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Rules:

16 occasions
lectures mixed with problem solving sessions

Examination:

Written examination with 4 problems giving possible 4x4=16
points.

4 home work problems (HW) giving possible 4x1=4 points.
Each home work problem will have a strict dead line.

These will be counted together with the result from the
written examination. The credit for the homework problems
Istime limited. Next year a new set of homework problems
have to be solved.

Allowed aid during the examination are:
The text book

Physics Handbook

Electronic calculator

English/Swedish dictionary

Very important: Since the text book is allowed during the
examination you must not make any notes in the book!
Remember this!

A short course of 6 chapters, KKKA, in complex analysisis
posted on the web page for those who want to refresh their
knowledge. It iswritten in Swedish.
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Fundamental equations, Maxwell's equations

V-D=4np Gauss' law
V-B=0 Absenceof freemagnetic poles
VXE= —1@ Faraday's law
c ot
VxH J 1D Ampere's law
c c o

We will derive these in the lectures that follow.

P J
Pp J5
p cond } Jcond }
10 ree J ree
p external / J external /

These equations have a very rich spectrum of solutions. In this course we will
study four aspects.

Generation of electromagnetic waves

Propagation of these waves in space;
in empty space; inside materials

Their interaction with matter of various forms

How matter is affected by these waves: Surface energy, surface tension, van
der Waals force, Casmir force,
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Speed
b
Nonrelativistic Relativistic
Quantum Mechanics Quantum Mechanics
m - - - - - -
7 Classical Physics Relativistic Mechanics

What is surprising is that Maxwell’ s equations look the samein al four corners.

Electric field (statvolt/cm)
Displacement (statvolt/cm)
Magnetic induction (gauss)
Magnetic field (oersted)

eefli-E I Ml

E and B are the fundamental fields and D and H are auxiliary fields (help fields)
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Gaussian units CGS-units

Benefits as compared to SI-units or rationalized MKSA -units:

Factors of speed of light appear explicitly and appropriately

E and D, aswell asH and B, become identical in vacuum.
There are no "strange" ¢, or 1, appearing.

E and B have the same amplitudes for plane wavesin vacuum.
Easy to convert into atomic units: just let e, m and 7 be unity.
Relativigtic Electrodynamicsis easily formulated.

Drawbacks:
Sl isthe system of legal metrology.
Sl-system preferred by most people not doing actual calculations
within condensed matter.

The unitsfor different quantities in the two systems are given in Appendix D

Electromagnetic equations in the two systems are compared in Appendix E.
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How are unit systems constructed?
One starts from two experiments

1) The force between two charges

Q1Q2 Ql QZ

2
r F F

F=k,

2) The force between two long, parallel, current carrying wires.

A
L A A |,
21415
F=k, L > <
F F L
< > v
R
2.

k, and k, are two constants, where k,/k,, =c“; c = speed of light in
vacuum. One of them may be chosen at will.

In the construction of the SI-system one chose the value of k,, by determining
the unit of current, Ampere, by stating that the force per meter wire, for wires

separated by 1 mis 2x107'N when the current of 1 A is running through
both wires. This seems like an odd choice to make!
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With this choice the currents running in our everyday wires are of the order of
1 A. Thisisthe only reason to make this choice. Thisleads to

ky, = 107 Vs/Am =k, = 1077¢? Vs/Am

These are awkward constants to carry around in the equations. Instead one
introduced

— Ho€o =3/02

{ke = ]/471'80 ;
km = Ho/4n

£o = 8.8541878 x 10712 As/Vm , dielectric constant for vacuum
Ug = 41 X 10”7 Vs/Am , magnetic permeability of vacuum.

These numbers have nothing to do with some properties of vacuum. They are
simply the result of the definition of the SI-unit system.

In CGS one chooses k, =1 and &, =J/ ¢? and no mysterious egand ug
appear.

The basic unitsin Sl are m, kg, sand A(mpére).

The basic unitsin CGS are cm, g, s and statcoulomb.
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Quantity CGS S

Velocity of Light C Vg

Electric Field E(®,V) \[AregE(D,V)
(potentid, voltage)

Displacement D \An/egD
Charge Density

(charge, current density, p(q,J,LP) JY4reqp(q,3,1,P)
current, polarization)

Magnetic Induction B 4/ uoB
Magnetic Field H \AmugH
Magnetization M \Ug/4TM
Conductivity (capacitance) o(C) o(C)/4neg
Dielectric Function € gleg =€,
Permeability H K/ Ho = Ky
Resistance

(impedance, inductance) R(Z, L) AmeqR(Z, L)
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The vector calculus we need is summarized in Appendix A of the book. The
most important relations are given on the inside of the cover of the book.

Notation:

gradient: grad or V (gradienten)
divergence: div. or V- (divergensen)
curl: curl or Vx (rotationen)

Gauss theorem: IVV -Adv = f};SA -ndS

Stokes' theorem: ISV XA -ndS = §]A -dl
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The Fourier transform can be defined in different ways. We define the Fourier
transforms with respect to position and time and their inversesin the following
way:

Fla) = [d®re™™ 7 £(x)

zi T T
£(x) Q% flq)= J o )3 f()
fl@)=["de' (1)
flt)= J e f()

., (27m)

fla.o)=]a% [ die™ O™ p(r 1)

_1.d% T do i(qr-o)
1=l sl et @e)

With these sign conventions, Fourier transforming differential equations has the
following substitutiona effects:

4 — —i0
ot

V. - iq-
Vx — iqx
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Ch. 1 Fundamentals of Static Electromagnetism
Coulomb's force law:

The force between two point charges at rest. The force exerted on g, by g,:

N2, C} ***** @—>

Fp ==
r do a1

Empirical law found by Coulomb in 1785. He found the inverse power of r to
be 2 £ 0.02. New measurements have improved the accuracy:

Experimental test of Coulomb's law: E = g/r2+3

Upper limit
Experimenter Apparatus or for the
(date) geometry parameter &
Robison (1769) Gravitational torgue
on a pivot arm 0.06
Cavendish (1773) Two concentric metal spheres 0.02
Coulomb (1785) Torsion balance 0.04
Maxwell (1873) T tric sph -
wo concentric spheres 31600
Plimpton and
Lawton (1938) Two concentric spheres 2= 107
Cochran (1967} Concentric cubical conductors 92x |02
Bartlett, Goldhagen,
and Phillips (1970) Five concentric spheres 1.3=10713
Williams, Faller,
and Hill (1971) Five concentric icosahedrons (27 £31)= 1018
Fulcher (1986) Reevaluation of the experiment above. (1.0 £1.2)x10°16

From:  LewisP. Fulcher, Physical Review A33, 759 (1986).

Note: The forces between two point charges in motion are not always pointing
along the line connecting the two charges. The law of action and reaction is still
obeyed. The two forces are equal in magnitude and pointing in opposite
directions,



Bo E. Sernelius 1:12

Since the force on apoint chargein an electric field is
F =¢E, (definitionof E)

the electric field from charge 2 at the position of charge 1 is
q
Ep =5

r

or more general,

Coulomb's field law:

ql
E= —2€r

The electric field in r due to a source charge ¢'. The vector r is the vector
from the source point to the field point and it is pointing along the unit
vector ey.

The above relation is linear which means that the principle of superposition
applies. If we go ahead and study Maxwell's equations we find that they are all

linear.

The genera form of Coulomb'slaw for an arbitrary array of point chargesis

E(r) = 2 Q(r,i)z P

i r-1; l

or for a continuous distribution of charges:

E(r)= Idsr' p(r') Jd%’M

_/:
_r/2 r-r |l‘—l"|3

Here we should note that the field at position r depends on the charge
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distribution in all pointsin space. The above integral is a so-called convolution
integral.

F(r)= [dFg(r—1)h(r') — F(q) = g(a)h(q)
We will return to convolution integrals later and their properties.
One can show (Problem 1-3 in the text book) that the total flux of the electric

field through a closed surface (Gaussian surface) is 4 times the total enclosed
charge, i.e.,

EfSE -da = 47l'qencl
Thisis Gauss law onintegral form.

Using Gauss' theorem:

j‘givEdv = ifSE : ndS=e[5ESE -da= 47quncl]% = .[V Arpdy
gives

| JivEdy = jv Artpdy

Thisisvalid for al volumes. This means that the integrands have to be identical.
Thus

divE = 4np Gauss law on differential form 1st ME

Note here that this relation is local. Both E and p are given in the same space
point. This might seem a little bit strange since we showed above that the
electric field depends on the charge distribution over al space.

Thisisthefirst of Maxwell's equations. It is valid outside a medium. It isalso
valid insde amedium if the charge density also includes the bound polarization
charges of the medium.

The Coulomb field is a central force from which follows that the field is
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consarvative, i.e.,

EfE -dl=0 Conservative law onintegral form
Stokes theorem gives:

0=§E-dl= churlE -nds

isvaid for all contours. This means that

curl E=0| Conservative law on differential form 3rd ME

This is what the third of Maxwell's equations is reduced to for static charge
distributions and stationary current distributions. (In the case of time dependent
currents the electric field is no longer conservative.)

Since the field is conservative we may define a scalar potential @ for the
electricfied:

o(r)=-[E-dl
To
or
E=—-grad®

Inserting this relation into Gauss' equation gives
divgrad ® = —4np

or

V20 = —4rp Poisson's equation

Note that also here the source and field points are the same.
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If there are no charges at the field point the field obeys the equation:

V2®d =0 L aplace's equation

The potential from a point charge can be obtained from

—grad®=E = %er

r

and hence

o=1
;

Superposition gives

The potential depends on the charge density in the whole space.
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Suppose we wish to calculate the potential at a point due to a given distri-
bution of source charges. This can be done in several different ways. Some of
these are:

1. SuperposetheE fields from the source charges,

E(r) = a3 p(r)(r—r’)
.[ |I'—l"|3

and then perform the integral ®(r) = - :E -dl
0

2.  Superpose the potential from all source charges,

3. Solve Poisson's equation,
V2P = —Arp
We will do this extensively in chapter 3.

4. Calculate the Fourier transform of the charge distribution, p(q) and then
find the potential astheinverse Fourier transform of 47p(q)/q2.
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5. Add atest charge ¢ inr and determine the total electric field from the
source charges and the test charge. Write down the expression for the total
energy stored in the electric field as an integral of the energy density over the
whole space. Subtract the contribution from all individual charges (the self-
interaction energies). This gives the interaction energy. The potential in r is
then:

or)=-Lu
dgq

Theresultis

r-r r—-r”

//|3 p(l‘”)

1 3., .3 1
DO(r)=—2||d°r'd>r
() 8r .“. |l"—l'|3|l',—l'

If we want to find the electric field from the source charges we can do that in
three different ways:

(1) Directly using

E(r)=[d%" p(; )_(1; {31' )

(2) Calculating the scalar potential using one of the many suggestions above,
and then using the equation:

E=—-grad®
(3) Using the two differential equations:
curl E=0;

divE = 4mp



