall now show that as the phase of the wave advances by 27, the tip of the
electric field vector traces out an ellipse in the plane perpendicular to the propagation di-
rection k that is called the polarization ellipse. Let us define real unit vectors €; and &,

A

such that (€1, &5, k) constitutes a right-handed orthogonal triad,
£,-8,=0 & xé& =t (13.44)

The vectors (€], €,) constitute a polarization basis for & in Eq. (13.26a) and the electric
field may be expressed as

E(x,1) = (&8 + &8, ' k*—0) (13.45)

6 For example, the polarization of the cosmic microwave background (CMB) radiation that is observed coming
from all directions in the sky by satellite observatories provides a key test for cosmological theories of the
origin of the Universe since the CMB is thought to be the cooling remnant of the big bang itself. It has also
been proposed that the CMB may carry a polarization imprint of perturbations due to gravitational waves
produced in the big bang.
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Polarization of transverse electromagnetic wave propagating in the positive z direction.
(a) “Vertical” polarization of electric field in the x — z plane. (b) “Horizontal” polarization of
electric field in the y — z plane. These are examples of linear or plane polarization.

(c) General polarization defined by plane of the electric field vibrations, which can be
resolved into two mutually perpendicular components, E; and E5.

where the complex numbers & and &> may be parameterized as
& =A% & =B, (13.46)
in terms of the real numbers A, B, 0;, and 0,. Then
ReE =Acos(¢ + 61)&, +Bcos(¢p +6,)&, = E €| + Ex &5, (13.47)
where we have defined
o=k -x— or, (13.48)

and it may be shown (Problem 13.1) that Egs. (13.45)-(13.48) imply that
2 2
E; Ey Ei\ (E; .2
<A> +<B> 2(A><B>0055—sm 0, (13.49)

0=0—-19i. (13.50)

where we define

Equation (13.49) specifies an ellipse in the &, — &, plane, with the eccentricity and orien-
tation of the ellipse determined by the parameters 6 and the ratio B/A. All possible polar-
izations of a monochromatic, plane electromagnetic wave in vacuum are then described by
the polarization ellipse (13.49) with arbitrary values of parameters.

There are some special cases of the general polarization ellipse of Eq. (13.49) corre-
sponding to two limits of the eccentricity e of an ellipse (which lies between 0 and 1, by
definition) that are of note. The first is that the limit of an ellipse as e — 1 is a straight line.
The second is that an ellipse becomes a circle in the limit that e — 0. Let us now discuss
these two special cases.
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13.3.2 Linear (Plane) Polarization

The ellipse described by Eq. (13.49) becomes a straight line if the orthogonal electric
field components have the same phase or are 180° out of phase, which corresponds to the
restriction

§=86-8=mr (m=0,1,2,...). (13.51)

This special case corresponds to linear (or plane) polarization, because the electric field
vector for a linearly polarized electromagnetic wave points in the same direction for all val-
ues of x and t [see Problem 13.2(a)]. The waves in Figs. 13.4(a) and 13.4(b) are examples
of such plane-polarized waves. Any plane-polarized wave can be decomposed into a sum
of two components that are plane-polarized in mutually perpendicular directions and that
have the same phase. In Fig. 13.4(c) E has been resolved into two mutually perpendicular
x and y components, E| and E,, respectively, having the same phase.

13.3.3 Circular Polarization

The other special case of Eq. (13.49) of specific interest is that an ellipse becomes a circle
in the limit that the eccentricity tends to zero. If two plane-polarized waves that differ in
phase are added, the maxima of E| and E; occur at different times and the tip of the vector
E describes an ellipse as the phase of the wave advances by 27; such a wave is described
by the general ellipse (13.49) with arbitrary parameter values and is said to have elliptical
polarization. As we have seen, if the phases of the two components are made equivalent
the ellipse degenerates to a straight line corresponding to plane polarization. However, if
E| and E; have the same amplitudes but are out of phase by &7, the ellipse becomes a
circle and the wave is said to be circularly polarized. If the orthogonal field components
are 90° out of phase but of equal amplitude,

A=V24 =28 6:52—61:'”7” (m=+1,43,...), (13.52)

Then, as you are asked to show in Problem 13.2(b), the wave is described in a plane con-
taining x by

Re[EL(0,1)] = i(f?lcos o1 + &, sin t). (13.53)
V2
As illustrated in Fig. 13.5, for the corresponding circularly polarized light the tip of the
electric field vector executes a spiraling motion as the wave advances. Because of the &
ambiguity in Eq. (13.53), for a circularly polarized wave the tip of the electric field vector
rotates in a circle as the wave propagates that can be clockwise or counterclockwise. For
an observer looking toward the source, we define the wave to be

1. right circularly polarized (RCP) if the vector E rotates clockwise as the wave propa-
gates, and
2. left circularly polarized (LCP) if it rotates counterclockwise.’

7 In some subfields of physics such as optics a convention for LCP/RCP may be employed that reverses these
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Snapshot at fixed time of E(x,0) for a monochromatic, circularly-polarized, plane wave
propagating in the direction given by k. The magnitude of the electric field is indicated by
the solid curve. The tip of the E vector executes a spiral motion around the k axis as the
wave propagates, as indicated by the dashed curve. This wave is left circularly polarized
(LCP), since the sense of rotation is counterclockwise, as viewed in the direction of the
source.

The wave in Fig. 13.5 is thus left circularly polarized (LCP), since for an observer looking
toward the source E appears to be rotating counterclockwise. The corresponding RCP wave
looks the same as Fig. 13.5 except that the sense of the spiral would be opposite because it
would appear to be rotating clockwise for the same observer.

13.3.4 Circular Polarization Basis

It can be useful to combine the cartesian basis vectors €; and &; into the complex conjugate
pairs

A a R L. .
(&1 +i&2) €. =—(& —i&), (13.54)

V2

2 1
+= 7=
V2
which satisfy the relations

g 8 =1 &, -&.=0.

definitions. Generally, in discussing LCP/RCP one must specify whether one is defining the sense of rotation
by looking upstream at the source, or downstream toward the destination of the wave, since these points of view
reverse the definitions. Here we define LCP/RCP by looking upstream at the source, with RCP corresponding
to clockwise rotation and LCP to counterclockwise rotation of E.
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Equation (13.53) is the real part of the complex field (evaluated at x = 0),

8118\
E.(x,t)=A i(kx—or) 13.55
s = (B2 (13.55)

so & is a pure LCP wave and €_ is a pure RCP wave. Thus the expansion

E(x,)= (& 8, +& & )ekx—0) (13.56)

is just as legitimate as the expansion (13.45), and either of the orthogonal bases (&1, &) or
(€,€_) may be used to expand monochromatic plane waves in states of definite linear or
circular polarization.

13.3.5 Measuring Polarization: Stokes Parameters

At low frequencies the polarization parameters A, B, and 0 defining the polarization ellipse
(13.49) can be extracted rather directly from data. At optical and higher frequencies it is
usual to instead extract the polarization parameters from the Stokes parameters s;, which
are defined as follows.

S0 IAz-i-B2 SIIAZ—BZ,

' (13.57)
5o =2ABcosd s3 = 2ABsind,

with the constraint s% = s% + s% + s%, so only three of the s; are independent. The utility
of the Stokes parameters is that each parameter can be related directly to wave intensities
measured in different orthogonal bases. Consider the & — &, coordinate system used in
Eq. (13.45).

1. Let Iy and Iyg be intensities measured in detectors sensitive to horizontal and vertical
linear polarizations, respectively, for the €; — &, coordinate system.

2. Let 1,45 and I_45 be intensities measured in detectors sensitive to linear polarizations
measured at angles +45 degrees, respectively, relative to the € — &; axes.

3. Let Irxcp and I; cp be intensities measured by detectors sensitive to right and left circular
polarizations, respectively.

Then, as you are asked to prove in Problem 13.3,

so = 1o +1Ioo s1 = 1Io — Ioo,
’ : (13.58)
$2=1IL45—1 45 83 = Ircp — Iicp,
which shows that six intensity measurements are sufficient to determine the amplitudes and
phases of the complex electric field components E; and E, appearing in Eqs. (13.44) -
(13.49).

13.3.6 The Poincaré Sphere

The Stokes parameters define a one-to-one relationship between each possible polarization
state and a unique point on the surface of a 2-sphere of radius sg called the Poincaré
sphere, which is illustrated in Fig. 13.6. The Stokes parameters map the polarization ellipse
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RCP

A Poincaré sphere of radius sg that is in one-to-one correspondence with values of the
Stokes parameters defined in Egs. (13.57) and (13.58).

parameters A, B, and 0 into a unique point on the Poincaré sphere. All states of linear
polarization lie on the equator, RCP states lie at the south pole, LCP states lie at the north
pole, and all other points correspond to general elliptical polarization in Fig. 13.6 [42].

13.4 Electromagnetic Waves in Simple Matter
|

Let us now consider the propagation of electromagnetic waves in simple matter, where we
may assume that the electrical permittivity €, magnetic permeability u, and ohmic con-
ductivity o are all constant. Realistic matter is frequency dispersive, meaning that the per-
mitivitty € is a function of frequency € = €(w), and plane waves propagate with different
phase velocities if they have different frequencies. Nevertheless, it is useful to first consider
simple matter, where if o = 0 plane waves are non-dispersive and all frequencies travel at
the same phase velocity, because many essential features of real matter are captured in a
non-dispersive model. This is particularly true with respect to reflection, refraction, and
interference effects occurring at the boundaries separating different types of matter.

Wave propagation in linear, isotropic, non-dispersive matter looks almost like propaga-
tion in vacuum. The Maxwell equations are

V.D=p, (13.59a)
JB
VXE=—-—— 13.59b
X 3 ( )
V.-B=0, (13.59c¢)
aD
VxH=J;+ o (13.59d)

For the present discussion we assume that there is no free charge pr = 0 and no free current
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Jr = 0, and furthermore assume the medium is linear and homogeneous,
D =¢E B=uH. (13.60)

The constituitive relations (13.60) imply that there are only two independent fields, which
we choose to be E and H, with the polarization and magnetization of the medium then
given by

P=(c—8)E M= <“—1) H, (13.61)
Ho
and the source-free Maxwell equations in terms of E and H are
V.-E=0 V-H=0, (13.62a)
JoH JE
VXE=—u— VxH=¢e—. 13.62b
8 Ko 8 ot ( )

As in the discussion of waves in vacuum in Section 13.2.3, we assume monochromatic
plane waves,

E(x,t) = E¢** ) H(x,t) = He'k*=0) (13.63)

which produces four constraints upon substitution in Egs. (13.62),
k-E k-H=0, (13.64a)
kxE=owuH kxH=—weE. (13.64b)

These imply that Eq. (13.63) corresponds to a transverse electromagnetic wave, so our
discussion of polarization in Section 13.3 applies without modification. From Problem
13.4, the wave frequency o is related to the wave vector k by a dispersion relation,

wk) = <k, (13.65)
n
where c is the speed of light and
n=cy/UE. (13.66)

is the index of refraction.
13.4.1 Reflection and Refraction at Interfaces

From our general experience with waves, we expect that a plane electromagnetic wave in-
cident on a sharp boundary between two different dielectric materials produces a reflected
and refracted (transmitted) wave if the wavelength is small compared with the curvature of
the interface; Fig. 13.7 illustrates. In this figure z = 0 is the boundary between Medium 1
characterized by parameters (g}, 1t;) and Medium 2 characterized by parameters (€}, i;).
We may expect that at the boundary the incident wave splits into a reflected wave propa-
gating in Medium 1 and a refracted wave propagating in Medium 2. Therefore, the electric
fields in the two media are given by

E>(x,1) = Epe'krx—or) (Medium 1), (13.67a)
E\(x,1) = Eie* =) | Ep /R ¥=0RD)  (Medium 2). (13.67b)
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z
O+
k+
n
Medium 2 7=0 T X
Medium 1
k, O | Or ke

Propagation of an monochromatic electromagnetic plane wave at a straight boundary
between two dielectric materials, with 72 the unit normal at the boundary. The wavevector is
k, for the incident wave, kg for the reflected wave, and kr for the transmitted (refracted)
wave.

At the interface between Medium 1 and Medium 2, the matching conditions in the absence
of charge or current are

A-(Dj—-D;)=0  h-(B,—B;) =0, (13.68a)
x(Ei—E;)=0  ax(H —Hy) =0, (13.68b)

which may be used to determine the properties of the transmitted and reflected waves, as
we shall now discuss.

The matching conditions (13.68) cannot be satisfied at all points and all times on the
z = 0 plane unless the phases of the incident, transmitted, and reflected waves are the
same, which requires that

=0T =0R=® kx| _g=kr-x|_y=kr-x|_, (13.69)
and implies the conditions

kix = krx = krx, (13.702)
kiy = kry = kgy- (13.70b)

In Fig. 13.7, k; and # lie in the x — z plane, so ky = 0 and thus from Eq. (13.70b) kty =
kry = 0 and we deduce that the three wavevectors ki, kt, and kg are all coplanar.

The remainder of this section is under construction.

13.4.2 Absorption and Dispersion

This section is under construction.
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Background and Further Reading

The discussion of polarization for electromagnetic waves in this chapter has followed
Zangwill [42] closely.
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Problems

13.1

13.2

13.3

13.4

Beginning from Eqgs. (13.45)-(13.48), prove that the most general polarization of a
monochromatic plane electromagnetic wave propagating in the vacuum is described
by the polarization ellipse of Eq. (13.49).

(a) Show that for linearly (plane) polarized monochromatic plane electromagnetic
waves the electric field vector points in the same fixed direction for all values of the
coordinates x and ¢.

(b) Show that for circularly polarized monochromatic plane electromagnetic waves
the electric field vector satisfies

Re[E1(0,¢)] = —= (&) coswt £ & sinwr),

S =

where for circular polarization,
A=V2A=V2B §=6 -8 = ’"7” (m==£1,43,...),

which corresponds to the spiral motion illustrated in Fig. 13.5.

Prove the relationships between measured intensities and the Stokes parameters given
in Eq. (13.58).

Prove the dispersion relation (13.65). Hint: Take the curl of the relation k x E =
ouH given in Eq. (13.64b).
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This section is under construction.
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Problems
. ]

14.1 No problems yet for this chapter.
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These lectures constitute a graduate-level course in classical electromagnetism. The dis-
tinction between classical and modern physics turns on whether the dynamics are described
by quantum mechanics and quantum field theory or classical mechanics and classical field
theory, and by non-relativistic mechanics or relativistic mechanics. Traditionally classical
electromagnetism excludes quantum theory (except for a few quantum concepts required
for discussions involving the microscopic structure of matter), but special relativity has
been considered part of the discussion of classical electromagnetism. Accordingly, this
chapter will introduce Minkowski spacetime and a differential geometry and spacetime
tensor formalism that is the mathematical foundation of the theory of relativity. Then in
Ch. 16 we will introduce the special theory of relativity and demonstrate explicitly the
Lorentz invariance of Maxwell’s equations. Finally, Ch. 18 will use the gauge-invariant
and Lorentz-invariant formulation of classical electromagnetism in terms of the Maxwell
equations to paint electromagnetism as a relativistic gauge field theory that, when quan-
tized, is the harbinger of the Standard Model of elementary particle physics.

It is possible to introduce special relativity in a minimal way and then use that to demon-
strate the Lorentz invariance of the Maxwell equations in less space than we will use here.
However, we choose to give a more thorough introduction to the differential geometry and
tensor formalism underlying the theory of relativity. In particular, the tensor formalism will
be developed in a way that is compatible with curved spacetime, and therefore with general
relativity. Then, we will approximate by restricting to flat spacetime to recover the theory
of special relativity. This approach has several advantages:

1. At the level of expertise required for our discussion it does not take much longer to
develop the formalism in a way compatible with either flat or curved spacetime than to
describe special relativity minimally.

2. The resulting formalism gives more satisfying insight into special relativity and its re-
lationship with Newtonian mechanics, general relativity, and the Maxwell equations.

3. Developing the formalism in this way gives the reader a solid foundation to take on
more advanced topics such as general relativity.

Let us begin the discussion with an overview of 4-dimensional spacetime.
15.1 Minkowski Spacetime and Spacetime Tensors
- |

The most elegant formulation of special relativity is in terms of a 4-dimensional spacetime
manifold called Minkowski space, and in terms of spacetime tensors that are a consequence
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of the differential geometry of that manifold. Let us review Minkowski space and spacetime
tensors defined for that manifold.

15.1.1 Transformations between Inertial Systems

In 1905 Einstein published the special theory of relativity, which was to revolutionize our
conception of space and time. His motivation for the special theory was a conviction that
the laws of physics must be independent of coordinate system for the observer (the princi-
ple of relativity), and that transformations between inertial frames (coordinate systems in
which Newton’s first law is valid) should be the same for particles and for light. Newtonian
mechanics already implied a principle of relativity for space: the laws of mechanics were
unchanged by a Galilean transformation between inertial frame. For motion along the x
axis a Galilean transformation takes the form

X=x-wt Y=y =z =t (15.1)
where primed coordinates and unprimed coordinates represent the two inertial frames, the
velocity is v, and a single universal time ¢ = ¢’ is assumed for all inertial frames. But
Einstein (as well as others such as Lorentz) realized that there is a problem in that these
common-sense notions of relative motion between inertial frames were consistent with
the motion of billiard balls and projectiles, but were inconsistent with the theory of light,
which was well understood in 1905 to correspond to an electromagnetic wave described
by Maxwell’s equations.

A striking aspect of the Maxwell theory was that it admitted wave solutions and these
waves traveled with a speed that was a constant of the theory (and thus independent of
inertial frame for the observer). When the constant was evaluated it was found to be equal
to the speed of light, which led to Maxwell’s electromagnetic waves being identified with
light. The beauty of Maxwell’s equations greatly impressed Einstein, but they presented a
problem of interpretation for classical physics.

By the Galilean transformations, the speed of light should depend upon the iner-
tial frame of the observer; but not by Maxwell’s equations because the speed of
light is a constant of the theory.

The interpretation that emerged to reconcile this discrepancy was that electromagnetic
waves must move through some medium. (How could a wave travel through nothing?)
This hypothesized medium was called the aether, and it possessed quite magical proper-
ties: it was required to be an invisible, rigid (because transverse light waves don’t propagate
through fluids) substance permeating all of space, but relevant only for light propagation,
so as not to disturb other physical laws.

Then the constant speed of electromagnetic waves could be understood as an
artifact of the special aether rest frame in which light propagated.
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It is now understood that light waves are propagating disturbances in electric and mag-
netic fields that do not require a physical medium, and that the aether is a fiction. But in
the latter part of the 19th century it was widely believed to exist, and various attempts were
made to detect the motion of the Earth relative to the aether (an effect called the aether
drift). Using light interferometry, Michelson and Morley showed in 1887 that there was
no evidence for motion of the Earth with respect to the hypothetical aether, thus casting

serious doubt on its existence.!

15.1.2 The Special Theory of Relativity

Without the aether fiction, Maxwell’s equations for light and the Galilean invariance exhib-
ited by material particles were clearly at odds. Others had hinted at a solution (notably Hen-
drik Lorentz and Henri Poincaré) but it was Einstein who first concluded that the Maxwell
theory was correct and that it was the Galilean transformations that required modification
to reconcile mechanics and electromagnetism. Thus he put forth the bold and unqualified
assertions that

1. physical law is the same in all coordinate systems, so there are no preferred inertial
frames, and
2. the speed of light is constant in all inertial frames

that are the foundation of the 1905 special theory of relativity. Requiring the speed of light
¢ be an invariant independent of inertial frame dictated replacement of Galilean transfor-
mations (15.1) with Lorentz transformations,

/ /
y =3

=yx—w)

o (15.2)

, 12 1
O S S,
c V1=v2/c?

where a boost along the x axis is assumed and ¥ is called the Lorentz y-factor. Notice that
the Galilean transformations remain quite correct in the low-velocity world since in the
limit v/c — 0 the factor ¥ — 1 and the Lorentz transformations (15.2) become equivalent
to the Galilean transformations (15.1). Notice also that time transforms non-trivially under
Lorentz transformations, with the Lorentz transformations mixing the space and time coor-
dinates. This is in stark contrast to the Galilean transformations, where there is a universal
time shared by all observers.

The mathematician Hermann Minkowski (once Einstein’s teacher) then proposed that
in special relativity separate notions of space and time should be abandoned in favor of a
4-dimensional spacetime parameterized by spacetime coordinates

(%, x1, %, %) = (ct,x,9,2), (15.3)

I Nevertheless, efforts persisted for years to salvage the aether hypothesis. Einstein originally took the aether
hypothesis seriously, but abandoned it at some point before he published the special theory of relativity. Ein-
stein claimed that the Michelson—Morley result had no influence on his formulation of the special theory of
relativity. It is likely that Einstein knew of the Michelson—Morley results, but seems to have felt that this was
not as important as his own reasoning in coming to the special theory of relativity.
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where the superscripts are indices, not exponents. (The reason for placement of indices as
superscripts will explained shortly.) In a 1908 presentation entitled Raum und Zeit (Space
and Time) Minkowski introduced 4-dimensional spacetime using a now-legendary phras-

ing:

The views of space and time which I wish to lay before you have sprung from
the soil of experimental physics, and therein lies their strength. They are radical.
Henceforth space by itself, and time by itself, are doomed to fade away into mere
shadows, and only a kind of union of the two will preserve an independent reality.

Hermann Minkowski (1908)

Now time, scaled by the speed of light so that it has the same units as the other three co-
ordinates, is just another coordinate in 4-dimensional spacetime. Minkowski’s formulation
showed that special relativity is rather simple in 4-dimensional spacetime, but becomes
complicated when projected onto 3-dimensional space.’

15.1.3 Minkowski Space
Allowing the coordinates (x°,x!,x?,x%) to range over all their possible values traces out
the manifold of 4-dimensional spacetime called Minkowski space. In this space the square
of the infinitesimal distance ds®> between two points (ct,x,y,z) and (ct + cdt,x + dx,y +
dy,z+dz) is given by

ds* =Y nuydxtdx’ = —c*di* + dx* +dy* +dz*,
uv

= —(dx®)% + (dx")* + (dx*)* + (dx*)?, (15.4)

which is called the line element of the Minkowski space. Notice that in this equation ds”
means (ds)?, and dx*> means (dx)?, but the superscripts in (dx”,dx', dx? dx®) are indices
and not powers. The metric tensor of Minkowski space 7y appearing in Eq. (15.4) may
be expressed as the diagonal matrix

100 0
0 100

=10 01 0 (15.5)
0 0 0 1

The line element (15.4) or the metric tensor 7y, determine the geometry of Minkowski
space because they specify distances, distances can be used to define angles, and that is
geometry.

The pattern of plus and minus signs on the right side of Eq. (15.4), or on the diagonal
of the matrix in Eq. (15.5), defines the signature of the metric. For Minkowski space the

2 An English translation of the full presentation may be found at https://en.wikisource.org/wiki/
Translation:Space_and_Time. Minkowski undoubtedly would have made further contributions to
the development of special and general relativity, but he died unexpectedly of peritonitis only months after his
famous Space and Time lecture.
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signature that we adopt is (— + + +). Some authors define the signature as the difference of
the number of 4+ and — signs, which conveys similar information. A metric such as (15.5)
where the signs in the signature pattern are not all the same is termed an indefinite metric.
Equally common is the choice (+ — — —) for the Minkowski-space signature, which leads
to the same physical results as our choice if all signs are carried through consistently. The
central point for the indefinite metric of Minkowski spacetime is that the last three terms
have the same sign and that the sign of the first term differs from that of the other three
(assuming the usual modern convention of displaying the timelike coordinate in the first
position and the spacelike coordinates in the last three positions).

Minkowski spacetime is not “just like ordinary space but with more dimensions”,
because the geometry of Minkowski space differs fundamentally from that of 4-
dimensional Euclidean space. The difference is encoded in the metric signature,
which is just the signature of the unit matrix (+ + ++) for 4-dimensional eu-
clidean space, compared with the indefinite-metric signature (— + ++) for the
Minkowski metric.

That change in sign between timelike and spacelike components of the metric signature
for spacetime has enormous implications. Most of the surprising features of special rela-
tivity (space contraction, time dilation, relativity of simultaneity, the twin “paradox”, ...)
follow directly from this difference in geometry relative to euclidean space implied by the
Minkowski indefinite metric.

15.2 Symmetry under Coordinate Transformations
|

A physical system has a symmetry under some operation if after the operation the system
is indistinguishable from the system before the operation. The theory of relativity may be
viewed as a symmetry under coordinate transformations. Relativity is ultimately a state-
ment that physics is independent of our choice of coordinate system: two observers, refer-
encing their measurements to two different coordinate systems, should deduce from their
observations the same laws of physics. General relativity requires invariance of the laws of
physics under the most general possible coordinate transformations, while special relativity
requires a symmetry under only the subset of coordinate transformations that are between
inertial frames. Hence, to understand relativity it is important consider coordinate systems,
transformations between coordinate systems, and the properties of those transformations.

15.3 Euclidean Coordinates and Transformations
15—

Our ultimate goal is to describe coordinates and transformations between coordinates in
a general (possibly curved) space having a Minkowski metric with three spacelike coor-
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dinates and one timelike coordinate. However, to introduce these concepts it is useful to
begin with the simpler case of vector fields in euclidean space [10].

15.3.1 Parameterizing in Different Coordinate Systems

Assume a 3D euclidean space having a cartesian coordinate system (x,y,z), with a set
of mutually orthogonal unit vectors (i, j,k) pointing in the x, y, and z directions, respec-
tively. Assume also an alternative coordinate system (u,v,w), perhaps not cartesian, with
the (x,y,z) and (u,v,w) coordinates related by functional relationships

x = x(u,v,w) y=y(u,v,w) z=2z(u,v,w). (15.6)

Further, we assume the transformations to be invertible so that we can solve for (u,v,w) in
terms of (x,y,7).

Example 15.1 Let (u,v,w) correspond to spherical coordinates (r,0,¢), so that Eq.
(15.6) takes the familiar form

x=rsinBcos ¢ y=rsin0sin¢ z=rcos0, (15.7)

withr >0and0 <0 <mand0< ¢ <27.

It will prove useful to combine Egs. (15.6) into an equation giving a position vector r
for a point in terms of the (u,v,w) coordinates:

r=x(u,v,w)i+y(u,v,w)j+z(u,v,w)k. (15.8)
For example, in terms of the spherical coordinates (7,0, ¢),
r=(rsin@cos¢)i+ (rsinO@sing)j+ (rcosO)k. (15.9)

The second coordinate system in these examples generally may be non-cartesian but the
space still is assumed to be intrinsically euclidean (not curved). The transformation from
the (x,y,z) coordinates to the (r,0,¢) coordinates just gives two different schemes to label
points in the same flat space.

15.3.2 Basis Vectors

Vectors are geometrical objects: they exist independent of representation in any particular
coordinate system. However, it is often useful to express vectors in terms of components
within a specific coordinate system by defining basis vectors that permit arbitrary vectors
to be expanded in that basis. Equations (15.8) and (15.9) are familiar examples, where an
arbitrary vector has been expanded in terms of the three orthogonal cartesian unit vectors
(i, j,k). For a flat manifold, a single basis can be chosen that applies to all points in the
space. If the space is curved, or if it is represented in non-cartesian coordinates, it is often
useful to define basis vectors at individual points of the space, as we shall now describe.
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(a) 3D space (b) 3D space
parameterized parameterized
by (x, y, 2) 1D surface defined by by (r, 6, ¢)
intersection of 0 = constant
Z=2zgand X =Xo ‘ Z 1= constant curve
2D surfaces
2D surface [} /
defined ~—
by z=zg T —— T
6 = constant i
P (xo, Yo, Zo (cone) N ¢ .
7y ‘ h X
’ / - ¢ = constant
y (half-plane)
y 2D surface /
defined r = constant
by X = Xo (sphere)

Examples of surfaces and curves arising from constraints. (a) In 3D euclidean space
parameterized by cartesian coordinates (x,y,z), the constraints x = xo and z = zo define
2D planes and the intersection of these planes defines a 1D surface parameterized by the
variable y. (b) In 3D space described in spherical coordinates (r, 0, ¢), the constraint

r = constant defines a 2D sphere, the constraint 0 = constant defines a cone, and the
constraint ¢ = constant defines a half-plane. The intersection of any two of these surfaces
defines a curve parameterized by the variable not being held constant.

Parameterized curves and surfaces: Atany point P(ug,vo,wy), three surfaces pass, which
may be defined by setting u = ugy, v = vg, or w = wy, respectively. The intersections of
these three surfaces define three curves passing through P(ug,vo, wo). General parametric
equations for coordinate surfaces may be obtained from Eq. (15.8) by setting one of the
variables (u,v,w) equal to a constant, and for curves by setting two variables to constants.
For example, setting v and w to constant values, v = vy and w = wy, yields an equation for
a curve given by the intersection of v = vy and w = wy,

r(u) = x(u,vo,wo) i +y(u,vo,wo) j +z(u,vo, wo) k, (15.10)

where u acts as a coordinate along the resulting curve. Figure 15.1 illustrates for a space
parameterized by cartesian and spherical coordinate systems. For example, in Fig. 15.1(b)

the surface corresponding to r = constant is a sphere parameterized by 8 and ¢,
the constraint 0 = constant is a cone parameterized by the variables r and ¢,
the constraint ¢ = constant defines a half-plane parameterized by r and 6, and

Ll e

setting all three variables to constants defines a point P within the space.

Through any such point three curves pass that are determined by the pairwise intersections
of the three surfaces just defined. (1) Setting r and 0 to constants specifies a curve that is the
intersection of the sphere and the cone, parameterized by the variable ¢. (2) Setting r and
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¢ to constants specifies an arc along the spherical surface parameterized by 0. (3) Setting
6 and ¢ to constants specifies a ray along the conic surface parameterized by r.

The tangent basis: Partial differentiation of (15.8) with respect to u, v, and w, respectively,
gives tangents to the three coordinate curves passing though a point P. These define a set
of basis vectors e; through

_or _dr _dr
ey == ey, = — ey = —

du v

where it is understood that all partial derivatives are to be evaluated at the point P =
(uo,vo,wo). The basis generated by the tangents to the coordinate curves will be termed
the rangent basis. Example 15.2 illustrates construction of the tangent basis for the exam-
ple of a spherical coordinate system.

(15.11)

Example 15.2 Consider the spherical coordinate system defined in Eq. (15.7) and illus-
trated in Fig. 15.1(b). The position vector r is

r=(rsin@cos¢)i+ (rsinfsing)j+ (rcos6)k

and the tangent basis is obtained from Eq. (15.11) as

e =e = gr = (sinBcos¢@)i+ (sin@sing) j+ (cosO)k,
r

er=eyg= 3; = (rcos@cos¢)i+ (rcos@sing)j— (rsin0)k,
e3s=ey= 3; = —(rsinBsin¢)i+ (rsinbcos @) j.

These basis vectors are mutually orthogonal because e; -e, = e, -e3 = e3-e; = 0. For
example,

e|-e; = rsinfcos 6 cos> ¢ + rsin O cos O sin® ¢ — rcos O sin O

= rsinf cos O(cos” ¢ +sin? ¢) — rcos Osin @ = 0.

From the scalar products of the basis vectors with themselves, their lengths are

ler| =1 lex| =r |es| = rsin6,
and these can be used to define a normalized basis,
e = ;—j’ = (sinBcos¢)i+ (sin@sing)j+ (cos0)k,
e = ‘Z—; = (cosOcos@)i+ (cosOsingd)j— (sin0)k,
A (] . R R
&3 = el = —(sin¢)i+ (cos@)j.

These basis vectors are now mutually orthogonal and of unit length, with a geometry that
is illustrated in Fig. 15.2.
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¢ = constant

0 = constant ,
/ half-plane

r = constant curve

er
r = constant %j €
surface -~
8 4 ey
Vq; X
y

Unit vectors in the tangent basis at point P for Example 15.2. The three basis vectors are
tangents to the curves passing through P that are defined by setting any two of the three
variables to a constant.

In elementary physics it is common to use an orthogonal coordinate system so that the basis
vectors are mutually orthogonal, and to normalize them to unit length, as in this example.
However, for more general applications the tangent basis defined by the partial derivatives
as in Eq. (15.11) need not be orthogonal or normalized to unit length.

The dual basis: We may also construct a basis at a point P by using the normals to
coordinate surfaces to define the basis vectors. Solving for

u:u(x,y,z) V:V(.X,y,Z) W:W(X,y,Z),

an alternative set of basis vectors (e“,e",e") may be defined using the gradients

w 78u, Jdu . Jdu
e zvu—gl—i-aiyj—i-aizk,

- _8\/, dv . Jdv
v _dw, dw , dw
e :VW—gl—i‘aiy]‘i—aizk,

which are normal to the three coordinate surfaces through P defined by u = ug, v = vo,
and w = wy, respectively. This basis (e",e”,e") defined in terms of normals to surfaces is
said to be the dual of the basis (15.11), which is defined in terms of tangents to curves.
Notice that the two basis sets have been distinguished by the use of superscript indices on
the basis vectors (15.12) and subscript indices on the basis vectors (15.11).

Orthogonal and non-orthogonal coordinate systems: The tangent basis and dual basis
are equally valid. For orthogonal coordinate systems the set of normals to the planes cor-
responds to the set of tangents to the curves in orientation, differing possibly only in the
lengths of basis components. Thus, if the basis vectors are normalized the tangent basis
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and the dual basis are equivalent for orthogonal coordinates and the preceding distinctions
have little practical significance. However, for non-orthogonal coordinate systems the two
bases generally are not equivalent and the distinction between upper and lower indices is
relevant. Example 15.3 illustrates.

Example 15.3 Define a coordinate system (u,v,w) in terms of cartesian coordinates
(x,y,z) through [10]

xX=u+v y=u—v z=2uv+w.
The position vector for a point r is then
r=xi+yj+zk=u+v)i+u—v)j+QQuv+w)k

and from Eq. (15.11) the tangent basis is

d
elzeu:a—::i+j+2vk ezzev:—::i—j—i—Zuk ex=e,= L —k.

Solving the original equations for (u,v,w),
u=g(x+y)  v=i-y)  w=z—3( ),

and Eq. (15.12) gives for the dual basis

du, du ., du dv, dv ., Jv
]: u :l 7 2: v _ :l .
e =e'= +8y t3 k=3(i+j) e =e' =+ +8y t5 k=5(i—j)
e3zewzg—w +?yv +(;—Wk:—(u+v)i+(u—v)j+k.

For the tangent basis the preceding expressions give
e1-e2:4uv e2~e3:2u e3~e1:2v,

where the orthonormality of the basis (i, j,k) has been used. Thus the tangent basis is
non-orthogonal. Taking scalar products of tangent basis vectors with themselves gives

ei-e; =2+47 er-ey=2+4u’ e;-e3=1,

so the tangent basis in this example is also not normalized to unit length. In this non-
orthogonal case the normal basis and the dual basis are distinct.

The preceding example illustrates that Egs. (15.11) and (15.12) define different but equally-
valid bases, and that they are physically distinguishable in the general case of non-cartesian
coordinate systems, and hence that the placement of indices in upper or lower positions
matters. It should be assumed going forward that the vertical placement of indices in equa-
tions (upper or lower positions) is significant.
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15.3.3 Expansion of Vectors and Dual Vectors

Any vector V may be expanded in terms of the tangent basis {e;} and any dual vector ®
may be expanded in terms of the dual basis {e'}:

V=V'e+Ve,+Ves=) Vie,=V'e;, (15.13)
i

o= a)le1 + wze2 + 603e3 = Za),-ei = co,-ei, (15.14)
i

where in the last step of each equation the Einstein summation convention has been intro-
duced:

Einstein Summation Convention: An index appearing twice on one side of
an equation, once in a lower position and once in an upper position, implies a
summation on that repeated index. The index that is summed over is termed a
dummy index; summation on a dummy index on one side of an equation implies
that it does not appear on the other side. If the same index appears more than
twice on the same side of an equation, or appears more than once in an upper
position or more than once in a lower position, you have likely made a mistake.
Since the dummy (repeated) index is summed over, it does not matter what the
repeated index is, as long as it is not equivalent to another index in the equation.

From this point onward the Finstein summation convention usually will be assumed be-
cause it leads to more compact, easier to read equations.

The upper-index coefficients V' appearing in Eq. (15.13) are the components of the vec-
tor in the basis e; = {e],e;,e3}, while the lower-index coefficients @; appearing in Eq.
(15.14) are the components of the dual vector in the basis e/ = {e',e?,e}. The vector and
dual vector components generally are distinct because they are components in two differ-
ent bases. However, as will now be discussed the vector and dual vector spaces are related
fundamentally way such that vector components V'’ and dual vector components @; may be
treated operationally as if they were different components of the same vector.

15.3.4 Vector Scalar Product and the Metric Tensor

Utilizing Eq. (15.13), the scalar product of two vectors A and B may be expressed as
A-B=(A'e;)-(Ble;) =e;-e;A'B/ = g;;,A'B/, (15.15)
where the components of the metric tensor g;; in this basis are given by
gij=e-e;. (15.16)

Two vectors alone cannot form a scalar product, but the scalar product of two vectors can
be computed with the aid of the metric tensor, as Eq. (15.15) illustrates. Equivalently, the
scalar product of dual vectors & and B may be expressed as

a-B=ae- Bie =g'wp;, (15.17)
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where the metric tensor components g/ with two upper indices are defined by
gi=e-e, (15.18)
and the scalar product of dual vectors and vectors as
o-B=o,e-Blej=giaB’, (15.19)
where the metric tensor components g; with mixed upper and lower indices are defined by
gi=ée;. (15.20)

Properties of the metric tensor will be discussed below but first we shall use the metric
tensor to establish a relationship called duality between the vector and dual vector spaces.

15.3.5 Duality of Vectors and Dual Vectors

There is little practical distinction between vectors and dual vectors in euclidean space with
cartesian coordinates. However, in a curved space and/or with non-cartesian coordinates
the situation is more complex. Although the examples in this chapter are primarily from
non-curved spaces where it is possible to finesse the issue, it is important not to build
into the discussion at this stage methods and terminologies that will not serve us well in
the more general case . The essential mathematics will be discussed in more depth later,
primarily in Section 15.4.6, but we summarize here the salient points.

1. Vectors are not defined directly in the manifold, but instead are defined in a euclidean
vector space (see Box 15.3) attached to the (possibly curved) manifold at each space-
time point that is called the tangent space.

2. Dual vectors are not defined directly in the manifold, but instead are defined in a eu-
clidean vector space attached to the (possibly curved) manifold at each spacetime point
that is called the cotangent space.

3. The tangent space of vectors and the cotangent space of dual vectors at a point P of
the manifold are different but dual to each other in a manner that will be made precise
below.

4. This duality allows objects in the two different spaces to be treated as effectively the
same kinds of objects.

As will be discussed further below, vectors and dual vectors are examples of more general
objects called tensors, which permits an abstract definition in terms of mappings from
vectors and dual vectors to the real numbers.? To be specific,

1. Dual vectors @ are linear maps of vectors V to the real numbers: @(V) = o;V' € R.
2. Vectors V are linear maps of dual vectors @ to the real numbers: V(@) = Va; € R.
3 A mapping generalizes a function. For example, y = f(x) is a map that associates the real number y with the

real number x. In this example the map is from a space to the same space (real numbers to real numbers). More
generally the mapping can be between different spaces, such as from vectors to real numbers.
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In these definitions expressions like @(V) = @;V' € R mean “the dual vectors @ act lin-
early on the vectors V to produce @;V' = Y; ®;V', which are elements of the real numbers,”
or “dual vectors @ are functions (maps) that take vectors V as arguments and yield w;V",
which are real numbers”. Linearity of the mapping means, for example,

@(xA+BB) = ao(A)+La(B),

where @ is a dual vector, o and 3 are arbitrary real numbers, and A and B are arbitrary
vectors.

It is easy to show (see Box 15.3) that, just as the space of vectors satisfies the conditions
required of a vector space, the space of dual vectors as defined by the map above satisfies
the same conditions and also is a vector space. The vector space of vectors and correspond-
ing vector space of dual vectors are said to be dual to each other because they are related
by

oV)=V(®)=V'woeR. (15.21)

Notice further that the expression A-B = g; inBj from Eq. (15.15) defines a linear map
from the vectors to the real numbers, since it takes two vectors A and B as arguments and
returns the scalar product, which is a real number. Thus one may write

A(B)=A-B=AB' =g,A'B’. (15.22)
But since in A;B' = g; J-AiBj the vector B is arbitrary, in general
Ai = gijA, (15.23)

which specifies a correspondence between a vector with components A’ in the tangent space
of vectors and a dual vector with components A; in the cotangent space of dual vectors.
Likewise, Eq. (15.23) can be inverted using that the inverse of g;; is g/ (see Section 15.3.6)
to give

Al =glA;. (15.24)

Hence, using the metric tensor to raise and lower indices by summing over a repeated index
(an operation called contraction) as in Egs. (15.23) and (15.24), we see that the vector and
dual vector components are related through contraction with the metric tensor.*

This is the precise sense in which the tangent and cotangent spaces are dual: they
are different, but closely related through the metric tensor.

The duality of the vector and dual vector spaces may be incorporated concisely by requiring
that for the basis vectors {e;} and basis dual vectors {e'} in Egs. (15.13) and (15.14)

ei(ej):e"‘ej:8j’:, (15.25)

4 A metric is a function for measuring distance between points in a manifold. Mathematically, a respectable
manifold need not have a metric defined, and the absence of a metric would complicate the present discussion.
However, these lectures are about physics, and physics cannot get very far without the notion of measuring dis-
tance between points, so it is typically formulated in manifolds that do have a metric defined (such manifolds
are termed metric spaces). Thus, we will always assume a metric to be at our disposal in these discussions.
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where the Kronecker delta is defined by

i1 i=]
5]._{ 0 iz (15.26)

This implies that the basis vectors can be used to project out the components of a vector V
by taking the scalar product with the vector,

Vi=e .V Vi=e;-V. (15.27)

A lot of important mathematics has transpired in the last few equations, so let’s pause
for a moment and take stock. For a space with a metric tensor defined,

1. Egs. (15.21)-(15.27) imply that vectors and dual vectors are in a one-to-one relationship

2. that permits them to be manipulated effectively as if a dual vector component were just
a vector component with a lower index, and

3. component indices can be raised or lowered as desired by contraction with the metric
tensor.

All spaces of interest here will have metrics, so this reduces the practical implications of
the distinction between vectors and dual vectors to a simple matter of keeping proper track
of upper and lower positions for indices.

15.3.6 Properties of the Metric Tensor

The metric tensor will play a fundamental role in our discussion. Accordingly, let us sum-
marize some of its properties in simple euclidean spaces, since most will carry over (suit-
ably generalized) to 4D (possibly curved) spacetime. The metric tensor must be symmetric
in its indices:

gl=g" =g (15.28)
From Egs. (15.23) and (15.24)
giAl =A;  gUA;=A" (15.29)

That is, contraction with the metric tensor may be used to raise or lower an index. The
scalar product of vectors may be written in any of the equivalent ways

A-B=g;A'B/ =g'AB;=g\A;B' = A'B;=A;B'. (15.30)

From the two expressions in (15.29), A’ = g/A i= gg jkAk , and since this is valid for
arbitrary components A’ it follows that the metric tensor obeys

g7g k= g8’ = 8. (15.31)

Viewing g'/ as the elements of a matrix G and g; ; as the elements of a matrix G, Eqgs. (15.28)
are equivalent to the matrix equations

G=G" G=G", (15.32)
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The metric tensor for 3-dimensional euclidean space

Components: g =ei-e; g/=e-e gi=e-e =37
Scalar product: ~ A-B=g;;A'B/ =g"A;B; = gi.A,-Bf =A'B,=A,B
Symmetry: gl=g" 8ij = &ji
Contractions:  g;A’ =A;  gVA; =A

Orthogonality:  g"gjx = gi;g" = 6}
Matrix properties: ~ GG=GG=1 G=[g/] G=]lg;

where T denotes the transpose of the matrix. The Kronecker delta is just the unit matrix /,
implying that Eq. (15.31) may be written as the matrix equations

GG=GG=1. (15.33)

Therefore, we note the useful property that

The matrix corresponding to the metric tensor with two lower indices is the in-
verse of the matrix corresponding to the metric tensor with two upper indices,
and one may be obtained from the other by matrix inversion.

Some fundamental properties of the metric tensor for three-dimensional euclidean space
are summarized in Box 15.1.

15.3.7 Line Elements

For coordinates u'(t), u?(t), and > (t) that are parameterized by the variable , as ¢ varies
the points corresponding to specific values of the coordinates

ul = ul (1) u? = u* (1) ud = (1)

will trace out a curve in the 3D euclidean space. From Eq. (15.8), the position vector for
points on the curve as a function of ¢ is

r(e) = x(u (1), (0),0 (0) ) i+ y (u' (), 0 (1), (1)) i+ 2w (2),u (2),0 (1)) ,
and by the chain rule
dr _ ordu'  or & Or d
dt — Jul dt  Ju dr = Jud dt
where (15.11) was used and du’/dt = ii'. The squared infinitesimal distance along the curve
is then given by

—i'e; +ile, +iles, (15.34)

ds* =dr-dr=du'e;-du'e;
=e;- ejduiduj
= g;jdu‘du’, (15.35)
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ds
a

Distance ds between points a and b along a curve parameterized by ¢.

where Eq. (15.16) was used. [Notice the notational convention do? = (d Ot)z.] Thus ds* =
gijdu'du’ is the infinitesimal line element implied by the metric g;;, and the length d of a
finite segment of the curve between points a and b is obtained integration,

b i i\ 1/2
du' du/
d:/ (g> dt, (15.36)
L, \"Ydt dt

where ¢ parameterizes the position along the curve, as illustrated in Fig. 15.3.

15.3.8 Euclidean Line Element

The line element for 2D euclidean space in cartesian coordinates (x,y) is
ds* = dx* +dy?, (15.37)

which is just the Pythagorean theorem in differential form. The corresponding line element
in plane polar coordinates (7, ¢) is then

ds® = dr* + r*d¢?, (15.38)

as worked out in Example 15.4.

Example 15.4 For plane polar coordinates (r, ¢)
X=rcos¢ y=rsing,
so the position vector (15.8) is
r=(rcos@)i+ (rsing) j.

Then from Eq. (15.11) the basis vectors of the tangent basis are

e = 3: =(cos@)i+(sing)j er= g; = —r(sing)i+r(cos@) j.

The elements of the metric tensor are then given by Eq. (15.16),
gli=cos’¢+sin®p =1 gy =r*(cos’ ¢ +sin’¢)=r’

and g1 = g21 = 0, or in matrix form,

1 0
&ij = 0o )
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Then the line element is given by Eq. (15.35),
ds® = gi1(du' )+ goo (du®)* = dr* + r*d¢?,

where u' = r and u> = ¢. Equivalently, the line element can be expressed as

ds® = (dr d¢) <(1) r02> (5;) — dr’ +r2d¢?,

in matrix form.

The form of the line element differs between cartesian and polar coordinates, but for any
two nearby points the distance between them is given by ds, for either coordinate system.
Thus, the line element ds is invariant under coordinate transformations. The distance be-
tween two points that are not nearby can be obtained by integrating ds along the curve, so
the distance interval is invariant under coordinate transformations for metric spaces.> The
line element, which is specified in terms of the metric tensor, characterizes the geometry
of the space because integrals of the line element define distances and angles can be de-
fined in terms of ratios of distances. Indeed, all the axioms of euclidean geometry could be
verified starting from the line elements (15.37) or (15.38).

15.3.9 Integration and Differentiation

It is important to know how the volume element for integrals behaves under change of
coordinates. This is trivial in euclidean space with orthonormal coordinates, but becomes
non-trivial in curved spaces, or in flat spaces parameterized in non-cartesian coordinates.
We may illustrate in flat 2D space with coordinates (x!,x?) and basis vectors (ej,e,),
assuming an angle 6 between the basis vectors. The 2D volume (area) element in this case
is

dA = \/detgdx'dx?, (15.39)

where det g is the determinant of the metric tensor matrix g;;. For orthonormal coordinates
gij is the unit matrix and (detg)'/? = 1, but in the general case the (detg)!/? factor is
not unity and its presence is essential to making integration invariant under change of
coordinates.

Derivatives of vectors in spaces defined by position-dependent metrics are crucial in the
formulation of general relativity. Let us introduce the issue with the simpler case of the
derivative of a vector in a flat euclidean space, but parameterized with a vector basis that
depends on the coordinates. A vector V may be expanded in a basis e;,

V =Vlie,. (15.40)

5 Mathematically, spaces are equipped with a hierarchy of characteristics and a distance-measuring prescription
(a metric) need not be one of them. If such a prescription is defined, the space is termed a metric space. This
distinction may seem pedantic to a physicist since almost all spaces employed in physics are metric spaces,
but it is important from a fundamental mathematical perspective.
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Rotation of the coordinate system for a vector x. The vector is invariant under the rotation
but its components in the original and rotated coordinate systems are different.

Applying the usual (Leibniz) rule for the derivative of a product, the partial derivative is

v _ IV ide
oxl  ox T ox

where the first term represents the change in the component V' and the second term rep-

(15.41)

resents the change in the basis vectors e;. In the second term the factor de;/dx/ is itself a
vector and can be expanded in the vector basis (15.40),

8e,-
ox/

The Fffj appearing in Eq. (15.42) are called connection coefficients. Later we will see that

— ey (15.42)

the connection coefficients can be evaluated from the metric tensor and and that they may
be used in either curved or flat spacetime to define derivatives and to specify a prescription
for parallel transport of vectors.

15.3.10 Transformations

Often it is essential to be able to express physical quantities in more than one coordinate
system, so we need to understand how to transform between coordinate systems. This issue
is particularly important in both general and special relativity, where it is essential to ensure
that the laws of physics are not altered by transformation between coordinate systems. We
may illustate the principles involved by consider two familiar examples: spatial rotations
and Galilean boosts.

Rotational Transformations

Consider the description of a vector under rotation of a coordinate system about the z axis
by an angle ¢, as in Fig. 15.4. The vector x has the components x; and x, with respect
to basis vectors {e;} for the original coordinate system before rotation. After rotation of
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the coordinate system to give the new basis vectors {e’}, the vector x has the components
x} and x}, in the new coordinate system. The vector x can be expanded in terms of the
components for either basis:

x=1x'e,=x"é, (15.43)

and from the geometry of Fig. 15.4 the components in the two bases are related by (assum-
ing a clockwise rotation)

/1 cos¢p sing O x!
2 | = —sing cos¢ 0 2 |, (15.44)
K3 0 0 1 x3
which may be written compactly as
X' =R/, (15.45)

where the Rj- are the elements of the matrix in Eq. (15.44). This transformation law holds
for any vector; indeed, a vector in the x—y plane may be defined by this transformation law.

Galilean Transformations

Another simple example is Galilean transformations between inertial frames in classical
mechanics. Transformations with the same orientation but different relative velocities are
called boosts. In Newtonian physics time ¢ is considered to be the same for all observers
and Galilean boosts for motion along the x axis take the form

X=xX(xt)=x—vt {={(x1) =t (15.46)

“Newtonian relativity” asserts that the laws of physics are invariant under Galilean transfor-
mations. The laws of mechanics at low velocity are approximately invariant under (15.46),
but the laws of electromagnetism (Maxwell’s equations) and the laws of mechanics for ve-
locities near that of light are not. Indeed, the failure of Galilean invariance for the Maxwell
equations was a large motivation for Einstein’s belief that the existing laws of mechanics
required modification, leading to the special theory of relativity.

In the absence of gravity, the laws of both special-relativistic mechanics and of electro-
magnetism are invariant under Lorentz transformations but not under Galilean transforma-
tions. In the presence of a gravity, neither Galilean nor Lorentz invariance holds globally
for either electromagnetism or mechanics, and it is necessary to seek a more comprehen-
sive invariance to describe systems subject to gravitational forces. This quest eventually
leads to the theory of general relativity, but that is beyond the scope of these lectures.

Having introduced most of the important concepts in a “toy model” of euclidean space,
let us now turn our attention to application of these ideas to the actual arena of special and
general relativity, 4D spacetime.
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15.4 Spacetime Tensors and Covariance
I ———

The principle of relativity implies that coordinates should be viewed as arbitrary labels, so
that the laws of physics are independent of the coordinate system in which they are formu-
lated. We may implement this coordinate independence by formulating the laws of physics
in terms of equations that are covariant with respect to the coordinate transformations.®
The term covariance implies that a set of equations maintains the same mathematical form
under a specified set of transformations. Covariance can be stated most concisely in terms
of tensors, which we may think of as generalizing the idea of vectors. We now give an in-
troduction to tensors, tensor notation, and tensor properties for 4D spacetime, and illustrate
with an application of the tensor formalism to Lorentz covariance, which will lead to the
theory of special relativity.

15.4.1 Spacetime Coordinates

Relativity implies that space and time enter physical descriptions on comparable footings,
so it is useful to unify them into a 4-dimensional continuum termed spacetime. Spacetime is
an example of a differentiable manifold, as described in Box 15.2 (adapted from Ref. [16]).
Spacetime points are defined by coordinates having four components, the first labeling the
time ¢ multiplied by the speed of light c, the other three labeling the spatial coordinates:

x=xM = (% x! % x) = (ct,x), (15.47)

where x denotes a 3-vector with components (x',x?, x*) labeling the spatial position. The
first component x° is termed timelike and the last three components (x',x%,x%) are termed
spacelike. As for earlier discussion, the upper or lower placement of indices is meaningful.
Bold symbols will denote (ordinary) vectors defined in the three spatial degrees of freedom,
and 4-component vectors in spacetime will be denoted in non-bold symbols. The modern
convention is to number the indices beginning with zero rather than one. The coordinate
systems of interest will be subject only to the requirements that they assign a coordinate
uniquely and be differentiable to sufficient order at each point of spacetime.

A point in an n-dimensional manifold can be labeled using a coordinate system of n
parameters, but the choice of coordinate system is arbitrary. Points may be relabeled by a
passive coordinate transformation that switches the coordinate labels of the points, x* —

K, with x* and x'* labeling the same point but in two different coordinate systems. Our

6 Covariance is defined relative to a particular set of transformations. There is a subtle difference in meaning
between invariance and covariance, with respect to a set of transformations. Invariance means that the phys-
ical observables of the system are not changed by the transformations. Covariance means that the system
is formulated mathematically so that the form of the equations does not change under the transformations.
Manifest covariance means that the invariance is manifest in the formulation of the theory (can be “seen at a
glance”). Thus, a system could be invariant under some set of transformations, but not manifestly covariant
because the invariance is obscured by the way the equations are written. This is the case with the Maxwell
equations. As we shall see in Section 16.8, it isn’t clear whether the Maxwell equations written in their usual
form (1.1) are invariant under Lorentz transformation (because they are not formulated in standard Lorentz
4-vector notation), but they are, and they can be re-written so that the Lorentz invariance is manifest.
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Loosely, a manifold is a space. More formally, an n-dimensional manifold is a set
that can be parameterized continuously by n independent real coordinates for each
point (member of the set). Physics is usually concerned with differentiable man-
ifolds, which are continuous and differentiable (to a suitable order). Again, more
formally: a manifold is continuous if for every point there are neighboring points
having infinitesimally different coordinates, and differentiable if a scalar field can be
defined on the manifold that is everywhere differentiable. Special and general rela-
tivity assume spacetime to be a Riemannian manifold: a continuous, differentiable
manifold with geometry described by a metric tensor of quadratic form that may
depend on spacetime coordinates.

Coordinates, charts, and atlases

A coordinate system or chart associates n real parameter values (labels) uniquely
with each point of an n-dimensional manifold M through a one-to-one mapping
from R" (cartesian product of n copies of the real numbers R) to M. For exam-
ple, the set of continuous rotations about a single axis defines a one-dimensional
manifold parameterized by an angle ¢ € R. The one-to-one association of points in
the n-dimensional manifold with the values of their parameter labels is analogous
to mapping points of the manifold to points of an n-dimensional euclidean space.
Thus, locally a manifold looks like euclidean space in its most general properties,
such as dimensionality and differentiability (but not necessarily in geometry, since
this depends on whether the manifold has a metric and its nature).

A single coordinate system is usually insufficient to give a unique correspondence
between points and coordinate labels for all but the simplest manifolds. For example,
the latitude—longitude system for the Earth (viewed as a 2-sphere, S?) is degenerate
at the poles where all values of longitude correspond to a single point. In such cases
the manifold must be parameterized by overlapping coordinate patches (charts),
with transition functions between the different sets of coordinates for points in each
overlap region. An atlas is a collection of charts sufficient to parameterize an entire
manifold. For the latitude—longitude example it may be shown that the atlas must
contain at least two overlapping charts to parameterize the full manifold uniquely.

Curves and surfaces

Subsets of points within a manifold can be used to define curves and surfaces,
which represent submanifolds of the full manifold. Often it is convenient to repre-
sent these parametrically, with an m-dimensional submanifold parameterized by m
parameters. A curve is a one-dimensional submanifold parameterized by a single
parameter, while a hypersurface is a surface of one less dimension than the full
manifold, parameterized by n — 1 real numbers.
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generic concern is with a transformation between one set of spacetime coordinates denoted
by (x°,x!,x%,x), and a new set

M=) (u=0,1,2,3), (15.48)

where x = x* denotes the original (untransformed) coordinates. This notation is an eco-
nomical form of

W= O 20 (=01, (15.49)

where the single-valued, continuously-differentiable function f* assigns new (primed) co-
ordinates (x’ 0 ¥l 2 ¥ 3) to a point of the manifold with old coordinates (x°,x!,x?,x),
which may be abbreviated to x’* = f*(x) and, even more tersely, to Eq. (15.48). The coor-
dinates in Eq. (15.48) are just labels so the laws of physics cannot depend on them. Hence
the system x’* is not privileged and Eq. (15.48) should be invertible.

The generalized form of the Einstein summation convention that we introduced earlier
will be assumed for all subsequent equations: for any term on one side of an equation any
index that is repeated, once as a superscript and once as a subscript, implies a summation
over that index. A superscript (subscript) in a denominator counts as a subscript (super-
script) in a numerator. We will use Greek indices («, 3, ...) to denote the full set of space-
time indices running over 0, 1, 2, 3, while roman indices (i, j, . . .) will denote the indices 1,
2, 3 running only over the spatial coordinates. Thus x* means any of the components x°,

x', %%, x3, but X' means any of the components X, a2, K3

15.4.2 Vectors in Non-Euclidean Space

Spacetime is characterized by a non-euclidean manifold. In euclidean space we are used
to representing vectors as directed line segments of finite length. This picture will not do
in curved spacetime, which is locally but not globally, euclidean so extended straight lines
have no clear meaning. Thus we need a more general way to define vectors that works in
both euclidean and (possibly curved) non-euclidean manifolds. The standard solution is to
define vectors for an n-dimensional manifold, not in manifold itself, but in n-dimensional
euclidean tangent spaces, with an independent tangent space Tp attached to each point P of
the manifold. This is illustrated in Fig. 15.5 for 1D and 2D spheres.” Just as vectors may be
defined in tangent spaces attached to each point of a manifold, dual vectors my be defined
in cotangent spaces Tp attached to each point of a manifold.

A tangent bundle T M for a manifold M is a manifold constructed from the disjoint union
of all the tangent spaces Tp defined on the manifold M. Likewise, a contangent bundle for
a manifold M is the disjoint union of all the cotangent spaces defined on the manifold.
Such bundles and their generalization form the basis of the theory of fiber bundles. We will
sometimes use the bundle terminology but will not use the theory of fiber bundles directly
in our discussion.

7 The idea conveyed by Fig. 15.5 in which planes tangent to a 2D surface are shown embedded in a 3D space
is useful conceptually, but defining the tangent space at each point is an intrinsic process with respect to a
manifold and does not require embedding it in a higher-dimensional manifold, as will be shown below.
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Tangent spaces in curved manifolds, illustrated (a) for the manifold S! and (b) for the
manifold S2. As illustrated for S2, vectors (indicated by arrows) are defined in the tangent
spaces at each point, not in the curved manifold. Embedding the 1D tangent-space
manifold in 2D euclidean space and the 2D tangent space in 3D euclidean space is for
visualization purposes only; the tangent space has a specification that is intrinsic to the
manifold.

15.4.3 Coordinates in Spacetime

A universal coordinate system can be chosen in euclidean space, with basis vectors that
are mutually orthogonal and constant, and these constant basis vectors can be normalized
to unit length for convenience. Much of ordinary physics may be described using such an
orthonormal basis. The situation is more complicated in non-euclidean (possibly curved)
manifolds. Because of the position-dependent metric of curved spacetime, it is most con-
venient to choose basis vectors that depend on position and that need not be orthogonal,
and it usually is not useful to normalize them since they are position dependent.

The key to specifying vectors in curved space (which will also work in flat space)
is to separate the “directed” part from the “line segment” part of the usual con-
ception of a vector as a directed line segment, because the direction for vectors
of infinitesimal length can be defined consistently in curved or flat spaces using
directional derivatives.

15.4.4 Coordinate and Non-Coordinate Bases

Consider a curve in a differentiable manifold along which one coordinate x* varies while
all others xV(v # u) are held constant. This curve will be termed the coordinate curve
x*. Four such coordinate curves will pass through any point P in a spacetime manifold,
corresponding to the coordinate curves x* with = (0,1,2,3). A set of position-dependent
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basis vectors ey (1 = 0,1,2,3) can be defined at an arbitrary point P in the manifold by
_ Lim O

ew= ot i (15.50)
where Js is the infinitesimal distance along the coordinate curve x* between the point P
with coordinate x* and a nearby point Q with coordinate x* + 6x*. For a parameterized
curve x* (1) having a tangent vector ¢ with components t* = dx* /dA,
dx*
!

the directional derivative of an arbitrary scalar function f(x*) defined in the neighborhood

s —
t=1t"e, =

of the curve is

df _ Lim [f0H(A+€) - fOHA)] _dxt of _ , 9f
dr — €20 € CdA dxE T oxit’

and since f(x) is arbitrary this implies the operator relation

d dx* d d

—_— = =t 15.51

dA  dA dx* ! dxH (15.51)
Hence the components * are associated with a unique directional derivative and the partial

derivative operators d /dx* may be identified with the basis vectors ey,

)
X
which permits an arbitrary vector to be expanded as
d
_yk, —yh % _yu
V=Vie, =V FPT VEo,. (15.53)

Position-dependent basis vectors specified in this way define a coordinate basis or holo-
nomic basis, a basis using orthonormal coordinates is then termed a non-coordinate basis
or an anholonomic basis. A coordinate basis is illustrated schematically in Fig. 15.6 for a
generic curved 2D manifold.

The definition of a vector in terms of directional derivatives evaluated at a point
of the manifold is valid in any curved or flat differentiable manifold. It replaces
the standard idea of a vector as the analog of a displacement vector between two
points, which does not generalize to curved manifolds.

From Eq. (15.50) the separation between nearby points is ds = e, (x)dx*, from which
ds* = ds-ds = (ey - ey)dx*dx’ = gyydxtdx"
with the metric tensor g,y defined by,
eu(x)-ev(x) = guv(x). (15.54)
The scalar product of vectors A and B in a coordinate basis is given by

A-B=(Atey)- (B"ey) = guvA"B". (15.55)
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Tangent space Tp at a point P for a curved 2D manifold M. The vectors tangent to the
coordinate curves at each point define a coordinate or holonomic basis. This figure is a
generalization of Fig. 15.5 to an arbitrary curved 2D manifold with a position-dependent,
non-orthogonal (coordinate) basis. This embedding of M in 3D euclidean space is for
visualization purposes only; the basis vectors e; and e, of the tangent space are specified
by directional derivatives of the coordinate curves evaluated entirely in M at the point P, as
described in Egs. (15.50)—(15.53).

Equation (15.54) may be taken as a definition of a vector coordinate basis {e,, }.

The preceding discussion has been specifically for vectors and involves defining a basis
for the tangent space T, at each point P using the tangents d/dx* to coordinate curves
passing through P. A similar intrinsic procedure can be invoked to construct a basis for
dual vectors in the cotangent space 75 at a point P using gradients to define basis vectors.
This leads to equations analogous to (15.54)—(15.55), but with the indices of the basis
vectors in the upper position. A set of dual basis vectors e# may be used to expand dual
vectors @ as®

o= e, (15.56)
allowing the metric tensor with upper indices to be defined through
et (x)-e¥(x) = g"V(x), (15.57)
with the scalar product of arbitrary dual vectors & and 3 given by
a-p=g"aupy. (15.58)

Equation (15.57) may be taken as a definition of a dual-vector coordinate basis {e* }.
Just as Egs. (15.54) or (15.57) are characteristic of a coordinate basis, an orthonormal-
ized non-coordinate basis is specified by the requirement

en(x) - ey(x) = My, (15.59)

where n =diag{—1,1,1,1}. In this expression, hats on indices indicate explicitly that this
is an orthonormal and not coordinate basis. Our discussion will seldom require display of

8 The same symbol e will be used for vector and dual vector basis vectors, with the index in the lower position
for a vector basis and upper position for a dual vector basis. The justification for this notation is given in
Section 15.3.5.
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explicit basis vectors but usually we will assume implicitly the use of a coordinate basis
such that Egs. (15.50)—(15.58) are valid.

15.4.5 Tensors and Coordinate Transformations

In formulating special and general relativity we are interested in how quantities that enter
physical descriptions change when the spacetime coordinates are transformed as in Eq.
(15.48). This requires understanding the transformations of fields, their derivatives, and
their integrals. To this end, it is useful to introduce spacetime tensors. These have a funda-
mental definition without reference to specific coordinate systems. but it often proves con-
venient to view tensors as objects expressed in a basis with components that carry some
number of upper and lower indices, and that change in a specific way under coordinate
transformations. This more practical interpretation of tensors will be developed below.’

The rank of a tensor will be given a more fundamental definition below but practically it
is equal to the total number of indices required to label its components when evaluated in a
basis. Thus scalars are tensors of rank zero and vectors or dual vectors are tensors of rank
one. This may be generalized to tensors carrying more than one index. Tensors carrying
only lower indices are termed covariant tensors, tensors carrying only upper indices are
termed contravariant tensors, and tensors carrying both lower and upper indices are termed
mixed tensors.

Tensor Types: It is convenient to indicate the fype of a tensor by the ordered pair
(p,q), where p is the number of contravariant (upper) indices for components,
g is the number of covariant (lower) indices for components, and the rank of
the tensor is p + g. In principle p and g can take any non-negative value, but
practically most physical applications of tensors involve ranks of four or less.

Thus a dual vector is a tensor of type (0, 1) with a rank of one, while the Kronecker delta
8, is a mixed tensor of type (1,1) and rank 2.

15.4.6 Tensors as Linear Maps to Real Numbers

The characterization of tensors in terms of their transformation properties in a particular
representtion that will be discussed in Section 15.5 below is the most pragmatic approach
to the mathematics required to solve realistic problems. However, mathematicians prefer
to define tensors in a more abstract manner that makes manifest that they are independent
of representation in a particular coordinate system. This approach, which frequently goes
by the name index-free formalism, is described in this section.

9 Hermann Minkowski introduced the use of tensors for the theory of special relativity. In his original special
relativity paper, Einstein had not used tensors and at first he dismissed Minkowski’s tensor formulation of
special relativity as needlessly pedantic. However, Einstein soon realized the power of this new (for physicists,
not for mathematicians) approach and adopted the framework of tensors and differential geometry in his later
formulation of general relativity.
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Fundamentally, a tensor of type (n,m) has input slots for n vectors and m dual
vectors, and acts linearly on these inputs to produce a real number.

For example, if @ is a (0, 1) tensor (that is, a dual vector) and A and B are (1,0) tensors
(that is, vectors), linearity implies

w(aA+bB) =aw(A)+bw(B) € R, (15.60)

where a and b are arbitrary scalars and R denotes the set of real numbers. This definition
makes no reference to components of the vectors or dual vectors, so the tensor map must
give the same real number, irrespective of any choice of coordinate system.

Thus, a tensor may be viewed as a function of the vectors and dual vectors them-
selves, rather than as a function of their components, or as an operator that ac-
cepts vectors and dual vectors as input and outputs a real number.

Example 15.5 Asa warmup exercise, consider a real-valued function of the coordinates
f(x). Since this function takes no vectors or dual vectors as input and yields a real number
(the value of the function at x) as output, it is a tensor of rank zero (a scalar).

Let’s now give a few less-trivial examples of how this approach works, beginning with
vectors and dual vectors.

Vectors and Dual Vectors

Vector spaces are discussed in Box 15.3. Suppose a vector field to be defined on a manifold
such that each point P has associated with it a vector V that may be expanded in a vector
basis ey,

V =Vte,, (15.61)

and that there is a corresponding dual vector field @ defined at each point P that may be
expanded in a dual-vector basis e*,

o = oyet, (15.62)

where the basis vectors ey, are defined in the tangent space Tp and the basis dual vectors
et are defined in the cotangent space 75 at each point P of the manifold, as described in
Section 15.4.2. Hence the e, are basis vectors in the tangent bundle and the e* are basis
vectors in the cotangent bundle. As discussed in Section 15.3.5, the vector spaces for V
and o are said to be dual in the following sense.
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A vector space has a precise axiomatic definition in mathematics, but for our pur-
poses it will be sufficient to view it more loosely as a set of objects (the vectors)
that can be multiplied by real numbers and added together in a linear way while
exhibiting closure: any such operations on elements of the set give back a linear
combination of elements. For arbitrary vectors A and B, and arbitrary scalars a and
b, one expects then that expressions like

(a+b)(A+B) =aA+aB+bA+bB

should be satisfied. A few other things are necessary: a zero vector that serves
as an identity under vector addition, an inverse for every vector, and the usual as-
sortment of associativity, distributivity, and commutativity rules, for example; but it
is clear that it isn’t very hard to be a vector space. Vector spaces of use in physics
often have additional structure like a norm and inner product, but that is over and
above the minimal requirements for being a bonafide vector space.

A basis for a vector space is a set of vectors that span the space (any vector is
a linear combination of basis vectors) and that are linearly independent (no basis
vector is a linear combination of other basis vectors). The number of basis vectors
is the dimension of the space. For spacetime the vector spaces of interest will be
defined at each point of the manifold and will be of dimension four.

Duality of Vectors and Dual Vectors: For a manifold, the space of vectors (tan-
gent bundle) consists of all linear maps of dual vectors to the real numbers; con-
versely, the space of dual vectors (cotangent bundle) consists of all linear maps
of vectors to the real numbers.

This duality of vector and dual vector spaces can be implemented systematically by requir-
ing the basis vectors to satisfy

eH(ey) =t -e, =8V, (15.63)

where the Kronecker delta is given by

S 1 u=v
VL0 u#v

Note that A(B), which indicates the action of A on B, can be expressed in the alternative
form (A, B), so Eq. (15.63) is also commonly written as (e, e,) = 8} . From Egs. (15.60)—



251 Spacetime Tensors and Covariance

(15.63) it follows that a dual vector @ acts on a vector V in the manner

oV)=(0,V)=oune(V'ey)
=,V et (ey)
=aw,V'8y
= w,V* €R, (15.64)

where R denotes the real numbers.'? This illustrates clearly that a dual vector is an operator
that accepts a vector as an argument and produces a real number (the scalar product @, V#,
which is unique and independent of basis) as output. By the same token, a vector is an
operator that accepts a dual vector as an argument and produces a real number equal to
the scalar product, V() = @, V*. These definitions involve no uncontracted indices, so
the results are independent of any basis choice. This suggests that vectors and dual vectors
may be defined fundamentally in terms of linear maps to the real numbers:

1. A dual vector is an operator that acts linearly on a vector to return a real number.
2. A vector is as an operator that acts linearly on a dual vector to return a real number.

For those having a knowledge of linear algebra or quantum mechanics this may sound
vaguely familiar, as suggested by the following example.

Example 15.6 In the language of linear algebra, vectors may be represented as column
vectors and dual vectors as row vectors, and their matrix product is a number. For example,

A=(a b) B= (2) AB=(a b) (2) —ac+bd €R
may be regarded as the dual vector A acting linearly on the vector B to produce the real
number ac + bd: A(B) € R. For Dirac notation in quantum mechanics,
as representing a vector and (a| as representing a dual vector in Hilbert space, and mathe-
matically the vector space of (a| is the dual of the vector space of |a) (see Ref. [37]). Thus
the overlap (f| i) is a number, and a matrix element (f|M |i) is a map from vectors and
dual vectors of Hilbert space to the real numbers.

a) may be viewed

15.4.7 Evaluating Components in a Basis

The preceding definitions of vectors and dual vectors are independent of any choice of
basis, but practically it often is convenient to work in a basis. The components of a vec-
tor or dual vector in a specific basis are obtained by evaluating them with respect to the

10 As has been noted previously, basis vectors are defined in the tangent bundle and basis dual vectors are defined
in the cotangent bundle of the manifold. Thus for applications in spacetime our concern is really with the action
of vector fields on dual vector fields and vice versa, in which case what is returned is not a real number but
rather a scalar field of real numbers defined over the manifold. We trust that the reader is sophisticated enough
at this point to realize when “thing” really means “field of things”.
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corresponding basis vectors and dual basis vectors; for example,
VE=V(et)=el-V 0y = 0(ey) =ey - 0, (15.65)

which follows from Eq. (15.63). Equations such as (15.65) may be interpreted (for exam-
ple) as a vector accepting a basis vector e* as input and acting linearly on it to return a real
number that is the component of the vector evaluated in that basis.

Example 15.7 The validity of Egs. (15.65) may be checked easily:
etV =€t (VPq) =V%H(eq) = VP8, =VH,
ey @ =ey-(0ge?) = agey(e”) = we by = ay,

where the expansions (15.61)—(15.62), the linearity requirement (15.60), and the orthogo-
nality condition (15.63) were employed.

Vector and dual vector components as in Eq. (15.65), and more generally tensor compo-
nents, are then found to obey the same transformation laws and tensor calculus that will
be presented in following sections as alternative defining characteristics of tensors. Exam-
ple 15.8 illustrates for dual vectors and vectors.

" on a dual vector @ =

Example 15.8 Consider a coordinate transformation x* — x’
oy et and on a vector V = V*Hey,. The basis dual vectors e/ and basis vectors e, transform
as

7z
w_ ax'"t ;o ax"

axv e eu—>€l_l W@v.

How do the components @), transform? This may be determined by noting that the dual

et — e

vector m is a geometrical object having an existence independent of representation in a
specific coordinate system, so it must be invariant under coordinate transformations. This
will be ensured only if the components of @ transform as

ox%

Wy — O, = = O,

since then the dual vector @ is invariant under x* — x'*:

PN

o = (Due

Coox* oxXt

XM Dot v €
ox* ax'*
dx'* dxv

- waevsg

= Wge® = o.
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This transformation law for the components @, is the same one that will be used to define
a dual vector in Eq. (15.71). By a similar proof, vector components V* may be shown to
have the transformation law (15.73).

In later sections, such transformation laws will be offered as a definition of tensors. In the
index-free picture currently under discussion tensors are defined instead as linear maps of
some number of vectors and dual vectors to the real numbers, with the transformation laws
and associated tensor calculus that will be discussed in Sections 15.5-15.8 following as a
consequence of that definition.

Let us now greatly simplify keeping track of the distinction between upper indices and
lower indices on tensors by demonstrating that the metric tensor map may be used to estab-
lish a one-to-one relationship between a vector in the tangent space and a corresponding
dual vector in the cotangent space.

15.4.8 Ildentification of Vectors and Dual Vectors

Consider the metric tensor, viewed as a rank-2 covariant tensor that accepts two vector
inputs and acts on them (multi-)linearly to give a real number. Schematically, this may be
written as the operator g(-, -), where the dots indicate the input slots for the two vectors.
Suppose that a vector V is inserted into only one of the slots, giving g(V, -). What is this
object? It has one open slot that can accept a vector, on which it will act linearly to return
a real number. But that should sound familiar: it is the definition of a dual vector! Because
it is associated directly with the vector V, let us call this dual vector V = g(V , ). The
components of this dual vector may be evaluated by inserting a basis vector as argument in
the usual way,

Vy = V(eu) =g(V,ey)
= g(Vvev,e#)
= va(eweﬂ)
=gV, (15.66)

Likewise, by using that gy, and g"V are matrix inverses, V¥ = gtVV,. Summing over
repeated indices in tensor products is called contraction. Thus, the properties of the metric
tensor allow vectors and dual vectors to be treated effectively as if they were both vectors,
one with an upper index and one with a lower index, with the two related by contraction
with the metric tensor,

This is of great practical importance since it allows the same symbol to be used for a
vector and its corresponding dual vector, and it reduces the handling of vectors and dual
vectors to keeping proper track of the vertical position of indices in the Einstein summation
convention. This identification works only for manifolds with metric tensors but that is no
limitation for special or general relativity, which deal only with metric spaces.
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Once the operations of raising and lowering indices by contraction with the metric tensor
are established through Eq. (15.67), the scalar product between two vectors U and V can
be calculated as the complete contraction UgV* of one of the vectors with the dual vector
associated with the other vector:

g(U,V) = guyUtVY =U, VY. (15.68)

The scalar product has no indices left after contraction and is said to be fully contracted.
Because tensors of higher rank are products of vectors and dual vectors, the preceding
discussion is easily generalized and contraction with the metric tensor can be used to raise
or lower any index for a tensor of any rank. For example,

ARV =g VPA s Apvio = 8upA .-

Since indices can be raised or lowered at will by a metric, tensors may be thought of as
objects of a particular tensorial rank, irrespective of their particular vertical arrangement
of indices (for example, the identification of vectors and dual vectors discussed above). Of
course this is true only in the abstract; index placement matters when tensors are evaluated
in a basis.

15.4.9 Index-Free versus Component Transformations

The material in this section has been a brief introduction to the index-free formulation of
tensors favored by mathematicians. The discussion above and that in Section 15.5 indi-
cates that the index-free formalism leads to the same transformation laws for tensors. Thus
the practical outcome will be the same with application of either approach to the issues
addressed in these lectures, but index-free concepts provide a more solid mathematical
foundation for physical results while often the component transformation approach affords
a more direct path to obtaining them.

15.5 Tensors Specified by Transformation Laws
|

In the preceding discussion tensors have been introduced at a fundamental level through
linear maps from vectors and dual vectors to the real numbers, but it was shown also that
these linear maps imply that when tensors of a given type are expressed in an arbitrary basis
(see Section 15.4.7) their components obey well-defined transformation laws under change
of coordinates. This view of tensors as groups of quantities obeying particular transforma-
tion laws is often the most practical for physical applications because (1) it is less abstract
and requires less new mathematics for the novice, (2) a physical interpretation often re-
quires expression of the problem in a well-chosen basis anyway, and (3) the component
index formalism has a built-in error checking mechanism of great practical utility in solv-
ing problems: failure of indices to balance on the two sides of an equation is a sure sign of
an error.

This section summarizes the use of tensors to formulate invariant equations by exploiting
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the transformation properties of their components. Tensors may be viewed as generalizing
the idea of scalars and vectors, so let’s begin with these more familiar quantities. The fol-
lowing discussion is an adaptation to 4-dimensional (possibly curved) spacetime of many
concepts discussed earlier in Section 15.3 for simpler euclidean spaces; you are urged to
review that material if any conceptual difficulties are encountered in the following material.

15.5.1 Scalar Transformation Law

Consider the behavior of fields under the coordinate transformations introduced in Section
15.4.1. The simplest possibility is that the field has a single component at each point of the
manifold, with a value that is unchanged by the transformation (15.48),

¢'(X) =0 (x). (15.69)

Quantities such as ¢ (x) that are unchanged under the coordinate transformation are called
scalars. As the notation indicates, scalar quantities are generally functions of the coordi-
nates but their value at a given point does not change if the coordinate system changes.!!
Scalar quantities may be expected to play a central role in physical theories because mea-
surable observables must be scalars if the goal of formulating physical laws such that they

do not depend on the coordinate labels is to be fulfilled.

15.5.2 Dual Vector Transformation Law

In parallel with the discussion of vectors defined in the tangent and dual bases for euclidean
space in Section 15.6, it is useful to define two kinds of spacetime vectors having distinct
transformation laws. Both will be termed vectors because sets of each type separately obey
the axioms to form a vector space, as discussed in Box 15.3, and because of the duality
discussed in Section 15.3.5. By the argument in Section 15.4.8, the same symbol will be
used for both but they will be distinguished by vertical placement of indices. By the rules
of ordinary partial differentiation the gradient of a scalar field ¢ (x) obeys

dP(x)  dP(x) dx¥

ox'm  9xv ox'M’
Now consider a vector having a transformation law mimicking that of the scalar field gra-
dient (15.70),

(15.70)

;L ax¥
Ay = WAV(X) (dual vector). (15.71)

A quantity transforming in this way is termed a dual vector (it also goes by the names one-
Jorm, covariant vector, or covector). Understand clearly that in (15.71) the two sides of the
equation refer to the same point in spacetime. Thus, the argument is x’ on the left side and
x on the right side, and these label the same spacetime point in two different coordinate

'l This may be contrasted with the behavior of the components of a vector under coordinate transformation,
which will be discussed shortly. Geometrically the components of a vector are projections of the vector on
particular coordinate axes. Thus, if the coordinate system is changed the components of a vector at a given
point typically change their values, but the length of the vector, which is a scalar, is invariant.
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systems. Before continuing we stop to note that even the relatively simple expressions that
have been introduced so far emphasize the importance of the compact notation that we are
using. For example, Eq. (15.71) is a concise way to write the matrix equation

Al 9x2/9x0  ax1/ax® ax2/ax® 9x3/9x°\ /Ao
AL [ ax0/axt axtjax! axt/oxt axdjax! | | A
AL | 9x0/9x% ax!/ax? 9x2/ax? ax3)ox* | | As
AL ax°/ax? ax'/ox? ox2jax? 9x3/ax’) \A;

Furthermore, although we usually suppress it in the notation, the partial derivatives appear-
ing in these transformation equations depend on spacetime coordinates in the general case
and all partial derivatives are understood implicitly to be evaluated at a specific point P
labeled by x in one coordinate system and x’ in the other.

15.5.3 Vector Transformation Law

Now consider application of the rules of partial differentiation to transformation of the
differential,

dx'" = ?:dxv. (15.72)
This suggests a second vector transformation rule,
AM () = ox™ AY(x)  (vector) (15.73)
I . .

A quantity behaving in this way is termed a vector.'> Most physical quantities that are
thought of loosely as “vectors” (displacement or velocity, for example) are vectors in the
restricted sense defined by the transformation law (15.73).

Example 15.9 Equations (15.71) and (15.73) may be viewed as matrix equations,
A () =UjA(x)  AM(Y)=UfAY(x), (15.74)

with the matrices U = dx’ /dx and U = dx/dx’ obeying UU = I, where [ is the unit matrix.
In these transformations the matrix U is called the Jacobian matrix and the matrix U is
called the inverse Jacobian matrix.

15.5.4 Duality of Vectors and Dual Vectors

The preceding discussion distinguishes two kinds of “vectors”: dual vectors, which carry
a lower index and transform like (15.71), and vectors, which carry an upper index and
12 Some authors call vectors contravariant vectors, indicating explicitly that when expanded in a basis the com-

ponent index is in the upper position, and call dual vectors covariant vectors, indicating explicitly that the
component index is in the lower position.
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transform like (15.73). This distinction is analogous to that introduced in Section 15.6
for vectors and dual vectors in euclidean spaces. In particular instances vectors and dual
vectors may be considered equivalent as a practical matter (albeit with some loss of mathe-
matical rigor), but generally they are not. However, the duality discussed in Section 15.4.8
allows us to use the same symbol for vectors and dual vectors, with the distinction between
them residing in upper and lower positioning of indices in the summation convention.

15.6 Scalar Product of Vectors
I

Just as was found in Section 15.3.4 for euclidean spaces, the introduction of vectors and
dual vectors, and their relationship through the metric tensor, allows a natural definition of
a scalar product

A-B=A,B", (15.75)
where the dual vector A, and the corresponding vector A* are related through the metric

tensor according to A, = gyvA". This product transforms as a scalar because from Eqgs.
(15.71) and (15.73),

ax¥ It dx¥ It
Il Al pld o _ o
A ‘B —A uB — ax/”Av axa B — axl” ax(x AvB
a'xv o \% o o
= TxaAvB = 5aAvB =AyqB" =A-B, (15.76)

where the Kronecker delta 6 is given by

U u _
dx dx: :{1 u=v (15.77)

#—7:
6\/_ 0 ‘uv#v 9

ax"y  dxV
which is a rank-2 tensor with the unusual property that its components take the same value
in all coordinate systems.

15.7 Tensors of Higher Rank

Three types of rank-2 tensors (0,2), (1, 1), and (2,0) may be distinguished; they have the
transformation laws

ox® JxP
Tav = 575 577 Tap: (15.78)
ax® 9x’"
v B
=i gp T (15.79)
ITREAY
v _ 9XT X o (15.80)

Cox® JxB
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Table 15.1 Some tensor transformation laws

Tensor Transformation law
Scalar ¢'=¢
Dual vector A= %Av
Vector AM = %AV
Covariant rank-2 iy = (%Z gxi’[i B
Contravariant rank-2 T'* = % ?;jl: T8
Mixed rank-2 T, = 9x%* 9" 1p

L N L

These transformation rules may be generalized easily to tensors of any rank. In such a
generalization,

1. Each upper index on the left side requires a right-side “factor” of the form dx™* /dx"
(prime in the numerator), and

2. each lower index on the left side requires a right-side “factor” of the form dx* /dx"Y
(prime in the denominator).

This “position of the left-side index equals position of the right-side primed coordinate”
rule for the partial derivative factors is a useful aid in remembering the forms of the tensor
transformation equations. Transformation laws for tensors through rank 2 are summarized
in Table 15.1.

15.8 The Metric Tensor
|

By analogy with the discussion in Section 15.3.7, a rank-2 tensor of special importance is
the metric tensor gy, because it is associated with the line element
ds* = guydx*dx¥ (15.81)

that determines the geometry of the manifold. The metric tensor is symmetric in its indices
(guv = gvu) and satisfies the (0,2) tensor transformation law

,  ox® oxP

Suv = ax_/pmgaﬁ' (15.82)

The contravariant form of the metric tensor g"V is defined by the requirement

g‘uagav :6“;, (1583)
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so guv and gV are matrix inverses. Contractions with the metric tensor may be used to
raise and lower (any number of) tensor indices; for example,

A =gtvAy  Ap=gunAY T =gvaTH* T%, =gl ;5 (1584)
Thus, the scalar product of vectors may be expressed as
A-B=guwA*BY =A,B" =gH A B, =AYB,. (15.85)

Because such products are scalars, they are unchanged by coordinate-system transforma-
tions. A specific example of such a conserved quantity is an invariant length such as the
line element of Eq. (15.81).

In mixed-tensor expressions like the third or fourth ones in Eq. (15.84) the relative hori-
zontal order of upper and lower indices can be important. For example, in T, = gy TH%
the notation indicates that the mixed tensor on the left side of the equation was obtained
by lowering the rightmost index of 7% on the right side (since in T*, the lower index V is
to the right of the upper index ). This distinction is immaterial if the tensor is symmetric
under exchange of indices but which index is lowered or raised by contraction matters for
tensors that are antisymmetric under index exchange (see Section 15.9): TH, = gy TH%
and T, " = g,oT** are equivalent if T is symmetric, but different if T is antisymmetric.

Vectors and dual vectors are distinct entities that are defined in different spaces (see
Section 15.4.2). However, Eqgs. (15.83)—(15.85) and the discussion in Section 15.3.5, and
Section 15.4.8 make it clear that for the special case of a manifold with metric, indices
on any tensor may be raised or lowered at will by contraction with the metric tensor, as
in Eq. (15.84). Defining a metric establishes a relationship that permits vectors and dual
vectors to be treated as if they were (in effect) different representations of the same vector.
Our discussion will usually proceed as if A* and A, are different forms of the same vector
that are related by contraction with the metric tensor, while secretly remembering that they
really are different, and that it is only for metric spaces that this conflation is not likely to
land us in trouble.

The preceding discussion makes clear why the convention in much of nonrelativistic
physics to ignore the mathematical distinction between vectors and dual vectors causes few
problems. For example, the gradient operator is commonly termed a vector in elementary
physics but Section 15.5.2 shows that it is in truth a dual vector. However, physics assumes
metric spaces, so vectors and dual vectors are related trivially through the metric tensor and
no lasting harm is done by calling the gradient a vector if the bookkeeping is done correctly
in equations. Specifically, the gradient dual vector may be converted to the corresponding
vector by contracting with the metric tensor to raise the index. The issue is particularly
simple if the problem is formulated in euclidean space using cartesian coordinates, in which
case the metric tensor is just the unit matrix and the components of the vector and dual
vector are the same. The mathematician is required to be more circumspect because the
definition of a manifold does not automatically imply existence of a metric to enable this
identification.
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15.9 Symmetric and Antisymmetric Tensors
|

The symmetry of tensors under exchanging pairs of indices is often important. An arbi-
trary rank-2 tensor can always be decomposed into a symmetric and antisymmetric part
according to the identity

Top = 5(Tup + Tpa) + 3 (Tap — Tpa), (15.86)

where the first term is clearly symmetric and the second term antisymmetric under ex-
change of indices. For completely symmetric and completely antisymmetric rank-2 tensors

Top =+Tpq TP =+7P%

where the plus sign holds if the tensor is symmetric and the minus sign if it is antisym-
metric. More generally, a tensor of rank two or higher is said to be symmetric in any two
of its indices if exchanging those indices leaves the tensor invariant and antisymmetric (or
skew-symmetric) in any two indices if it changes sign upon switching those indices.

15.10 Algebraic Tensor Operations
|

Various algebraic operations are permitted for tensors in equations. These valid operations
include:

1. Multiplication by a scalar: A tensor may be multiplied by a scalar (meaning that each
component is multiplied by the scalar) to produce a tensor of the same rank. For exam-
ple, aA*Y = B*V, where a is a scalar and A*Y and B*V are rank-2 contravariant tensors.

2. Addition or subtraction: Two tensors of the same type may be added or subtracted
(meaning that their components are added or subtracted) to produce a new tensor of the
same type. For example, A* — B¥ = C*, where A*, B*, and C* are vectors.

3. Multiplication: Two or more tensors may be multiplied by forming products of their
components. The rank of the resultant tensor will be the product of the ranks of the
tensor factors. For example, A,y = Uy Vy, where Ay is a rank-2 covariant tensor and
Uy and Vy are dual vectors.

4. Contraction: For a tensor or tensor product with covariant rank » and contravariant
rank m, a tensor of covariant rank n — 1 and contravariant rank m — 1 may be formed by
setting one upper and one lower index equal and taking the implied sum. For example,
A=A" 1> Where A is a scalar and A* v 1s a mixed rank-2 tensor, or Ay, = g“VAV, where
the metric g,y is a rank-2 covariant tensor, AV is a vector, and A u is a dual vector.

In addition to these algebraic manipulations, it will often be necessary to integrate or dif-
ferentiate in tensor expressions. This fensor calculus is addressed in the following section.
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15.11 Tensor Calculus on Curved Manifolds
|

To formulate physical theories in terms of tensors requires the ability to manipulate ten-
sors mathematically. In addition to the algebraic rules for tensors described in preceding
sections, we must formulate a prescription to integrate tensor equations and one to differ-
entiate them. Tensor calculus is mostly a straightforward generalization of normal calculus
but additional complexity arises for two reasons:

1. It must be ensured that integration and differentiation preserve the symmetries and in-
variances embodied in the tensor equations.

2. To preserve the utility of the tensor formalism, it must be ensured that the results of
these operations on tensor quantities are themselves tensor quantities.

As will now be shown, the first requirement implies a simple modification of the rules for
ordinary integration while the second implies a less-simple modification with far-reaching
mathematical and physical implications for the rules of partial differentiation.

15.11.1 Invariant Integration

Under a change of coordinates the volume element for integration over the spacetime co-
ordinates changes according to

o <a ) o
d’x' = det dx=Jd’x, (15.87)
dx
where d*x = dx"dx'dx*dx® and J = det(dx'/dx) is the Jacobian determinant (determi-
nant of the 4 x 4 matrix of partial derivatives relating the x and x’ coordinates; see Ex-
ample 15.9). Notice that the right side of Eq. (15.82) may be viewed as a triple ma-
trix product and recall that the determinant of a matrix product is the product of deter-
minants. Thus Eq. (15.82) implies that the determinant of the metric tensor g = detgyy
transforms as g’ = J~2g. Hence J = \/@ / \/@ , where the absolute value signs are nec-
essary because the determinant of g, is negative in 4D spacetime with Lorentzian met-
ric signature [see Eq. (16.6)], and this result may be substituted into Eq. (15.87) to give

Vg'ld* = /|g|d*x. This implies that an invariant volume element,

v =+/|g|d*, (15.88)

must be employed in tensor integration to ensure that the results are invariant under a
change of coordinate system. A simple demonstration of using invariant integration to
determine an area for a 2-dimensional curved manifold is given in Example 15.10.

Example 15.10 The metric for a 2-dimensional spherical surface (the 2-sphere S?) is
specified by the line element d¢> = R*d6” + R?sin? 8d¢>, which may be written as the
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matrix equation

R? 0 de
2 __
dt”=(d8 d¢) ( 0 R*sin’ 9> <d¢> ‘
The area of the 2-sphere may then be calculated as
2n T
A:/ d¢/ \/detg,-jde
0 Jo
2 T
_ / d¢/ R%sin0d6 — 47R?,
0 0

where the metric tensor g;; is the 2 x 2 matrix in the first equation for the line element. In
this 2-dimensional example the sign of the determinant is positive, so no absolute value is
required under the radical in Eq. (15.88).

Thus, the extension of ordinary integration to integration over tensor fields requires only
that the volume element be made invariant according to the prescription in Eq. (15.88).
What about the derivatives of tensor quantities? This is a more complicated issue that we
must now address.

15.11.2 Partial Derivatives

Before proceeding it will be useful to introduce a more compact way to write partial deriva-

tives. Two shorthand notations are in common use, as illustrated by the following exam-
13

ples.

99 (x)

oxH

! 4/ / a '(x a
NP =9pu= f;xgﬁ) oMy =¢H = ;’)fj) (15.89)

au¢ =0y =

All three of the notations exhibited for partial derivatives in these equations will be used
at various places in this book. Let us now consider the covariance of the partial derivative
operation applied to tensors.

The transformation law for the derivative of a scalar is given by Eq. (15.70), which is
just the transformation law (15.71); therefore the derivative of a scalar is a dual vector and
scalars and their first derivatives have well-defined tensorial properties. So far, so good, but
now consider the derivative of a dual vector,

oA 0 ox®
AL’V = ax"‘i’ ~ X (Aa 8x’“>

dA, 0x% 0%x%
~ oxY ox'F “ox'Y ox'H
_ JAq oxP Ix™ 9% x*
= 9xB ax” ax A gy m
oxP ox* 92x%
~Aab Gy gum Ao

13 Higher-order derivatives can be denoted by additional subscripts. For example 9%¢ /dxdx" = ¢ ;.

(15.90)
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The first term in the last line transforms as a (rank-2) tensor but the second term does
not since it involves second derivatives, ultimately because the partial-derivative matrix
implementing the transformation is position dependent in curved spacetime. In flat space it
is possible to choose coordinates where the second term vanishes but in curved spacetime
it cannot be transformed away globally. By a similar procedure it is found that the partial
derivatives of vectors and all higher-order tensors exhibit a similar pathology:

With the exception of derivatives of scalars, ordinary partial differentiation of
tensors is not a covariant operation in curved spacetime because it fails to pre-
serve the tensor structure of equations.

This will complicate the formalism immensely because the utility of the tensor framework
rests on the preservation of tensor structure under transformations. It is desirable to define
a new covariant derivative operation that does this automatically. In general the terms that
violate the tensor transformation laws for partial derivatives of tensors will involve second
derivatives, as in Eq. (15.90). The non-tensorial contributions can be eliminated system-
atically by introducing additional fields on the manifold, which can be done in more than
one way, each leading to a different form of covariant differentiation. Three common ap-
proaches are (1) covariant derivatives and (2) absolute derivatives, which use derivatives
of the metric tensor field to cancel non-tensorial terms, and (3) Lie derivatives, which use
derivatives of an auxiliary vector field defined on the manifold to the same end. We will
discuss here only covariant derivatives, which will be introduced in Section 15.11.3

15.11.3 Covariant Derivatives

For the manifolds important in general relativity, the most common approach to converting
partial differentiation into an operation that preserves tensor structure is to use particular
linear combinations of metric-tensor derivatives to create new non-tensorial terms that ex-
actly cancel the non-tensorial terms arising from taking the partial derivative. Notice that
if the Christoffel symbols Fg p are introduced and required to obey a transformation law

Ixt 9x¥ ox'* 92 ax'*

A K
Faﬁ —F“V 8x/a ax’ﬁ 8x’< + 8x’aax’ﬁ 8)0” y (1591)

it may be shown that

A ox* JxP
(Ait,v _F/uvA/A) = (Aa.,ﬁ _FgﬁAK> T oY (15.92)

Comparing with Eq. (15.78), the quantity in brackets is seen to transform as a rank-2
covariant tensor. This suggests the utility of introducing a new derivative operation: the
covariant derivative of a dual vector is defined to be

Ay =Auy —Th Az, (15.93)

where now a subscript comma denotes ordinary partial differentiation and a subscript semi-
colon denotes covariant differentiation with respect to the variables following it. It will be
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useful to introduce also an alternative notation for the covariant derivative,
_ A
ViAu = Auy = Ay — T Az (15.94)

This covariant derivative of a dual vector then transforms as a covariant tensor of rank 2:
neither of its terms is a tensor but their difference is. Likewise, the covariant derivative of
a vector can be introduced in either of the notations

Al;u = Al,u +F{}WA“ VAt =g At +1“f§mA"‘, (15.95)

where the result of (15.95) is a mixed rank-2 tensor, and the covariant derivatives of the
three possible rank-2 tensors through

Apyip =Apv i — Fz)tAav - F?,CAA,uoc, (15.96)
B M u u

A vid =4 VA +1—‘(MAOCV—F31A as (15.97)

AR =AY ) T AT T, AR, (15.98)

or in alternative notation

VaAuy = hAuy — Fﬁ;LAav —TYAua, (15.99)
V3 AF, = oA, +Th A%, —T% A", (15.100)
ViARY = QAR LT AT T, AR (15.101)

where the derivatives in Egs. (15.96)—(15.101) define rank-3 tensors. In the general case
the covariant derivative of a tensor is a tensor of one rank higher than the tensor being
differentiated and the heuristic for constructing it is to form the ordinary partial derivative
and add one Christoffel symbol term having the sign and form for a dual vector for each
lower index, and one having the sign and form for a vector for each upper index of the
tensor (see Example 15.11).

In general relativity the Christoffel symbols are equivalent to connection coefficients
(hence the same notation will be employed for both), which have a geometrical significance
on the manifold and can be defined in terms of the derivatives of the metric tensor as

l—wgﬂ _ % vo (aguv + dgay _ aglﬂl> '

dxt oxH oxV

Thus the correction terms in Egs. (15.93)-(15.101) that cancel non-tensorial character are
indeed composed of derivatives of the metric tensor, as promised above.

Rules for covariant differentiation: Most of the rules for partial differentiation carry
over with suitable generalization for covariant differentiation. For instance, the ordinary
(Leibniz) rule for differentiating a product applies also to covariant differentiation,

(AuBv)a = Aua By +AuBy.. (15.102)

The most important exception concerns the results of successive covariant differentiations.
Partial derivative operators normally commute: if two are applied successively, the out-
come does not depend on the order in which they are applied. However, covariant deriva-
tive operators generally do not commute and two successive covariant differentiations may
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give results that depend on the order in which they are applied. It may be shown that co-
variant derivatives, and their non-commuting nature, arise naturally from a prescription for
parallel transport of vectors in curved spaces.

Example 15.11 The Leibniz differentiation rule for the product of two vectors may
be used to derive the expressions (15.96)—(15.98) for the covariant derivatives of rank-2
tensors from those given for vectors in Eqgs. (15.93) and (15.95). For example,

VP, =vevP +ue,vh
vV U, vP) + U, VP + (T8 UP)VP

= (UVP) 4+ 5, (UVP) + TS, (UPVF),

where Eq. (15.95) and U“Vﬁly—i— U“J,Vﬁ = (U*VP) , were used in the second and third
lines, respectively. This is equivalent to

aB  _ 4o B jop a AP
A=A 4 TpA% 4TS ARP,

where A%P = U*VB, which is Eq. (15.98) for the covariant derivative of a contravariant
rank-2 tensor.

Carrying out similar manipulations as in this example for the rank-2 tensors A,y and AY I
suggests the rule given after Eq. (15.101): differentiate in the normal way and add one
Christoffel symbol term having the sign and form for a dual vector for each lower index,
and one having the sign and form for a vector for each upper index of the tensor.

Implications of covariant differentiation: One rather important consequence of requir-
ing that differentiation preserve tensor structure in the manner described above is that the
covariant derivative of the metric tensor vanishes at all points of a manifold,'*

Vaguv = 8guvia = 0. (15.103)

This means that in manipulating tensor equations the operation of covariant differentiation
commutes with the operation (15.84) of raising or lowering an index by contraction with
the metric tensor. For example,

8apVVP = Vy(gapV?) = VyVa.

Thus the order of covariant differentiation and contraction with the metric tensor can be
interchanged without altering the result.

14 The validity of Eq. (15.103) is a consequence of particular assumptions concerning the nature of parallel
transport in curved spacetime.
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15.12 Invariant Equations
|

The properties of tensors elaborated above ensure that any equation will be form-invariant
under general coordinate transformations if it equates tensor components having the same
upper and lower indices. For example, if the quantities A¥, and B", each transform as
mixed rank-2 tensors according to Eq. (15.79) and A", = B",, in the x coordinate system,
then in the X’ coordinate system A’*, = B'* . Likewise, an equation that equates any ten-
sor to zero (that is, sets all its components to zero) in some coordinate system is covariant
under general coordinate transformations, implying that the tensor is equal to zero in all
coordinate systems. However, equations such as AY u=100r A* = B, might hold in partic-
ular coordinate systems but generally are not valid in all coordinate systems because they
equate tensors of different kinds (a mixed rank-2 tensor with a scalar in the first example
and a dual vector with a vector in the second).

The preceding discussion suggests that invariance of a theory under general coordinate
transformations will be guaranteed by carrying out the following steps.

1. Formulate all quantities in terms of tensors, with tensor types matching on the two sides
of any equation, and with all algebraic manipulations corresponding to valid tensor
operations (addition, multiplication, contraction, ... ).

2. Redefine any integration to be invariant integration, as discussed in Section 15.11.1.

. Replace all partial derivatives with the covariant derivatives introduced in Section 15.11.3.

4. Take care to remember that a covariant differentiation generally does not commute with
a second covariant differentiation, so the order matters.

W

This prescription in terms of tensors will provide a powerful formalism for dealing with
mathematical relations that would be much more formidable in standard notation.

Background and Further Reading

Significant parts of this chapter have been adapted from Refs. [16] and [17]. The discussion
of coordinate transformations in euclidean space is based on the presentation of Ref. [10].



267

Problems

Problems

15.1

15.2

15.3

15.4

Consider the following torus, parameterized by the angles 0 and ¢.

A

Points on the torus are defined by
x=(a+bcos¢)cosO y=(a+bcos¢)sinf z=bsing,

where a and b are constants. Construct the tangent basis vectors for 8 and ¢, and the
corresponding metric tensor.
(a) Verify explicitly that the Lorentz transformation of Eq. (16.25)

cdt’ = ccosh&dt +sinh Edx
dx' = csinh Edt + cosh Edx
dy' =dy

d7 =dz

leaves invariant the Minkowski line element ds2.

(b) Use the Lorentz transformations (16.31) expressed in differential form to obtain
the velocity transformation rules consistent with Lorentz invariance. Show that for
the special case of two inertial frames moving along the x axis with relative velocity
v, the velocity transformation law is

, u—v

- 1—uv/c?’

and that this embodies the constancy of the speed of light in all inertial frames, but
reduces to the result expected from Galilean invariance for small v.

Use tangent and dual basis vectors to construct metric tensor components g/ and g; s
and the line element, for the coordinate system (u,v,w) of Example 15.3. Verify that
the matrices g"/ and g; ; found for this problem are inverses of each other. ***

Show that if index raising and lowering operations are defined by expressions like

u

Tﬂv = gyaTH* Ty = guagvﬁTaﬁ,
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15.5

then these are valid tensor operations. That is, show that if these relations are true in
one coordinate system they are true in all coordinate systems.
A theorem useful in various contexts states that if a set of quantities produces a tensor
when contracted with a tensor, then that set of quantities is necessarily a tensor. This
is called the quotient theorem. (a) Use the definition of the scalar product of vectors
and the quotient theorem to argue that the metric g,y is a tensor. (b) Use the quotient
theorem to show explicitly that if for an arbitrary vector V'V

o vy OX% IxF s

— )
Br" — ox9 axlﬁ 8¢V ’

then To‘ﬁ , 1s necessarily a tensor of type (1,2). ek



Special Relativity

In this chapter we shall build on the mathematical foundation of Ch. 15 to describe the spe-
cial theory of relativity and use that to demonstate the Lorentz invariance of the Maxwell
equations. Let’s begin by noting the natural scientific and historical affinity of the Maxwell
equations and the special theory of relativity.

16.1 Maxwell’s Equations and Special Relativity

Scientifically, electrical charges may be viewed as classical objects (for example, as having
positions and momenta that are simultaneously well defined) so that quantum mechanics
is not required, but the motion of these classical charges could be described by Newtonian
mechanics at low velocities, or by special relativity at velocities that are significant frac-
tions of the speed of light ¢.! Historically, classical electromagnetism and special relativity
have been intertwined because Einstein was influenced strongly by the beauty and symme-
try properties of the Maxwell equations in his formulation of the special theory of relativity.
In particular he was motivated by comparing the Lorentz invariance of the Maxwell equa-
tions with the Galilean invariance of classical mechanics to propose that it was classical
mechanics, not electromagnetism, that required revision if one wanted the laws of elec-
tromagnetism and of classical particle motion to be mutually consistent. This led him to
propose the radical notion that the speed of light is constant in all inertial frames, which is
consistent with Maxwell’s equations but not with Newtonian mechanics, and which forms
the basis of the special theory of relativity.

16.2 Minkowski Space

269

A manifold equipped with a prescription for measuring distances is termed a metric space
and the mathematical function that specifies distances is termed the metric for the space.’

1 If strong gravity is important, as it would be in various electromagnetic phenomena in astrophysics (for ex-
ample, accretion disks for black holes), one must extend the description of charged-particle motion to curved
spacetime. This requires use of the general theory of relativity. Here we will consider only relativistic electro-
dynamics in flat spacetime, so special but not general relativity will be necessary. The interested reader will
find a tractable introduction to general relativity and its relationship to special relativity in Ref. [15].
Physicists almost always work in metric spaces and usually take existence of a metric for granted (it is hard
to do physics without measurement of distance). However, mathematicians are quite familiar with respectible
manifolds that need not include a metric among their attributes.
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In this section those ideas are applied to flat 4-dimensional spacetime, which is commonly
termed Minkowski space. Although many concepts will be similar to those for euclidean
manifolds, fundamentally new features will enter. Many of these new features are associ-
ated with the indefinite metric of Minkowski space.

16.2.1 The Indefinite Metric of Spacetime

Although Minkowski space is flat it is not euclidean, for it does not possess a euclidean
metric. A metric that can be put into a diagonal form in which the signs of the diagonal
entries can all be chosen positive is termed positive definite. In contrast, we have see in
Ch. 15 that the Minkowski metric has an essential property that the diagonal entries cannot
all be chosen positive. Such a metric is termed indefinite, and it leads to properties of
Minkowski space differing fundamentally from those of euclidean spaces.

16.2.2 Scalar Products and the Metric Tensor

In a particular inertial frame, introduce unit vectors e, ¢, €2, and e3 that point along the ¢,
x,y, and z axes, respectively, allowing any 4-vector A to be expressed as

A=Ay +A'e; +A%; +A%es. (16.1)

Thus (AO,Al,AZ,A3) are the (contravariant) components of the 4-vector A3 The scalar
product of 4-vectors is given by

A-B=B-A=(A!¢;)-(B'ey) =ey-eyA'B. (16.2)
Introducing the definition
Muv =ep-ev, (16.3)
we may express the scalar product as
A-B=nuvA"B. (16.4)

The metric tensor 1),y is just a special case of the general metric tensor for spacetime that
is generally denoted gv; however, in flat spacetime g,y is a constant matrix independent
of the coordinates and it is standard to give it the special symbol 1.

16.2.3 The Line Element

The line element ds® in Minkowski space measures the square of the distance between
points with infinitesimal separation and is given by

ds® = —2dt* = nuyditdx’ = —c2di* + dx® + dy* + dz?, (16.5)

3 Recall that non-bold symbols denote 4-vectors, bold symbols denote 3-vectors, and that a notation such as A*
may stand for the full 4-vector, or for a component of it, depending on context.
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where 7 is the proper time (the time measured by a clock carried in an inertial frame; thus,
it is the time measured between events that are at the same spatial point), and where the
metric tensor of flat spacetime may be represented by the constant diagonal matrix

-1 0 0 0
0 1 0 0of_ .

=14 o 1 of= % (—1,1,1,1). (16.6)
0 0 0 1

Then Eq. (16.5) for the line element may be written as the matrix equation
-1 0 0 O cdt

ds® = (cdt dx dy dz) (16.7)

0 1 00
0 01 0f]|ay]’
0 0 0 1

where ds? represents the square of the spacetime interval between x and x 4 dx with

x=(x%x1, %%, x) = (cr,x1, 2%, 5. (16.8)
A point in Minkowski space defines an event and the path followed by an object in space-
time is termed the worldline for the object. This 4-dimensional spacetime with indefinite
metric is termed a Lorentzian manifold (or sometimes a pseudo-euclidean manifold).

Example 16.1 Given a Minkowski vector with components (A?,A! A% A3), what are
the components of the corresponding dual vector? From Eq. (15.84) with 1, substituted
for the metric tensor, the indices may be lowered through the contraction A, = nyvAY.
Therefore, using the metric tensor (16.6) the elements of the corresponding dual vector are
Ay = (—A%,A', A% A3). This illustrates explicitly that vectors and dual vectors generally
are not equivalent in non-euclidean manifolds, but that they are in one-to-one correspon-
dence though contraction with the metric tensor.

16.2.4 Invariance of the Spacetime Interval

Special relativity follows from two assumptions: (1) the speed of light is constant for all
observers and (2) the laws of physics cannot depend on spacetime coordinates. The pos-
tulate that the speed of light is a constant is equivalent to a statement that the spacetime
interval ds? of Eq. (16.5) is an invariant that is unchanged by transformations between
inertial systems (the Lorentz transformations to be discussed below). This is not true for
the euclidean spatial interval dx? +dy? + dz?, nor is it true for the time interval c?dt?; it is
true only for the particular combination of spatial and time intervals defined by Eq. (16.5).
Because of this invariance, Minkowski space is the natural manifold for the formulation of
special relativity.
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Example 16.2 The metric can be used to determine the relationship between the time
coordinate ¢ and the proper time 7. From Eq. (16.5)

—ds*> 1
d7? = C; = 5(Pdr? — ¥ —dy* —d)
1 [ /dx\> [dy\> [dz\?
442 - “r “r ‘e
=di {1 c? [(dt) +<dt> +(dt>
2
_ (1 _ V2> ar. (169)
C

where v is the magnitude of the velocity. Therefore, the proper time that elapses between

coordinate times ¢ and 1, is
) 2 1/2
1'12:/ (1—2) dt. (16.10)
n ¢

The proper time interval T, is shorter than the coordinate time interval t, — | because the
square root in the integrand of Eq. (16.10) is always less than one. This is the special-
relativistic time dilation effect, stated in general form. For the special case of constant

velocity, (16.10) yields
V2 1/2
AT = <1—2) At, (16.11)
c
which is the formulation of special-relativistic time dilation that is found commonly in
textbooks. From this example it is clear that the origin of time dilation in special relativity

lies in the geometry of spacetime, specifically in the indefinite nature of the Minkowski
metric.

The first postulate of special relativity (constant speed of light for all observers) is ensured
by the invariance of the interval (16.5) under transformations between inertial frames. As
was suggested by the discussion in Ch. 15, the second postulate (coordinate invariance of
physical law) can be ensured by formulating the equations of special relativity in terms of
tensors defined in Minkowski space, which we now address.

16.3 Tensors in Minkowski space
|

In Minkowski space the transformations between coordinate systems are particularly sim-
ple because they are independent of spacetime coordinates. Furthermore, in flat space
the correction terms disappear and partial derivatives are equivalent to covariant deriva-
tives. Therefore, the derivatives appearing in the general definitions of Table 15.1 for ten-
sors are constants and the transformation of a coordinate vector x* may be expressed as
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X" = A, xV, where the matrix A*, does not depend on the spacetime coordinates. Hence,
for flat spacetime the tensor transformation laws simplify to

o'=0 Scalar (16.12)
AH = A¥ AY Vector (16.13)
Ay = Ay Ay Dual vector (16.14)

TR = A* AVs TS Contravariant rank-2 tensor (16.15)
Tﬁv = AJAVS Tys Covariant rank-2 tensor (16.16)
T'* v = AH yAVST}:S Mixed rank-2 tensor (16.17)

and so on. In addition, for flat spacetime it is possible to choose a coordinate system for
which non-tensorial terms like the second term of Eq. (15.90) can be transformed away
so covariant derivatives are equivalent to partial derivatives in Minkowski space. In the
transformation laws (16.17) the A*, are elements of Lorentz transformations that we will
now discuss in more detail.

16.4 Lorentz Transformations
|

Inertial frames enjoy a privileged role in Newtonian mechanics. Newton’s first law is un-
changed in special relativity and inertial frames can be constructed in the same way as for
Newtonian mechanics. What is different about the inertial frames of special relativity is that
because of the requirements imposed by the constant speed of light and principle of rel-
ativity postulates, the transformations between inertial frames are no longer the Galilean
transformations of Newtonian mechanics but rather the Lorentz transformations. Hence,
the inertial frames of special relativity are often termed Lorentz frames. Rotations are an
important class of transformations in euclidean space because they change the direction
but preserve the length of an arbitrary 3-vector. It is desirable to generalize this idea to
investigate abstract rotations in the 4-dimensional Minkowski space that change the direc-
tion but preserve the length of 4-vectors. As we will now demonstrate, such rotations in
Minkowski space are just the Lorentz transformations alluded to above.

16.4.1 Rotations in Euclidean Space

First we consider a rotation of the coordinate system in euclidean space, as illustrated in
Fig. 15.4. The condition that the length of an arbitrary vector be unchanged by this trans-
formation corresponds to the requirement that the transformation matrix R implementing
the rotation [see Eq. (15.45)] act on the metric tensor g;; in the following way

RginT:gij, (1618)

where R" denotes the transpose of R. For euclidean space the metric tensor is just the
unit matrix so the requirement (16.18) reduces to RR" = 1, which is the condition that R
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be an orthogonal matrix. Thus, we have obtained the well-known result that rotations in
euclidean space are implemented by orthogonal matrices in a rather pedantic manner. But
Eq. (16.18) is valid generally, not just for euclidean spaces. Therefore, it may be used as
guidance for constructing more general rotations in Minkowski space.

16.4.2 Generalized 4D Minkowski Rotations

By analogy with the above discussion of rotations in euclidean space, which left the length
of 3-vectors invariant, let us now seek a set of transformations that leave the length of a
4-vector invariant in the Minkowski space. The coordinate transformation may be written
in matrix form,

dx’" = A*dxY, (16.19)

where the transformation matrix A", is expected to satisfy the analog of Eq. (16.18) for
the Minkowski metric 1y,

AnuvA" =Ny, (16.20)

or explicitly in terms of components, A“p A% Nps =1 ”V.4 This property may now be used
to construct the elements of the transformation matrix A*,. The possible transformations
include rotations about the spatial axes (corresponding to rotations within inertial systems)
and transformations between inertial systems moving at different constant velocities that
are termed Lorentz boosts.

Two inertial frames may differ in displacement, rotational orientation, and uniform ve-
locity. This corresponds to 10 possible transformations between inertial frames: three ve-
locity boosts along the spatial axes, three rotations about the three spatial axes, and four
translations in the space and time directions. These 10 transformations form a group called
the Poincaré group (see Box 16.1). The six Lorentz transformations correspond to the ve-
locity boosts and spatial rotations, and they form a group called the Lorentz group that is a
subgroup of the Poincaré group, also discussed in Box 16.1. Consider first the simple case
of rotations about the z axis.

16.4.3 Lorentz Spatial Rotations

Rotations about a single spatial axis in Minkowski space correspond to a 2-dimensional
problem with euclidean metric, so the condition (16.18) may be written as

C a6 )6 9=61) 1621

4 Note that in this discussion we are using the (common) convention that Nyv is either a symbol standing for the
full tensor or a specific component of the tensor distinguished by indices ¢ and v, depending on context. In
a matrix equation like (16.20) the order of the factors matters because matrices don’t generally commute, but
when the matrix equation is written out in terms of sums over component products as in Aup A%, Mps = Nuv
the order of factors can be rearranged at will, since the components of the matrices are just numbers that
commute with each other. The matrices A are symmetric so horizontal placement of indices isn’t crucial, but
a typical convention is to define A, = dx’* /dx" and AuV = dx" /dx'" (compare Table 15.1).
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Symmetries and groups [16]

A group is a set G = {x,y,...} for which a binary operation a - b = ¢ called group
multiplication is defined that has the following properties

(i) Closure:If x and y are elements of G, then x -y is an element of G also.
(i) Identity: An identity element e exists such thate-x =x-e=xforx € G.
(iii) Existence of an Inverse: For every group element x there is an inverse x~
the set such that xx~! = e.

(iv) Associativity: Multiplication is associative: (x-y)-z=x-(y-z) for x,y,z € G.

Uin

For groups of transformations multiplication corresponds to applying first one and
then the other transformation. The group definition requires associativity but not
commutivity. A group consisting of commutative elements only is abelian; otherwise,
it is nonabelian.

Example: The Lorentz group

There are six independent Lorentz transformations: three rotations about the spatial
axes parameterized by real angles, and three boosts along the spatial axes param-
eterized by boost velocities. Because rotation angles and boost velocities can take
continuous real values, the set of Lorentz transformations is infinite. The Lorentz
transformations form a group:

1. Two successive transformations are equivalent to some other transformation.

2. Every Lorentz transformation has an inverse that is the transformation in the
opposite direction (for example, v — —v for boosts).

3. The identity corresponds to no transformation.

4. It doesn’t matter how three successive transformations are grouped, so multipli-
cation is associative, but the order matters, so the Lorentz group is nonabelian.

An important class of groups corresponds to transformations that are continuous
(analytical) in their parameters. These are called Lie groups. The Lorentz group
is a Lie group. Groups also can be classified according to whether their parameter
spaces are closed and bounded (compact groups) or not (noncompact groups). Be-
cause boost velocities can approach ¢ asymptotically but never reach it, the Lorentz-
group parameter space is not closed (the limit v = ¢ is not part of the set) and the
group is noncompact.

Example: The Poincaré group

The Poincaré group is formed by adding to the Lorentz transformations the uniform
translations along the four spacetime axes. It is a non-abelian, noncompact Lie
group, and contains the Lorentz group as a subgroup (a subset of group elements
that satisfy the same group postulates as the parent group).
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>
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r

X X

A Lorentz boost along the positive x axis by a velocity v.

where a, b, c, and d parameterize the transformation matrices. Carrying out the matrix
multiplications explicitly on the left side gives

<a2+b2 ac+bd> B <1 0)
ac+bd cZ+d*)  \0 1)’
and comparison of the two sides of the equation implies the conditions

a+b*=1 F+d*=1  ac+bd=0.
Obviously one choice of parameters that satisfies these conditions is

a=cosH b=sinb c=—sin6 d =cos0.
This leads to the standard result
" 1 : 1

() =2 () = (e o) (). (62

which is Eq. (15.44) restricted to rotations about a single axis. Now we shall apply this

same technique to determine the elements of a Lorentz boost transformation.

16.4.4 Lorentz Boost Transformations

Consider a boost from one inertial system to a second one moving in the positive direction
at uniform velocity along the x axis, as illustrated in Fig. 16.1. Since the y and z coordinates
will not be affected, this is a 2-dimensional problem in the time coordinate ¢ and the spatial
coordinate x. The transformation is of the general form

cdt’ a b\ (cdt
<dx’) N <c d> (dx> ’ (16.23)
and the condition (16.20) can be written out explicitly as
a b\ (-1 0\ /(fa c -1 0
a0 D6 -G 1634
which is identical in form to the rotation case, except for the indefinite metric. Multiplying

the matrices on the left side and comparing with the right side gives the conditions

a—-b=1 —+d*=1 —ac+bd =0,
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Minkowski rotations

The respective derivations make clear that the appearance of hyperbolic functions
in Eq. (16.25) instead of trigonometric functions as in Eq. (16.22) traces to the role of
the indefinite metric diag(—1, 1) in Eqg. (16.24) relative to the positive-definite met-
ric diag (1,1) in Eq. (16.21). The boost transformations are in a sense “rotations”
in Minkowski space, but these rotations have unusual properties relative to normal
rotations in euclidean space since they mix space and time, and may be viewed
as rotations through imaginary angles. These properties follow from the metric be-
cause the invariant interval is neither the length of vectors in space nor the length
of time intervals, but rather the specific mixture of space and time intervals implied
by the Minkowski line element (16.5) with indefinite metric (16.6). This is quite dif-
ferent from Newtonian mechanics, where time is a universal parameter common to
all observers and the Galilean transformations conserve only the space interval.

which clearly are satisfied by the parameterization
a=cosh& b =sinh& ¢ =sinh& d =cosh&,

where & is a hyperbolic variable taking the values —co < & < oo, Therefore, we may write
the boost transformation as

(cdtj) _ <09sh§ smhé) <cdt> . (16.25)
dx sinhé  cosh& ) \ dx
A geometrical interpretation of this result is discussed in Box 16.2.

The Lorentz boost transformation (16.25) can be put into a more familiar form by ex-
changing the boost parameter & for the boost velocity. For convenience, let’s replace the
differentials in Eq. (16.25) with finite space and time intervals (dt — ¢ and dx — x). The ve-

locity of the boosted system is v = x/¢. From Eq. (16.25), the origin (x' = 0) of the boosted
system is given by

x' = ctsinh& +xcosh& = 0.
Therefore, x/t = —csinh & / cosh &, from which it may be concluded that

v oox sinh &
=-=—=-— = —tanh¢. 16.26
P c ct coshé anh§ ( )

This relationship between & and f3 is plotted in Fig. 16.2. Utilizing the identity 1 = cosh? & —

sinh? & and the definition
2\ 2
1-= (16.27)
c

Y
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-1

Dependence of the Lorentz parameter & on f =v/c.
of the Lorentz y-factor;, we may write

| cosh? & 1 1
coshé = = = =7, (16.28)
! \/l—sinh2§/cosh2§ Vi=v?/e?

and from this result and (16.26),

sinhé = —B coshE = —By. (16.29)
Inserting (16.28)—(16.29) into (16.25) for finite intervals gives

D) 2))

and writing this matrix expression out explicitly gives the Lorentz boost equations (for the
specific case of a positive boost along the x axis) in standard textbook form,

f=(-%) Yovxew) Yoy f=n 63D

with the inverse transformation corresponding to the replacement v — —v. By inspection,
these reduce to the Galilean boost equations (15.46) if v/c — 0 and it is easy to verify that
the Lorentz transformations leave invariant the spacetime interval ds.

16.5 Lightcone Diagrams

The line element (16.5) defines a cone, implying that Minkowski spacetime may be clas-
sified according to the lightcone diagram exhibited in Fig. 16.3. The lightcone is a 3-
dimensional surface in the 4-dimensional spacetime and intervals relative to the origin may
be characterized according to whether they are inside of, outside of, or on the lightcone.
Assuming the metric signature (— + + +) employed here, the standard terminology is

o If ds® < 0 the interval is termed timelike.
o If ds? > 0 the interval is termed spacelike.
e If ds> = 0 the interval is called lightlike (or null).
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-

Timelike

Spacelike

Spacelike

Timelike

Lightcone diagram for flat spacetime in two space and one time dimensions. The future
lightcone is the surface swept out by a spherical light pulse emitted from the origin.

These regions for flat spacetime are labeled in Fig. 16.3. This classification can be extended
also to surfaces. For example, a spacelike surface is a collection of points for which any
pair of points has a spacelike separation and a lightlike surface is a collection of points
for which any pair of points has a lightlike separation. The lightcone classification makes
clear the distinction between Minkowski spacetime and a mere 4-dimensional euclidean
space in that two points in the Minkowski spacetime may be separated by a distance that
when squared could be positive, negative, or zero. This is not possible in a euclidean met-
ric. Notice in particular that for lightlike particles, which have worldlines confined to the
lightcone, the square of the spacetime interval between any two points on a worldline is
zero.

Example 16.3 The Minkowski line element (16.5) in one space and one time dimension
[which often is termed (1 4 1) dimensions] is given by ds?> = —c?dt*> + dx?. Thus, if the
spacetime interval is lightlike, ds*> = 0 and
dx\ >
—2dr*+d* =0 — <dt> = — v=+c

This result can be generalized easily to the full space, leading to the conclusion that events
in Minkowski space separated by a null interval (ds®> = 0) are connected by signals moving
at light velocity, v = c. If the time axis (ct) and space axes have the same scales, this means
that the worldline of a freely-propagating photon (or any massless particle, necessarily
moving at light velocity) always makes £45° angles in the lightcone diagram. By similar



280

Special Relativity

A ct

<
\
P

Lightcones are local concepts. Each point of spacetime should be imagined to have its
own lightcone.

(a) A ct (b) pct
World line of -
mas_sive World line
particle of massless

photon

> X

\J
<

Worldlines for (a) massive (timelike) particles and (b) massless (lightlike) particles. For
massive particles the trajectory must always lie inside the local light cone at each point; for
massless particles it must always lie on the lightcone at each point.

arguments, events at timelike separations (inside the lightcone) are connected by signals
with v < ¢, and those with spacelike separations (outside the lightcone) could be connected
only by causality-violating signals with v > c.

The lightcone illustrated in Fig. 16.3 was placed at the origin for illustration but each
point in the spacetime has its own lightcone, as illustrated in Fig. 16.4. From Example 16.3,
the tangent to the worldline of any particle at a point defines the local velocity of the particle
at that point and constant velocity implies straight worldlines. Therefore, as illustrated in
Fig. 16.5(b), light travels in a straight line in flat spacetime and always on the lightcone
because it has constant local velocity, v = ¢, while the worldline for any massive particle
must lie inside the local lightcone because it must always have v < ¢ (in the jargon, a
worldline for a massive particle is always timelike). The worldline for the massive particle
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in Fig. 16.5(a) is curved, indicating an acceleration since the velocity is changing with
time. For non-accelerated massive particles the worldline would be straight, but always
within the local lightcone.

In the Galilean relativity of Newtonian mechanics an event picks out a hyperplane of
simultaneity in the spacetime diagram consisting of all events occurring at the same time
as the event. All observers agree on what constitutes this set of simultaneous events because
in Galilean relativity simultaneity is independent of the observer. In Einstein’s relativity,
simultaneity depends on the observer and hyperplanes of constant coordinate time have no
invariant meaning. However, all observers agree on the lightcones associated with events,
because the speed of light is an invariant for all observers. Thus, the lightcones define an
invariant spacetime structure permitting unambiguous causal classification of events.

16.6 The Causal Structure of Spacetime
I ———

The causal properties of Minkowski spacetime are encoded in its invariant lightcone struc-
ture. Each spacetime point lies at the apex of its lightcone (“Now” in Fig. 16.3), as il-
lustrated in Fig. 16.4. From Example 16.3, the lightcone defines a set of points that are
connected to the origin by signals moving at light velocity ¢, events inside the lightcone
may be connected to the origin by signals moving at v < ¢, and events outside the light-
cone may be connected to the origin only by signals having v > ¢. Thus, the event at the
origin of a local lightcone may influence any event within its forward lightcone (“Future”
in Fig. 16.3) through signals propagating at v < c. Likewise, the event at the origin may
be influenced by events within its backward lightcone (‘“Past” in Fig. 16.3) through sig-
nals with speeds less than that of light. Conversely, events at spacelike separations may
not be influenced, or have an influence on, the event at the origin except by signals that
require v > c. Finally, events on the lightcone are connected by signals that travel exactly
at c¢. Thus, events at spacelike separations are causally disconnected and the lightcone is
a surface separating the knowable from the unknowable for an observer at the apex of the
lightcone.

This lightcone structure of spacetime ensures that all velocities obey locally the con-
straint v < ¢. Since velocities are defined and measured locally, covariant field theories in
either flat or curved spacetime are guaranteed to respect the speed limit v < ¢, irrespective
of whether velocities appear to exceed c globally. For example, in the Hubble expansion of
the Universe galaxies beyond a certain distance (the horizon) appear to recede at velocities
in excess of ¢ because of the expansion of space, and light coming to us from near the
horizon is stretched in wavelength and takes longer to propagate to us than it would in a
flat, non-expanding spacetime. However, all local measurements in that expanding, possi-
bly curved spacetime would determine the velocity of light to be ¢, in accordance with the
axioms of special relativity and the associated lightcone structure of spacetime.
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Time Machines and Causal Paradoxes

Discussions of time travel are usually about going backward in time; it requires no
special talent to travel forward in time, and various scenarios can be arranged that
are consistent with relativity where a person could travel into a future time even
faster than normal (at least as thought experiments; | leave procurement and engi-
neering details to you!). For example, in the twin paradox it is possible to arrange
for the traveler to arrive back at Earth centuries in the future relative to clocks that
remain on Earth, which is a kind of time travel. Similar possibilities exist using the
gravitational time dilation in strong gravity. However, the real question is, could you
go back in time to explore your earlier history and potentially influence it?

Our current understanding of special and general relativity, and of the nature
of the Universe, says no! Bending a forward-going timelike worldline continuously
into a backward-going one requires going outside the local lightcone, implying a
violation of the relativity constraint v < c. If closed timelike loops were permitted
in general relativity, travel to earlier times might be possible. However, they are
forbidden in our present understanding if there are no negative energy densities
and the Universe has the topology in evidence. Thus, the committed time traveler
must find some negative energy, or find structures with an exotic spacetime topology
allowing closed timelike loops.

However, negative energy is probably forbidden in classical gravity, and there is
no evidence at present for exotic spacetime topologies with closed timelike loops,
which bodes ill for time travelers. The reader is warned that these statements are
based entirely on classical gravity considerations (general relativity). It is unclear
at present whether some future understanding of quantum gravity could alter the
prospects for time travel.

Example 16.4 Time machines are of enduring interest in science fiction and in the pub-
lic imagination. The local lightcones of Minkowski spacetime embody the causal struc-
ture of special relativity, and general relativity inherits the local lightcone structure of
Minkowski space. Therefore, as explored further in Box 16.3, lightcone diagrams provide
a simple way to answer the question of whether special or general relativity allow going
back in time to prevent your own birth, which in turns prevents you from going back in
time to prevent your own birth, ...

From the preceding discussion we may conclude that the axioms of special relativity
are fundamentally at odds with the Newtonian concept of absolute simultaneity, since the
demand that light have the same speed for all observers necessarily means that the apparent
temporal order of two events depends upon the observer. However, the abolishment of
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(a) Lorentz boost transformation in a spacetime diagram. (b) Comparison of events in
boosted and unboosted reference frames.

absolute simultaneity introduces no causal ambiguity, because all observers agree on the
lightcone structure of spacetime and hence all observers agree that event A can cause event
B only if A lies in the past lightcone of B, for example.

16.7 Lorentz Transformations in Spacetime Diagrams
I ——————

It is instructive to examine the action of Lorentz transformations in the spacetime (light-
cone) diagram. If consideration is restricted to boosts only in the x direction, the relevant
part of the spacetime diagram in some inertial frame corresponds to a plot with axes ¢t and
x, as illustrated in Fig. 16.6.

16.7.1 Lorentz Boosts and the Lightcone

What happens to the axes in Fig. 16.6 under a Lorentz boost? From the first two of Eqs.
(16.31),

’ _w r_ .
ct —cy<t 62) X =vy(x—wr). (16.32)

The ¢’ axis corresponds to x' = 0, which implies from the second of Egs. (16.32) that
ct =xB~!, with B = v/c, is the equation of the ¢’ axis in the (ct,x) coordinate system.
Likewise, the x axis corresponds to ¢ = 0, which implies from the first of Egs. (16.32) that
ct =xf. The X’ and ct’ axes for the boosted system are also shown in Fig. 16.6(a) for a boost
corresponding to a positive value of 3. The time and space axes are rotated by the same
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angle, but in opposite directions by the boost (a consequence of the indefinite Minkowski
metric). The angle of rotation is related to the boost velocity through tan¢ = v/c.

Many characteristic features of special relativity are apparent from Fig. 16.6. For exam-
ple, relativity of simultaneity follows directly, as illustrated in Fig. 16.6(b). Points A and B
lie on the same ¢’ line, so they are simultaneous in the boosted frame. But from the dashed
projections on the ct axis, in the unboosted frame event A occurs before event B. Likewise,
points C and D lie at the same value of x’ in the boosted frame and so are spatially congru-
ent, but in the unboosted frame xc # xp. Relativistic time dilation and space contraction
effects follow rather directly from these observations, as illustrated in the example below.

Example 16.5 Consider the following schematic representation of the spacetime dia-
gram illustrated in Fig. 16.6, where a rod of length Ly, as measured in its own rest frame
(t,x), is oriented along the x axis.

ct o ct'4
/
/
\ v,
- - X
- /60;\513(\’&(
CAt = (vic) Lo
-7 \ o = tan"1(v/c)
>
X
| - Lo > |

The frame (¢',x") is boosted by a velocity v along the +x axis relative to the (7,x) frame.
Therefore, in the primed frame the rod will have a velocity v in the negative x’ direc-
tion. Determining the length L observed in the primed frame requires that the positions of
the ends of the rod be measured simultaneously in that frame. The axis labeled x’ corre-
sponds to constant ' [see Fig. 16.6(b)], so the distance marked as L is the length in the
primed frame. This distance seems longer than Lo, but this is deceiving because a slice
of Minkowski spacetime is being represented on a piece of euclidean paper. Much as a
Mercator projection of the globe onto a euclidean sheet of paper gives misleading distance
information (Greenland isn’t really larger than Brazil), the metric must be trusted to deter-
mine the correct distance in a space. From the Minkowski indefinite metric and the triangle
in the figure above, L? = L3 — (cAt)?. But from Eq. (16.32) it was found that the equation
for the ¥’ axis is cAr = (v/c) Ly, from which it follows that

o\ 1/2
L= (L3~ (cAr))!? = (L%— (310) ) = Lo(1-v*/cA)'2,

which is the familiar length-contraction formula of special relativity: L is shorter than Ly,
even though it appears to be longer in the figure above.




285

Lorentz Invariance of Maxwell’s Equations

c »D ctA <ot ctA Jct'
‘7 1
/. / P 4 Sv K /I
Q WO ~ // Il
S 5 .
ISTRA) e B %, y
,Q//’\’ 4\‘/ ()Ql . (I) '
P / o 2/ o
- ’ % %
A ¢~ S0 0 y a 4 ,\,l, 2
——\1 # C ."” X' /I
/ v .
,/ ) L, ke B (\5\6“\
/! o e I’ co ad X'
// ,”“ . PR - /I ”‘.' I PR -
,i."; e \ ¢1 ”3"’ - -7 \ ¢2
A & > X A & > X

(a) (b) (c)

(a) Timelike, lightlike (null), and spacelike separations for events. (b) A Lorentz
transformation that brings the timelike separated points A and C of (a) into spatial
congruence (they lie along a line of constant x’ in the primed coordinate system). (c) A
Lorentz transformation that brings the spacelike separated points A and B of (a) into
coincidence in time (they lie along a line of constant ¢’ in the primed coordinate system).

16.7.2 Spacelike and Timelike Intervals

As noted previously, the spacetime interval between any two events may be classified in a
relativistically invariant way as timelike, lightlike, or spacelike by constructing the light-
cone at one of the points, as illustrated in Fig. 16.7(a). This geometry and that of Fig. 16.6
then suggest another important distinction between events at spacelike separations [the line
AB in Fig. 16.7(a)] and timelike separations [the line AC in Fig. 16.7(a)]:

(i) If two events have a timelike separation, a Lorentz transformation exists that can bring
them into spatial congruence. Figure 16.7(b) illustrates geometrically a coordinate sys-
tem (ct’,x’), related to the original system by an x-axis Lorentz boost of v/c = tan ¢,
in which A and C have the same coordinate x'.

(i) If two events have a spacelike separation, a Lorentz transformation exists that can
synchronize the events. Figure 16.7(c) illustrates an x-axis Lorentz boost by v/c =
tan ¢ to a system in which A and B have the same time 7'

Maximum values of ¢; and ¢, are limited by the v = ¢ line. The Lorentz transformation to
bring A into spatial congruence with C exists only if C lies to the left of v = ¢ (C separated
by a timelike interval from A). Likewise, the Lorentz transformation to synchronize A with
B exists only if B lies to the right of v = ¢ (B separated by a spacelike interval from A).

16.8 Lorentz Invariance of Maxwell’s Equations
|

We conclude this chapter by examining the Lorentz invariance of the Maxwell equations
that describe classical electromagnetism. There are several motivations.
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1. It provides a nice example of how useful Lorentz invariance and Lorentz tensors can be
in application to a physical problem.

2. Itis of considerable historical interest because the beauty and properties of the Maxwell
equations had strong influence on Einstein in his development of the special theory of
relativity.

3. There are many useful parallels between general relativity and the Maxwell theory,
particularly for weak gravity where the Einstein field equations may be linearized.?

In the following sections we write the Maxwell equations in standard form, introduce a
covariant notation for them, and finally rewrite them in a way that is manifestly Lorentz
invariant because all quantities appearing in the equations will be Lorentz tensors.

16.8.1 Maxwell Equations in Non-Covariant Form

Let us first write the Maxwell equations in the usual non-covariant way. Departing from
our normal SI units, we choose to do this in Heaviside—Lorentz units (see Appendix B.3),
which will be recognized as very similar to SI units but with the speed of light set to c = 1.
The free-space Maxwell equations may be written in Heaviside—Lorentz units as

V.E=p (16.33a)
aa—f+VxE=o (16.33b)
V.-B=0 (16.33¢)
VxB—a;f =1, (16.33d)

where E is the 3-vector electric field, B is the 3-vector magnetic field, p is the scalar charge
density, and J is the current 3-vector, with the density and current required to satisfy the
usual equation (1.3) of continuity

a—p +V.J=0.

ot
The Maxwell equations are consistent with the special theory of relativity. However, in the
form of Eqs. (16.33) this covariance is not manifest, since these equations are formulated
in terms of 3-vectors and separate derivatives with respect to space and time, not in terms
of Minkowski tensors. It is useful in a number of contexts to reformulate the Maxwell
equations in a manner that is manifestly covariant with respect to Lorentz transformations.
The usual route to accomplishing this begins by replacing the electric and magnetic fields
by new variables.

3 For example, this is particularly useful in understanding the propagation of gravitational waves far from strong
sources. Then the highly-nonlinear Einstein equations that describe strong gravity can be linearized and the
resulting formalism exhibits many similarities to the Maxwell equations of classical electromagnetism (see
Section 22.2 of Ref. [16]).
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16.8.2 Scalar and Vector Potentials

The electric and magnetic fields appearing in the Maxwell equations may be eliminated in
favor of a vector potential A and a scalar potential ® through the definitions

B=VxA = —VCID—(—;—?. (16.34)
The vector identities
V. (VxB)=0 VxV® =0, (16.35)

may then be used to show that the second and third Maxwell equations are satisfied identi-
cally, and the identity

Vx(VxA)=V(V-A)—V?A, (16.36)

may be used to write the remaining two Maxwell equations as the coupled second-order
equations

Vio+ —gtV A=—p (16.37)
d’A 0P
2 P
VA - P V(V-A+ 5 ) =-J (16.38)

These equations may then be decoupled by exploiting a fundamental symmetry of electro-
magnetism termed gauge invariance.

16.8.3 Gauge Transformations

Because of the identity V x V& = 0, the simultaneous transformations

A—A+Vy d>—>d>—aa—)f (16.39)

for an arbitrary scalar function ) do not change the E and B fields; thus, they leave the
Maxwell equations invariant. The transformations (16.39) are termed (classical) gauge

transformations. This freedom of gauge transformation may be used to decouple Egs.
(16.37)—(16.38). For example, if a set of potentials (A,®) that satisfy

0P
V. A+—=0 16.40
+ 5 ) ( )
is chosen, the equations decouple to yield
0%P 9’A
V- — = VA-——=-J 16.41

which may be solved independently for A and ®.

A constraint of the sort (16.40) is termed a gauge condition and the imposition of such
a constraint is termed fixing the gauge. This particular choice of gauge that leads to the
decoupled equations (16.41) is termed the Lorentz gauge. Another common gauge is the
Coulomb gauge, with a gauge-fixing condition

V.A=0, (16.42)
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which leads to the equations

2
Vo =—p V2A—%—;: :V%—cf—J. (16.43)

Let us utilize the shorthand notation for derivatives introduced in Eq. (15.89):

auE;:(aO,al,al,a3): ( I v),

Xy ox0”
3 P (16.44)
apzﬁ:(80781782783): <axoav>7
where, for example, d' = d/dx; and
V=(3"0%0% (16.45)

is the 3-divergence. A compact and covariant formalism then results from introducing the
4-vector potential A*, the 4-current J*, and the d’ Alembertian operator [J through

AF=(®,A)=(A%A)  Jt=(p,J) O=9g,o". (16.46)

Thus the time-like component of the 4-vector potential A* is the scalar potential ® and the
spacelike components are the 3-vector potential A, while the timelike component of the
4-current J is the charge density pand the spacelike components are the 3-vector current
J. Then a gauge transformation takes the form

AP AR gty =AH (16.47)
and the preceding examples of gauge-fixing constraints become
duA" =0 (Lorentz gauge) V.-A=0 (Coulomb gauge), (16.48)
with the notation in Eq. (16.48) indicating explicitly that

1. the Lorentz condition is a covariant constraint because it is formulated in terms of 4-
vectors, but

2. the Coulomb gauge condition is not covariant because it is formulated in terms of only
three of the components of a 4-vector.

The d’ Alembertian operator [ is Lorentz invariant because under Lorentz transformations
between coordinate systems,

O =9,d™ = A A", 0,0* = 9, 0* =10,

Thus, the Lorentz-gauge wave equation may be expressed in the compact and manifestly
covariant form

OA* = J# (16.49)
and the continuity equation (1.3) becomes becomes
It =0, (16.50)

when written in covariant form.
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The covariance of the Maxwell wave equation (16.49) in the Lorenz gauge, cou-
pled with the general gauge invariance of electromagnetism, ensures that the
Maxwell equations are covariant in all gauges.

However, as was seen in our original formulation of he Maxwell equations Eq. (1.1) and
in the example of the Coulomb gauge, this covariance may not be manifest for a particular
choice of notation or gauge. In Section 16.8.4 we shall address this issue by constructing a
manifestly (Lorentz) covariant form of the Maxwell equations.

16.8.4 Maxwell Equations in Manifestly Covariant Form

The Maxwell equations may be cast in a form that is manifestly covariant by appealing to
Eqgs. (16.34) to construct the components of the electric and magnetic fields in terms of the
potentials. Proceeding in this manner, we find that the six independent components of the
3-vectors E and B are elements of an antisymmetric rank-2 electromagnetic field tensor

FHY = —FVH = gHAY — 9VAH, (16.51)
which may be expressed in matrix form as

0 —-E' —E? —E3
E' 0o -B® B
E*? B 0 -B!
E* —-B*> B! 0

FH =

(16.52)

That is, the electric field E and the magnetic field B are vectors in three-dimensional eu-
clidean space but in Minkowski space their six components together form an antisymmetric
rank-2 tensor. Now let us employ the Levi-Civita symbol €44,5, which has the value +1
for afydé = 0123 and cyclic permutations, —1 for odd permutations, and zero if any two
indices are equal, and which further satisfies €,5,5 = —e%BY8 1f the dual field tensor F*V
is then defined by

0 -B'" -B*> -B
B 0 E* —E?

TV _ %S“VYBFY(S =2 _p 0 2| (16.53)
B E* -E' 0
the Maxwell equations (16.33a) and (16.33d) may be written
OuF*Y =T, (16.54)
and the Maxwell equations (16.33b) and (16.33c) may be expressed as
uFH =0. (16.55)

The Maxwell equations in this form are manifestly covariant because they are formulated
exclusively in terms of Lorentz tensors.



290

Special Relativity

Background and Further Reading

For an introduction to special relativity, see Kogut [23]. Special and general relativity are
introduced at an accessible level in Guidry [16]. The use of linearized gravity in describing
gravitational waves far from strong sources, and the similarity of the linearized Einstein
equations to the Maxwell equations, is discussed in Ch. 22 of Ref. [16]. Manifest Lorentz
covariance of the Maxwell equations is discussed in Jackson [19].
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Problems

16.1

16.2

16.3

16.4

16.5

The primed axes (x',#') plotted in the coordinate system of the unprimed axes in Fig.
16.6 do not appear to be orthogonal, but they must be since the unprimed axes are
orthogonal (their scalar product vanishes) and the scalar product is preserved under
Lorentz transformations. Show generally that two vectors in a spacetime diagram are
orthogonal if each makes the same angle with respect to the lightcone. Use this result
to show that a lightlike vector is necessarily orthogonal to itself. **%

If a Lorentz transformation matrix is denoted by A", prove that the Lorentz trans-
formation given by A, = Nuan P AY p 18 its inverse.

(a) Prove that the Maxwell field tensor F*V is invariant under a gauge transformation
of the 4-vector potential A*. (b) By appealing to the definitions (16.34), show that
the Maxwell field tensor F* has components given by Egs. (16.51) and (16.52).
Show that the Maxwell equations written in the covariant form (16.54) and (16.55)
are equivalent to the non-covariant form of the Maxwell equations given by Egs.
(16.33a)—(16.33d).

Two events in Minkowski space have a timelike separation. Use the invariance of the
interval ds® to show that the time between the events as measured by any inertial
observer is always greater than or equal to the proper time between the events. **%*



Action Formulation of Classical

Electromagnetism

In this chapter we will demonstrate that classical electromagnetism can be formulated in
terms of a least-action principle such that the Lagrangian and Hamiltonian methods of
classical mechanics can be applied to the electromagnetic field.

17.1 A Lagrangian Formulation of Electromagnetism
.

Since the starting point for a field theory is typically a Lagrangian from which the fields
can be derived through a variational principle, it is useful write down a Lagrangian density
(a Lagrangian evaluated at a single spacetime point) appropriate for the electromagnetic
field.

17.1.1 Principle of Extremal Proper Time

The motion of free particles in Minkowski spacetime is governed by a simple principle:
the worldline for free particles between points separated by timelike intervals extremizes
the proper time. This is called the principle of extremal proper time and is illustrated in
Fig. 17.1. The proper time between the points A and B in Fig. 17.1 can be computed from

Eq. (16.5) as,
B
TAB:/ (di* —dx* —dy? —dZ?)'2. (17.1)
A
A ct
-~ B
//’//// Iy
//j/ // ///I
// // / //,I
////// // /// ; Timelike
/7 1) paths
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II / / ’
\\l / //://
A &7
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Fig. 17.1 Principle of Extremal Proper Time: of all the possible classical paths between two
timelike-separated points A and B in spacetime, a free particle follows one that extremizes
the proper time. Adapted from Ref. [16].

292
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Parameterizing a path by a variable o that varies continuously from O to 1 as the particle
moves from A to B, the path is specified by x* = x* (o) and

" rdar\?  [dx\? [dy\? a\?]"?
TAB:/O ch) _<dc) _<dG> _<dc> do. (17.2)

The solution to finding the path that extremizes the action is described in Box 17.1, where
the condition for an extremum is found to be

5/d1’ =0. (17.3)
Defining a Lagrangian L as
dxt dxv\ 2
L=|—-guw————— 17.4
( SVio d6> ’ (174

where g,y is the metric tensor, so that

1
TABZ/ Ldo, (17.5)
0

then results in the Euler—Lagrange equation of motion

d aL oL
T (a(dxu/do)) o =0 (17.6)

Requiring that the Lagrangian L obey the differential equation (17.6) satisfies the varia-
tional condition (17.3).

17.1.2 Construction of Classical Fields

The standard approach to classical field theory is to define fields that obey appropriate
equations of (classical) motion. The classical action S is defined by

a l[
S:/d4x.$:/2Ldt, (17.7)
t

1

where ¢ = £ (x) is the Lagrangian defined at a Minkowski spacetime point (the La-
grangian density). The total Lagrangian L is then given by

L= /d3x,$(x). (17.8)

We may view the action S as the central quantity for field quantization. It determines the
equations of motion for the classical fields to be quantized in the canonical method, and
in the path integral method each path in the functional integral is weighted by a factor
exp(iS).

The formal starting point for developing a field theory is to construct the appro-
priate Lagrangian density, which then leads to the action through Eq. (17.7), and
thus to the equations of motion for the field (17.6).

Thus, we need appropriate Lagrangian densities for the fields of interest.
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The Euler-Lagrange Equations [16]

Consider the paths in spacetime between the fixed points labeled A and B in
Fig. 17.1. For a function L(x*(o),x*(0)), where o parameterizes the path and
x* = dx* /do, define the path integral

S= /A *L(x(6), 1 (5)) do.

For an arbitrary small variation in the path x*(o) — x*(0) + 6x*(0o), the corre-
sponding variation in the value of the integral is

55 = /AB SLdo = /j(wj—i‘) 54 (0) + (%j—ﬁ‘)sxﬂ(codc.

The first term can be integrated by parts, giving

j +/AB {‘ﬁ (axfﬁ;)) ! ajfo)] ox*(e)do,

but the variation x* (o) vanishes at the fixed endpoints so the first term is zero and

o5~ [ [ (st sty o

For paths that extremize the integral 65 = 0 and for arbitrary variations 6x* (o) this
will be true only if the expression inside the square brackets of the above integrand

vanishes. Thus
_i oL I oL _0
do \ dit(c) ) dxt(oc)

which is the Euler—Lagrange equation (17.6). Satisfying the variational condition
0S8 = 0 characterizing an extremal path is equivalent to requiring that the function L
satisfy the Euler—Lagrange equation.

JL
— I
85 = 37 57 (©)

17.1.3 Lagrangian Densities for Photons and Charged Fields

The Lagrangian densities that we require are constructed precisely to yield the appropriate
fields when the variational principle (17.3) is applied. Let’s summarize a few important
wave equations entering into formulations of a field theory for electromagnetism and for
charged particles coupled to electromagnetism.

1. The Maxwell wave equation for massless vector fields A (x) is, in Lorentz gauge,
OAH* (x) = j* (Lorenz gauge), (17.9)

which is quadratic in J*.
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2. The Klein—-Gordon equation for scalar (single-component) fields ®(x)
O+m*)®(x)=0  O=3,d*, (17.10)

which is quadratic in dj, and carries no Lorentz index.
3. The Dirac equation for 4-component Lorentz spinor fields ¥(x)

(—iy"dy +m)¥(x) =0, (17.11)

which is linear in J*.
4. The massive vector or Proca field A" (x), with an equation

(O4m*)A* (x) =0 (17.12)

that is quadratic in J*.

The corresponding Lagrangian densities that yield the wave equations given above are
summarized in the following.

Massless Vector Field: In terms of the rank-2 electromagnetic field tensor F*V = d*AY —
dVA* introduced in Eq. (16.51) through the 4-vector potential A* defined in Eq. (16.46),
the free-field Lagrangian density appropriate for the massless vector (photon) field is

1
L= —ZFWF“V (Massless vector field). (17.13)

This Lagrangian density describes massless vector particles like the photon and satisfies
the wave equation (17.9) in Lorentz gauge.

Complex Scalar or Pseudoscalar Fields: A complex scalar (or pseudoscalar) field ¢ (x)
may be expressed in terms of two real scalar fields ¢; (x) and ¢, (x) having the same mass
(my =my =m),

1
V2

where the corresponding free Lagrangian density is

0= (61 +id) ¢T=12<¢1—i¢2>, (17.14)

S = (") (du¢) —m*¢T¢  (Complex scalar field). (17.15)

Separate variations of ¢ and ¢ then lead to two independent Klein-Gordon equations
(17.10),

O4+mHox)=0  (O+m*)e’(x)=0. (17.16)
Charged scalar or pseudoscalar particles are associated with complex scalar fields.

Dirac Spinor Field: For a Dirac field y(x) and a conjugate (adjoint spinor) field W(x)
defined by

wx) =y (x) 7, (17.17)

where the matrix 7 is defined through the 4 x 4 matrices y* satisfying the anticommutator

(%W =nw + %% =20 (17.18)
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{(X,',Otj}ZZ(S,'j {Ot,',ﬂ}zo OCiZZﬁZZI
w="=B n=ru Bs=r=0"YryY o=y
{(Fr =" whw=wn {Br}=0 (@#)?=-1
PP=1  FP=1 W'=n O=-r =P

Pauli—Dirac representation (4 x 4 matrices):

10 (0 o 0 1 0 o
#=o 8) 7= (% 8) 70 9) «=(a 5)
I 0 i op O _.{0 o
ﬁ_<0 —1) oY = if"(ok ck> GOk’(o—k 0k>

Weyl (chiral) representation (4 x 4 matrices):
(0 1 ;[0 —o; (1 0
Majorana representation (4 x 4 matrices):

. 0 (e2)) 1 iGl 0 . 0 (o))
Yo_<(72 O> 4 _<0 i01> ')/2—(_02 0)
[ —io3 0 (o O
J/3< 0 i63> YS(O 02>
Standard Pauli matrices (2 X 2 matrices):

o (01 o (0 i o1 0
=11 o 2= li o = lo 1

that are termed the (Dirac) y-matrices. Explicit forms in different representations and gen-
eral properties of the gamma-matrices are summarized in Table 17.1. The Lagrangian den-
sity for a free Dirac spinor field is

L =v(id—m)y (Dirac spinor field), (17.19)

where m is the mass and Feynman slash notation has been used: a slash through a quantity
indicates a 4-vector contracted completely with the y-matrices: § = y*d,,. The Lagrangian
density (17.19) then yields the Dirac equation (17.11),

(id—m)y =0, (17.20)
as the equation of motion for a charged fermion spinor field.

Massive Vector Field: For a vector field of finite mass m, the appropriate free-field La-
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grangian density is obtained from Eq. (17.13) by adding a Lorentz-invariant mass term,

1 1
Ly =~ FurF" + EmzA“A# (Massive vector field). (17.21)

This implies an equation of motion (CJ4- m?)A* = 0 corresponding to the wave equation
(17.12) for a massive vector field.

Background and Further Reading
See Wald [40], Zangwill [42], and Garg [11].
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Problems
. ]

17.1 No problems yet for this chapter.



Electromagnetism as an Abelian

Gauge Field Theory

As we have alluded to in various places, modern relativisitic quantum field theory, in par-
ticular the Standard Model of elementary particle physics, is a quantized generalization of
the gauge invariance principle of classical electromagnetism. In this chapter we provide
some remarks intended to outline the relationship of classical gauge invariance to the more
complex gauge symmetries prominent in modern gauge field theories. These more com-
plex gauge symmetries are typically implemented in (usually relativistic) quantum field
theories, so our discussion will occasionally touch on a quantum description. Therefore,
the reader will be assumed to have an understanding of basic concepts from quantum me-
chanics.

18.1 Symmetry and Gauge Invariance
e

Symmetries and broken symmetries are of fundamental importance in the generalization
of the classical gauge invariance exhibited by the Maxwell equations to the varied man-
ifestation of gauge invariance in modern quantum field theory. The natural language for
describing gauge symmetries in their most general form is the theory of Lie groups and
Lie algebras. The rudiments are described in Box 18.1. The essential difference between
the gauge symmetry of electromagnetism and the gauge symmetries associated with the
electromagnetic, weak, and strong interactions in the Standard Model is that electromag-
netism is governed by a symmetry called U(1) (described in Box 18.2) that is abelian,
but the weak and strong interactions are governed by gauge symmetries that correspond to
larger and more complex nonabelian gauge groups.

18.2 The Minimal Coupling Prescription

Gauge invariance is of fundamental importance in classical electromagnetism and becomes
even more so in quantum field theory. In either case it is important to ask what coupling
terms between fields in Lagrangians or Hamiltonians are permitted that preserve gauge
invariance. Note first that a classical particle carrying charge ¢ and moving with 3-velocity
v in an electromagnetic field experiences the Lorentz force of classical electromagnetism,

F =qg(E+vxB), (18.1)

299
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Symmetries and Groups [16]

A group is a set G = {x,y,...} for which a binary operation a - b = ¢ called group
multiplication is defined that has the following properties

(i) Closure:If x and y are elements of G, then x -y is an element of G also.
(i) Identity: An identity element e exists such thate-x =x-e =xforx € G.
(iiiy Existence of an Inverse: For every group element x there is an inverse x—
the set such that xx~! = e.

(iv) Associativity: Multiplication is associative: (x-y)-z=x-(y-z) for x,y,z € G.

Lin

For groups of transformations multiplication corresponds to applying first one and
then the other transformation. The group definition requires associativity but not
commutivity. A group consisting of commutative elements only is abelian; otherwise,
it is nonabelian.

Example: The Lorentz group

There are six independent Lorentz transformations: three rotations about the spatial
axes parameterized by real angles, and three boosts along the spatial axes param-
eterized by boost velocities. Because rotation angles and boost velocities can take
continuous real values, the set of Lorentz transformations is infinite. The Lorentz
transformations form a group:

1. Two successive transformations are equivalent to some other transformation.

2. Every Lorentz transformation has an inverse that is the transformation in the
opposite direction (for example, v — —v for boosts).

3. The identity corresponds to no transformation.

4. It doesn’t matter how three successive transformations are grouped, so multipli-
cation is associative, but the order matters, so the Lorentz group is nonabelian.

An important class of groups corresponds to transformations that are continuous
(analytical) in their parameters. These are called Lie groups. The Lorentz group is
a Lie group. Groups also can be classified according to whether their parameter
spaces are closed and bounded (compact groups) or not (noncompact groups).*
Because boost velocities can approach ¢ asymptotically but never reach it, the
Lorentz-group parameter space is bounded by v < ¢ but not closed (the limit v = ¢
is not part of the set since Lorentz transformations diverge for v = ¢) and the group
is noncompact.

Example: The Poincaré group

The Poincaré group is formed by adding to the Lorentz transformations the uniform
translations along the four spacetime axes. It is a non-abelian, noncompact Lie
group, and contains the Lorentz group as a subgroup (a subset of group elements

that satisfy the same group postulates as the parent group).

¢ A closed set contains all its limit points. In a bounded set all point lie within some maximum fixed dis-
tance from each other. Example: [0,a) (where “[” denotes a closed interval and *)” an open interval)
is not a closed subset of the real numbers R because it contains 0 but doesn’t contain a.
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The Gauge Group U(1)

A gauge transformation in electromagnetism corresponds to simultaneous transfor-
mations on the scalar potential ® and vector potential A,

DD =D A A=A+

(in 7 = 1 units), where g is the electrical charge and x = x(x) is an arbitrary scalar
function depending on the spacetime coordinates x. Gauge symmetry then implies
that classically (®,A;) and (®',A!) are physically equivalent* Thus, the gauge
transformation acts on the charged scalar field ® by multiplying it by a space-
time dependent phase factor. Mathematically, multiplication by a phase factor cor-
responds to a unitary map U: C — C on the complex numbers z € C that is defined
in this case by Uz = €'z, where U implements a unitary transformation.” The set
of all unitary maps on C constitute a group (see Box 18.1) with the “multiplication”
operation defined by composition (successive application) of maps. This group is
commonly labeled U(1) in physics, where U denotes “unitary” and 1 denotes a 1D
complex vector space C. Since the complex vector space is one-dimensional, the
group elements % of U(1) are parameterized by a single parameter ¥ and the
group is abelian. The unitary maps Uz = ¢'“*z are in one-to-one correspondence
with the real numbers ¥ modulo 27/g, so the manifold of U(1) (the space traced out
by allowing the group parameter x to vary over all possible values) is represented
naturally by a circle S' of circumference 27/q.

¢ They lead to the same classical electric and magnetic fields, and thus to the same solutions of the
Maxwell equations. Since x(x) is a local function of the coordinates, this is termed a local gauge
transformation (a global gauge transformation corresponds to a constant ). As discussed in Section
11.3 and Box 11.2, gauges related by the same gauge transformation constitute an equivalence class.

b A unitary transformation Uz is a linear map with the property |Uz?| = |2?|), so it preserves the modulus
|2?| for all z € C). Such transformations are said to be unimodular.

provided that the classical Hamiltonian function is given by

R SRR
H—%(P qA)” +q9, (18.2)

where E is the electric field, B is the magnetic field, p is the 3-momentum, A is the 3-
vector potential, and ¢ is the scalar potential. Quantizing this Hamiltonian assuming non-
relativistic quantum mechanics gives the modified Schrédinger equation

1 d
%(—iV—qA)z—qub v(x,1) :i"’a(f’t). (18.3)

Comparing this expression with the free-particle Schrodinger equation

_ . oy(x,1)
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suggests that a Schrodinger equation accounting for gauge-invariant coupling of charged
particles to an electromagnetic field can be constructed from the free-particle Schrodinger
equation by making the operator substitutions

o o
VD=V—igA E—>D05—t+iq¢. (18.4)

In covariant notation this becomes
ot — DM = 9t + igAH, (18.5)

where we have defined the 4-vectors A* = (¢,A) and D* = (D°, D). The replacement
(18.5) is just the replacement of the partial derivative by the covariant derivative as in Eq.
(15.95), with the notational change V,, — DH. Equation (18.5) is termed the minimal cou-
pling prescription or the minimal substitution. The Schrodinger equation (18.3) is invariant
under the local gauge transformation (11.10),

d
A A+Vy c1>—>c1>—a—7t‘, (18.6)
provided that the wavefunction is transformed simultaneously as
w(x,1) = XDy (x,1), (18.7)

where ¥ is an arbitrary scalar function that is a local function of the spacetime coordinates.

For completeness we note that for relativisitic wave equations, minimal substitution in
the Klein—Gordon equation (17.10) (appropriate for charged scalar or pseudoscalar parti-
cles if ® is complex) gives the wave equation

(D*Dy +m?*) w(x) =0, (18.8)

while minimal substitution in the Dirac equation (17.11) (appropriate for charged fermions
if W is complex) gives

(iyuD* —m) y(x) =0. (18.9)
Both Egs. (18.8) and (18.9) are invariant under a gauge transformation
AR S AR Oy (x) oy — @20y, (18.10)

where we note again that these are local gauge transformations since Y is a function of the
spacetime coordinate x. Summarizing:

Minimal Substitution: In a free charged-particle wave equation, replace all
derivatives with covariant derivatives

oH — DM = o* +igAH.

The resulting wave equation couples the electromagnetic and charged-particle
fields and is invariant under a local gauge transformation

AR S AR Oy (x) oy — @20y,

where ¢ is charge, A* is the 4-vector potential, and x(x) is a local scalar field.
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This is called minimal substitution or the minimal coupling prescription because it, and
not a more complicated coupling, is adequate for implementing gauge-invariant coupling
of charged particles to the electromagnetic field.

18.3 Gauge Invariance and the Photon Mass
|

The Lagrangian density for a massless vector field is given by Eq. (17.13). Since F*VFy;y
is gauge invariant, the massless vector field (photon field) is gauge invariant. A massive
vector field has a Lagrangian density given by Eq. (17.21). The first term for (17.21) is
gauge invariant but the second (mass) term is not, since under the gauge transformation
AR — AH — gHy,

ARAY — (AR =0 x)(Ay — dux) #AHA.

We reach a conclusion that has far-reaching implications for gauge symmetry and its influ-
ence on modern physics:

Gauge invariance of the electromagnetic field is tied directly both to charge con-
servation and to masslessness of the vector boson (the photon) that mediates the
electromagnetic interaction. If the photon had a finite restmass, the correspond-
ing vector field would break gauge symmetry.

That local gauge symmetry implies massless gauge bosons is crucial in understanding
abelian and non-abelian gauge theories in the Standard Model. However, that is beyond
the scope of our discussion here.

18.4 Conserved Currents and Charges
I ————

Observables in quantum field theory are often formulated through generalizations of elec-

tromagnetic charges and currents. Field-theory symmetries may be expressed in terms of
conservation of those charges and currents.

18.4.1 Noether’s Theorem

Conservation laws for field theories formulated in terms of Lagrangian densities often are
expressed in terms of Noether’s theorem:

Noether’s Theorem: For each continuous symmetry of a field theory Lagrangian
there is a corresponding conserved quantity.
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Conserved quantities may involve spacetime or internal symmetries and are termed con-
served Noether tensors. Let’s illustrate by deriving conservation of 4-momentum from
invariance under spacetime translations.

18.4.2 Conservation of Energy and Momentum

This solution follows a discussion in Quigg [33]. Poincaré invariance' requires that the

r_
. . . . . ’.L B . .

finitesimal displacement a is independent of x;. The corresponding change in a scalar

field Lagrangian density is

action be unchanged by a spacetime transformation x, — x Xy + ay, where the in-

80 =2L)-L(x)=d"Qp 2. (18.11)

Assuming the Lagrangian density to be translationally invariant in spacetime (independent
of spacetime coordinates x), but to depend on the field ¢ and dy, ¢, we may also write
0¥ 0¥

82 =580+

o(d Sop=0(x)— =a"o
(a‘u¢) ([.L(P) d) ¢(x) ‘P(x) a I-lq)a (1812)

5(0u9) = (') — o (x) =a" oy (du9).
But from the Euler-Lagrange equations (17.6),

0¥ 0L
— =0y =, 18.13
2 " <8(8”¢)> ( )
and from Eqs. (18.13) and (18.12),
_ < i 27 i B < u
37 = (hzioeg)) 0+ gy uB) = 0u g5 st

where the last step may be checked by taking the derivative of the product. Equating this
expression with Eq. (18.11) and rearranging (remember that repeated indices are dummy
indices that can be changed without affecting the validity of the equation) leads to

27 ., v B
wdh (505,570 -T2 ) =0

where "V is the metric tensor of flat spacetime. This relation must evaluate to zero for
arbitrary displacements ay, which implies that

0%
oy | =—=—23"¢— “V.,?):O.
(37
Let us define the stress—energy—momentum tensor
0%
(Ol "o -V, 18.14)
739)" 0" (

! The Poincaré group appends the generators of spacetime translations to the Lorentz transformations; see
Box 18.1. Thus Poincaré symmetry means that the system is invariant under Lorentz transformations (which
preserve the invariant spacetime interval) and also under uniform translations in spacetime (which implies
conservation of energy and momentum).
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for which it may be shown that ® is the energy density and the ®% are momentum
densities. This leads to a local conservation law

I OMY (x) =0,

for energy and momentum. The quantity ®*V is an example of a conserved Noether tensor
that in this case links 4-momentum conservation with spacetime translational invariance.
In this example the symmetry is a spacetime symmetry, but probably the most important
applications of Noether’s theorem are to conserved charges and currents associated with
internal degrees of freedom for elementary particles, particularly the gauge degrees of free-
dom.

18.4.3 Internal Noether Currents and Charges

For an internal symmetry with a symmetry group described by a set of matrix generators
T and a Lagrangian density .2, the conserved Noether currents Jj; are given by

a _ - 9L ag
= ey e e

where a labels an internal symmetry generator, (L is a spacetime index, and i and j label
entries in the matrix 7¢. Given a local 4-current

gt — (]0(x)7‘]1(x),,lz(x),.ﬁ(X)) R

as in Eq. (18.15), an associated charge Q(¢) may be defined by
ot) = / IO (x)dx. (18.16)

For example, the electromagnetic 4-current j = (p, j) implies an electrical charge

Qe:/p(x)d3x = /jo(x)d3x. (18.17)
The charge operator satisfies the Heisenberg equation of motion for quantum operators,

. d
0="2_iin.00)) (18.18)

where H is the Hamiltonian operator and the commutator of operators A and B is denoted
by [A,B] = AB — BA. If J* has vanishing 4-divergence,

ud* =9I’ +V -J = 9pJ° + J* =0. (18.19)

Then [H,Q] = 0 and Q is a constant of motion.

Conserved Charges: If a 4-current J* (x) satisfies d,J* = 0, the charge Q defined
by the spatial integral of J°(x) is conserved.
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This establishes a formal link between conserved Noether currents in a Lagrangian formu-
lation of a problem (which have vanishing 4-divergence) and conserved charges that are
constants of motion in a Hamiltonian formulation of the same problem (the charge operator
commutes with the Hamiltonian).

Example 18.1 The electromagnetic 4-current j* = (p, j) has dj j* = 0, implying that
the electrical charge Q. of Eq. (18.17) is conserved.

Example 18.1 is well known for electrical charges and currents. However, the preced-
ing derivation implies that any charge defined through Eq. (18.16) is conserved (it is a
constant of motion) if the 4-divergence of the associated current J* vanishes. In the gener-
alizations of the gauge symmetry of classical electromagnetism that underly the Standard
Model of elementary particle physics, one encounters gauge charges and associated cur-
rents that generalize the electromagnetic charge and current. The U(1) symmetry of elec-
tromagnetism (see Box 18.2) has generators that can be represented as 1 x 1 matrices and
the symmetry is abelian. For Standard Model gauge symmetries many of the symmetry
groups are non-abelian and the matrices entering Eq. (18.15) are n x n matrices with n > 1.

18.5 The Aharonov—-Bohm Effect

The Aharonov—Bohm effect [1] demonstrates that the electromagnetic 4-vector potential
can have measurable consequences in a quantum theory, even for regions having no electric
or magnetic fields. This contrasts with classical electromagnetism, where electric and mag-
netic fields are fundamental and vector potentials are only a mathematical convenience.

18.5.1 Experimental Setup

An experimental setup to test the Aharonov—Bohm effect is illustrated in Fig. 18.1(a).
It is a two-slit, electron-scattering interference experiment, with a long, thin solenoid is
placed behind the screen and between the two classical paths that electrons passing through
the slits would follow to reach the screen. The solenoid confines the magnetic field to
regions that that classically the electrons cannot pass through, but experiments show that
the solenoid alters the interference pattern for the electrons scattering through the two slits
[6]. We now show that this results from the gauge symmetry of the electromagnetic field
and the non-trivial topology of the scattering plane due to the solenoid [35].

18.5.2 Analysis of Magnetic Fields

From Fig. 18.1(a), the phase difference between waves of de Broglie wavelength A associ-
ated with paths 1 and 2 is § = 27ma/A, implying that x ~ LA /27d, where we’ve assumed
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Magnetic field B and vector potential Ay for a solenoid of radius R in Fig. 18.1(a).

a =~ (x/L)d for x < L. In the cylindrical coordinate system of Fig. 18.1(b) the vector po-
tential takes the form

B
Inside solenoid: A, =A;=0 Ay = Tr’
BR? (18.20)
Outside solenoid: A, =A;=0 Ay = T
,
so that the components of the magnetic field B =V x A are
Inside solenoid: B, =0 By =0 B, =B,
(18.21)

Outside solenoid: B, =0 By =0 B, =0.

Outside the solenoid the magnetic field B vanishes but the vector potential Ay remains
finite, falling off as 1/r for r > R (Fig. 18.2). Experimentally, one can use a very thin
solenoid and shielding to ensure that the electrons never enter the solenoid and therefore
never encounter a finite magnetic field. Classically, a particle of charge ¢ in an electro-
magnetic field experiences a Lorentz force, F = g(E + v x B), where v the velocity, E the
electric field and B the magnetic field. Thus classically electrons experience no Lorentz
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force in the Aharonov—Bohm experiment. However, the electrons pass through regions
where vector potential is finite, which has non-trivial implications in quantum theory.

18.5.3 Phase of the Electron Wavefunction

The free-electron wavefunction is ¥ = |y]|e®, where o = p - r/h. Gauge invariance re-
quires the minimal substitution p — p — eA, where A is the 3-vector potential, altering the
electron phase to,

1
o — £(p-r—eA-r) :(x—%A-r.
Then over a trajectory 7 the change in phase is
Aa:—f/A-dr, (18.22)
hJz

and the shift in phase between trajectories 1 and 2 is

AS:e</A-dr—/A-dr):efA-dr. (18.23)
h 1 2 h

Now apply Stokes’ theorem:

walr:/(VxA)~ndSE/(V><A)~dS, (18.24)
C S S

where S is the surface enclosed by the contour C and 7 is an outward normal to the surface,
giving

AS = %cp @ = TR’B, (18.25)

where @ is the magnetic flux through the solenoid. Thus, the solenoid shifts the interference
pattern of Fig. 18.1(a) by

LA LA e
Av= o a® = an

even though the electrons never encounter the magnetic field B. This predicted shift has
been verified experimentally.

P, (18.26)

18.5.4 Topological Origin of the Aharonov—-Bohm Effect

The magnetic field is related to the vector potential by B = V x A. Outside the solenoid
there is an electromagnetic vacuum with B = 0. This is satisfied by the obvious choice
A =0, but by gauge invariance B is invariant under the transformation A, — A, + 8” X =
A;l, where Y is an arbitrary scalar function. Thus, a gauge transform of the trivial vacuum
Au =0, which is given by Ay, = d, X, also satisfies the boundary condition. It follows that
in the cylindrical coordinates of Fig. 18.1(b),

A= (A,Ap,A) =V (18.27)
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Some winding numbers characterizing the topology of the U(1) manifold S'. Intuitively the
winding number is the number of times the dashed curve is wrapped around the solid
circle, clockwise (+) or counterclockwise (—).

is the most general vector potential giving a vanishing electromagnetic field. The scalar
function ¥ is then

x= %Bqu), (18.28)
and y increases by TBR? as ¢ increases by 27 and isn’t single-valued. This is possible be-
cause the vacuum configuration of the Aharonov—Bohm experiment isn’t simply connected.

From Fig. 18.1, the Aharonov—Bohm experiment corresponds to a plane pierced by a
hole corresponding to the solenoid; topologically this is the product of the real numbers and
acircle, R x S'. As discussed in Box 18.2, the gauge group for electromagnetism is U(1),
which has a manifold that is S' topologically. Thus, we must consider mappings between
R x S' and S'. But R is simply connected so S! — S! is the only part of the mapping that
matters topologically, and this mapping is characterized by an infinity of integer winding
numbers giving how many times one circle is wrapped around the other, as illustrated
in Fig. 18.3. Therefore, the gauge function y is multivalued because the mappings are
not all deformable to the trivial mapping ¥ = constant, which would give A, = 0 and no
Aharonov—Bohm effect, by virtue of Eq. (18.27).

18.6 Primacy of the Potentials in Electromagnetism
I —

Two pieces of evidence that become completely clear only in a full quantum treatment of
electromagnetism demonstrate that it is the magnetic vector potential potential A and the
scalar potential & that are fundamental in electromagnetism, not the magnetic field B and
the electric field E:

1. The gauge invariant coupling of charged particles and the electromagnetic field can
be implemented only through the minimal coupling prescription described in Section
18.2, which requires the 4-vector potential A, and cannot be formulated in terms of the
electric and magnetic fields.

2. The Aharonov—Bohm effect described in Section 18.5 can be accounted for only through
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the influence of the magnetic vector potential A, not through the magnetic field B, which
the test particle never encounters.

This primacy of the scalar and vector potentials is contrary to what one would infer from
classical electromagnetism alone, where the Maxwell equations and Lorentz force imple-
menting the full scope of classical electromagnetism are defined in terms of the electric and
magnetic fields, and the vector and scalar potentials seem to be only optional mathematical
conveniences.

Background and Further Reading

Chapter 9 of Wald [40] elaborates on some of the themes of this chapter. Gauge field
theories in elementary particle physics are described in Guidry [14] and gauge fields in
modern quantum field theory are discussed extensively from the perspective of symmetry
and broken symmetry in Guidry and Sun [17].
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Problems

18.1

18.2

18.3

18.4

The Euler—Lagrange equation (17.6) is used in a field-theory context in this chapter,
but it is applicable to a broad range of problems. Show that inserting a Lagrangian
L(x,x) = 31? —V(x) in Eq. (17.6) leads to Newton’s 2nd law of motion.

Show that if Eq. (18.19) is true, the charge Q defined in Eq. (18.16) is conserved.
Hint: Use the Heisenberg equation of motion (18.18).

Show that the Lagrangian density of Eq. (17.13) leads to the field equation (16.54)
for a free field in electromagnetism.

Use Eqgs. (17.19) and (17.13) to write the Lagrangian density corresponding to non-
interacting Dirac and electromagnetic fields. Introduce a gauge-invariant coupling
between the fields by the minimal substitution, d,, — dy, +ieAy, where e is the charge
of the particle described by the Dirac field and Ay, is the vector potential field asso-
ciated with electromagnetism, to give a Lagrangian density

. 1 _
Z = w(l@—m)l//—ZFqu“V—el//Ay/

(where 4 = y,A* and @ = 7, 0"), indicating that the minimal substitution has intro-
duced an interaction term %, = —e WAy between the fields. Show that independent
variation of this Lagrangian density with respect to the fields leads to the coupled
equations of motion

(ig —m)y(x) = ed(x)y(x),
oy FHY (x) = ey (x) 7 (),

for the charged fermion and electromagnetic fields. ***






Appendix A Mathematics Review

This Appendix reviews mathematics required in this book. Readers are assumed to have
some prior acquaintance with this and mostly we list equations and concepts without proof.
Books such as Griffiths [13] or Schey [38] may be consulted for proofs and more detail.

A.1 Vectors and other Tensors
. ]

Every physics student learns at her mother’s knee that vectors have magnitude and direc-
tion, so they are specified by more than one number, and that this is indicated graphically
by an arrow, with length indicating magnitude and orientation indicating direction. This
view of vectors as directed line segments works in introductory physics but it can lead to
erroneous views. For example, the directed line segment invites one to think of vectors as
connecting two points in a manifold. This is wrong: a vector is defined at a single point; it
does not connect two points. We can often get away with this sloppy thinking for flat man-
ifolds, but how is one to interpret an extended straight line segment in a curved manifold?
A more rigorous definition is required for advanced applications, particularly if the space
is curved and/or described by non-cartesian coordinates.

At a somewhat more rigorous level, vectors are a special case of tensors, which we may
think of (with the naive pragmatism of physicists unconstrained by rigorous mathematical
training) as objects that obey particular transformation laws under a change of coordinate
system, and that require » indices when expanded in a basis, with n termed the rank of the
tensor. General transformation laws for 4D spacetime tensors with n < 3 are

¢'(¥') = ¢ (x) (Scalar), (A.la)
o't
VHEW) = e VY(x) (Vector), (A.1b)
v
V(') = % Vy(x) (Dual vector), (A.lc)
o 9B
Tw(x) = gxim % B (x) (Covariant rank-2 tensor), (A.1d)
o A%
T’ v# () = a&;c/ m gfcﬁ TP o (%) (Mixed rank-2 tensor), (A.le)
T
() = % 3;3 *B (x) (Contravariant rank-2 tensor). (A.11)

In these equations, unprimed coordinates refer to the original coordinate system, primed
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coordinates refer to the transformed coordinate system, and all partial derivatives in the
general case depend on the spacetime coordinates and are understood to be evaluated at a
specific spacetime point labeled by x in one coordinate system and by x” in the other coor-
dinate system.! Note that we are using the usual conventions of special relativity, where the
manifold is considered to be 4D spacetime [Minkowski space with coordinates ct,x,y,z)]
and the use of greek indices signifies that the index can range over the time and all three
spatial components.

Furthermore, in Egs. (A.1) (and in various other places in these lectures) we employ
the Einstein summation convention, where a repeated index, once in an upper position and
once in a lower position signifies an implicit summation on that index. For example, from
Egs. (A.1) for vectors and contravariant rank-2 tensors, respectively,

ax't ax't
V() = a—xvvv(x) Eza—xvvv(x),
\%
ax'* ax’Y ax'* ax'Y
TR (1Y YA rap — YA Tap
T (x) axa axﬁ T <x> —;% axa axﬁ T (x)

Note that a repeated index on the right side does not appear on the left side of the equation
because it has been summed over, and indices that aren’t repeated on the right side of the
equation appear in the same positions (upper or lower) on the left side of the equation.

Before proceeding, let us concede that we are being rather sloppy mathematically by
referring to objects carrying indices and obeying particular transformation laws as ten-
sors. The indexed quantities appearing in Egs. (A.1) are actually tensor components that
have been expressed in a particular basis. Tensors are geometrical objects, meaning that
their properties are independent of expression in a particular basis, as explained further in
Box A.1. For example,

1. A rank-0 tensor or scalar transforms as ¢’(x") = ¢ (x) (it is unchanged by a coordinate
transformation) and requires a single real number to specify it. “Ordinary numbers”,
such the age of your dog in years, are scalars.

2. There are two kinds of rank-1 tensors. Loosely in physics applications they are often
both termed vectors, and the distinction is not of much practical importance for carte-
sian coordinates in non-curved spaces. However, in the general case of non-cartesian
coordinate systems in possibly curved spaces, mathematical consistency requires that
one must distinguish

a. vectors (also called contravariant vectors), which transform as Eq. (A.1b),

1Rt ox't v — v
14 ()C): oxV 4 (X)ZZ ox’ 4 (X),

and require a single index in an upper position, V%, when expanding in a basis, from

I The partial derivatives in Egs. (A.1) are generally functions of the spacetime coordinate but for the special
case of flat Minkowski space and special relativity they are constants taking the same value at each spacetime
point. A transformation where points in spacetime are merely relabeled in a new coordinate system is termed a
passive transformation. A simple example is a plot displayed in cartesian coordinates (x,y,z) that is replotted
in spherical polar coordinates (r,0,¢). The physical content is unchanged but each point formerly labeled by
values of the old coordinates (x,y,z) is now labeled by values of the new coordinates (7,6, ¢).
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b. dual vectors (also called covariant vectors or I-forms), which transform as Eq.
(A.1c),
ox¥
V() = o Vy (x),
and require a single index in a lower position, Vi, when expanded in a basis.

3. Rank-2 tensors require two indices, when expanding in a basis. Generalizing the distinc-
tion between vectors and dual vectors for rank-1 tensors when expanding in a basis, the
two indices required for rank-2 tensor components can be in upper or lower positions,
so there are three kinds of rank-2 tensors.

a. Contravariant rank-2 tensors, which transform as Eq. (A.1f),

gy _ 90X 0x g

T Ox% gxP ’

and require two indices in an upper position, 7#, when expanding in a basis.
b. Covariant rank-2 tensors, which transform as Eq. (A.1d),

, dx% JxP
W = G g T

and require a two indices in a lower position, 7,5, when expanding in a basis.
c. Mixed rank-2 tensors, which transform as Eq. (A.le),

v Ox® ox"Y B
B oxH gxBp -~ @

and require a one index in a lower position and one in an upper position, TP o> When
expanding in a basis.

In a similar way, tensors of higher rank can be defined. For most physics applications ten-
sors of rank 0, 1, and 2 are sufficient, but some applications require tensors of rank greater
than two. For example, the curvature of 4D spacetime in general relativity is described by
a rank-4 tensor called the Riemann curvature tensor, which may be viewed as the general-
ization of gaussian curvature from 2D space to 4D spacetime.

A.2 Vector Algebra

The scalar product of two vectors is
A-B=ABcos6 (Scalar product), (A.2)

where 0 is the angle between the vectors A and B. The vector product or cross product of
two vectors is

Xy z
AXB=ABsinbn= B, B, B; (Vector or cross product), (A.3)
¢, ¢ C
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Geometrical Definition of Tensors

Tensors in Egs. (A.1) were introduced in terms of the the transformation properties
of their components when they are expressed a basis. For real physics or engineer-
ing problems it is often simplest to work with the components of tensors expressed
in a basis rather than with the tensors themselves, so this is of practical utility. How-
ever, viewing tensors in terms of basis components obscures considerable mathe-
matical beauty and elegance associated with tensor properties being independent
of expression in any particular basis. Thus mathematicians prefer to define tensors
geometrically (independent of expression in a particular basis), in terms of linear
maps to the real numbers. For example,

1. a dual vector is mathematically an operator that accepts a vector as input and
returns a real number, or

2. a dual vector is an object with components (when expanded in a basis) that
transforms as Eq. (A.1c),

ox’
V,j (x) = EN Vi (x),
at a point labeled by x in one coordinate system and by x’ in a second coordinate

system.

The two approaches embody different tradeoffs between utility and elegance, but
lead to the same physical results if manipulated correctly. A more extensive dis-
cussion of these ideas and a general introduction to spacetime tensors in possibly
curved spacetime as the basis for describing special and general relativity may be
found in Ref. [16].

where | | indicates the determinant, 7 is a unit vector perpendicular to the plane containing
A and B (with ambiguity of up and down resolved by the right-hand rule), 0 is the angle
between A and B, and the cartesian unit vectors are denoted by (X,,2). Note: The cross
product doesn’t commute: A X B # B x A, but the scalar product does: A-B = B - A.

The scalar triple product is

A, A,

A (BXxC)=B-(CxA)=C-(AxB)= B, B|. (A4)

Qm 2

The vector triple product is

Ax(BxC)=B(A-C)—C(A-B). (A.5)
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A.3 Useful Vector Identities
|

Some identities that are useful in manipulating vector equations are collected here, with A
assumed to be an arbitrary vector and f assumed to be an arbitrary scalar.

V. (VxA)=0, (A.6)
VX (Vf)=0, (A7)
Vx(VxA)=V(V-A)-V?A. (A.8)

Proofs may be found in standard books such as Griffiths [13].
A.4 Vector Calculus
I ————

Let’s now consider the extension of the principles of calculus to vector equations, first for
derivatives and then for integrals.

A.4.1 First Derivatives

The gradient V of a scalar function F,

JdF JdF JdF

VF = 5 X+ e y+ o7 b4 (Gradient), (A9)
is a vector quantity. The gradient can be viewed as a vector operator
.d ,d _d .
V=x—+y—+2— (Gradient operator) (A.10)
dx ~dy 0z

that acts upon a scalar argument following it. The notation V, means explicitly that the
gradient acts on the coordinate x while V,» means that the gradient acts on the coordinates
x'. (In the text we will often use the abbreviations V =V, and V' = V. Useful identities
involving the gradient and Laplacian:

1 x—x
v, __xXr Alla)
<|x—x’\) \x—x’]3 (
1 x—x
v - , A.11b)
M(\x—x’\) |x x’|3 (
4
v, ) —4ns(x—x), (A.l1c)
jx—x'|
4
v, (;_;'3) = —4Ans(x—x), (A.11d)
2 1 2 1 /
V)C — = Vx/ ﬁ = —471:6(x—x ), (Alle)
lx—x/| |x — x|
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It will be useful to define the completely antisymmetric rank-3 tensor (Levi—Civita sym-
bol) by
1 (If i, j,k is cyclic permutation of 1,2,3),

Ejix=14 —1 (If i, j,k is cyclic permutation of 1,2,3), (A.12)
0 (Otherwise),
The &;j;, obey two important identities
€ jk€mn = 0i1mOkn + 0;10kmOin + Ok1 OimOjn
— 816imOkn — Okt Ojm Sin — 6i1 O Ojn, (A.13)

and
Y €ijc€imn = 8jmOin — SmSjn- (A.14)
i

The divergence of a vector V is

v, JV, IV,

4 2 2 (Divergence). (A.15)
dx dy 0z
Note: The divergence of a vector is a scalar.

The curl (Vx) of a vector V is

V.v=

VxV=

(Ve WL (Ve AV\. (Y, V.,
= <ay az> X+ <aZ ax> y+ <ax ay Z (Curl), (A.16)

which can also be written as

=k
N Yo
Sy

(AxB); =) &A;B (A.17)
jk
Note: The curl of a vector is a vector.
Derivatives of products appear commonly in realistic problems and product rules for
vector derivatives can be proved that are similar to product rules for ordinary derivatives.
For example,

V(fg)=fVg+gVf, (A.18a)
V(A-B)=AXx(VxB)+Bx(VxA)+(A-V)B+(B-V)A, (A.18b)

V. (fA) = f(V-A)+A- (V) (A.18¢)
V. (AxB)=B-(VxA)—A-(VxB), (A.18d)
Vx(fA)=f(VxA)—Ax(Vf), (A.18e)
Vx(AxB)=(B-V)A—(A-V)B+A(V-B)—B(V-A), (A.18f)

where A and B are arbitrary vectors and f and g are arbitrary scalar functions,
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A.4.2 Second Derivatives

As shown above in Section A.4.1, the first derivatives that can be constructed using the
operator V defined in Eq. (A.10) are

1. the gradient of a scalar, Vf,
2. the divergence of a vector, V - A, and
3. the curl of a vector, V x A.

Second derivatives can be constructed by applying two first-derivative operators in succes-
sion. Lets consider the possibilities for second derivatives in vector equations.

1. The divergence of a gradient, V - (V f), gives in cartesian coordinates

(0 _aN\ (.9f .of .of
I A

ax2 9?92

This second derivative operator appears often and it is useful to define it as V?; this is
called the Laplacian operator, and we rewrite the preceding result as
9*f I f 9°f
Vif= =24 =5+ = A.19
f 2 )2 + 53 (A.19)
Notice that the Laplacian applied to a scalar gives a scalar.
2. The curl of a gradient is always equal to zero, V x (V f) = 0, by the identity (A.7).

3. The gradient of a divergence V(V - A) is a valid mathematical operation but it is rela-
tively uncommon in physical problems and has no special name.

4. The divergence of a curl always vanishes, V - (V x A) = 0, by the identity (A.6).
5. The curl of a curl evaluates to
Vx(VxA)=V(V-A)—V?A

[see identity (A.8)], which gives nothing new since the first term on the right is just a
number and the second is the Laplacian of a vector, which we considered in Eq. (A.19).

Thus we need consider only two kinds of second derivatives: (1) the Laplacian in Eq.
(A.19), which will play a fundamental role in electromagnetism, and the gradient of the di-
vergence, which isn’t very common. By similar procedures we could evaluate third deriva-
tives in vector equations, but we will omit them since they seldom occur for the types of
problems that we shall encounter.

A.4.3 Integrals

A line integral (or path integral) of a vector function V between points A and B is given by

B
/ V.dl dl=xdx+ydy+2dz (Line integral). (A.20)
A
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The integral is carried out over a prescribed path from A to B, with dl the infinitesimal
displacement vector along the specified path (with magnitude equal to the length of the
infinitesimal displacement and direction tangent to the path at that point). If the line integral
is carried out over a closed loop (B = A), the line integral is called a cyclic integral and
denoted

7{ V.dl (Closed line integral). (A.21)
A surface integral of a vector function V over a surface § is denoted by
/ V.ds (Surface integral), (A.22)
s

where ds = nds is a vector associated with an infinitesimal patch of surface area having
magnitude equal to the area of the patch and direction given by the normal n to the surface
at the patch (implying that the sign is ambiguous since, there are two normals—“up” and
“down”—at each point). If the surface is closed, the surface integral is denoted

7{ V-ds (Integral over closed surface), (A.23)
s
A volume integral of a scalar function over a volume V is indicated by
/ Fdt (Scalar volume integral), (A.24)
1%

where F is a scalar function and d7 is an infinitesimal volume element. (For example, in
cartesian coordinates d7 = dxdydz.) A volume integral for a vector function F is given by

/Fdr = / (Fx+Fy+Fz2)
1%
= 56/ F.drt +5’/Fydr +2/FZ dt (Vector volume integral), (A.25)
1%

where the unit vectors (&, ¥,2) have been pulled out of the integrals in the last step because
they are constants.

A.5 Fundamental Theorems
|

Let us now list some fundamental theorems of calculus and of vector calculus that will be
of use. The fundamental theorem of (ordinary) calculus is

b /0 f b
/ <9x> dx= / F(x)dx=f(b)—f(a) (Fundamental theorem of calculus), (A.26)

where F(x) = df/dx. Thus the fundamental theorem of calculus tells us how to integrate
F(x): find a function f(x) that has a derivative equal to F (x), which implies that integration
and differentiation are inverse operations. In vector calculus there are three fundamental
types of derivatives:

1. the gradient of Eq. (A.9),
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2. the divergence of Eq. (A.15), and
3. the curl of Eq. (A.16).

For each type of vector derivative one can formulate a “fundamental theorem” having the
same general structure as the fundamental theorem of calculus given in Eq. (A.26):

The integral of a derivative of a function over some region is determined by the
values of the function on the boundaries of the region.

Let us consider the fundamental theorems of vector calculus for gradients, divergences,
and curls.

A.5.1 Fundamental Theorem of Gradients

For gradients, the fundamental theorem takes the form
B
/ (VF)-dl=F(B)—F(A) (Fundamental theorem of gradients), (A.27)
A

for a scalar function F(x,y,z) evaluated on a path from A to B. Notice that Eq. (A.27) has
the same structure as Eq. (A.26): the integral (a line integral here) of a derivative (a gradient
here) is determined by the values of the function at the boundaries (A and B here).

A.5.2 Fundamental Theorem of Divergences

For divergences, the fundamental theorem takes the form [see Eqs. (A.23) and (A.24)],
/ (V-A)dr = ?{A -ds (Divergence theorem), (A.28)
Jv s

where A is a vector field and ds = nda with n the normal to the surface. This may be
termed the fundamental theorem for divergences,” but it is commonly termed the diver-
gence theorem in the literature and we will typically adopt that terminology.

A.5.3 Fundamental Theorem of Curls

The fundamental theorem for curls is given by
/(V XA)-ds= %A -dl (Stokes’ theorem), (A.29)
S P

where the left side is a surface integral over S and the right side is a line integral on the
perimeter of the surface. This is the fundamental theorem for curls® but, as we have indi-

2 Note that it has the same structure as Eq. (A.26): the integral of a derivative (here the divergence) over a region
(here the volume V') is determined by the value of the function on the boundaries (the boundary of the volume
V is the surface S. In this case the boundary term is a surface integral.

3 Analogous to Eq. (A.26), the integral of a derivative (here the curl) over a region (here a patch of surface S) is
determined by the value of the function on the boundary (the perimeter P of the surface patch). Notice that the
boundary term in this case is itself an integral.
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cated, it is commonly called Stokes’ theorem in the literature and we will typically use that
terminology. Further discussion of Stokes’ theorem is given in Box 2.3.

A.6 Laws, Theorems, and Definitions
I ———

Some important laws, theorems, and definitions of classical electromagnetism are listed
here. In some cases both the integral and differential forms of the laws are given. Unless
otherwise noted, SI units are assumed in all equations.

Coulomb’s law (forces): The force between two charges is

Q192 X1 —X2

= 4nes 7]351 —aF (A.30)
where the charges ¢; and ¢, are located at the points x| and x;, respectively.
Coulomb’s law (electric fields): For a continuous charge distribution,
E(x) = 4;80/p(x’) mcﬁx’, (A31)

where p(x) is the charge density.
Gauss’s law: For a continuous charge distribution p(x),

v.E=P fE-nda:i/p(x)ch, (A32)

& & Jv

where the integration is over the volume V contained within the surface S (see Fig. 2.4).

Divergence theorem: For a vector field defined within a volume V that is enclosed by a
surface S,

fAnda: / V.-Ad’x, (A.33)
S \%4

where the left side is the surface integral of the outwardly directed normal component of
the vector A and the right side is the volume integral of the divergence of A [equivalent to
fundamental theorem for divergences given in Eq. (A.28)].

Stokes’ theorem: For a 3D vector field A (see Box 2.3),

j{A-dr:/(VxA)-ndsz/(VxA)-ds, (A.34)
C s S

where S is the 2D surface enclosed by the 1D boundary C and the outward normal to the
surface is n [equivalent to fundamental theorem for curls given in Eq. (A.29)].

Scalar potential: For an electric field E and scalar potential ®,

E—-Vd &x)=— /ﬁx E(x)-dl, (A35)

where & is an arbitrary reference point.



323

Curvilinear Coordinate Systems

Vector potential: The vector potential A is defined through
B=VxA, (A.36)

where B is the magnetic field. Eqs. (A.35) and (A.36) then allow the electric and magnetic
fields to be eliminated in favor of vector and scalar potentials.

Poisson’s equation: For a scalar field ®,

V=P (A.37)
&
where the charge density is p.
Laplace’s equation: For a scalar field &,
V2 = 0. (A.38)
This is Poisson’s equation with zero charge density.
Lorentz force: For electric field E and magnetic field B,
F =q¢(E+vxB), (A.39)

where ¢ is the charge and v is the velocity of the particle.

A.7 Curvilinear Coordinate Systems
I ——————

It is often advantageous to formulate electromagnetic problems in non-cartesian coordi-
nates. We include some relevant equations in this Appendix for spherical coordinates and
cylindrical coordinates.

A.7.1 Spherical Coordinates

The standard spherical coordinates (r, 0, ¢) are related to cartesian coordinates (x,y,z) by
x =rsinBcos @ y=rsin0sin¢ z=rcos0. (A.40)
Spherical unit vectors are related to cartesian unit vectors by
F=sinOcos@px+sinOsingy+cosO 2,
é:cochos(])fc—FcosGsind)j’—sin92, (A.41)
¢ =—sinpxX+cosgy,

or in matrix form, the transformation from cartesian to spherical coordinates is

r sinfcos¢ sinOsing cosO X
0| = | cosBcos ¢ cosfsing —sin6 y (A42)
(ﬁ —sing cos ¢ 0 Z
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The transformation matrix is orthogonal so the inverse matrix is the transpose (interchange
rows and columns) and the matrix transformation from spherical to cartesian coordinates
is given by

x sinfcos¢ cosOcos¢p —sing r
y| = | sinfOsing cosOsing cos¢ 0 (A.43)
b4 cos 6 —sin@ 0 0
This means that an arbitrarary vector V can be decomposed as
V=>GFV)F+(0-V)O+(9-V)o. (A.44)
The spherical line element is
dl =dr#+rd00 +rsin6d¢ @, (A.45)
and the spherical volume element is
dt = r*sin0drd@de. (A.46)
The vector derivatives are given by
JdF 10F , 1 OF .
Gradient: VF = —¢F+-—— —_— A.47
radien o T 796%  rsme ae ¥ (A.47)
14 1 0 1 dV,
Di L V.V == (Y, = (sin OV, =2 A48
fergence r? 8r(r )+ rsinf 90 (sin 6Ve) + rsin@ d¢’ ( )
1 d dVy
Curl: V = —(sin@Vy) — == | 7
ur xV rsine{ 0(s1n V) 8¢]r
I1[ 1 9V, 2 ~ 1[d aV,]
— | ==(V)| O+ — | =— (Vg — == A.49
7 [sin@ ¢ 8r(r ¢)} e [8r(r 0 89] 9. (A49)
1 0 JdF
Laplacian: V?F = — — ( r#——
aplacian 23, (r 8r>
1 9 oF 1 0°F
————=— | sinf—=—— —_— A.50
T 25in6 96 (Sm ae> 2sin20 992 (A-50)

when expressed in spherical coordinates.

A.7.2 Cylindrical Coordinates

Standard cylindrical coordinates (p, ¢,z) are related to cartesian coordinates (x,y,z) by
xX=pcoso y=psing =1z, (A.51)
the line element is
dl =dpp +pd¢ ¢ +dz2, (A.52)
and the volume element is

dt=pdpdpdz. (A.53)
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The vector derivatives are given by

. oF , 10F ., OF
Gradlent. VF—%p+E%¢+87ZZ,

. 10 18V¢ av,
Divergence: V-V:E%(pvp)-kﬁﬁ_kai;’

Curl: V><Vz<;avz—av¢)f)

WV, IV,\, 1[0 avp]

- — = — | 5=(PVs — 5| 2 A.56
o2 L9 [ OF\ 1 3F 09°F
Laplacian: V*°F = o —ap P —ap + P2 7«9(})2 + FER

when expressed in cylindrical coordinates.

(A.54)

(A.55)

(A.57)

A.8 Taylor Series Expansion
I —

In one dimension a Taylor series expansion may be written for infinitesimal € as

f(x+8)=f(x)+ea+?!e e

el L4
dx 2! dx

For a function of three variables this generalizes to

f(x) =exp (s x> f(). (A.58)

0 0 0
fx+e,y+e,z+¢€)=exp (sxax) exp (8y¢9y> exp <8Z&> f(x,y,2), (A.59)

which may be written in vector notation as

f(r+€)=exp(e-V)f(r)= [1+8-V+21!(£~V)2+---]f(r). (A.60)

A.9 Binomial Expansion
|

The binomial expansion is

- “1)(n—2
(1+a)":1+na+n(n2' ) 2 4 1 3)'(” )b .. (A.61)

It is particularly useful when a < 1, since then (1 +a)" ~ 1 +na.
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A.10 Miscellaneous Equations
|

LAW OF COSINES:
A C
0
B
C* =A%+ B> —2ABcos 6 (Law of cosines). (A.62)

A.11 Integration by Parts

For scalar functions u and v, by basic calculus manipulations

b d b (dv b (du
— = b: —_— —_—
/a dx(uv)dx uv|, /a M<dx) dx—i—/a v<dx>dx,

from which we may write

b b
/ u dv dx = uv|? —/ v du dx, (A.63)
a dx a dx

which is often expressed more compactly as

/udv: uvf/vdu. (A.64)

This is called integration by parts, and is often useful when it is necessary to itegrate a
function multiplied by a derivative of another function. The net effect of integration by
parts is to transfer the derivative operation from one function to the other, at the expense of
adding a boundary term uv|2. For vector calculus this generalizes to equations of the form

/ O(V-A)dt = —/A- (v¢)d1+7f¢A-da, (A.65)
\%4 \%4 S
/¢(V><A) .da— /[A < (V)] .da+f¢A-d17 (A.66)
S S P
/B-(VxA)dT:/A.(VxB)dT—kj{(A><B)-da, (A.67)
\%4 \%4 S

where A and B are arbitrary vectors, ¢ is an arbitrary scalar function, a subscript V indicates
a volume integral, a subscript S indicates a surface integral, and a subscript P indicates a
line integral. Notice that in these expressions also one is integrating a function times a
vector derivative (divergence or curl) of a function, and the operation transfers the deriva-
tive from one function to the other (as a gradient or curl), at the expense of an additional
boundary term. Such equations can be derived by using the product rules and fundamental
theorems of vector calculus.
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A.12 The Dirac Delta Function

In one dimension the Dirac delta function is a (mathematically improper) function written
O (x — a) and having the properties that

6(x—a)—{ 0 (fx7a), (A.68)

o (if x =a),

with the normalization
—+oo
O(x—a)dx=1. (A.69)
The Dirac delta function can be viewed intuitively (but non-rigorously) as the limit of
a peaked curve that becomes higher and higher as it is made narrower and narrower, in
such as way that the area under the curve remains constant.* For an arbitrary continuous
function f(x),

f(x)d(x—a) = f(a)d(x—a) (A.70)

and insertion of a Dirac delta function in an integral over a function picks out the value of
the integrand at x = q,
—+oco

f(x)6(x—a)dx = f(a). (A.71)
In n dimensions the Dirac delta function 6" (x — X) can be written as a product of n 1D
delta functions; for example, in a 3D space parameterized by cartesian coordinates x =

(x1,x2,x3),

S} x—X)=38(x1 —X1)8(x2 —X2)8(x3 — X3). (A.72)
This vanishes everywhere except at x = X, and generalizing Egs. (A.68) and (A.69) to 3D,

3 3 1 (If AV contains x = X),
/ 5 (x—X)dPx = _ (A73)
AV 0 (If AV doesn’t contain x = X),

where AV is the integration volume over d>x, while Eq. (A.71) generalizes to
/ F(x) 8 (x—a)dx = f(a). (A.74)
AV

Thus, just as in 1D the 3D Dirac delta function 83 (x — a) picks out the point x = a in the in-
tegration. Notice from the preceding definitions that a Dirac delta function in n dimensions

4 The Dirac delta function was first introduced by Dirac to aid in normalization of probability integrals in quan-
tum mechanics. It was met by considerable initial skepticism from mathematicians. However, contrary to what
might be inferred from our loose discussion here, the Dirac delta function can be placed on a mathematically
rigorous footing by viewing it as a generalized function or distribution (meaning a quantity that only makes
sense when it is integrated over) over the real numbers, which has a value of zero everywhere except at zero,
and has an integral over the entire real number line that is equal to one. See Lighthill [25] for a more complete
exposition.
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has the dimensionality of inverse volume in n-dimensional space. Applying the Laplacian

operator V2 to |x — x| ~! gives a result proportional to a 3D §-function,

V2< ! >:—4ﬂ63(x—x’), (A.75)

| — x|
which can be of considerable utility in evaluating electrostatic integrals (see Example 2.8).
By evaluating
b dé(x)
a dx

by “parts” for f(x) an arbitrary function, one can show that the delta function anticommutes
with derivative operators such as V under an integral; schematically,

d d
To=-5 . (A.76)

(One can show that this “parts” operation is legitimate, even though & is not a true func-
tion.)

f(x)dx



Appendix B Electromagnetic Units

We have used SI units systematically throughout this book except for employing Heaviside—
Lorentz units in discussing the Lorentz invariance of the Maxwell equations in Section
16.8. This Appendix gives the Maxwell equations and Lorentz force equations expressed
in SI units, gaussian or CGS units, and Heaviside—Lorentz units.

B.1 Maxwell Equations in Sl Units
. |

In SI units the vacuum Maxwell equations are
p

V.E = 8—0 (Gauss’s law), (B.1a)

VXE+ %—f =0 (Faraday’s law), (B.1b)
V.-B=0 (No magnetic charges), (B.1c)

V xB— Clzaa—f = UoJ (Ampere—Maxwell law), (B.1d)

where E is the electric field, B is the magnetic field, p is the charge density, J is the current
vector, & is the permittivity of free space [defined for SI units in Eq. (2.3)], and uy is the
permeability of free space (which are related by gt = 1/c?). The corresponding Lorentz
force in SI units is

F =¢g(E+vxB) (Lorentz force), (B.2)

where ¢ is the charge and b the velocity of a test charge.

B.2 Maxwell Equations in Gaussian (CGS) Units
G

In gaussian (CGS) or electrostatic units the vacuum Maxwell equations are

V-E=4mp (Gauss’s law), (B.3a)
VX E + %aa—f =0 (Faraday’s law), (B.3b)
V.-B=0 (No magnetic charges), (B.3¢)
VxB-— %%_f = 4;] (Ampere—Maxwell law), (B.3d)
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where E is the electric field, B is the magnetic field, p is the charge density, and J is the
current vector. The corresponding Lorentz force in CGS units is

1
F =g (E + Ev X B> (Lorentz force), (B.4)

where g is the charge and v the velocity of a test charge.
B.3 Maxwell Equations in Heaviside—Lorentz Units
|

In Heaviside—Lorentz units (common in high energy physics) the vacuum Maxwell equa-
tions are given by

V-E=p (Gauss’s law), (B.5a)
JoB
VXE+ i 0 (Faraday’s law), (B.5b)
V.-B=0 (No magnetic charges), (B.5¢)
V xB— aaf =J (Ampere—Maxwell law), (B.5d)

where E is the electric field, B is the magnetic field, p is the charge density, and J is the
current vector. The corresponding Lorentz force in CGS units is

1
F=g¢g (E +—-v X B) (Lorentz force), (B.6)
c

where ¢ is the charge and v the velocity of a test charge.
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phase of electron wavefunction, 308
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alignment
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modified by Maxwell, 3, 182, 185
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atlas, 243
atomic polarization, see polarization
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anholonomic, 245-247

differential form, 146

discovery, 142

for line currents, 142
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integral form, 142, 146
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boost transformations, 276
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boundary conditions
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Dirichlet, 48, 51, 52

discontinuities at charge layers, 44, 45
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mixed, 51, 52

naturalness of Dirichlet vs. Neumann, 48

Neumann, 48, 51, 52

overdetermined, 51, 52

physically acceptable, 5

boundary value problems, 13

capacitance

capacitor, 91

and fringing fields, 109

definition, 90

effect of dielectrics, 91, 96-98
energy stored in capacitor, 92
parallel plate capacitor, 91, 129
vacuum diode, 129

work done in charging a capacitor, 92

capacitor, see capacitance
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Cauchy theorem, 196
causal structure of spacetime, 281
Cavendish, H., 1
charge
accelerated, 5-7
and gauge invariance, 4
bound, 98, 110
conservation of, 3, 4, 184
free, 98
induced, 88
is conserved locally, 184
of neutron, 11
of proton, 11
quantization of, 8
space, 130
surface, 111, 112
volume, 111, 112
charge conservation, 182, 185
Child-Langmuir law, 131
Christoffel symbols
are not tensors, 263
definition, 263
transformation law, 263
classical linear regime, 18
closed timelike loops, 282
closure, 250

color confinement, see quantum chromodynamics

commutator, 247
Compton wavelength, 7
conduction

conduction electrons, 132

Drude model, 132
conductivity

and Ohm’s law, 132

and resistivity, 133

conductivity tensor, 133, 136
conductors, 88, 95, 132
conservation laws

in classical electromagnetism, 200

symmetries of the Maxwell equations, 4
conservative force, 29, 30
constituitive relationship

in electrostatics, 108, 109

in magnetostatics, 163

non-linear for ferromagnets, 164
continuity equation, 3, 128, 182, 184, 185
contravariant vectors, see vectors
convective derivative, see derivative
coordinate basis, 245-247
coordinate curve, 245-247
coordinate patches, 243
coordinate systems

basis vectors, 228

dual basis, 231

euclidean, 227

non-orthogonal, 231

orthogonal, 231

parameterizing, 228

spacelike components, 242

tangent basis, 230

timelike components, 242
cosine law, see law of cosines
cotangent bundles, 244
Coulomb excitation, 72
Coulomb gauge, 152, 153, 190, 207
Coulomb potential

acts instantaneously, 191

and causality, 191

solution in Coulomb gauge, 190, 191
Coulomb’s law, 322

definition, 13, 322

deviations from, 16

starting point for electrostatics, 146
Coulomb, C.-A., 1
covariance, 242

manifest, 289

of Maxwell equations, 289
covariant derivative, 239, 261, 263

and Christoffel symbols, 263

and minimal substitution, 302

and parallel transport, 265

implications, 265

is non-commuting operation, 264, 266

Leibniz rule for derivative of product, 265

of metric tensor vanishes, 265

rules for, 264
covariant vectors, see dual vectors (one-forms)
covectors, see dual vectors (one-forms)
Curie temperature, see ferromagnetism
curl

and the Helmholtz theorem, 53

definition, 318

fundamental theorem of (Stokes’ theorem), 321

currents
and conservation of charge, 128
continuity equation, 128
convection current density, 129
field lines of steady current density, 129
in matter, 131
steady-current condition, 128
vacuum, 129
curvature
and radius of curvature, 90
and tangent spaces, 244
vectors in curved space, 244
cyclotron motion, 141, 143, 158

d’ Alembertian operator
definition, 193, 288
for electromagnetic waves, 288
in Green function, 193
in wave equations, 295
Lorentz invariance, 288



Index

derivative
convective, 179
directional, 45
normal, 45
product rules, 318
second derivatives, 319
diamagnetic material, see diamagnets
diamagnets
definition, 160
magnetic field lines, 165
physical explanation, 163, 165
dielectric constant, 109
dielectrics
definition, 88
dielectric constant, 109
polarization in capacitor, 96
properties, 95
differentiation
absolute, 263
covariant, 263
in non-cartesian coordinates, 239
in spaces with position-dependent metrics, 239
of tensors, 256, 261
partial, 256, 262
dipole moment
definition, 67
in multipole expansion, 64, 66, 67
intrinsic, 95
magnetic, 161
sources in matter, 95
vector, 101
Dirac delta function
anticommutes with derivative operator, 328
as a distribution or generalized function, 327, 328
definition in 1D, 327, 328
definition in 3D, 327, 328
dimensionality, 328
Dirac equation, 295
Dirac matrices, 296
Pauli-Dirac representation, 296
Weyl representation, 296
Dirac monopoles, 8
directional derivatives, 245-247
Dirichlet boundary condition
see boundary conditions, 1
discontinuity equations, 119
displacement, 108, 109, 163
displacement current, 3, 182, 185
divergence
and Helmholtz theorem, 53
definition, 318
fundamental theorem of (divergence theorem), 321
divergence theorem, 22, 115, 322
Drude model
and Hall experiment, 157
and modern atomic theory, 134

and Ohm’s law, 135

description, 132, 134

enabled by discovery of electron, 2

relaxation time (mean collision time), 135
dual vectors (one-forms)

and row vectors, 251

as maps to real numbers, 234, 249

defining in curved space, 234, 244

duality with vectors, 234, 249, 256

transformation law, 255

Earnshaw’s theorem, 46, 86
Einstein summation convention, 233, 244, 314
Einstein, A., 2
electric field
and the scalar potential, 28
curl of, 27
definition, 15, 18
discontinuous at charge layer, 44, 45
energy, 5-7
for discrete set of charges, 19
intrinsic strength relative to magnetic field, 140
is conservative, 29
of a point charge, 16
of continuous charge distribution, 19
of line charge, 19
of long straight wire, 19
of solid spherical ball, 23
time variation produces a magnetic field, 177
electric flux
and field lines, 34
definition, 34
electric permittivity, 109
electric potential, see scalar potential
electric susceptibility, 95, 109
electromagnetic induction
and unification of electricity and magnetism, 1, 177
discovery by Faraday, 1, 177
electromagnetic waves
and Maxwell equations, 3
and the displacement current, 182
circular polarization, 213
dispersion, 217
dispersive, 216
elliptical polarization, 213
energy density, 209
energy flux density, 210
in simple matter, 216
in terms of fields, 205
in terms of potentials, 207
in vacuum, 205, 210
index of refraction, 217
interpreted as light, 185
left circularly polarized (LCP, 213
momentum density, 210
non-dispersive, 216
plane polarization, 213
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Poynting vector, 210
reflection, 217
refraction (transmission), 217
right circularly polarized (RCP, 213
transverse polarization, 2, 205, 210, 212, 214
wave equation, 205
electromotive force (EMF)
definition, 177, 178
proportional to time derivative of flux, 178, 179
electron
classical radius, 6
discovery of, 134
free electron approximation, 134
independent electron approximation, 134
self energy, 6
electrostatic induction, 13
electrostatic polarization, 13
electrostatics
Coulomb’s law, 13
electric field, 15
Gauss’s law, 20
Poisson and Laplace equations, 38

relationship of electric field and scalar potential, 27

scalar potential, 25

superposition principle, 16, 35

work and energy in electric fields, 29
EME, see electromotive force (EMF)
energy, see also work

of charge distribution in external field, 72

stored in capacitor, 92
equipotential surfaces, see scalar potential
equivalence classes

definition, 187, 188

of gauge transformations, 187, 301
Euler formula, 204
Euler-Lagrange equation, 293, 294

farad (unit), 90, 91
Faraday’s law
differential form, 180
Faraday’s experiments, 177
generalized as a relationship between fields, 179
in medium, 115
in vacuum, 2
integral form, 116, 179
integral form in medium, 116
production of transient current, 177
Faraday, M., 1, 177
ferroelectricity, 139
ferromagnetism
and permanent magnetism, 160
Curie temperature, 164
definition, 160
depends on magnetic history, 160, 164
hard ferromagnets, 167
hysteresis, 164
microscopic alignment of spins, 139

non-linear constituitive relationship, 164
spontaneously broken symmetry, 139
ferromagnets, see ferromagnetism
fiber bundle
cotangent bundle, 244, 249
example of non-metric space, 239
tangent bundle, 244, 249
field theory
and action at a distance, 17
conserved currents and charges, 306
Lagrangian densities, 295, 296
Noether’s theorem, 303, 306
quantization of classical fields, 293
the classical action, 293
Fourier series, 203
Fourier transforms
conversion of PDE to algebraic equation, 193
definition, 193
inverse transform, 193
normalization convention, 194
of distributions, 193
of functions, 193
to obtain Green functions, 193, 194
free charge, see also bound charge
and macroscopic current density in medium, 162
definition for dielectrics, 98
not bound in dielectrics, 98
fringing fields, 109
fundamental theorem
of calculus, 320
of curls (Stokes’ theorem), 321
of divergences (divergence theorem), 321
of gradients, 321

Galilean invariance
and Maxwell equations, 4, 178
in Faraday’s law at low velocity, 180
superceded by special relativity, 225
gauge bosons, 9
mediators of force, 17
quanta of gauge fields, 17
gauge fields, 17
gauge invariance, see also gauge symmetry
Aharonov-Bohm effect, 308
and photon mass, 303
in quantum mechanics, 302, 303
minimal substitution, 302, 303
gauge symmetry
abelian, 8
and charge conservation, 3, 4, 182, 185
and decoupling of Maxwell equations, 188, 190
and quantum electrodynamics, 3, 182, 185
and the Standard Model, 3, 182, 185
and unification of fundamental interactions, 7
definition (classical, non-relativistic), 152
gauge transformations, 152
gauge-fixing condition, 188, 190
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in quantum mechanics, 302
local, 301
Lorenz gauge, 188, 190
minimal substitution, 302, 308
non-abelian, 8
gauge transformations, see also gauge symmetry
Coulomb gauge, 153
definition (classical, non-relativistic), 152
gauge-fixing constraint, 287
in electromagnetism, 287
invariance of electromagnetism under, 152
to Coulomb gauge, 153
to Lorenz gauge, 190
gauss G (unit), 142
Gauss’s law
definition, 20-23, 322
in medium, 115
in vacuum, 2
integral form, 116
integral form in medium, 116
Gaussian surface, 23
general relativity
and action at a distance, 17
gravitational waves, 191
replaces Newtonian gravity, 191
the speed of gravity, 191
geometrical object, 228, 252
geometry
and metric tensor, 239
euclidean, 227
Gibbs, J. Willard, 2
gradient
definition, 317
identities, 317, 318
with respect to x, 147, 317
with respect to x’, 147, 317
gradients
fundamental theorem of, 321
Green functions
and lightwaves, 188
and the image method, 59
boundary-value problems, 52
causal, 197
definition, 52, 55
difficulty of determining, 56
for conducting sphere, 59
for driven oscillator, 54
of free space, 55
retarded, 193, 194, 196, 197
solution of electrostatics problems, 52
solution with Fourier transforms, 194
symmetry of, 60
Green’s first identity, 50
Green’s second identity, see Green’s theorem
Green’s theorem (Green’s second identity), 50
groups, see also symmetries

abelian, 300

definition, 300

Lorentz group, 300

nonabelian, 300

Poincaré group, 300

representations, 67

U(1) gauge group, 301
Gupta—Bleuler mechanism, 193

hadron (definition), 9

Hall effect
and tensor resistivity, 133
classical, 143
consequence of Lorentz force, 141
Hall field, 143
Hall resistance, 143
quantum, 143

Heaviside, O., 2

Helmholtz decomposition, see Helmholtz theorem

Helmholtz theorem, 53, 152, 190

Herz, H., 2

Higgs mechanism, 165

holonomic basis, see coordinate basis
homogeneous differential equation, 52, 53
hypersurface, 243

hysteresis, see ferromagnetism

image charges, 57, 58
image method, 56-58
relation to Green functions, 59
indefinite metric, 270
index of refraction, 217
induced charge, 88
induction, see electromagnetic induction
inertial frames
no preferred ones in special relativity, 225
preferred aether frame hypothesis, 202
inhomogeneous differential equation, 52, 53
insulators, see dielectrics
integration
area of 2-sphere by invariant integration, 261
by parts, 326
covariant volume element, 261
invariant, 239, 261
of tensors, 261
irrotational current, 190

Jacobian determinant, 261
Jacobian matrix, 256
jumping ring demonstration, 179, 181

Klein—Gordon equation, 295
Kronecker delta, 236, 237, 248, 249, 257

Lagrangian, 294
Lagrangian density
and the classical action, 293
and the Lagrangian, 293
for complex scalar or pseudoscalar field, 295
for Dirac field, 295
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for massive vector field, 296 and Maxwell equations, 178
for massless vector field, 295 and spacetime diagrams, 283
Laplace’s equation and special relativity, 225
definition, 323 as rotations in Minkowski space, 274
in cartesian coordinates, 38 boosts between inertial systems, 274, 276, 278, 283
linearity of, 39, 76, 78 Lorentz group, 275, 300
Laplacian operator spatial rotations, 274
applied to 1/r, 39, 328 Lorentzian manifold, 271
in cartesian coordinates, 38 Lorenz gauge, 188, 190, 207
in cylindrical coordinates, 38, 325 luminiferous aether, see aether
in spherical coordinates, 38, 324 macroscopic (averaged) quantities

lattice gauge theory, 10 for electric fields, 107
law of cosines, 99, 326

for magnetic fields, 162
Legendre polynomial

preserves B =V x A for magnetic fields, 162

(table), 83 preserves E = —V for electric fields, 107
definition, 82 magnetars, 142
multipole expansions, 63 magnetic charges
orthogonality relation, 83 absence of, 2, 115, 116, 147, 154
Rodrique’s formula, 82 Dirac monopoles, 8
spherical harmonic addition theorem, 65 magnetic dipole
legendre polynomial and quantum nature of spin, 155
and rotational invariance, 82 averaged over small volume, 161
connection to spherical harmonics, 82 classical relation to orbital angular momentum, 155
Legendre’s equation, 82 definition, 154
Lenz’s law, 165, 179 equivalence to current loops, 161
lepton (definition), 9 in matter, 160
Levi—Civita symbol, 318 in multipole expansion, 154
Lie bracket, 247 torque exerted by magnetic field, 161
Lie derivative magnetic field
and covariant differentiation, 263 alignment of magnetic dipoles, 160, 161
contrasted with covariant derivative, 263 Amperian model, 160
lightcone, 278 at surface of Earth, 142
and causality, 197, 281 Biot—Savart law, 142
and simultaneity, 281 Gilbert model, 160
and the constant speed of light, 281 in matter, 160
lightlike intervals, 285 intrinsic strength relative to electric field, 140
null intervals, 285 lines of, 144
spacelike intervals, 285 magnetic flux, 144, 179
lightlike intervals, see lightcone, null intervals of localized current distribution, 153
line element, 237 of long straight wire, 145
euclidean, 238 produced by circular current loop, 145
for plane polar coordinates, 238 strongest known in Universe, 142
line integral, 319 terminology, 163
lodestone, 1 time variation produces an electric field, 177
London penetration depth, see superconductors units, 142
longitudinal current, 190 magnetic flux, see magnetic field, 178
Lorentz covariance magnetic force, see Lorentz force
of Maxwell equations, 4, 285 magnetic moment, see magnetic dipole
Lorentz factor magnetic moment density, see magnetization
in special relativity, 278 magnetic monopoles, see Dirac monopoles
Lorentz force, 5, 140, 143, 185, 308, 323 magnetic permeability, 163
Lorentz invariance, see also special relativity magnetic scalar potential, 151, 167
and electromagnetism, 4, 140 magnetic shielding, 174
in Lorenz gauge, 188 magnetic susceptibility, 163, 165
superceded Galilean invariance, 225 magnetization

Lorentz transformations, 273 approximately constant for hard ferromagnets, 167
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definition, 154, 161
in diamagnetic media, 165
in ferromagnets, 164
in paramagnetic media, 165
linear for paramagnets and diamagnets, 165
magnetic moment, 154
magnetic moment density, 154
magnetization currents, 139
magnetized matter, 160
magnetostatics
and special relativity, 139
definition, 138, 139
first law, 147
second law, 147
manifold, see also space
atlas, 243
charts, 243
coordinate patches, 243
definition, 243
differential, 243
Riemannian, 243
spacetime, 242
mapping, 234
Maxwell equations, 285
and aether, 224
and causality, 191
and Galilean invariance, 224
and linear superposition, 18
covariance, 289
gauge transformations, 287
in gaussian units, 329
in Heaviside—Lorentz units, 285, 330
in medium, 115
in ST units, 2, 329
in simple matter, 216
in vacuum, 2, 115, 329, 330
in vacuum and in medium, 115
integral form, 116
integral form in polarizable media, 116
Lorentz covariance, 4, 285
Maxwell’s original form, 2
scalar and vector potentials, 287
source-free in vacuum, 205
symmetries, 4
vector calculus notation, 2
Maxwell wave equation, 294
Maxwell, J. C., 182
Maxwell, J.C., 1
mean value theorem, see Earnshaw’s theorem, 46
Meissner effect, see superconductors
Mercator projection, 284
metric
definition, 235
indefinite, 271, 277
metric space, 235, 239
metric tensor, 258

signature, 227
metric space, see metric
metric tensor
and geometry of space, 239
and line element, 237, 258
and scalar products, 270
contravariant components, 236
covariant components, 236
covariant derivative vanishes, 265
in euclidean space, 236
in Minkowski space, 270
indefinite metric, 270
properties, 236
signature, 271
used to raise and lower indices, 258, 259, 271
Michelson—Morley experiment, 202, 225
microscopic quantities, 107
minimal coupling prescription, 163, 299, 302, 308,
309
minimal substitution, see minimal coupling
prescription
Minkowski space
and causality, 281
definition, 269
event, 271
indefinite metric, 270
invariance of spacetime interval, 271
lightcone structure, 278
lightlike intervals, 285
line element, 226, 248, 270
Lorentz transformations, 273
metric signature, 227, 271
metric tensor, 226, 248, 270
null (lightlike) intervals, 278, 285
rotations, 277
scalar product, 270
spacelike intervals, 278, 285
spacetime, 225
tensors, 272
timelike intervals, 278
worldline, 271
Minkowski, Hermann, 225
monopole (electric)
in multipole expansion, 66, 67
multipole expansion, see also multipole moments
binomial expansion, 99
cartesian coordinates, 67
electric field components, 71
in Legendre polynomials, 63
in spherical harmonics, 62, 66
molecular charge distribution, 100
of potential, 99
spherical coordinates, 66
Taylor series, 62
multipole moments, see also multipole expansion
cartesian vs. spherical definition, 67
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definition may depend on coordinate system, 67 asymmetric, 101, 103

dipole potential, 64 atomic polarizability, 95, 101, 102

in atomic nuclei, 72 atomic polarizability (table), 104
quadrupole potential, 64 definition, 104, 105, 123

reducible and irreducible representations, 67 density of dipole moments, 104, 107, 123

non-uniform, 108, 112
of dielectric, 96
of noble gas elements, 102

Neumann boundary condition
see boundary conditions, 1

neutrinos ble | .
flavors in Standard Model, 9 polarization density, 105
neutron stars, 142 polarization tensor, 101, 103

polarization-charge density, 105, 108

Newtonian gravity
uniformly polarized ball, 112, 124

and causailty, 191

gravitational potential, 191 polarization (waves)
Noether’s theorem, 306 circular polarization, 213
4-momentum conservation, 305 elliptical polarization, 213
and conserved charges and currents, 303 linear (plane) polarization, 212, 213
definition, 304 of cosmic microwave background radiation, 211
for internal symmetries, 305 pol.ariz'ation ellipse, 211
Noether charges, 305 polarization(waves)
Noether currents, 305 elliptical polarization, 216
Noether tensors, 304, 305 linear (plane) polarization, 216
non-coordinate basis, 245-247 Poincaré sphere, 215, 216

Stokes parameters, 215, 216
polarization(waves)circular polarization, 216
polarization(waves)polarization ellipse, 216
potential, see scalar potential
Poynting vector, 210
principle of extremal proper time, 292
principle of relativity, 242

Ohm’s law, 132, 133, 135, 177

ohmic conductors, 132

ohms Q (unit), 132

one-forms, see dual vectors (one-forms)
ordinary differential equation (ODE), 46
overdetermined system, 51

paramagnetic material, see paramagnets Proca (massive vector) field, 295
paramagnets proper time, 270
definition, 160 pseudo-euclidean manifold, see Lorentzian manifold

magnetic field lines, 165

physical explanation, 163, 165
parameterization

of curves, 229

of surfaces, 229
partial differential equation (PDE), 46
passive transformation, see transformations
path integral, see line integral
permeability of free space, 14, 142
permittivity of free space, 14
photon

mass of, 16

mass through the Higgs mechanism, 165
Poincaré transformations, 275, 300, 304
Poisson’s equation

definition, 38, 323

for continuous 3D charge distribution, 39

QCD, see quantum chromodynamics
QED, see quantum electrodynamics
QFT, see quantum field theory
quadrupole moment
as rank-2 tensor, 67
in multipole expansion, 66, 67
traceless, 67
quantum chromodynamics (QCD)
color confinement, 10
gauge symmetry, 8
quantum electrodynamics (QED), 3, 8, 182, 185, 192
quarks
color confinement, 10
electrical charge, 10
flavors in Standard Model, 9
quantum numbers, 10

for vector potential in Coulomb gauge, 153 radiation gauge, see Coulomb gauge
in cartesian coordinates, 38 regularizations of integrals, 195
magnetic, 167 relativity principle, see principle of relativity
solution at retarded time, 197 renormalization (in quantum field theory), 6
polar molecules, 102 repeated indices, see Einstein summation convention
polarization resistance, 132
amount of charge displacement in dielectric, 96 resistivity

and induced dipole moment, 123 and Ohm’s law, 132, 133, 135
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and resistance in Hall experiment, 133 spontaneous symmetry breaking, 164, 165

resistivity tensor, 133, 135 Standard Electroweak Model, see Standard Model
retarked time, 197 Standard Model (of elementary particle physics)
Rodrique’s formula, see Legendre polynomial and gauge symmetry, 3, 7, 8, 182, 185, 306
Savart, E., 142 conserved charges and currents, 306

generations, 9

scalar potential - )
Higgs mechanism, 165

and the vector potential, 151 ;
definition, 27, 186, 322 particles of, 9, 10
displaying graphically, 32 steampunk, 184
equipotential surfaces, 32 Stokes’ theorem, 115

for point charge, 63 and the Berry phase, 308

magnetic scalar potential, 151 and the scalar potential, 27

solving Maxwell equations, 186 deﬁn-itior?, 25,26, 3_22
self energy of point particles, 5-7, 31 physical interpretation, 26

separation of variables, 79 right-hand rule for, 26
cartesian coordinates, 76 stress—energy—momentum tensor, 304

cylindrical coordinates, 85 summation convention, see Einstein summation

spherical coordinates, 80 COI?VentiOH

solenoidal current, 190 summation problems, 13

space, see also manifold superconductors
metric, 235, 239 and diamagnetism, 165
Minkowski, 226, 269 London penetration depth, 165

Meissner effect, 165

superposition principle, 16, 18, 52, 193

surface charge, see also charge
discontinuity of displacement field, 118
discontinuity of electric field, 44, 45, 118

indefinite Minkowski metric, 270 polarization charge on boundary of a dielectric, 105

invariance of interval, 271 surface integral, 320

Minkowski space, 269 surface-charge density, 110

symmetries, see also groups
and gauge invariance, 299
group theory, 275, 300
Lorentz group, 275, 300
Poincaré group, 275, 300
U(1) gauge group, 301

non-metric, 235, 239
space charge, 130
spacelike surface, 279
spacetime, see also space

causal structure, 281

special relativity, see also Lorentz invariance
and causality, 191
and electric and magnetic fields, 140
and electromagnetism, 140
constant speed of light, 225

event, 271
limiting speed for signals, 17, 184, 191 tangent bundles, 244
Lorentz invariance, 4 tangent space
Lorentz transformations, 273 and parallel transport, 244
no preferred inertial systems, 225 and vectors in curved space, 244
proper time, 270 Taylor series, 67, 325
relativity of simultaneity, 281, 284 tensors
removes need for aether in electromagnetism, 202 and covariance, 242
space contraction, 284 and form invariance of equations, 266
time dilation, 272, 284 antisymmetric (skew symmetric), 260
twin paradox, 284 antisymmetrizing operation, 260
worldline, 271 as geometrical objects, 314, 316
speed of gravity, 191 as linear maps, 248, 249
spherical harmonic as operators, 248
addition theorem, 65 calculus, 261
and rotational invariance, 82 contravariant, 248
completeness relation, 66 covariant, 248
connection to Legendre polynomials, 82 defined by their transformation law, 248, 254, 258
multipole expansion, 66, 67 differentiation, 261
orthogonality condition, 66 dual vectors (one-forms), 255

relation to associated Legendre polynomials, 66 Einstein summation convention, 233, 244
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horizontal placement of indices, 259
in linear algebra, 251
in Minkowski space, 272
in quantum mechanics, 251
index-free formalism, 248, 249
integration, 261
Kronecker delta, 248
Lorentz, 316
metric tensor, 258, 259
mixed, 248
rank, 248
rank of, 313
rank-2, 257
scalars, 254
spacetime, 316
symmetric, 260
symmetrizing operation, 260
tensor fields, 316
transformation laws, 313
transformation laws (table), 258
type, 248
vectors, 254, 256
vertical placement of indices, 231, 233, 242, 244
tesla T (unit), 142
thermionic emission, 129
Thomson, J. J., 2
time machines, see time travel
time travel, 281, 282
topological matter, 143
total time derivative, 179
transformations
between coordinate systems, 240
boosts, 276
Galilean, 178, 241
gauge, 152
gauge in electromagnetism, 287
Lorentz, 178, 225, 241
of derivatives, 248
of fields, 248
of integrals, 248
of scalars, 255
of vectors, 255
passive, 242, 314
Poincaré, 275, 300
rotations, 240
rotations in euclidean space, 273
rotations in Minkowski space, 274
spacetime, 242
symmetry under, 227
unitary, 301
vectors, 255
transverse current, 190
transverse gauge, see Coulomb gauge
twin paradox, 284

uniqueness theorems
and boundary conditions, 51, 52

by Green’s methods, 49

definition, 48

method of images, 56, 58

Uniqueness Theorem I, 49, 56

Uniqueness Theorem II, 49
units

esu (CGS or Gaussian), 14

Heaviside-Lorentz, 14

SI, 14

vacuum diodes, 129
vacuum polarization, 18
vector area, 161
vector field
longitudinal, 53
transverse, 53
vector identities, 317
vector potential
and minimal coupling prescription, 163
definition, 151, 186, 323
hard ferromagnets, 168
in Coulomb gauge, 153
multipole expansion, 153
solving Maxwell equations, 186
vector space
definition, 250
for vectors or dual vectors, 234
vector spherical harmonics, 153, 154
vectors
and column vectors, 251
and tangent spaces, 244
as geometrical objects, 228
as maps to real numbers, 234, 249
defining in curved space, 234, 244
dual vector spaces, 234, 249
dual vectors, 255
duality with dual vectors, 234, 249, 256
expansion in basis, 233
scalar product, 233, 257
transformation law, 256
vector space, 234, 249, 250
vertical position of indices, see Einstein summation
convention
volume charge, see charge
volume integral, 320

wave equation
linearity, 203
scalar field, 203
sinusoidal solution, 203
waveguides, 48
waves
electromagnetic, 202
monochromatic, 208
phase velocity, 202, 203
phaseshift, 203
plane waves, 208
speed, 202, 203
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wave equation, 202
work, see also energy
done in charging a capacitor, 92
done in electrical field, 30
energy of charge distribution in external field, 72
independent of path in electric field, 30
no work done by magnetic field, 141, 142

Yukawa potential, 16



