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Mathematical Tripos 2004, Part IB : Electromagnetism, Lent. 2004
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1 Introduction

1.1 Electric Charge

The existence of electric charge was well-known already to the ancient Greeks, from the rubbing
of amber with fur.

Experiments show that there are charges of two kinds, positive and negative. All stable
charged matter owes its charge to a preponderance of electrons, if negative, and of protons, if
positive. In fact, each electron and each proton carry a charge e, where

e=16x10"1C, (C = Coulomb), (1)

a magnitude so small that total charge can be regarded as a continuous variable. Thus we can
refer to the charge density p(r) as the charge per unit volume at a point r of a spatial distribution
of charge.

Experiment shows also that, when we consider stationary particles P, and P, situated at r;
and ro with charges ¢; and ¢o, then P; experiences a force

Fio =

1 goris 1 quqo,
— = r (2)
47‘(‘60 ’1“122 T12 47‘(‘60 ’r‘122

due to P». This expresses the inverse-square or Coulomb law. Here
ripg=—Ty =T] —Ty, T7Ti12=[r] —raf, T12=r12/r2, (3)

with £1o a unit vector pointing from P» to P;.
If g1 g2 is positive (same sign charges) then Fis is an repulsive force; if negative (opposite
sign charges), then it is attractive.

The factor

is a dimensional quantity arising because of our use of SI or Systeme
TEN

Internationale units (=MKS, metre, kilogram, second units).
Next we consider the force on charge ¢; at r1 due to a set of charges ¢; at r;. This is given

by
CI]rlj
4
47‘(‘60 Z 7“1] (4)

Hence, for the force on a charge ¢q at r due to charge of density p(r’) continuously distributed
over a spatial volume V', we have

F(I‘) _ q /v (I‘ — I‘/)p(I‘/)dT/ ] (5)

Arey v — /|3

Now we define the electric field E(r) of such a distribution of charge to be the force it would
exert on a unit charge if one were to be placed at r, i.e.

E(r) - 1 /V(r—r’)p(r’)dT" (©)

4e lr — /|3
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Similarly for a system of point charge g; at r;, and to charge of density o(r’) distributed
over a surface S, we have

Br) = -y uron) @

47reg - v —r;[3

Er) — — /S (r =)o) o 8)

Areg v — /|3

FEz. q at the origin O gives rise to the electric field E(r)

E

1 q. . T «
:476074—21', r:;,r:]r], |r| = 1. (9)

and ¢, if placed at r, would experience a force (due to this field),

1 /
99 ;. (10)

F(r) = ¢'Br) = -1

1.2 Electric current

The ancient Greeks were well-aware too of magnetic material like lodestone, and of its effects.
However a modern view is that the magnetic field B(r) and related forces are due to charges in
motion, i.e. to electric currents. So we look next at the idea of electric current.

There are very many types of electric current flow. Here we confine ourselves to getting an
intuitive picture of current flow in a copper wire.

First we recall that an atom is an electrically neutral system with a central nuclei containing
Z protons with Z electrons moving around it ‘in orbits’ governed by the laws of quantum
mechanics.

We use a battery to apply an electric field to a length of copper wire (or similarly to some
suitable piece of crystalline material capable of conducting an electric current). Then some of
the electrons of the copper atoms of the wire are detached from the atoms, leaving them as pos-
itively charged ions. These ions are held in position by the mechanical forces that describe the
constitution of the material, and the detached electrons are moved like a gas, by the applied elec-
tric field, through the essentially fixed ionic background. In other words the detached electrons
(called conduction electrons) constitute an electric current flowing in the wire (material).

Suppose we have a distribution of charge carriers, here electrons of charge ¢, N per unit
volume, whose average motion is a drift velocity v.

This distribution has charge density p = Ng, and constitutes electric current flow of current
density J = Ngv = pv. To see that (or how) J describes the rate of flow of electric charge,
let 0S be a small plane element of area, and let C be a cylinder of current flow of cross-section
0S with generators parallel to v of magnitude |v|. Then C has volume v.0S, contains charge
Ngv.0S = J.0S, and all of this charge flows across ¢S in unit time. Thus, writing 6S = dSn,
we see that in the current flow of current density J, an amount of charge J.n crosses unit area
perpendicular to n in unit time.

The total charge per unit time passing through a surface .S is called the electric current I
through S

I:/J-ndS:/J-dS, dS = nds. (11)
S S

2
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We comment here on the generic term fluz: The flux f of a vector field v through a surface
S is defined by

f:/sv-dS. (12)

Here S can either be closed bounding a spatial volume V, so that f is the flux of v out of
S = 9V, as in the Gauss theorem context of sec. 1.5 below, or else open and bounded by a
curve C' = 085, as in the definition just given, (11), of current I as the flux of current density
through S, or through C'. Physically what we have seen is that I measures the rate of flow of
charge through S.

1.3 Magnetism

Magnetic fields B(r) arise from bar magnets, or from electric currents in wires, coils, etc. If
a particle of charge ¢ has position vector r and velocity v = 1, and moves in the presence of
electric and magnetic fields E(r) and B(r), it is an experimental fact that it experiences a force
(the Lorentz force)

F=F.+F, =q¢E+vrB), (13)

where E = E(r) and B = B(r).

Consider the effect of the field B of the bar magnet on the wire. The current in the wire
involves particles of charge ¢ moving along the wire with velocity v. Each one feels a (magnetic)
force qvaB which, for positive qu, tends to push them downwards. One can see such a wire
move downwards in experiment.

In a related experiment, one employs a fixed current carrying circuit connected to a battery
instead of the bar magnet. In this case the second circuit experiences a force of attraction
towards the first one due to the magnetic field of the first circuit. See Sec. 3.7.

One can also give the (magnetic) force per unit volume on a medium carrying N charges ¢
per unit volume each moving with velocity v

f=NgvaB =JAB. (14)

1.4 Maxwell’s Equations

It was the great achievement of Maxwell to unify the separate subjects electricity and magnetism
into a single consistent formalism involving a set of equations (Maxwell’s equations) capable of
describing all classical electromagnetic phenomena. For charges and currents in a non-polarisable
and non-magnetisable medium, such as the vacuum, these are

0B

E+— = 1
VAE + 5 0 (15)
V-B =0 (16)
V-E = ip (17)
€0
OE
VAaB = ,uo(J + EOE) (18)
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where p and J are the charge and current densities.

These equations involve two constants €y and pg that are not themselves of much physical
significance (but see (46) below). The last term of (18) features the displacement current pos-
tulated by Maxwell in order to achieve a formalism that consistently unified previous theories
of electricity and magnetism.

Certain more general media can be described by means of a suitable generalisation of the
set (15-18) of Maxwell’s equations, but this lies beyond the present course syllabus.

First we observe the consistency of Maxwell’s equations. Since V - (VAF) = 0 for all vector
fields F, (15-16) imply
%(V'B)IV'(—VAE)IO. (19)
So V - B = 0 is preserved in time.

Similarly V - (...) of (18) implies

d
0 = V.J — (V-E
Ty, ( )
dp
0 = V- J+—. 20
+ 5 (20)
Here (17) has been used. Eq. (20) expresses the conservation of charge. Integrating (20) over a
fixed volume V containing total charge @

Q= /V pir, (21)

dQ dp / /
b Pdr = — . = — -d 22
o /V T dr VV Jdr 8VJ S, (22)

which states that the rate of decrease of the charge contained in V' is equal to the flux of J out
of V (through the surface S = 9V). It is noted that the presence of the displacement term in
(18) is essential in this demonstration of consistency.

we derive

1.5 Integral forms of Maxwell’s equations

Maxwell’s equations involve divs and curls. We can therefore convert them into useful integral
forms by integrating over fixed volumes using the divergence theorem, or over fixed surfaces
using Stokes’s theorem.

1
L ovV.E=>— pdT:/V-EdT (23)
€0 € Jv Vv
Hence )
—Q:/ E - dS. (24)
€0 S=0V

The right-hand side is the flux of E out of V. The statement (24) is Gauss’s Law. It is of
practical use.

Ex. Consider a point charge ¢ at rest at O, and let V' be the sphere of radius r centred at O.
By symmetry the electric field must be of the form

E(r) = E(r)e, = E(r)n, (25)
so that
/ E‘dS:/ E'ndS:E(r)/ ds, (26)
ov oV ov
and hence
iq = E(r)4nr?
€0
g - 41 (27)

—e,.
Areg 12
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Similarly (16) implies that
B-dS =0, (28)
ov
for any closed surface S = 9V. This can be interpreted as the statement that there are no

magnetic ‘charges’ or magnetic monopoles.
Next (17) yields

E
/VAB-dS:,uo/J~dS+uoeo/8—-dS. (29)
s s s Ot

Hence, in the case of steady current (no time dependence), Stokes’s theorem implies

/B~dr = MO/J-dS
C S

o ( flux of J through open S bounded by C)
= pol, (30>

where I = [ J-dS is the total current through S (or C'). This is Ampere’s Law. It too is useful
in practice.

Ex. Consider an infinite straight wire lying along the z-axis and carrying a current I in the
positive direction.

By symmetry, expect B of the form B = B(s)ey using cylindrical polars (s, ¢, z). Then
apply Ampere for C' any circle centred on the z-axis and lying in a horizontal plane. On C we
have

Jes
r = ses(¢) so that, at constant s, dr = sde; = sa—egbd¢ = seydd. (31)
Then Ampere’s law implies
2
B(s)s/ do = pol (32)
0
and hence I
Ho
B(s) = —. 33
(5) = 0! (33)
Finally (15) implies
B
/E~dr:/VAE-dS:— a—.dsz—i/B.ds, (34)

by applying Stokes’s theorem to a fixed curve C' = 05 bounding a fixed open surface S. If we
define the electromotive force (or electromotance) acting in C' by

Sz/CE-dr, (35)

and the flux of B through (the open surface) S by
= / B - dS, (36)
S

5
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then we get Faraday’s Law of induction

This will be studied later.

1.6 Electromagnetic waves

(37)

Here we consider Maxwell’s equations in the absence of charges and of currents, e.g. in the

vacuumnl.
0B
E+2 = 0
VAE + B
V.B -
V.E —
OE
B = —_—
Va €0t

Take VA(...) of (38) and use
VA(VAE) = V(V -E) — V°E,
where the first term is zero by (40), and V2 = V - V. Then we have

oB 0 O’E
E=Va ot 6t( AB) = copto o2’

Thus each (Cartesian) component of E satisfies a wave equation

1 92

2
V2w =0

where the wave speed c is given by
1
2

¢ = .
€oMto

(38)
(39)
(40)
(41)

(42)

(43)

(44)

(45)

Check that (39) and (41) can be used similarly to show that each component of B satisfies
the same wave equation. In other words, each of E(r) and B(r) are propagated as waves of

speed c.

The values of the quantities €5 and pg appropriate to SI units are fixed by experiment, and

these values indicate that

c =3 x 10%m/s = the speed of light.

(46)

Maxwell’s equations with the crucial displacement current term, necessary for consistency,
can describe electromagnetic wave phenomena across its entire frequency spectrum: see the
Table. For waves of frequency v, measured in hertz, and wavelength A\, measured in metres,
¢ = Av. Also, in quantum theory, the energy of a quantum of given frequency v is £ = hv,

where h is Planck’s constant. (One hertz equals one cycle per second).

Frequency spectrum

radiation v A radiation v A
v 10" [ 10~ | infra-red | 10 | 1076
X-rays 10" [ 10710 | p-wave | 10'3 | 1072
ultra-violet | 106 | 108 mm 10t | 1073
visible light | 10 | 107 radio 106 | 102




Copyright © 2013 University of Cambridge. Not to be quoted or reproduced without permission.

1.7 Discontinuity formulas

Here we collect, for easy reference but without discussion at this stage a class of formulas that
logically belong together but whose occurrences are scattered throughout several sections of the
course material.

Let S be a surface with unit normal n which separates regions V. of space, with n pointing
from S into V.

a). Let S carry charge density o per unit area. Let E1 denote the electric fields just inside
the Vi sides of S. Then

1

n-Ef = —¢ (47)
€0

nmE|T = 0. (48)

Eq. (47) is proved on the basis of Gauss’s theorem in Sec. 2.2. Note egs. (47) and (48)
respectively involve the components of E normal and tangential (n-nAE = 0)to the surface S.

b). Let S carry current density s per unit length (charge crossing unit length in S in unit
time). Let By denote the magnetic fields just inside the V4 sides of S.

n-BT =0 (49)
BT = pgs. (50)
Eq. (49) is proved in the same way as used for (47). Eq. (50) is a consequence of Stokes’s

theorem, as is (48). A special case of (50) occurs in Sec. 3.3
The correspondence between Maxwell’s equations and the discontinuity formulas is clear:
0
drop En terms, and replace V(...) by n(...)|". Thus, from (20), we expect that n-J|© =0 at a
surface of discontinuity, one that may carry surface density of charge.

Force per unit area on S

In case (a), consider only the special case when E4 only have normal components n-Ey = E.
Then the force per unit area on a surface S (carrying surface charge o) has magnitude

%U(E+ +E). (51)

In case (b), consider only the special case in which B4 only have tangential components B.
Then the force per unit area on a surface S (carrying surface current s) is normal to S, and has
magnitude

1
We do not prove the results (51) and (52); the most convenient method of proof lies outside the
scope of this course.

2 Electrostatics

2.1 Electrostatic potential

Electrostatics is the study of time independent electromagnetic phenomena in the absence of
currents and magnetic fields. Then Maxwell’s equations are

VAE = 0 (53)
1

V-E = —p. (54)
€0
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Eq. (53) can be satisfied by defining the (electrostatic) potential ¢ by means of

E=-Vg, (55>
so that (54) yields Poisson’s equation
9 1
Vip = ——np. (56)
€0

In this way the study of electrostatics is reduced to the study of a single equation — Poisson’s
equation. In regions of space where there is no electric charge p = 0, this reduces to Laplace’s
equation

V2 =0. (57)

¢ is defined by (55) only to within an additive constant. Usually one choses this constant
in such a way that ¢(r) — 0 as r = |[r| — oo. For the point charge ¢ at O, the electric field

given by (9) reads
q _ 99 r

= WQT = —Eew, e, = ;, (58)

and an integration (with constant zero) gives

E(r

q
r)= . 99
o) = (59)
Since Poisson’s equation is a linear equation for ¢, the ‘superposition principle’ applies and
tells us that any linear combination (superposition) of solutions is again a solution. A first
example of this is

The electric dipole

Consider a system of two point charges +¢, —q at O and +q at d. The superposition principle

implies that
1 1

FE—a

For all such examples the easiest method of expansion involves the vector statement of Taylor’s
theorem:

dmegp(r) = q(— (60)

f(r+h):f(r)+h-Vf(r)+%(h~V)2f(r)+.... (61)
Here 1 1 11 1
|r_d|:;—d-V;+§(d-V)2;+.... (62)

So for d = |d| small we have

1
4drenp = —qd - V;. (63)

The electric dipole arises by taking the limits ¢ — oo, d — 0 in such a way that gd remains
constant, at a finite value gd = p. Then p = ¢d defines the dipole moment of the electrical
dipole, and its potential is given by

pr p-e

1
4 =-p-V-= = . 4
e p- V- 3 = (64)

Taking d = dk = (0,0,1) in the z-direction, then, working initially in Cartesians so that

p-V= Py, e find that (64) gives us
z

01 1z pz pcosf
47Teogb:—p——:—p(——2—):_ =—.

65
ozr rZr rd r (65)
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In the last step, we used spherical polars with z = r cos 6.
The electric quadrupole: not lectured

We can easily go further to the linear quadrupole with charges —¢q at +d and 2¢ at the
origin, so that the system has zero total charge and also zero dipole moment. (It looks like a
pair of dipoles pointing in oppposite directions.)

4’/’(’60¢ B g 1 1
q r  |r+d| |r—d|
2 1 1 1 1 1 1 1 1
= 2 [-4d-V-+-d- V)2 ] -[--d-V-+ -(d- V)=
r [r+ 7"+2( )7“] [7" 7“+2( )7"]
1
= —M-Vﬁ; (66)

Note that this approach gets the cancellation of unwanted terms to happen ahead of their
evaluation. Hence

1 0% 1 0 z 1 322
4 =—q(d-V)?> = —qd’ - = —qd* —(— =) = qd*(= — =). 67
TeQD q( ) " 9 55 8,2( r3) q (r3 5 ) (67)
In spherical polars the quadrupole potential is
1 —3cos? 6
treos — L2320 ©9)
r

We note that the point charge, electric dipole and quadrupole potentials go to zero as r goes to

infinity respectively like %, Tiz, Tig

The general charge distribution D

Suppose D has electric charge density p non-zero only throughout some finite subset vV c
V' =all space. To find the potential due to D, we view it as linear superposition of contributions
due to ‘elementary charges’ p(r') dr’ throughout V. Then the superposition principle gives

o0 = | plr)dr (69)

 4meg r —1/|

Since
1 r—a

r#a (70)

r—a |r—al

we get

Vo) = — /V -V p)dr = /V (r_r,)p(r,)dT,:E(r), (71)

~ dme Ir — /|  47eg r — /|3
consistently with (6) of chapter 1, at least for r ¢ V. We do not have time to provide the proof,
by standard methods in vector calculus, that (69) satisfies Poisson’s equation for all r € V.
Large distance behaviour of (69)
Taking an origin near to or within V, we want to find how the potential due to D behaves

at large distances r. We will follow the same procedure as above, using Taylor’s theorem (61).
We find

r) = — /V (1 -y V% + %(r' - V)Q% 5 > p(r')dr. (72)

" dmeg T

The leading term of 47ep¢ (going like %) is the total charge term, namely

Q - Vdr!
€ Q—/Vp( \dr', (73)

r

9
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unless Q = 0. In the latter case the leading term (going like T%) is the dipole term

_ (/V r'p(r')dT’> .V% =—P. V%, (74)

where the dipole moment of the distribution is

P:/Vr’p(r/)dT’, (75)

unless of course P = 0, in which case the leading term is a quadrupole type term which goes
like & ....
T

Uniqueness

Suppose we are given a charge distribution p(r) throughout a fixed spatial volume V', then
Poisson’s equation in V' has a unique solution provided that, on S = 9V, either

(i) (Dirichlet boundary conditions) ¢(r) is specified for all r € S,
or

(ii) (Neumann boundary conditions) g—i =n-V¢(r) = —n- E(r) is specified for all r € S.

We will see soon that the latter option corresponds to specifying the surface density of charge
on S.

For the case of D above, with a choice of origin near V, it follows that (69) is the unique
solution of Poisson’s equation which satisfies the (Dirichlet) boundary condition that ¢ — 0 as
r — 00.

Field lines and equipotentials

We mention a way of gaining some insight into the nature of the electric field surrounding a
system of charges.

One draws the field lines of E for the system. A field line here is a line at each of whose
points E is tangent to the line.

Also one draws on the same diagram the equipotentials of the system. These are surfaces
¢ =constant. As E = —V¢, and V¢ is everywhere normal to such surfaces, it follows that the
field lines cut the equipotentials at right angles.

2.2 Gauss’s theorem and the calculation of electric fields

In Sec. 1.5 we proved Gauss’s theorem

1
5Q_/SE-ds, (76)

where

Q= /V pdr, (77)

10
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is the total charge contained in the spatial volume V', 0V = S. We now apply it to the calculation
of the electric fields of simple systems of charge.
a) The point charge ¢ at the origin has been treated in Sec 1.1.

b) Line charge lying along the z-axis with uniform (line) density of charge n (Coulombs) per
unit length. Let S be the closed surface of a right circular cylinder of unit length coaxial with
the line charge. By symmetry, it is clear that E is radial, so E-n = 0 on the ends of S. In fact
E(r) = E(s)es where s and e, are the radial coordinate of cylindrical polars and its associated
unit vector. Thus Gauss gives

n 1

1
E2rs = — E(s) = 78
e 6077’ () 2meg ses (78)
This corresponds to a potential given by
S
2megp = —nlog —. (79)
50

In this example, ¢(s) does not go to zero as s — oo, so we were forced to demand that ¢ = 0
for some fixed but arbitrary value sg of s.
To check that (79) is correct, use

99

__‘7¢ ::__eszig

(80)

c¢) Plane sheet P occupying the plane z = 0, carrying uniform charge density o per unit area.
Here we use the ‘Gaussian pillbox’: a cylinder of cross-sectional area A, with axis k = (0,0, 1),
with plane ends at z = h and z = —h. By symmetry E is perpendicular to P. Above P we have
E = Ek and below E = —FEk for some E = E(h). This time E - dS is zero on the curved sides
of the pill-box, and Gauss gives
oA 1

EA—- (-FE)A=—, E=_—o0, independent of h. (81)
€0 260

d) Parallel plane sheets in the planes z = 0 and z = a, carrying uniform distributions of
charge respectively of charge with surface densities 0 (Coulombs) per unit area. Using the
result of ¢) twice and the principle of superposition, we find that

E="k, k=(0,0,1), (82)
€0

in the spatial region between the plates and zero outside.
Writing E = —g—fk, we get ¢ = ¢g — %z, where ¢q is the potential of the z = 0 sheet. If the
z = a sheet has potential ¢4, then the potential difference between the sheets is ¢pg — ¢, = %a.

11
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e) Spherical shell, centre at O, radius 7/, uniform charge density o per unit area, and thus
total charge Q) = 4mr'%o. By symmetry, as for a point charge at O, we have E = E(r)e,.

To apply Gauss’s theorem, take spheres of radius r, concentric with the shell. Let these have
surfaces S and Ss, in the cases (i) » > ' and (ii) r < 7/

In case (i):
1
/ E-dS= | E(r)e,-e.dS = —Q
S1 S1 €0
w2y = Lo, Bpy=2" (83)
T = -_— = ——.
€0 ’ €0 7“2

For case (ii), we have E(r) = 0, since there is no charge in the volume V5.

It is to be noted that the result (78) is the same (for r > 7’) as applies to a point charge Q
situated at the origin.

Check that F = E - e,, the normal component of E, has discontinuity % ocatr=r.

f) Sphere of radius R carrying uniform charge of density p (Coulombs) per unit volume, and
thus total charge Q) = %R?’p.

For r > R by superposition of shells and the result of e), we learn that the potential is the
same as it would be if we had a point charge @) at the origin.

1
E(r) = Ei(r)e,, FEi(r)= 47?607"_2'

(84)

For r < R, applying Gauss to a sphere So centre the origin of radius r, only the charge inside
Sy is relevant, and we have

1 4
E(r) = Ba(r)e,, Ey(r)dmr? = —p =, (85)
€0

so that inside the charge distribution

Qr

By(r) = dregR3’

(86)

We have obtained (86) by direct application of Gauss, but we could otherwise have found it
from e) by a suitable application of the superposition principle.
Note that E(r), the normal (and here only) component of E, is continuous at r = R.
We can use E = —V¢ = —era— to determine the potentials ¢; outside, and ¢5 inside, the
r

charge distribution.

@1, Q1
Or  4megr? ! dmeg
dp2  Qr o Qr

COr  4megR3 - =  8meR3 +B. (87)

Here A and B are constants of integration. Demanding that ¢ — 0 as r — oo, we look at ¢
and require A = 0. To find B, we use the fact that ¢ is continuous at r = R. This leads to

Q

_ 2 2
= e BF =) (88)

P2

g) The discontinuity law at a surface carrying surface charge.

Suppose a surface S with normal n carrying charge of uniform charge density o per unit
area, separates regions 1 and 2 of empty space, with n pointing into 2. Let E; and E, be the
electric fields in regions 1 and 2.

12
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Use Gauss with a Gaussian pillbox of very small height, and cross sectional area A, with
the end with normal n just inside 2 and the other end with normal —n, just inside 1. In fact
we take the height so small that the curved sides of the box contribute negligibly to the surface
integral of the theorem. Then

[n-Es+ (—n) -Ej]A = ﬁ, n-Ef = ia, (89)
€0 €0
as stated in Sec. 1.7.

See that examples c), d), e), and f) conform to this, there being no surface charge present
in f).

Solutions of Laplace’s equations

In spherical polars (r, 0, ¢), the general solution of Laplace’s equations with spherical sym-
metry (with no dependence on 6 and ¢) is

b
p=a+ —. (90)
T
Next we have solutions, like the dipole potential, o< cos 8,

¢:—Ercose+r—cos.9:q§1+¢2. (91)

c
2
Here the first term gives an electric field E = —V ¢, = —%k = Fk of constant magnitude in
the z-direction.
In cylindrical polars (s, ¢, z), the general solution of Laplace’s equations with cylindrical
symmetry is
¢p=a+blns. (92)

2.3 Perfect conductors

In a perfect conductor any movable charges present are free to move within it under an applied
electric field without resistance. In electrostatics, we deal with situations in which all such
movable charges have reached positions of equilibrium. In particular there is no current flow,
the atoms of the material keep their conduction electrons and are neutral.

Consider then a perfect conductor C with surface S, with perfectly non-conducting empty
space (the vacuum) outside, to which some non-zero total charge has been supplied.

We shall see in Sec. 3.1 that inside C we must have E = 0, and hence p = 0. Thus it follows
that the charge supplied must reside on the surface S of C. Further E = En on S, else charges
would be able to move along S. Thus S is an equipotential of constant ¢, since E = —V¢ is
normal to it. Also, because E = 0 inside 5, ¢ is constant throughout the interior of C, with a
value equal to the surface equipotential value. Finally the charge o per unit area on S follows
from g) of Sec. 2.2. This gives

1

—oc=n-E[f=n-E=F (93)
€0

This uses the fact that E = 0 inside C, (i.e. on the minus side of the surface S of C).
The Force on a charged conductor

We do not have time to give a proof, but note the force per unit area exerted on the surface
of a perfect conductor carrying charge per unit area o is given by
L,

F=—o0

= 50" (94)

This is a special case of the result (51) of Sec. 1.7.
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2.4 Electrostatic energy

The potential energy (PE) of a point charge ¢ at r in an electric field of potential ¢(r) is the
work that must be done on ¢ to bring it from infinity (where ¢ = 0) to r

r
PE = q¢(r) = —/ F-dr, F =qE. (95)
(o @]
Consider a system of point charges ¢;, ¢=1,2,...,n, bringing them from infinity to their final
positions in order, doing work
on ¢q; Wi =0
on ¢ Wy = 4
47T60 192
on g Wy = 2 q—1+2)
4m 60 T3 T23
49
Wi o=
on @ ’ 47reo Z ! Tji
- 1 gig
W=>» W, = = = 96
Z ! 2 Z Z 47‘(‘60 Tij ( )
1=1 i=1 j#i

Here rij =r; —rj, 75 = [ry], and Y50, 30, = 3 > jzi- Thus W by construction gives
the electrostatic energy of the system.
But the potential at ¢; due to all the other charges is

4q5
bi 97
471'6[) Z (97)

7””

so that

1 n
=3 Z qidi- (98)
i1

The corresponding result for a continuous distribution of charge of charge density p(r) in
volume V' then is

1

wo= g / p(x)p(x)dr

i /
- 2471'60// r—r’\ d dr (99)

If there are conductors C; with charges @); at potentials ¢;, then the contribution which they
make to W is given by

%ZZ:/SZ o;¢;dS; = %EZ:@ /SL 0;dS; = %EZ:QQZ-, (100)

(Recall that the potential is constant on a conductor).

Field energy in electrostatics

Given a charge distribution p(r’) distributed over a finite volume V and a set of conductors
all in some finite region of space in which an origin is taken. Let V be all space bounded by a
sphere S at infinity, but excluding the interiors of the conductors.

Then

1 1
W= 5/‘/pqﬁd7' +35 ;Qiqbi. (101)
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Use

pp = €pV-E
€[V - (¢E) —E- Vg

= V- (¢E) + ¢E> (102)
Then W is given by
1 1
—60[/ EZdr + / oE -dS + Z/ oE - dS;] + = ZQ1¢1 (103)
2y s —Jc, 24
As ¢ = 0 on S (at infinity) the second term of (103) is zero. In the third term of (103), the
divergence theorem dictates that dS; = —ndS; points into C;, and so, in this term, we have
—Eo/c qf)n . EdSZ = —quf)i/c n- EdSZ = —qbl/c azdSz = —qleZ (104)

It follows that the third and the fourth terms of (103) cancel. And so, for the energy of the
electrostatic field, we have the important result

1
W = —e / E%dr. (105)
2 )y

We note this involves an integral over all of V', including the regions unoccupied by charge,
whereas the first term of (101) is really an integral over the region V' C V occupied by charge.

2.5 Capacitors and capacitance

A pair of conductors carrying charges +@) constitute a capacitor (or a condenser). Since their
potentials are proportional to @), the same applies to their potential difference V = ¢1 — ¢o.
Therefore we define the capacitance C' of the capacitor by

1
V=50 (106)

It turns out always to be a constant that depends on the configuration of the two conductors.

a) Parallel-plate capacitor.

The field lines are mainly straight lines perepndicular to the plates. We assume the distance
a between the plates is small on a scale set by the area A of the plates. Thus we may neglect *
edge effects’, so called because the electric field lines near to the edges of the plates bulge out
from between the plates.

(From d) of Sec. 2.2, we know that E = Fk, FE = g between the plates, with £ = 0
€0
elsewhere. Here k = (0,0, 1). Hence

_d¢

—=E=¢=-Eztc (107)
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If ¢ = ¢1 at z =0, then ¢ = ¢1, and then ¢ = ¢ at z = a gives

o= —Fa+éy, and V=g — ¢y —af =22 = 99 (108)
€0 €A

So 4
c=29 (109)

a

The energy of the capacitor is given now by (98), so that
1 1 1Q?
== Qi = 5 =5 11
v 2;‘”5 2V =3¢ (110)
But the energy can also be calculated from the field energy expression (105), which gives
) 9 Aeg [, 0, o?Aa  1Q?

W 2/ g 2/0(60)2 2% 2C (111)

b) Concentric spheres S; and Sy of radii @ and b > a, carrying charges Q and —@Q. Take
p=0atr=>band ¢ =V at r = a. ;From previous studies we know that for r € {a < r < b}
(outside S; and inside S2) we have

0
dregE = —47‘(‘608—2{) = 7%, (112)
and 0 0
4 == — =, 11
TEOP > (113)
Hence . .
4 =Q(-— - 114
meoV = Q(- 1) (114)
and A .
TENQ
= . 11
C b—a) (115)
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