3 Electrostastics

The Coulomb law

Experimental evidence shows that material can have a property called elec-
trical charge existing in two versions, called positive and negative. Two
positive charges repell each other, and the same is true for two negative
charges, whereas two opposite charges attract each other. The strength of
the attracting or repelling force is proportional to the product of the two
charges and inversely proportional to the square of the distance between the
charges. These observations are collected in the Coulomb law
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for the force, which a charge Qo at position xo exerts on a charge Q1 at
position z1. The notation 1/(4meg) for the proportionality constant is chosen
for later convenience. The information, if the charges are positive or negative
is contained in the signs of ()1 and (2. Note that the dimension of charge
is determined by choosing the dimension of the proportionality constant g,
called the permittivity.

The force exerted by N charges @1, ...,Q N at positions x1,...,zy on a
test charge ¢ at position x is then given by

Z

The vector field E(x) = F(x)/q, i.e., the force per unit charge, is called the
electric field.

Our next aim is to pass from point charges as above to a continuous
charge distribution. For this purpose the space is split into small subdomains
Vj, 7 € IN with volume AV}, such that R = U2, Vj and V; NV = {} for
J # k. Then all z; € V; are approximated by §; € Vj}, and the formula for
the electric field becomes
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The inner sum is the total charge contained in the subdomain V. Represent-
ing the charge distribution by a charge density o(x), it can be approximated
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whence the expression for the electric field becomes a Riemann sum. In the
continuous limit AV; — 0 we obtain
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This is the continuum version of the Coulomb law. A simple computation
shows that the electric field is irrotational, i.e., it satisfies

VXE=0. (3.1)

This implies that E can be written as a gradient. Actually £ = —V holds
with the electrostatic potential
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It is a basic result from the theory of partial differential equations that
—1/(4r|z|) is a fundamental solution of the Laplace operator in IR®. This
implies the Poisson equation

—e0Ap =0,

or, written as an equation for the electric field,

EQV B = 0. (3.2)

Moving charges

Assume a dynamic situation with a time dependent charge density o(x,t).
If no charges are created or lost, then the total charge in any control volume
Q C R? can only change by a flux through the boundary 9. Writing the
flux per unit area as the normal (to 9€2) component of an electric current
density j(x,t), we arrive at the equation

% /Q oz, t)dz = — /a () v(a)do().

22



with the outward unit normal v(x) and the surface element do(x). Using
the divergence theorem, the surface integral on the right hand side can be
written as a volume integral. Then the arbitrariness of € implies the charge
continuity equation

do

5 TV i=0. (3.3)

Stationary magnetic fields

Experiments also show another force connected to the presence of electrical
charges. It only occurs for moving charges. Consider a long straight wire
(direction n € R3, |n| = 1) carrying a constant electric current I > 0
(dimension: charge/time). A moving (with velocity v) point charge ¢ at
position z in the neighbourhood of the wire then experiences a force F' with
the following properties: The magnitude |F'| of the force is proportional to

e the speed |v| of the point charge,
e the charge g,
e the current I, and

e the inverse 1/|z"| of the distance of the point charge from the wire,
where z' is the vector from the nearest point on the wire to .

The direction of F' is determined by the requirements that
e it is orthogonal to v and
e it lies in the plane spanned by n and z=.

These requirements lead to the formula
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Finally, the experiments show that the proportionality constant (written
as po/(2m) for later convenience) is positive (up > 0). The part of the
information in F', only depending on the position of the point charge is the
magnetic field

_ po I(n x zt)

p-ro\t2t )
2 |zt|?

(3.4)
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The above formula gives the magnetic field produced by the electric current
in the whole wire. In the following we shall generalize it to a situation with
an arbitrary current density distribution. For an arbitrary point £ on the
wire we observe the geometric relations

nxxL:nX(.f—&), s:(x—g)-n, 82+’:L'L|2:|$_£|2, (3.5)

where s is the signed distance between the nearest point to x on the wire
and £. The idea is to split the wire into small pieces of length As and to
write the magnetic field as a sum of contributions originating from these
pieces. For these contributions we make the ansatz

AB = %ﬁm x (z — &) f(|z — €|?)As.

Then, in the limit As — 0, the function f has to be chosen such that
B=L0rm (- g)/ F(s® + |21 2)ds
™ —00

gives the result (3.4). The vector product is outside the integral since it
is independent of £ by (3.5). A straightforward integration shows that the
choice f(z) = 1/(22%/?) does the job. This way of writing the magnetic field
allows for a straightforward generalization to a wire which is not straight
but has the form of a general curve C"
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Now n(§) is the normalized tangent vector at the point £ on the curve, and
ds(§) is the length element.

Even more generally, me may think of a tube filled with wires with
orthogonal cross section R such that the current is given by a surface integral
of the current density j = |j|n:

I :/ jldo
R

Using this in the computation of the magnetic field and combining the sur-
face integral with the line integral to obtain a volume integral, we arrive at
the Biot-Savart law

Blz) = %/Rd J(é?:(gg— e
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This formula we rewrite as
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with the vector potential
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This immmediately implies
V-B=0. (3.6)

We again use the occurrence of the fundamental solution of the Laplacian
to deduce

—AA = /J'Oj7

where the Laplacian on the left hand side is applied componentwise to the
vector field A.

In all this we assume a stationary charge distribution satisfying % =0
and, thus, by the charge continuity equation (3.3), V- j = 0. Then the
vector potential satisfies
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In this computation the symmetry of 1/|x — | with respect to its arguments
z and £ was used as well as an integration by parts. Now the vector identity
Vx(VxA)=V(V-A)— AA can be used to derive the Ampére law

V x B = poj . (3.7)

It should be noted that a vector potential A’ is not determined uniquely by
the equation B =V x A’. By V x Vx = 0, there is an arbitrary additive
gradient field: A’ = A+Vy. The choice of x is called a gauge. The Coulomb
gauge used here is characterized by the side condition V - A = 0.

The force F' = qu x B(x) caused by the magnetic field acting on a charge
q at position x and moving with velocity v, is called the Lorentz force.
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4 Special relativity

The Galilean invariance of space-time contradicts experimental evidence
that the speed of light is the same in different reference frames. The theory
of relativity is a rather straightforward replacement of Galilean invariance
by something else (Lorentz invariance) such that this evidence is respected.

As a first step it is assumed that the transformation to a new reference
frame (coordinates (2/,y', 2/, ")) moving with speed v in the z-direction com-
pared to the old reference frame (coordinates (z,y, z,t)) is described by a
linear transformation

m’:a(m—vt), y/:y¢ Z/:Z, t/:ﬁl'—i—’)’t,
leaving the y- and z-directions uneffected. Three more requirements will
determine the transformation uniquely:

e Volumes in space-time are not changed by the transformation.

e In the same way the origin 2’ = 0 of the new frame moves with speed
v in the old frame (i.e., z = vt), the origin = 0 in the old frame
moves with speed —v in the new frame (i.e., 2’ = —uvt’).

e The speed of light ¢ is invariant under the transformation.

The first condition leads to the requirement that the determinant of the
Jacobian is equal to one: a(y+fv) = 1. By setting x = 0 and 2/ +vt' =0 in
the transformation, it is easily seen that the second condition requires o = .
Finally, x = ¢t and 2’ = ¢t’ hold at the same time, iff a(c—v)—c¢(Bc+7) =0
holds. These equations uniquely determine the Lorentz transformation

7 =v(x —vt), t' =yt —vz/c?), with y = (1 —v%/c?)72 . (4.8)
The existence of the Lorentz factor v requires one of the basic facts of special
relativity: Nothing can be faster than the speed of light: |v| < c.

It is obvious that, if the relative speed v of the reference frames is small
compared to the speed of light, the Lorentz transformation can be approxi-
mated by the Galilean transformation

=z —vt, t=t.
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5 Electrodynamics — the Maxwell Equations

The aim of this section is the formulation of a Lorentz invariant theory for
the dynamic behaviour of electric charges. We start by examining the charge
continuity equation (3.3):

do o
E‘FV']—O.

Considering a Lorentz transformation (4.8), the partial derivatives transform
according to
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In terms of the new space-time variables, the continuity equation then be-
comes

) v o . dj2 | 0js
— o 5i1) +755 (1 —vo) + 7o+ == =0.
o (Q 02]1> o (1 o) oy 0z
With the transformation rule
Q,=7< 6291) . a=ali—ve),  j=g2, j3=7s, (5.9)
the continuity equation is Lorentz invariant, i.e., invariant under Lorentz
transformations:
o’
— +V'.j=0,
o TV
with V' = V. Note that the 4-vector (p, j) transforms in the same way as

(t,x).
Now we start with the equations for the electric and magnetic fields in
stationary (Jp/0t = 0) situations (3.1), (3.2), (3.6), (3.7):

eV-E = p, V x B = pupj, (5.10)
VxE = 0, V-B=0. (5.11)
The second of the inhomogeneous equations (5.10) cannot remain valid in

an instationary situation since V - j = —dp/0t # 0 contradicts the vector
identity V-(V x B) = 0. Combining the Poisson equation and the continuity

equation gives
OF
V-lj — | =0.
(3 T )

27



Thus, the displacement current density eg0FE /0t provides a correction to
obtain a divergence free quantity. The inhomogeneous Mazwell equations

. )
eoV-E=p, VXBZMOJJFSDHOE (5.12)
are candidates for a nonstationary version of (5.10) compatible with the
continuity equation. We carry out a Lorentz transformation in the first
equation and in the first component of the second equation:
8E1 YU 6E1 aEQ 6E3 - %
Yo —@or oy 07 2
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— = —v .

We rewrite this system by first eliminating OF;/0t' and then OF; /0x’:

0FE, 0 v 0 v 0% ( v )
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0 0 . 0F;
7@(33 - 50MOUE2) - 7@(32 + 60MUUE3) = MO’Y(Jl - UQ) + 80#0@ .

The second and third component of the second equation in (5.12) give

0B 0 0 v
_ _(Bx — E5) = uni — | By — —B
9/ ’Yax,( 3 — €oplovEa) M032+80M0’78t,( 2 oo 3),

0 0By 0 v
— (B2 + E3) — — = poJs + — [ E3 + By .
78:6,( 2 + €opovE3) ay HoJ3 60#07(%,( 3 o10C 2)

With the transformation rules (5.9) and

UB?, ’ ( UBQ )
— E; = E 5.13
EOMOCQ> = 3+ 60#002 7( )

B} = Bi, By =~(Ba+¢eouvEs), By =~(Bs—eouovEs), (5.14)

Ei:El, Eé:’)/(EQ—

the inhomogeneous Maxwell equations are obviously Lorentz invariant.
We still have to find instationary versions of the homogeneous equations
(5.11). We start by rewriting the second component of the curl of E:

ok OF v OF
(VX Bre=G7 ~gp + ag =V xENet

yu 0By v dF3
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Now the relations between partial derivatives are used to replace the deriva-
tive with respect to 2’ by derivatives with respect to ¢ and ¢’. This gives

1 0B 1 0Bj ’y?}( 1 _1> B
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(V' )2—|—€0M002 ot (Vix Bz + €opoc?
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The term on the left hand side is therefore Lorentz invariant iff
EOMOC2 =1

holds, which we shall assume from now on. This suggests the homogeneous
Maxwell equations

V-B=0, VXEZ—%—? (5.15)

as the instationary version of (5.11). Computations similar to the above
show the Lorentz invariance of this system with the transformation rules

Ei=E, FEy=~(E—vB3), Ej=n~(E3+vB),
v v
Bi=Bi. By=y (Bt 5B). Byi=1(Bi- 5B).

for the electric and magnetic fields. As a final result we collect the Mazwell
equations of electrodynamics (5.12), (5.15):

. 10F
eoV-E=p, VXB—MOJ‘FC*Qa,
V.B—0, vxgp--28
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