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I.A Introduction

Electricity and magndism is represented by one of the mog beautiful and complete physcal
theories. During mosgly the 18th and 19th centuries scientists amassed a huge collection of
empirical daa ranging from the effect of electricity on the reflex of a frog leg, to rsted and
Ampere's discovery of the relation between electric current and magneism, to Faraday's
discovery of electromagndic indudion. This produed important knowledge of the
phenomenology of electricity and magndism and gave strong indication of the unity of these
phenomena  This al collimated with Maxwell who reformulated the daa in 1873 into a
mathematical modd which agreed with all measurements. But there was something asymmetric
about the theory. A changing magneic flux produced the electric field, but wha about the
reverse process? From purely theoretica groundsMaxwell added his now famous"displacement
current” which in turn led him to PREDICT tha light itself was a wave of the electromagndic
field, a prediction tha was verified by Hertz in his 18851889 expeiments, thereby unifying
optics with E&M. The early 20th century gave us the null result of the Michaglson-Morley
expeiment in thear search for the "luminiferous ethe™, followed by Eingein's revolutionay
hypoteses at the foundaion of relativity and the unification of space andtime. Eingein'sdream
of the unification of gravity and electromagndism was not achieved; he of course had deep
philosophical problems with quantum field theory. Perhgs this unification will be one of the
hdlmarks of the214g century.

The development of electromagnetic theory is a wondeful example of the scientific method
a its best. Empirical studies are quantified and relations between observations are sought
Mathematical descriptions of these relations are formulated and NEW predictions are made
These predictionsare putto thetest in thelaboratory. Either they hold up, or thetheory mug be
modified accordingly. The ability to predict previoudy unob®rved phenomena and put them
into a congstent framework is the hdlmark of a good theory. Often, the nongientific
community confuses the notion of a theory with a hypothesis or hund, as is typified by the
current debate ove biological evolution.
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I.B The Empirical Basis of Electromagnetism

All electromagneic phenomenaare ultimately oberved as forces on charges. Thetwo basic
forces are electrogatic and magneodatic.
¥ Coulomb'sLaw (1.1):
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The condants k1 and ko determine the systems of units. Tha is, they relate the units of charge
and current to the mechanical unit of force (see below).

I.C Abstraction : Electric and Magnetic Fields

Electric and magndic forces act at a distance between charges and currents. This modd is
perfectly condstent. We can consde ingead, however, the charges and currents as sources of
electric and magndic fields produed localy, and then acting locally on distant charges and
currents. In the static case, this notion is a matter of convenience, but in the dynamic case we
will seethefieldstakingon areality of thar own - they can detach from the source and radiate to
infinity carrying energy, momentum, and angdar momentum with them! The notion of
congrvation laws in electromagneism will play a centra role in this course.
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¥ Electric field (static definition). Force ona"test charge' o per unit charge
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¥ Magndic field (static definition):
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The congant o fixes the unit of magneic field relative to other units (see bedow).

L.D Units

Nothing plagues a discussion of electromagndic theory like the choice of units. Of course we
will use the "metric system”. Here there are two usud choices - CGS (centimeters-gram-
secondg and MKS (meter-kilogram-secondg. Theformer isthe system used by us"old timers"
with the unit of force being the "dyne" and energy the "erg", whereas the MKS system has
become the standad "SI" with the unit of force "Newtons' and energy "Joules'. Theissueisto
relate the units of force from mechanics (mass times acceleration) to that of electric and
magnédic forces. There are three paameters: k1, ko, and o. Note, however that two are related

by experiment. Thecurrent | istheflow of charggunit time. Thus for any choice of unit for
charge by Egs (1.1) and (1.2), thecondants k1 and ko are related by,

Lo 2, (1.5)
K,
whee c is a congant with unit of velodty. In fact

c! 3"10%m/ s:CGS or" 10°m/ s: MKS ). Of course thisis recognized as the speed of light
Amazingly, this comes out of SOLELY from static force measurements.
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There aretwo "simple" butarchac choices of units:
¥Electrogatic Units (ESU): k,=1! k,=1/c¢* " =1
¥Electromagneic Units (EMU):  k,=1! k =c* " =1

The standad for these older system of units is CGS. The unit of charge in ESU is called an
"esu”. It itself is related to the fundanental units as: 1esu=+4/dyne cm’ =4/g-cm*®-s?. Inthe

EMU system oneddines anew unit - the current is measured in abamps (which used to becalled
"absolute amperes’, but tha name is recalimed in the SI system). The definition is given as
follows: given two parallel currents separated by one centimeter, theforce per distance of wireis
2 dyndcm. Theabooulomb isthechargeflowingin 1 sec. given 1 abamp.

A third choice of unitsis theonewe will use:
¥Gaussian (mixed units): k, =1! k,=1/c¢* " =1/c: CGSunits

This system, is very similar to ESU except tha the magneic for the choice of .. This choice is
"naural" because then the E and B fields have the SAME UNITS. This makes goodphyscal
sene since we know from relativity tha the E and B fields are in fact two different
manifestationsof the SAME THING. Of course they should have the same units.

A fourth choiceis S, or "Systeme Internaiond" (snce the French make therules):

N 1 1 :
¥ S or Rationdized MKSA: k! ——, k, ! &$ —— =c?, %=1: MKSunits
a4ty AT

The "rationdized" has to do with the nomalization by 1/4r, which eliminaes this factor from
Maxwell's Equaions The"A" in "MKSA" stands for Amp. Like the EMU system, a NEW unit
of current is defined, A=ampere = 10 abamps Theunit of chageisthen thecoulomb: 1 C =1
Ampsec. Thecondants !, 14, are known respectively asthe"permitivity" and"permeability” of
free space. These are redlly archac terms harking back to the idea of the "ethe™ as a kind of
subgance with material propeaties (anothe reason | do not like Sl units for E&M). In the Sl
system, the speed of light is defined as ¢ =2.998792458 10° m/s. Length and time are then

defined experimentally through the atomic clock cesum-standad. The pemeability of free
spaceisddfined p,/ 47 =107 N/A2, andthus!, =10’/ (4"c?).
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The SI system makes use of the familiar historica units. Amps Volts, Coulomb, etc.
However, in theoretical andysisit is cumbersome, especially when dealing with relativity. This
is evident by the fact that althoughin the recent 3rd edition of Jackson, thefirst hdf of the book
was conveted to Sl units, the second“relativistic" hdf was left in CGS-Gaussian units. Thisisa
mess, but get used to it. Onechdlengewill befor you to switch back and forth between thetwo
systems when necessary. We will beusng exclusvely Gaussian unitsin class.

Onequick convasiontrick for going between Gaussian and Sl isto subdgitute: ¢, < et
T

Mo ! o Note that these convasionstake into accountthedifferent choice of o.. This holds

for "free space”. All hdl breaksloose for themacroscopic Maxwell equaionsin dielectrics and
magndic materials. For acomplete set of "rules’ for convating between units and a detailed
background,see J.D. Jackson, "Appendix on Units and Dimensons'.

LD Maxwell's Equations in Gaussian Units:
Thewhole of electromagndism is summarized in Maxwell's Equaions given here in Gaussian
units, in bath integral an differential form.

Gauss Law: $E -da=4mQ,, = 4r[ pd’ | "E = 4#%(x)
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Thedifferential form relates the E and B fieldsto each other and to thelocal sources, the charge
dengty p and the current dengty J. The integral forms follow from the theorems of vector

caculus These equaions are then supplemented by the "Lorentz Force Law", which tells us
how the charges are effected by thefields

F=gE+q—!B.
C

Our god for the semester isto undestand the meaning of these equaions thar implications and
to study therich variety of phenomenatha flow directly fromthem.
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