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Notations and conventions

R and C are the set of real and complex numbers, respectively.

(x,y,2), (r,p, 2),and (R, 0, ¢) are, respectively, the cartesian, cylindrical, and spherical
coordinates, defined in Section 2.2.

e All functions, unless otherwise stated, are smooth, namely, all partial derivatives exist.

e In computing the electromagnetic fields or potentials at the field position ﬁ, caused
by sources situated at the volume spanned by source position vector ﬁ’ , we set

Ro=T-R. r=[R|. r=[R]. #=|F o

Ry = —-2.
) 0 Ro

0

For example, the electrostatic field E at the point ﬁ caused by a charge density
distribution p is given by

B(R) = / B B

4meg R_(%p

o V., V., Vx, V2 =A, 0O, O, O? are differential operators introduced in Section 2.4,
formula (5.8), and Section 5.4.

e The tilde is used to denote the Fourier transform

Fe) =Fre)=—= [ rwer .

Fw=F"(fw) = % / F(w) eV,

w



Chapter 1

What is this course about?

Motion is due to inertia (mass) and force, according to the Newton’s laws of motion. So
far, four fundamental forces have been identified in nature, and this course is about one
of them: the electromagnetic force.! Putting gravity aside, the electromagnetic force
is responsible for practically all motion phenomena one encounters in daily life above the
nuclear scale. The study of this force, its creation and effects is called electromagnetics.
The electromagnetic force is attributed to electric and magnetic fields according

to the Lorentz law
F=qFE+qvxB. (1.1)

Here, F'is the electromagnetic force (measured in Newton, N) applied on a point electric
charge ¢ (measured in Coulomb, C) moving with velocity v (measured in meter per
second, m/s), F is the electric field strength (measured in volt per meter, V/m), B
is the magnetic flux density (measured in Weber per meter squared, Wb/m?), and
x stands for the cross product of vectors in R3. At each point of space and each time,
E, B are vector quantities. There are two other electric and magnetic fields: Electric
flux density D (measured in Coulomb per meter squared, C/m?) and magnetic field
strength H (measured in Ampere per meter, A/m). The microscopic nature of the
substance (or matter or medium) under study gives the constitutive relations:

D=¢e¢E, B=uH.

Here, € (permittivity, measured in Farad per meter, F/m) and p (permeability, mea-
sured in Henry per meter, H/m) are tensors (3 x 3 matrices) in general, but they are just
scalars for many different substances. For example, in vaccum:

€ =€y =885 x 1071 E, p= o = 4m x 1077 E.

m m

Electric and magnetic fields are themselves caused by electric charges and their mo-

tion. (Magnetic charges have not yet been detected in nature.) The motion of charge

creates current (measured in Ampere, A). Electric charge like mass is a fundamental
property of matter, and at the moment we want to assume:

LOther fundamental forces are the strong nuclear force, the weak nuclear force, and the gravitational
force [Fey, Volume II, Chapter 1].



e There are two kinds of charge, positive and negative. Neglecting nuclear phenom-
ena, the negative (respectively, positive) charge of a matter is due to its excess
(respectively, loss) of electrons. All electrons have the same negative charge of
1.6 x 107 Coulombs.

e Two charges of the same (respectively, opposite) signs repel (respectively, attract)
each other.

e [t is not possible to create or annihilate charges, but they just move from one place
to another. This is called the principle of the conservation of charge.

Although the electric and magnetic fields generated by (moving) charges are given
by complicated formulas, the space variation of these fields can be concisely given in
the language of vector calculus: All classical, as opposed to quantum, electromagnetic
phenomena are governed by Maxwell’s equations

0B oD

-D = -B=0 EF=—— H=J+— 1.2
Vv p, vV , VX 5 VX t50 (1.2)
accompanied by the continuity equation:
Ip
V-J+—=0. 1.3
+ o (1.3)

Here, p is the volume electric charge density (namely, the amount of charge per
unit volume, measured in coulomb per meter cubed), J is the volume electric current
density (namely, the amount of charge passing per unit time through per unit area of
the surface perpendicular to the flow direction, measured in ampere per meter squared),
- stands for the dot product of vectors, and V (nabla) is the differential operator 20/0z +
90/0y + 20/0z. (Vector calculus is reviewed in Chapter 2. Refer to Example 7 for the
derivation of (1.3).) These equation are supposed to be satisfied at every point in space
at all times. They express how the electric and magnetic field interact with themselves
and with electric charge density and current. These equations are behind the analysis
and design of all (classical) electromagnetic devices such as electric circuits, antennas,
microwave waveguides, optical tools, electricity generators and transmission lines, etc. In
this course, we learn about the meaning of these equations and the way they are used
for the analysis and design of electromagnetic devices. Mathematics and physics are
interwoven in this study. For pedagogical reasons, we develop our study at several levels
in increasing order of difficulty:

o FElectrostatics (Chapter 3): Motionless electric charges. Here, there are no magnetic
effects, and E, D are time-independent and enough to develop the theory.

V.-D=p, VxE=0, B=0, H=0.

e Magnetostatics (Chapter 4): Electric charges move, but we have steady (namely, time-
independent) electric current. Here, again, £, D, B, H are time-independent.

V.-D=p, V-B=0, VxE=0, VxH=J



e Electrodynamics (Chapter 5): General case. Time-varying electric and magnetic fields
are coupled (namely, each one produce the other), and under certain conditions produce
electromagnetic waves that radiate energy from the source to other points of space.

0B oD
VD—p, VB—O, VXE__E’ VXH—J"—E

Since motion? is a relativistic notion, special relativity considerations should be taken
into account in electromagnetics: What we call an electric field in one reference frame
must be interpreted as a magnetic field in another. As we will see in Chapter 5, this implies
that electricity and magnetism are two sides of the same coin: electromagnetism.

Remark 1. The international system of units (SI) has seven fundamental units: meter
(m) for length, second (s) for time, kilogram (kg) for mass, ampere (A) for electric
current, kelvin (K) for temperature, mole (mole) for amount of substance, and candela
(cd) for luminous intensity. All the other units can be determined in terms of these
seven. Specially in electromagnetics, coulomb is A - s, volt is joule per coulomb (namely
kg -m?-s73 . A™1), farad is coulomb per volt, weber is volt - s, and henry is weber per
ampere.

Exercise: Compute 1/,/€yjtg. Find its unit according to the information given in
Remark 1. Is it a familiar quantity?

In Maxwell’s equation, one is tempted to look at p, J as causes (source variables), and
E,D,B, H as effects (field variables). However, the formation of electromagnetic fields
affects the distribution of charges, hence changes the field variables. This shows that
cause and effect are interwoven in a real electromagnetic problem. In fact, there are few,
idealized, carefully-designed electromagnetic problems which can be solved completely. In
practical engineering problems, one uses simulator softwares (like HFSS, FEKO, Momen-
tum, CST Studio Suite, etc.) to solve electromagnetic problems numerically. However,
the intuition that is gained by solving a simple, idealized electromagnetic problem is
excessively valuable for physicists and electrical engineers. We encounter many such
problems in this course.

Exercise: We will learn in Chapter 4 that electric currents flowing in wires produce
magnetic fields. On the other hand, equation (1.1) shows that magnetic fields exert force
on moving charges. Having these two facts in mind, find the definition of ampere in SI
system of units.

Exercise: Find the name of the underlying numerical mathematics method used in
one of the simulator softwares mentioned above.

At the end, I highly suggest reading the Feynman’s masterful introduction to electro-
magnetics [Fey, Volume II, Chapter 1].

2Motion as referred to the classification of the subject into electrostatics, magnetostatics, and elec-
trodynamics, or the velocity vector v in the Lorentz law force.



Chapter 2

Vector calculus

2.1 Vectors

Those physical quantities (like mass, length, time, electric charge, energy) which does
not change under the rotation of the coordinate system (observer) with respect to it
the quantity is measured are called scalars. Vectors are those quantities (like force,
velocity, momentum, electric and magnetic field intensities) which under the rotation of
the coordinate system change exactly the same way as the position vector changes. More
precisely, a vector A in each cartesian coordinate system xyz is given by a 3-tuple of real
numbers (Aj;, As, As), which is related to the 3-tuple (A4}, A%, A%) in the rotated cartesian
system z'y’z" by the following linear equations’:

Xy

cos(x,,x})

] ’
X
2 L cos(x;,x])
/
X
X
3 cos(x;,x;)
u, cos(x,,x;) cos(x,x;) cos(x,x;) || u
u, |=| cos(x,,x/) cos(x,,x5) cos(x,,x3) || u;
u, cos(x,,x/) cos(x;,x;) cos(x,,x;) || us

Exercise: Write the equations of the change of components of a vector with two
components when the coordinate system rotates by the angle ¢ in the counterclockwise
orientation. (Answer. x = cos pz’ — sin py’, y = sin oz’ + cos py'.)

The best way to represent a vector is by an arrow in space, which clearly shows the
analogy of vectors with displacement. Also, we use a scale such that one unit of our

1Scalar and vectors are tensors of rank 0 and 1, respectively. Refer to [Fey, Volume I, Chapter 11],
[Fey, Volume II, Chapter 31], [AW, Sections 3.4, 4.1], or [Tai, Sections 1.3-4] for a complete discussion.



vector corresponds to a certain convenient length. The magnitude and direction of the
vector A is denoted by |A| and A, respectively. Two vector are the same if they have the
same magnitude and direction, or equivalently, if they have the same components in one
(hence all) coordinate systems. The vector with all three components zero is denoted by
0. Vectors of unit magnitude are called unit vectors.

We have several operations on vectors:

e The scalar product aA of a scalar a and a vector A is a vector whose magnitude
equals |a||A|, and its direction is the direction of A if @ > 0, and the reverse of the
direction of A if a < 0. Clearly, 04 =0, 1A = A, and a(bA) = (ab)A.

e The addition and subtraction of two vectors is a vector obtained by the parallelogram
law:

A+B

Clearly,

A+0=0,
A+B=B+A, A+ (B+C)=(A+B)+C,
a(A+ B) =aA+aB, (a+b)A=aA+bA.

With respect to a cartesian coordinate system, one can decompose a vector into its
components:

A=AT+ A+ Az

Here, 7 is the dimension-less vector of unit magnitude in the direction of z-axis; simi-
larly for 7,Zz. In terms of components, we have

Al = /A2 + A2 4 A2,

A A, R A, R A, R
A~ VET AT R JET AR R AT
aA = aA, T + aA,y + dA.Z,
A+ B= (A, +B,)T+ (A, + B)7+ (A, £ B.)z,

where B = B, + B,y + B.Z.

A:

e The dot (or inner) product A - B of two vectors A, B is the scalar given by the
magnitude of A times the magnitude of B times the cosine of the angle between the
direction of A and B. Equivalently,

A-B=A,B,+A,B,+A,B,. (2.1)

8



Clearly,
Al =VA- A,
and two vectors are orthogonal exactly when their dot product vanishes.

Exercise: Using (2.1), show that A - B is a scalar. (Hint. Assume that A, B are in
the xoy-plane, and then rotate the xoy-system to another z’oy’-system. Note that
any rotation can be written as the composition of three rotations around the axes of
coordinate systems, namely Euler angles.)

Exercise: Using the first definition of dot product, prove that
A-B=DB-A,
A-(B+C)=A-B+A-C. (2.2)
Then, use (2.2) to deduce (2.1).
Exercise: Assuming (2.2), prove the law of cosines in triangles. (Hint. |A — B|?> =

(A-B)- (A-B)=A-A—-2A-B+B-B=---))

The cross product A x B of two vectors A, B is the vector whose magnitude is the
magnitude of A times the magnitude of B times the sine of the (smaller) angle between
the direction of A and B (this equals the area of the parallelogram spanned by A, B),
it is perpendicular to both A, B, and its direction follows that of the thumb of the
right hand when the other fingers rotate from A to B (through the smaller angle).
Equivalently,

~

Ty z
A, A, A =(AB.,—A.B)T—(A,B, — A.B,)y+ (A, B, — A,B,)z.  (2.3)
B, B, B.

Exercise: Using (2.3), show that A x B is a vector.

Exercise: Prove that
AxB=—-BxA,

Ax(B+C)=AxB+AxC. (2.4)
Exercise: Assuming (2.4), deduce (2.3) from the first definition of the cross product.

The scalar triple product of three vectors A, B, C"

A, A, A,
A-(BxC)=|B, B, B.|. (2.5)
c, C, C.

Exercise: Prove that in the scalar triple product, - and x may be freely interchanged
so long as A, B, C remain in cyclic order, namely
A- (BxC)=(AxB)-C
=B-(CxA)=C-(AxB).

Exercise: Show that |A - (B x C)| equals the volume of the parallelepiped spanned by
A, B,C.



e The vector triple product of three vectors A, B, C":

Ax (Bx(C)=(C-A)B—(B-A)C.

This is called the “CAB minus BAC” rule.

Exercise: Prove that

(AxB)xC=(A-C)B—(B-C)A.

Exercise: Prove that
(AxB)-(CxD)=(A-C)(B-D)—(A-D)(B-(C),

(AxB)x (CxD)=(A-CxD)B—(B-CxD)A=(A-BxD)C—(A-BxC)D.

Exercise: (a) Assume three vectors A, B, C' such that A is nonzero. Prove that if
A-B=A-Cand Ax B = AxC, then B =C. (b) Let A be a nonzero vector.
Determine a formula for vector X is A- X and A x X is known. (Hint. (a) Assume
A=7. (b) Write X = aA + bA x (A x X), and then determine scalars a, b.)

2.2 Cylindrical and spherical coordinate systems

Since the laws of electromagnetism is written in the vector analysis language (recall
Maxwell’s equations), they are invariant under the translation and rotation of coordinate
systems. However, in order to numerically solve a specific problem, one coordinate system
might be preferable to the others, depending on the symmetry of the geometry of the sit-
uation. We start by explaining the notion of a right-handed, orthogonal, curvilinear
coordinate system (uq,us, u3), most important examples being the cartesian (x,y, 2),
cylindrical (r, ¢, z), and spherical (R, 0, ¢) coordinate systems. (¢ and 6 are called polar
and azimuth angles, respectively.)

z = zy plane

x = x| plane

y = y plane

Here,

e (Coordinate system means that there is a one-to-one correspondence between the points
of space and 3-tuples of real numbers (uy, us, u3), each u; ranging on some specific set

10



of values. For example, all points of the space, except the points on the z-axis, can be
given unique cylindrical coordinates with

O<r<oo, 0<p<2r, —00<2z<00;
also unique spherical coordinates with

0<R<oo, O0<f<m 0<Zp<2m

At each point (uq,us,us), let u; be the dimension-less vector of unit magnitude, or-
thogonal to the surface of constant u;, which points to the direction where u; increases;
similarly, define s, us.

e Orthogonal means that at each point, the unit vectors uy, Uz, u3 are mutually orthogonal
to each other. Rzght handed (m the presence of orthogonality) means u; X Uy = uz. If
o, then Uy X Uz = Uy, Us X U = Us.

e Curuvilinear means that the unit vectors uy, Uy, 3 might change when the point changes.

The good news is that assuming such a system, any vector can be represented (at any
point) by three real numbers, called its components:

A = Ajuy + Astis + Asus
= (A-uy)uy + (A - Us)us + (A - u3)us
Especially, the position vector ﬁ is given by:
B —aZ+yj+ 25 =17+ 22 = RR.
We have the following relations among different coordinates:
T =Tcosy, Y =rsiney,

r=+az2+1y2, p=tan"!

9

SHESS

x = Rsinfcosy, y= Rsinfsiny, z= Rcosb,

[02 1 12
R= /22 +y%*+ 22, taan_lx——'—y, g0:tan_1g.
z x
Note that:
_ OR
T=-——=cosp T+singy,
or
or

—sinp T+ cosp y=— P
©’

5
R= (9R =sinfcosp T +sinfsing y + cosb 2,
o
20

Exercise: The formulas (2.1), (2.3), (2.5) remain valid for every right-handed, orthog-
onal, curvilinear system. L R

Exercise: Write 7 is terms of R, 8, 3. (Hint. 7= (z-R) R+ (z-0)0+ (T -p)p.)

gzcosecosgo T+ cosfsingp y—sinf z =

11



2.3 Infinitesimals and their integral

Suppose a point P, given by the placement (or position) vector ﬁ, with coordinates
(u1,us,ug) given in a right-handed, orthogonal system. When u; changes infinitesimally

to u; + duq, then ﬁ changes infinitesimally to + hiduiuy, where hy is a function
of uy,us,u3. Similarly hs, hy can be defined. They are called metric coefficients.

If (uq,us,us) Chal%es infinitesimally to (u; + duy,us + dus, us + dus), then ﬁ changes
+ dR given by

AR = hydurtiy + hadusts + hadusls, (2.6)

infinitesimally to

This latter quantity is called the infinitesimal displacement, and the notation EZ is
also used for it. For example,

dal = dxx + dyy + dzZ

=drr+rdep + dzz
= dRR + Rd00 + Rsin 0dpd.
S~ _rde ds, = rd¢ dz
\t\\\\‘\\‘ g ds, = rdrd¢
rn dz
ds¢ = drdz it |
B
I
|
|

=
‘7\0
E-3
X///
1
s B
5 s

‘\-.\\[&I

T N\Rsin b do

dv=dxdydz dv =rdrdodz x
dv= R*sin 0dRd0d¢

The magnitude of ﬁ, called the infinitesimal length, is given by
dl = \/(hldul)Q + (thU2)2 + (hgdU3)2.

The volume of the parallelepiped spanned by hiduqty, hodustia, hadusts, called the
infinitesimal volume, is given by

dV = ]’Ll hghgduldUQdU3.

When u is fixed, and w9, uz vary infinitesimally, the area spanned by hodustis, hydusis,
called the infinitesimal area, is given by

dSl = hghgdUQdUg.
The corresponding infinitesimal surface

Cﬁl = hgdUgag X h3dU3a3 = hghgdﬂgdﬂgﬁg, (27)

has magnitude dS7, and is perpendicular to the constant u, surface; similarly for c@ 2 cﬁ 3.
In electromagnetics, we need to integrate different infinitesimals:

12



e Line integrals of:

fdi, fdi, Adl, A-dl, Axdl.
e Surface integrals of:

fds, fdS. AdS, A-dS, Axds.

e Volume integrals of:
fdv, AdV.

Here, f (respectively, A) is a scalar field (respectively, vector field), namely, a
scalar-valued (respectively, vector-valued) quantity which varies on space; for example,
the temperature distribution of a room (respectively, the force applied to some particle).
The meaning of these integrals should be clear from your experience with the basic
differential and integral calculus. (Refer to [Tho, Chapter 16] or [Apo, Chapters 10-12]
for a complete development.) For example, fC fdl (C a curve) is defined as the limit
of the Riemann sum Y fAl as max Al — 0, where Al = \/(Az)? + Ay)? + Az)? is the
distance between two successive partition points of C. Also?f A x dS (S an oriented

surface) is defined as the limit of the Riemann sum ) A x AS as max |B | = 0. Here,
the surface S being oriented means that a smooth distribution of unit normal vectors n

is defined on S.2 Then, AS has the same direction as 7, and its magnitude is the area of
a small partition patch of S. In computing these integrals, one should fulfill the following
steps in order to reduce the integral into (sums of) single, double, or triple integrals

/f(:z: //fx y)dzdy, // f(x,y, 2)dzdydz.

1. Choose an appropriate coordinate system. In this course, these are cartesian, cylin-
drical, or spherical coordinates.

2. Write the integrand in terms of fundamental infinitesimals: dx, dy, dz, dr, dy, dR, df.

3. Parametrize the curve C' (with one parameter), surface S (with two parameters),
or volume V' (with three parameters) where integration is taken on.

Example 2. Let us compute the integral I := [ A x cﬁ for the vector field A = e~ BR

on that part of the cone z = /x? + y? which lies in the first octant. The cone is given
by 6 = /4 in spherical coordinates. The integrand is

A X cﬁ = ¢ R x Rsin Qdego@\: Re 'sin 0d Rdy(— sin T + cos ).

The integration over 0 < R < 00, 0 < ¢ < 7/2 gives I = (=2 +7)/v/2. u

2There are surfaces (most notably, the Mdbius band) with no such distribution, but we do not consider
them in this course.

13



Remark 3. In this course, we almost always have curves and surfaces given by constant
coordinates in cartesian, cylinderical, or spherical coordinates, so (2.6) and (2.7) are used.
In general, if we move along a curve parametrized by the position vector

B =R =2()7 +y®)f + 2()3,

then the displacement infinitesimal is given by

dal = @dt (dx +dyA+ %2) dt.

dt dt dt

If we have a surface paved by the position vector
R = ﬁ(u, v) = z(u,v)T + y(u, v)y + 2(u,v)Z,

then the infinitesimal surface is given by

Ty z

ds = ‘ﬁXﬁdudv_ o 2 2| gyy,
v 5 % %
v Ov  Ov

Exercise: Find [ A-dl for A = 22937 +7+ 27 along the curve made by the intersection
of the cylinder 2% + y?> = 4 and the hemisphere 22 + 3% + 2?2 = 16, z > 0, paved
counterclockwise when viewed from above (z = +00).

2.4 Differentials of scalar and vector fields

Remember from elementary calculus that the derivative f’(z) = df/dz of a function
f : R — R measures the rate of change of f with respect to its variable x. This section
introduces differential operators which measure different aspects of space variations of

scalar f : R* — R as well as vector fields A : R® — R3,

2.4.1 Gradient of a scalar field

Assume a scalar field f. We want to measure the rate of change of f(P) as the point P
moves infinitesimally to P + d 7 We describe two equivalent approaches:

e Coordinate-dependent approach. By Taylor’s expansion

df = foda + fydy + fdz = (gradf) - dl,

where
gradf := f,o + f,y+ f.Z

is called the gradient of f. One can pretend that gradf is obtained by exerting the
differential operator

oy "0z



called nabla (or del), on f, hence, we have the notation
gradf =V f.

The same sort of computations in an orthogonal coordinate system (uy, us, u3) shows
that

1 N 1 R 1 .
Vf= h—lfuﬂh + h—2fu2U2 + h_gfu3u3'

Therefore,

o . 0 0

V = hlaul + 2 h28u2 + U3 hg&Ug .

(2.8)

Note that the equation df = gradf - ﬁ clearly shows that gradf is a vector field.

e Coordinate-free approach. Draw the constant f surface passing through P = P;. Fix
df , and also draw the constant f -+ df_Eurface. Let P, and P35 be points on the constant

f + df surface such that PP, = dn is orthogonal to the constant f surface, and
P, P; = dl is some arbitrary infinitesimal.

Since df is assumed to be fixed, the computations

df dfdn  df _df
A dndl dn Y= an
L o df
df = Sd=Sladldi = di
shows that the vector
af .
Vf=-—n
dn

represents both the magnitude and the direction of the maximum space rate of the
change of f. Always remember: The gradient of f is orthogonal to the constant f
surface.

Exercise 4. Prove that

/ Viedl = f(Ry) — f(P), (2.9)

Py
where the integral is taken over an arbitrary curve starting from point P; and ending in
point Ps.

15



2.4.2 Divergence of a vector field

Assume a vector field A. Let S be an oriented surface, namely, there exists a smooth
distribution of unit normal vector 7 on S. The quantity

/SA-cﬁ,

where cﬁ =ndS, is called the flux of A passing through S. The flux density of A at a
point can be measured by the scalar

A-dS
divA := lim Sﬁ"—

AVS0 AV (2.10)

called the divergence of A.> Here, o is a small closed, oriented surface (like a cube,
cylinder, or sphere) around our point of interest, AV is the volume of the solid enclosed

by o, and 7 (in dS = ndS) is taken to be outwards.
Theorem 5. In cartesian coordinates A = A,z + A,y + A.Z, we have

, 04, 0A, 0A.
divA = S5+ Z 0+ 5 (2.11)

More generally, in any orthogonal, curvilinear coordinates A = Ajuy + Asts + Aslus, we

have . 5 5 5
— _(h2h3A1) + _(h1h3A2> + —<h1h2A3) .
hihohs

divA =
a 8u1 81&2 6u3

Proof. In the definition (2.10), let o be a cube of side lengths dx, dy, dz, with faces parallel
to yoz, oz, xoy planes, and centered at our point of interest (xg, ¥, 20). The flux passing
through the front face © = x¢ + dz/2 equals

Ao + dz/2,y0, 20) - dydzT = Ay (z0 + dx /2, yo, 20)dydz,
and the flux passing through the back face © = x¢y — dz/2 equals
A(zg — dx /2,40, 20) - (—dydzx) = —Az(xo — dx /2, Yo, 20)dydz.

These, add up to

0A,
Au(o + dx /2, Y0, 20)dydz — Ay(x0 — dz /2, Y0, 20)dydz = a—(f’fo, Yo, 20)dxdydz.
x
After dividing by dV = dxzdydz, and taking the limit ¢ — 0, we get the first summand
0A,;/O0x in (2.11). Other summands appear similarly by integrating over the remaining
four faces. The general coordinate system case is proved similarly. |

3A justification for this appellation is given in [Lee, Page 422].
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The formula (2.11) justifies the notation
divA =V . A

For any oriented, closed surface S enclosing volume V', we have the divergence
theorem:
yﬁA-d‘é:/v-Adv. (2.12)
S 1%

Here, cﬁ is pointing outwards. This formula can be proved by partitioning V' into small

volumes AV, and summing up all the definition equations § A - dS = divA dV [Che,
Section 2.8].

Example 6. Let us verify the divergence theorem for the vector field
A= 47 — 2077 + 22,

on the region bounded by 22 +y? = 4, z = 0, and 2z = 3. The divergence of A is 4—4y+2z,
and the infinitesimal volume is rdrdp4dz, so

2 2 3
/V CAdV = / / / (4 — 4rsing + 2z)rdrdpdz = 84.
r=0 J p=0 J z=0

The flux is the sum of three surface integrals

/ A- cﬁ = /A ~dxdyz = /sza:dy = /dedy = 36,
upper lid
/ A-cﬁz/A.dxdygz/szmdyzo,
lower lid

/ A.d8 = /A  2dipd T = /2(433@-?— 2725 - F)dpd>
peripherical cylinder

and

2w 3 2m
= / / 2(4r cos? ¢ — 2r?sin® p)dpdz = 48/ (cos? p — sin® p)dp = 48T.
=0 J 2=0 0

Therefore, the total flux equals 367 + 487 = 84r. [ |
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Example 7. Assume a fixed volume U C R?, with boundary S. The amount of the
electric charge inside U is given by @) = fU pdV , where p is the volume electric charge
density. The time rate of the change of (), according to the principle of the conservation
of electric charges, is due to the passage of charges through the boundary, and is given by
— 565 J - dS, where J is the volume electric current density. (By definition, J is a vector
pointing to the flow of charge, and its magnitude is the amount of charge passing per unit
time across per unit area of the surface perpendicular to the flow of charge.) Therefore,

/@dv—— pdvz—yﬁJ-cﬁz—/V~JdV
U S U

This proves the continuity equation V - J = —0dp/0t, first appeared in (1.3). |

Exercise: Find the divergence of the position vector field A = ﬁ in three cartesian,
cylindrical, and spherical coordinate systems.

Exercise: Derive the formula for divergence in cylindrical coordinates in two ways: (a)
Using (5). (b) Applying V =72 + (prgso +722 to A= AT+ A0+ Az (Hint. In (b),
one needs to compute nine terms, which come from distributing THE three summands

of V over THE three summands of A. Two of them are

0 ~  ~ [O0A, . o\ . (04, _0A,
(TE).(ATT)_T'<8TT+AT§)_T'(8TT+O)_ or’

) P (oA P\ B [(0A_ .\ A
(@)'(Am_r (&OHA’"&O)_T (@sOTjLAM)_ r

Continue!)

Exercise: Verify the divergence theorem for the position vector field A = ﬁ on the
shell region enclosed by spherical surfaces at R = a and R = b, b > a, centered at the
origin.

Exercise: Show that the volume of the region enclosed by a closed, oriented surface S
equals 3 ¢ B - dS.

Exercise: Prove that there is no smooth orientable closed surface which is everywhere
tangent to the position vector.

2.4.3 Curl of a vector field

Assume a vector field A. Let C' be an oriented curve, namely, one assumes a smooth
distribution ¢ of unit tangent vectors on C. (Any smooth curve has exactly two such

distributions.) The quantity
/ A-di,
c

where EZ = tdl, is called the circulation of A (or the work done by A) along C. The
circulation density of A at a point can be measured by a vector curlA, called the curl
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(or rotation) of A, whose component along any unit vector 4 is given by*

A-dl
(curld) -4 := lim 950—

AS—0  AS (2.13)

Here, ¢ is a small, oriented, closed curve (like a square or circle) around our point of
interest, ¢ lies in the plane II perpendicular to @, AS is the area of the surface in II
enclosed by ¢, and the orientations of ¢ and u are compatible according to the right-hand
rule.

Theorem 8. In cartesian coordinates A = A, + Ay + A,Z, we have

AT
curld = | & 8% 21 (2.14)
A, A, A,

to be expanded with respect to its first row. More generally, in any right-handed, orthog-
onal, curvilinear coordinates A = Ajuy + Astg + Astis, we have

hiuy  hotiz  haus

1
hlAl h2A2 h3A3

Proof. In the definition (2.13), assume u = Z, and let ¢ be a square of side lengths dy, dz,
in the x = xy plane, whose sides are parallel to y and z axes, and it is centered at our
point of interest (zg, Yo, 20). The work done on the right side y = zy + dz/2 equals

A(an Yo + dy/27 ZO) dzZ = AZ(an Yo + dy/Qa ZO)d'Za
and the work done on the left side y = yo — dy/2 equals
Alzo, yo — dy/2, 20) - (—dzZ) = —A.(20, yo + dy/2, 20)dz.

These, add up to

0A,
Az(wo, Yo + dy/2, Zo)dz - Az(x()a Yo — dy/Q, Zo)dz = O_y(xo’ Yo, Zo)d?/dz-

After dividing by dS = dydz, and taking the limit ¢ — 0, we get the first summand
0A, /0y in the z-component of V x A in (2.14). The other summand 0A,/0z appears by
computing the work done on upper and lower sides z = zg+dz/2. The rest is similar. W

gﬁﬁxA

4To prove that such a vector exists, one can first define curl4 by limay Ay (this definition
itself comes from the identity (2.25), to be proved later.), and then show that this vector satisfies (2.13).
This is done in [NB, Pages 19-20]. Another approach to the curl, taken in [Fey, Vomule II, Chapters
2-3], is to first prove that the expression (2.15) represents a vector field, and then follow the proof of
Theorem 8 to show (2.13) for w = ; this proves (2.13) for every unit .
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The formula (2.14) justifies the notation
curlA =V x A.

For any oriented, closed curve C' (planar or not) enclosing surface S, we have the

Stokes’ theorem:
yﬁAﬁ:/VXA-ﬁ (2.16)
c s

Here, the orientations of C' and S are compatible according to the right-hand rule. This
can be proved by partitioning S into small surfaces AS, and summing up all the definition
equations ¢ A - dl = curlA - % [Che, Section 2.10].

Example 9. Let us verify the Stokes’ theorem for the vector field A := sin(¢/2)@ on
the upper hemisphere surface R = a, z > 0. The curl of A, based on the formula (2.15),
equals

1 ﬁ Rﬁ@ Rsﬁegp _ Rcos@sin(cp/Q)ﬁ — Rsin@sin(gp/Q)@\
R?sin 6 36% 09 ¢ R?sin 6 '

0 Rsinfsin(p/2)

On the upper hemisphere S, we have cﬁ = a®sin Qdﬁdgpf{, SO

w/2 P27
/V X A-dS = / / acosfsin(p/2)dfdy = 4a.
S 0=0 Jp=0

The boundary C' of S is the circle r = a, so

2m
% A-di = / sin(p/2)p - adpp = 4a.
c 0

Exercise 10. Compute the divergence and curl of the inverse square field A = ]?i/ R?, at
a point away from the origin.
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Exercise: Verify the Stokes’ theorem for the vector field A = 2237 + 7 + 2% on the
surface 22 + y? + 22 =4, 2 > 1.

Exercise: Find the flux of B = V x A passing through the hemisphere 22 +y?+ 22 = 1,
z >0, where A = (y + /2)T + €"*y + cos(x2)Z.

Exercise: Compute the curl of vector fields A = 27+ yy+ 2z and B = —yxr + 2y + 2Z.
Then, use an online vector field plotter to intuitively approve your computation.

Exercise: (a) Deduce Green’s formula in the plane

§£ Pdx + Qdy = /(—Py + Q. )dxdy
c S

from the Stokes’ theorem. Here, C' is a closed curve in the xoy-plane, paved in the
counterclockwise orientation, and it enclosed surfece S. (b) Show that the area of S is

given by % ¢ xdy — yd.

2.4.4 Laplacian of a scalar field

The divergence of the gradient of a scalar field is called its Laplacian:
V2f:=V-Vf.

It is also denoted by Af. In cartesian coordinates, we have

_O*f  0*f  0°f
Af= Ox? + oy? + 022"

In a general orthogonal system (uq, ug, uz), we have

1 0 ([ hshs Of 0 ([ hihs Of 0 [ hihy Of
Af = . 2.1
f hthhg (8@61 ( h1 aul) + 8u2 ( h2 8u2) + (9u3 ( hg 8u3)) ( 7)

The intuition about Laplacian comes from the following theorem:

Theorem 11. The average A,(f;p) of a scalar field f on the sphere ]ﬁ —a|l = p, and
the average B,(Af;p) of its Laplacian on the ball | R — a| < p are related by

Alfin) = 1@+ [ BBUATi o)y

Proof. After a shift, we may assume a = 0. By the divergence theorem,

4 3 g 21
7;p Bo(Af;p) :/ AfdV :/ V- cﬁ = / / ?pg sin 0dOd,
R<p R=p 0o Jo P

SO

271'
47;'030 (Af;p) / / —— sin 0dfde. (2.18)

On the other hand,
T 2T
wwfAfin) = [ gas= [ [ gpsinoasas.
R=p o Jo
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SO

A Ao(f; p) / / fsinOdbde. (2.19)
Putting (2.18), (2.19) together, we have
d P
—Ao(f;p) = =Bo(Af;p).
dp O(fap) 3 0( f?p)
We are done noting that A,(f;0) = f(a). |

The scalar fields whose Laplacian vanish are called harmonic functions. By the
previous theorem, harmonic functions satisfy the mean value property: The average
of any harmonic function on any sphere equals the value of the function at the center
of the sphere. (Conversely, any continuous function with the mean value property is a
(smooth) harmonic function [Ahl, Page 242][AD, C.5.3].) The most important examples
of harmonic functions are

1
logr on r # 0 and EonR%O.

(Also see Section 2.7.)

Exercise: Show that a non-constant harmonic function can not have minimum or
maximum in a connected region except at its boundary. (Hint. Use the mean value
property, continuity, and connectivity.)

Exercise: Prove that the following functions are harmonic:

(a)

cos

z T ¥
w R el
300829—1 222 — 2% —y?
7 7 on R # 0,
TY TYZ
R g A0

pon << 2m,
log |tan(6/2)] on 0 < 0 < m,

e cos(\y), e sin(Ay) on R®, where ) is a real parameter,
A cos(Ap), r sin(Ap) on r # 0,
(d)

> 1—r2
In| vV=Tne _ R3 =1,0=0}%.
Z e 1 —2rcosp + 12 on R\ {r ad }

n=—0oo

Exercise: Prove the Green’s reciprocity theorem:

;5 (JVg—gV))-d8 = / (FAg — gAf)dV.
S 1%

for a volume V' bounded by surface S.
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Exercise 12. Fulfilling the following steps, prove that if f(x,y, z) is a harmonic function,
then so is

1 r Yy =z
9(957?% 2) = Ef (ﬁv ﬁ’ ﬁ) )

where R = /2% + y? + 22. g is called the Kelvin transform of f. (A direct proof of
this fact by the chain rule needs a very long computation. Another clever proof can be
found in [Axl, Page 63].)

(a) The transformation

s Yy z
($7y72)'_>(X7KZ)7 X:ﬁ’ YZ@’ Z:ﬁv

celled the inversion with respect to the unit sphere, gives a left-handed, orthogonal,
coordinate system.
(b) The metric coefficients are
(c) By (2.17),

o (1 of o (1 0f o (1 0f
_ps( Y (29T g (29 e
Af=R (aX (R2 ax) % (R2 aY> 9z (R2 az)) ‘
(d) Set g := f/R. Then, using the computation
1 1 2 1 1 1 1
(ﬁfx)x = ﬁfxx + EfX <E>X R (fXXE +2fx (E)X)

(7))

and the harmonicity of %, deduce that the Laplacians of f and g are related by Af =
R5Ag.
(e) Prove the fact. [ |

1 1 1

Exercise: Using Exercise 12, prove that the functions 2, ££ Z¥2 gre harmonic.
b R37 R5’ R7

2.4.5 Laplacian of a vector field
The Laplacian of a vector field A is defined by

VZA:=V(V-A) -V x (VxA). (2.20)

It is also denoted by AA. It is straightforward to show that in cartesian coordinates
A=A+ Ajy+ A,Z, we have

AA = (AA)T + (AA)T + (AAL)Z.
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2.5 Some differential and integral identities

VxVf=0, V-VxA=0, (2.21)
V(fg) = fVg+gVf,

V. (fA)=Vf-A+ fV- A, (2.22)

V x (fA) =Vfx A+ fV x A, (2.23)

A(fg) = fAg+gAf+Vf-Vyg,
V- (AxB)=VxA-B-—VXxB-A,

ygfcﬁ = /Vf dV (gradient theorem) (2.24)
;lgcﬁ X A= /V x A dV  (curl theorem) (2.25)
%fdj = /(ﬁ x Vf (cross — gradient theorem) (2.26)

?gcﬁ X A= /(Oﬁ x V) x A (cross — del — cross theorem) (2.27)

Exercise: (a) Prove (2.24) and (2.25) by applying (2.12) to vector fields fC and Ax C,
where C' is a constant vector. (b) Prove (2.26) and (2.27) by applying (2.16) to vector
fields fC and A x C, where C'is a constant vector.

Exercise: Find formulas for V(A - B) and V x (A x B) in [NB, Chapter 1].

Exercise: Prove that ¢ dS = 0.
Exercise: Prove that ¢ ﬁ X EZ =2/ cﬁ (Hint. Assuming c@ = dS,x+dS,y+dS.z,
compute (cﬁ x V) x R = —2(@, and then use (2.27). Another method is to argue

geometrically and find an interpretation for 550 ﬁ X ﬁ as the lateral surface vector, and
then use the previous exercise.)

2.6 Scalar and vector potentials

Theorem 13 (Scalar potential). Let A be a vector field on an open® subset U C R3,
which has the property that any closed curve in U is the boundary of some surface in U.°
Then, the followings are equivalent:

(a) A is the gradient of some scalar field.

(b) The curl of A vanishes on U.

(¢) The circulation of A along any closed curve in U vanishes.

5U being open means for any point P € U, there exists a ball around P which is still contained in U.
SNamely, the first homology group of U vanishes.
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Proof. (a)=-(b) Immediate from the identity (2.21).
(b)=-(c) Immediate from the Stokes’ theorem and the topological assumption on U.
(c)=(a) We assert that A = V f, where f is given by the line integral

f<P>=/PAﬁ,

Py

along any path from a fixed point Py € U to P; it does not matter which path we use,
because of our assumption (c). (Here we are assuming that U is connected, namely, any
two points can be connected to each other. If not, apply the argument here to each
connected component of U.) In computing

1 P+dxx P 1 P+dzz
ﬁ:_(/ Adl - Aﬁ)z—/ A-dl
81’ dz Py Py d:U P
let us take the straight-line path from P to P + dxz. Then,
of 1 I ~ ~ ~
3 = d—w(Axx + A+ AZ) - dox = A,
Similarly, 0f /0y = A, and 0f/0z = A,. [ |

Example 14. A simple computation shows that the vector field
A=3yz+ 3z —22)y — 2y + 2)z

is curl-free in R3. Let us find a scalar field f such that A = Vf. Integrating f, = 3y
with respect to x gives

[ =3yx+ gy, 2),

where ¢ is a (smooth) function of y, z. Then,
3r —2z = f, = 3z + g,
implies g, = —2z. Integrating this with respect to y gives
g = —2zy+ h(2),
where h is a function of z. Then,
2y —z=f.=g.=2y+ N (2),

implies 1/(z) = —z. Therefore, h(z) = —2%/2 + C, where C' is a constant. The whole
analysis shows that
2
f:3xy—2yz—%—l—0
satisfies A = V f. Alternative method. We compute the line integral

(2.9,2)
f(%y,z):/ A-dR
(

0,0,0)
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along the straight-line path
ﬁ(t) =txx +tyy+tzz, 0<t<1,
from (0,0,0) to (z,y, z). Since

A-dB =3YdX + (3X —22)dY — (2Y + 2)dZ, X =te, Y =ty, Z=t-
= (Bxy + Bz — 22)y — (2y + 2)2)tdt
= (6xy — 4yz — 2°)tdt,

we have )

1
f= / (6zy — dyz — 2°)tdt = 3wy — 2yz — %
0
This is the same as before. [ |

Exercise: Show that the vector field
A= (e"cosy +yz)T + (xz — e"siny)y + (zy + 2)Z
is curl-free in R?, and find a scalar field f such that A = V.

Exercise 15. Let g : R — R be an arbitrary (smooth) function.

(a) Prove that the divergence and curl of the vector field A := g(R)]?i is respectively
given by gr + %g and 0.

(b) Prove that the gradient and laplacian of the scalar field f := g(R) is respectively
given by gR}A% and grpr + %gR.

(c) Use the following figure to intuitively justify the fact that a radial (or central)
vector fields F' := g(R)ﬁ is curl-free.

‘Work done depends
only on radial distance.

One can not drop the simply connected assumption from Theorem 13, as the following
example shows:

Example 16. The vector field

~

—y S T TP
22 + 32 x2_{_yzy r2

= |6)
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is curl-free. However, it can not be written as the gradient of a scalar field in its maximal
domain of definition R? \ z-axis, because if it could, then the circulation of A along a
circle of radius a in the xoy-plane around the origin would have been

2~
0:§I§A-ﬁ:/ g-agﬁdw:%r.
0

However, on any open subset of the space which does not turn around the z-axis (namely,
any subset of R* \ {r = 0 or ¢ = @} for some ), the polar angle ¢ is a well-defined
(single-valued) function, and A = V. [ |

Theorem 17 (Vector potential). Let A be a vector field on an open subset U C R3, which
has the property that any closed surface in U is the boundary of some open subset of U.”
Then, the followings are equivalent:

(a) A is the curl of some vector field.

(b) The divergence of A vanishes on U.

(c) The flux of A across any closed surface vanishes.

Proof. We only prove the special case U = R3. (The general case is proved in differential
topology, under the name of the de Rham theorem [Lee, 18.14]: The vanishing of the
second singular homology group implies the vanishing of the second de Rham cohomology
group.

(a)=(b) Immediate from the identity (2.21).

(b)=(c) Immediate from the divergence theorem and the topological assumption on
U.

(c)=>(a) We assert that A =V x B, where B is given by

z y z
B(x,y,z) = (/ Ay(x,y, t)dt —/ Az(x,t,zo)dt) T — (/ Ax(x,y,t)dt) y, (2.28)
20 Yo 20

and Py = (xo, Yo, 20) is a fixed point in space. We compute

dB. 0B,
ay _E_Az(xayvz)a
0B 0B

x _ z :A
(92 al’ y($7y7z)a

0B, 0B, / 0A,

294,

0 20

Z0A,
— / P (x,y,t)dt + A, (z,y,20) = A.(z,vy, 2).

This completes the proof. The main idea in deriving the formula (2.28) is that by adding
an expression like Vf to B, one can assume that B has no z-component. The rest is
straightforward. [ ]

"Namely, the second homology group of U vanishes.
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One can not drop the topological assumption from Theorem 17, as the following
example shows:

Example 18. The inverse square field

X+ yy + 22
(22 + 12 + 22)2

R
A:ﬁ:

is well-defined and divergence-free on R\ {(0,0,0)}, but can not be written as the curl of
a vector field, because if it could, then the flux of A across an sphere of radius a around
the origin would have been

™ 2r D
O:ygA-cﬁ:/ / §2~a28m9d9dg0R:47r.
0=0J =0 @

However, on any open subset of the space which does not turn around the z-axis (namely,
any subset of R?\ {r =0 or ¢ = ¢} for some ), we can write A =V x (¢sinff). R

Exercise: (a) Show that the inverse square field B = R/R? can be written as the curl
of the vector field

A 1 —cosf tively. A —1 —cosf _
= — respective =
+ Rsiné v P Y Rsiné Y

on U, = R3\ {(0,0,2) 2 < 0} (respectively, U_ = R3\ {(0,0,2) z > 0}). (b) Note that
R3*\ {(0,0,0)} can be covered by U,,U_, but the values of A,, A_ do not match on the
intersection U, NU_; in fact, A, — A_ = V(20).

2.7 Dirac delta function

The Dirac delta (or unit impulse) function §(¢) on the real line R can be defined in
either of the following equivalent ways:

e 0(t) is characterized by two properties:

/ o(t)dt =1 and d(t) =0 for t # 0.
R

No Riemann (or even Lebesgue) integrable function satisfy these properties.

e 0(t) can be thought as the limit of rectangular pulses

-1
56@):{6 , O0<t<e,

0, otherwise,

as € — 0+.
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e (t) could be thought of as the formal derivative® of the unit step function u(t). More
generally, if a function f(t) is differentiable everywhere on the real lineexcept at finitely
many discontinuity points %1, ...,t,, and that at each point t;, k = 1,...,n, the func-
tion jumps j; units, then the summand

D kbt — 1),
k=1

appears in the first derivative f’(¢). For example, if f(t) = |¢|, then

£(t) = {_1’ TR0 d ) = 26(0).

1, x>0,

e 0(t) can be characterized by the sifting (or sampling) property:
f(#)o(t —a) = f(a)o(t —a),

where «a is a real constant, and f is any smooth function. The integral version of the
sampling property is

16 = [ 5t ryar.
This expresses a function as linear combinations (superpositions) of impulses.

Similarly, the Dirac delta function on the three-dimensional space (ﬁ) = i(z,y,2)
is characterized by properties:

/ §z,y,2)dV =1 and d(z,y,z) =0 for (x,y,2) #0.
R3

This shows that the volume charge density (measured in coulomb per meter cubed) due
to a point charge of ¢ coulombs situated at the point (zo, yo, 2z0) is given by

p=qd(x — 20,y — Yo, 2 — 20).

In terms of the one-dimensional Dirac functions, we have

0(z,y,2) = 0(x)d(y)d(2).

Exercise: Show that the three-dimensional delta function in spherical coordinates is
given by (R?sin@)~16(R)6(0)5(y).

Exercise: Justify that the volume charge density of an infinitely-thin rod situated
along the z-axis can be expressed by A(z)d(x)d(y), where A is the linear charge density
measured in coulomb per unit length.

8Technical terminology is distributional (or weak) derivative.
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Theorem 19. (a) —A% =V - REQ = 47?5(3).
(b) The outward flux of the inverse square field R™2R across any closed surface S 1is
either 4w or 0 depending on whether S contains the origin or not.

Proof. (a) According to Exercise 15, away from the origin, we have

1 R 0 /1 2 1
A=V — == —— =0.
RV R R (R2) T RR Y

This shows that the inverse square field ]/%/ R? is divergence-free, except at the origin. If
we want to make the divergence theorem valid on the whole space, then for any ball of
radius a > 0 around the origin, we must have

D D ™ 2r D
/ v 2 dV:/ %-d’ﬁ”:/ / B 2sin6dodoR = 4.
ball R<a R sphere R=a R 0=0 J =0 a

Because of this, one says that the weak (or distributional) divergence of the inverse square
field equals 47 times the three-dimensional Dirac delta function.

(b) This is (a) expressed in words. However, there is a beautiful, elementary, geometric
argument for this fact that we now present. Let us first assume that S does not contain
the origin. The fundamental fact is that the flux of the inverse square field passing
through an infinitesimal surface cﬁ = dSn does not depend on the distance of dS to the
origin or its orientation, but only on the solid angle represented by cﬁ , namely, on the
area of the projection of dS onto the unit sphere. The total flux across S is zero because
the flux corresponding to two pieces of S cut out by rays from the origin and forming
a small solid angle cancel each other. Next, assume that S contains the origin. By the

same argument, the flux across S equals the flux across the unit sphere, which clearly
equals its area, 4. [ |

Theorem 20. For any constant k, we have

(A+#) <@> — —4r(R).

R
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Proof. Let us try to find a radial scalar field G = G(R) which satisfies (A + k%) G =

—4md (ﬁ) For this property to hold, it is necessary and sufficient that for every a > 0,
we have

—4r = / (A + k:2) GdV.
ball R<a

By the divergence theorem,

—47r:/ VG-dS+ k[ Gav
sphere R=a

R<a
oG dG “
= —dS + k? GdV = 4ra®*—(a) + 47k? / R*GUdR,
R=a aR R<a dR( ) 0
or equivalently,
aQQ(a) + k? / R’GdR = -1

dR 0 '

After differentiation,
d*G dG
2 s 2 2y _ P
ada2+2ada+k‘aG 0, tlllg(l)aG(a) 1.

One can easily check that this latter differential equation has the general solution

e\/—lka e—\/—lka

G(a) = + ca ;
a a
where c¢;,cy are constants. The initial condition lim a*G’(a) = —1 is satisfied exactly
when ¢; + ¢, = 1. Arguing backwards shows that G = R~ e*V=1F gatisfies (A + k?)G =
—479. |

Exercise: Justify
1
d(—t) =4(t), d(2t) = 55(t), t*o(t) =0,

where a is a positive real number.
Exercise: Justify

6(t*—1) = %5(1& +1) + %5(15 —1).

(Hint. For part (b), either use the definition 6(t) = lim. o 0.(f), and approximation
V1+e=1+¢/2, or differentiate u (t* — 1) = u(—t — 1) + u(t — 1) by chain rule.)

Exercise: Justify

/ exp(v —1lat)dr = 27i(t).

Exercise: What is the flux of the vector field A = (27 + yy + 22)/(2? + y* + 22)3/?
passing through the sphere (x — 1)? + y? + 22 = 2?7 (Answer. 47.)

Exercise: Prove the two-dimensional analogue of Theorem 19: Alogr =V -
27 times the two-dimensional Dirac delta function 6(x,y).

3 1%)

equals
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2.8 Helmholtz-Hodge decomposition theorem

Theorem 21; Let U C R3 be an open subset with smooth boundary S.
(a) A C*(U) vector field A can be written as the sum of a curl-free, and a divergence-
free vector field. More precisely,

A=-Vf+VxB, (2.29)

where, using notations introduced on page 3,

/ (ﬁ)_/UVIMRO 5’5 47rR0 ’

/ V' x }5 ) % dS
47TRO 4’7TRO ’

A6 o 0

Tow Vg, T as

and
Vl

is the nabla operator taken with respect to the source (not the field) position vector ﬁ’ =
2T+ y'y+ 2z

(b) A C*(U) wvector field is uniquely determined with its curl and divergence on U,
and its value on S.

(V') Let U have the property that any closed curve in U is the boundary of some surface
in it. Then, a C?*(U) vector field is uniquely determined with its curl and divergence on
U, and its normal component on S.

(V") A C*(R3) vector field A is uniquely determined with its divergence and curl if it
decays no slower than 1/R at infinity, namely, if RA — 0 as R — oo. If so, then

V' x A
——V/ 47TR0dV+VX/U47TR0 dV.

Proof. (a) According to Theorem 19, 47?A(ﬁ) equals

_/UA (Rio) ARV = —/UA <A§')> Qv = —A/U Agl)dv

This latter, according to (2.20), can be written as

—Vf+V xB,

where

f:v-/UA(Rﬁ/)dV, B:VX/U@dV.

0 RO
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Using the identity (2.22) and the divergence theorem, we have

f:/Uv. (Ag))dv:/UA(ﬁ')-v(Rio) dV:—/UA(ﬁ')V (Rio) v

Similarly, using the identity (2.23) and the divergence theorm,

B= /Uv x (%) AV’ = /Uv (Ri()) x A(R"av = —/Uv’ (n%) x A(R"av

(ABRY V' x A(R) AB)YxdS [V x ACR)
:_/UVX(_RO)M/U_RO v = f A XS VAT

(b) Immediate from (a).

(b’) Since the problem is linear, assuming V-A =0, Vx A=0, A, :=A-n=0, we
need to show that A vanishes everywhere on U. Since A is curl-free and the first homology
of U vanishes, one can find a scalar field f such that A = V f. Since 0 = V f - n, we have

o—yffw LdS = / (fVf)dV = /ny\ dV+/fAf )av = /\ny%zv

Therefore, Vf =0 on U.
(b”) Apply the representation formula in (a) to a ball U of radius R around the origin.
When R grows large, the surface integral terms approach zero. |

Exercise: This exercise gives a direct proof of Theorem 21.(c) using Fourier transform.
Fourier transform of a vector field B is given by the vector field B defined by

B(¥) = / B(E)eVTF By (R),
R3
with the inverse given by

B(R) = (Qi)g /R B(R)e Y TFRav (R

Similarly, the Fourier transform of scalar fields is defined. N
(a ) Show that applying the Fourier transform to (2.29) gives A= V21K - f+

V= T x B. N
(b) Show that f = +/—1 : and B = /— k XA satisfy this latter equation.

(c) Give formulas for f and B using inverse Fourler transform.
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2.9 Transport theorems

If the curve, surface, or volume that we are taking integral over changes through time,
then we will have the following transport theorems:

E ()A - o) <83_? XV A)) . (230
% A a5 = / (—+UV A) — Vx(va))-cﬁ, (2.31)
4 /V v = / (% e (fv)) av. (2.32)

where v is the velocity vector field of the evolutlon of C(t), S(t), or V(t). We only prove
the second identity; others can be proved similarly. Let S, .55, 53 respectively denote the
surfaces S(t), S(t + dt), and the lateral surface swept by the displacement vector vdt
as S(t) evolves into S(t + dt). Let V' denote the region bounded by Si, Sz, S3. In the

following computations, by A, 24 <2, we mean A(t), %(t), respectively. We compute the

left hand side of (2.31) as follows:

/ At +dt) - dS = (A+%dt>-ﬁ=11+12+13,
S(t+dt) So 0

where

11:/5 (A+Edt) % = SA-cﬁwdt/ . ds,

s OF

2= () B 7 (2 )

:/5 v.<A+%dt>vdt~cﬁ;:dt/ (V- A - d3,

ot 5

13——/ (A+—dt) a3 — (A+—dt> dl x vdt = —dt/ A-dl x v
S3 8 051 a 051
——dt/ vx A-dl = —dt | Vx(vxA)-d3.
051

51
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All the three terms in the right hand side of (2.31) have been revealed.

Exercise: Prove (2.30) and (2.32).

Exercise: In (2.31), assuming S(t) to be closed and setting f := V - A, find another
proof for (2.32).

Exercise: Either prove directly, or deduce the following elementary transport theorem
for a time-dependent real-valued function f(z,t) of a real variable x:

v(t) v(t)
%/u@ flw,t)dz = /u@) g—{(:r,t)dx + ' () f(o(t),t) — /() f(ult), t).

2.10 Visualizing scalar and vector fields

A vector field can be visualized by drawing vectors at many points in space, each of which
gives the field strength and direction at that point. Alternatively, one can draw field
lines: A collection of smooth curves that are everywhere tangent to the vector field, and
the number of lines per unit area at the surface perpendicular to the direction of the field
should be proportional to the magnitude of the field. Therefore, the number of field lines
passing a surface is proportional to the flux. Therefore, unless for divergence-free regions,
new lines sometimes start up in order to keep the number up to the strength of the field.

Exercise: Draw the field lines for the constant field, inverse square field, and the
position vector field.

A scalar field can be visualized by level surfaces (or isosurfaces), namely surfaces
such that the scalar field is constant on them. When the scalar field is a potential func-
tion (respectively, temperature), these are called equipotential (respectively, isothermal)
surfaces.

2.11 Differential forms

The left column in Figure 1 shows how Maxwell was writing his equations [Max]. Later
on, Gibbs and Heaviside developed vector calculus (presented in this chapter) to write
Maxwell’s equations in a concise way, the right column in the latter figure. Elie Cartan
developed a calculus generalizing the vector calculus presented in the chapter. In this the-
ory, scalar and vector fields have a common generalization called differential forms w; The
gradient, divergence, and curl have a common generalization called the exterior deriva-
tive d [Lee, Page 426]; and curves, surfaces, and volumes have common generalization
called (smooth) manifolds M. In this theory, the identities (2.9), (2.16), (2.12), together

with the fundamental theorem of (undergraduate) calculus fab f'(x)dx = f(b) — f(a), are

generalized to
§1§ W= / dw.
oM M

Also, the null identities (2.21) have the common form

ddw = 0.
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All three transport theorems of Section 2.9 can be generalized to

# o™ o 3 ™ )
— w = — + vadw + VW,
dt Jae M) O M(t) aM(t)

where J is the operation of interior product [Fla]. This theory is developed in [Lee,
Chapters 14-16]. Electromagnetics can also be developed in this language [Lin].
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o=l
p=4dL _ di (A) B=VxA
=&
R L B
Q=af - -4 -2 (B) E=vxB-2&_ V¢
R=vh oty - 4ty
X =wvec—wb
Y = wa — uc (C) F=JxB
Z =ub—wva
a=oa+4rA
b=+ 4nB (D) B=puH+M
c=v+4nC
471'11.23—}—%";
4wv):f;—j—% (E) J=VxH
4#11;:%—5—;
D=4+Ke¢ (F) D=cE
R=C¢ (G) J.=0oE
C=R+D (H) J=J. +22
u:p—i—%
v:q+% (H*) J:JC+%—?
w:rJr%
¢=(C+EK4)e @M J=0E+e32
TL:CP‘JrﬁK%
v=0Q+ K% (I%) J=0E + %
w:CR—l-ﬁK%
p=F+E+ 4 ™) 0=V-D
c=Ilf+mg+nh+Uf +m'g" +n'h (K) os =n-(D; —Dy)
B = uH (L) B=uH

Figure 1: The original set of equations as labeled by Maxwell in his treatise [Max], with
their interpretation in modern vector calculus notation of Gibbs and Heaviside. The
simplest equations were also written in vector form. Taken from [Lin, Page 3].
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Chapter 3

Electrostatics

3.1 Axioms

Since the situations described by the full Maxwell’s equations (1.2) can be very compli-
cated (these equations already contain all of the special relativity effects), we start by
analyzing the simplest situation: We are in the vacuum, and all the charges are fixed in
space, namely, p does not depend on time, and J = 0. This is called electrostatics, and
is governed by the differential axioms

V-E=Y VxE=0, V.-B=0, VxB=0.

€0
According to the Helmholtz-Hodge theorem, there are no magnetic effects (B vanishes
everywhere), and the electric phenomena are governed by

v E=L vxE=0 (3.1)
€0
These differential equations, according to the divergence and Stokes theorems, can be
equivalently expressed by the following integral equations:

éE-cﬁ:g, yéEﬁ:Q (3.2)

where S is an arbitrary closed surface containing total charge () inside, and C' is an
arbitrary closed curve.

We first want to justify that: The electrostatic field produced by the volume charge
density p is given by

3p )dV

47‘(‘60

or, more concisely,

1 [ Ry
E=— [ —pdV. :
47T60/R(2]p v (3:3)

Here are some theoretical /experimental justifications for this formula:
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e It is immediate from the Helmholtz-Hodge theorem (Theorem 21) assuming some
growth conditions at inﬁnity:

/60 1 / 1 1 Ry
= _V — [ V dV = — pdV.
/ 41 Ry 47T60 RO P dmey | R3 P
This computation also shows that the electrostatic field (3.3) can be written as F =
—V®, where the electrostatic potential V' is given by

1 pdV
4meg Ry’

o =

(3.4)

The inclusion of the negative sign in ' = —V® is to make the potential decreasing as
we move along the field lines.

e Assuming the uniqueness of solutions to the electrostatic axioms (3.1 or 3.2), from the
linearity of these equations, we discover a fundamental fact in field theory: If a charge
distribution p;, j = 1,2 produces field E}, then the charge distribution py + po produces
the field Fy + Es. ThlS is called the superposition principle, and its validity goes
beyond electrostatics. Because of this principle, to show (3.3), it suffices to show that
the electrostatlc field due to a point charge of q coulombs situated at the origin is given

by E = 47r60 }}; By symmetry, £ = ER(R)R Plugging this into the integral axiom

¢ E-dS = Q/eo, applied to a sphere of radius R centered at the origin, gives

ER X 47TR2 = g,
€o
and we are done.

Exercise: The electrostatic potential of a point charge ¢ situated at the origin is given
by & = i

47reo R*
Exercise: Where did the axiom V x E = 0 appear in the justification above? (Note
that every radial field Er(R)R already satisfies this axiom.)

e Experiments done by Coulomb/Cavendish show that the electric force between two
motion-less point charges ¢, ¢’ is inversely proportional to the square of the distance
between them, applies on the line connecting them, is proportional to each charge,
and is repulsive (respectively, attractive) if the charges are like (respectively, unlike).!
Therefore, according to the Lorentz law (1.1), the electrostatic field at the point

generated by a point charge ¢ situated at the point ﬁ is given by

E (ﬁ) (The Coulomb force applied on the unit charge at ﬁ (constant) x ERO

The constant is determined to be 9 x 10° in SI, which for some historical reasons is
written as 1/(4mep). This formula combined with the superposition principle (also
confirmed by experiments) gives (3.3).

If charges move, then this force needs to be corrected by the special relativity considerations [Fey,
Volume I, Chapter 28].
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Remark 22. Sometimes we are assuming that charges are distributed on surfaces or
curves. Although in such situations the volume charge density p is infinity, but the
formulas (3.3) and (3.4) are still valid if one replaces pdV by o0dS or Adl, where o (re-
spectively, A) is the surface (respectively, linear) charge density, measured in coulomb per
meter squared (respectively, coulomb per meter).

Here are some examples to use the formulas (3.3) and (3.4) in action:

1. The electrostatic field at the point ﬁ = r7 + 2z, produced by a uniform linear charge
density A on a rod situated along the z-axis is given by

1 T+ 22— 2'Z o A / 4+ (z—2)Z 5 /\r?/ dz'
= z = z =
Ameq Jg |r7 4 22— 23 dmeg Jr (r2 + (2 — 2/)2)3 Arey Jr (12 4 22)3
which, after the change of variable 2’ = r tan «;, equals
AT

2meg T

(3.5)

Here is an easier way to derive this: By symmetry, £ = E,.(r)r. Plugging this into the

integral axiom ¢ E - (ﬁ = @/eo applied to a cylinder of height h and radius r along
the z-axis gives
E,. x2nrh = &
€0

Since £ = Vlogr, the electrostatic potential is given by

S 13y

e log r. (3.6)
Remark 23. The field (3.5) blows up at the points with large z and bounded r.
This violates our growth-at-infinity assumption that was used to derive (3.3). A more
precise treatment would be to first consider a finite rod, and then study the fields as
the length of the bar becomes large. This is done [NB, Example 2.2], and ends up to
the same result (3.5). In the same spirit, the integral in (3.4) for the infinite rod turns
out to be infinite:

1 / Adz A / > dz'
= =
dmeg | |74 22— 22| Ameo J_o (2 + 22)2

However, one can extract the “principal part (3.6)” from this improper integral by
first integrating over a finite rod, and then make the length large, as the following
computations show:

Z/ Z/:L L
/L dz' :2/L d lOglJrW :log1+ﬁ
e L e e M e
4L* + O(L 1
= log <+—2<)) =log (4L* + O(L)) — B log .
T
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2. The electrostatic field at the point ﬁ = 2T +yy+ 22z produced by the constant surface
charge density o situated on the xoy-plane is given by

dmeo ) |2Z +yy+ 22 — (T4 Y'Y+ 2'Z)|
= g / ($ — x/)/x\+ (y — y,)@\—i_ Z/Z\ dl‘,dy/ _ g / _-,LJZK\ - Z/Q—i- ngx’dy'
4d1eq (x— a2+ (y — i) + 22) 4d1eq (22 4 2 + 22)
022 / r'dr'dy’
" drweg (r2 4 22)

3 3
2 2

3
2
which, after the change of variable ' = z tan «, equals

o
+—7Z 3.7
2z, (3.7
depending on whether z > 0 or z < 0. Here is an easier way to derive this: By
symmetry, F = F,(z)z, where E,(z) is an odd function of z. Plugging this into the
integral axiom ¢ E - dS = Q/ey applied to a cylinder of height 2k and radius a with

bases at z = +h gives

2
2F.(h) x ma® = ore

€0
Since z = Vz, the electrostatic potential is given by

2. (3.8)
260

Remark 24. The same comments as in Remark 23 also hold here. The field (3.7)
does not satisfy the “faster that 1/R” decay assumption that was used to derive (3.3).
A more precise treatment would be to first consider a finite disc, and then study the
fields as the radius of the disc becomes large. This is done [NB, Example 2.4], and
ends up to the same result (3.7). In the same spirit, the integral in (3.4) for the infinite
surface turns out to be infinite:

1 odx'dy o / rdrdp A rdr
(r2 +

(z — 2/)?)z 26 /o (12 + (2 — 2/)2)3

Areg | [P+ 22— 23] dmeg
However, one can extract the “principal part (4.8)” from this improper integral by first

integrating over a finite disc, and then make the radius large. Do this as an exercise.

Exercise: Compute the electrostatic field due to a charge @) distributed uniformly on
a ball of radius a around the origin.

Exercise: Find the electrostatic field due to two parallel infinite sheets with equal and
opposite uniform charge densities +o. (Answer. o/€ey between plates, and zero outside.)

Example 25. Let us find the motion-less charge distribution which causes the field

Z.0<z<1
E_{azz, <z< |,

bz,  otherwise,
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where a,b,[ are constants, and 0 # b # al. According to the differential axiom V - F =
p/€o, we have p = aeg when 0 < z < [, and p = 0 when z < Qor z > [. At z =0, E, jumps

from b to 0, hence p = —beyd(z). This means that we have the surface charge distribution
o = —bey at z = 0. Similarly, we have the surface charge distribution o = (b — al)ey at
z=1.

Exercise: Assume two thin spherical shells of radii a < b around the origin, with
uniformly distributed total charges ¢, Q). Find the electric field using the integral axiom
(3.2), and then find the electric potential with the formula ®(P) = — fPP; E-dl.

3.2 Electric dipole

An electric dipole is two point charges +¢, separated by some a distance d. The quantity
¢ times the displacement vector from —q to ¢ is called the electric dipole moment and
denoted by p. Let us place charges +q at :I:g?, and find the approximate form of the
electrostatic field produced by this dipole at points far away from the origin.

We compute

p—_1 1 1\ ¢ 1 1 _q dcost

" 4meg \Ry R_) " 4me R—4%cos R+ %cosd ~drey R?
_qd _p-ﬁ 1
 Ameg R® 4mey R?’ (3.9)

q dcosf qd cosf ~ sinf~ qd 1 =~
E~-V|— = — -2 — 0= — (2cosf 06
v (47reo R? > Arey ( R3 R R3 dmeg R3 ( cosflt +sin )

3(p- R)R—p 1

qd_1 (3 cosOR + (sin 06 — cos 9@)) = 4mey  R®

 dreq R3
The important point here is that: The electrostatic potential and field of an electric dipole
decays like R=2 and R~3 with respect to distance, compared to the R~ and R~? variations
for a point charge.
Exercise: Show that the far-field of the electric dipole is divergence and curl free away
from the dipole’s center.
Exercise: Find another proof for (3.9) by reading [Fey, Volume II, Section 6.4].
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3.3 Far-field multipole expansion

Let us analyze the electrostatic potential caused by a charge distribution p bounded in
some part of the space, at points far away. To do this, we use the binomial formula
(a—1) 5 ala-1)(ar=2) 4

o
(14+2)*=1+4+az+ T i 224, 2] < 1

to expand 1
1 1 1 (1_2@+(£’>2>_2 (3.10)

R_o_‘ﬁ_ﬁl R R? R

in the integrand of (3.4). In the far-field region %’ < 1, we have

won () )

This gives the multi-pole expansion

o =00 4 0W 4@ ... (3.11)
where 0
®© = (monopole term) = e I Q@ = (total charge) = /dq,
1 p- R

®W = (dipole term) = p = (dipole moment) = /ﬁ’dq,

Arey R?2

e (57 )
L (3 <ﬁ : ﬁ')Q - R2R’2) dq.

- 4dreg 2RP

®®@ = (quadrupole term) =

The main point in this expansion is: The successive terms decay by a factor of order
1/R, and a term becomes dominant if all the previous ones vanish. For example, if
the total charge @ = [ dq of the distribution vanishes, then the dipole terms becomes
dominant.

In cartesian coordinates B = 11T + X9y + X373, B = o\ T + 2Ty 4+ 27l the
quadruple term can be written as

3
1 1
i,j=1
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where
1, 1=17,
0, i#j.

Exercise: Show that if the total charge of the distribution vanishes, then the dipole
moment does not depend on the choice of the origin, namely, the start point of the charge
position vector

Exercise: Compute the dipole moment of the following charge distributions: (a) A
cylindrical rod of length [, placed along the z axis 0 < z < [, with the volume charge
density p = a(z — [/2). (b) A spherical shell, centered at the origin, with the surface
charge density o = ogcosf. (Answer. (a) Z AZQ“ x volume; (b) Zog x volume.)

Exercise: For the following charge dlstrlbutlons show that the quadruple term is the
dominant term, and compute it. (Answer. (a) ga” M, (b) 0% 3oy )

Qi; = (quadrupole matrix) = / x;x; dq, &y = {

4meq R3 dmeq RD °
z y
|
—-q *q
+q
aI al2
a2 %
* -2 al2
a
* v al2
+q -9

One intuition behind the multipole expansion is to approximate an arbitrary charge
distribution by a combination of a point charge, a point dipole, a point quadrupole, and
so forth, as shown in the following figure. This viewpoint can be applied to approximate
quantities other than the electrostatic potential.

— +0 ++T + +T-_-?— +?‘ {}/’?J’
@ B D G ,ﬁ,

Monopole Dipole Quadrupole Octupole

Remark 26. One can find explicit formulas for higher multipole terms using the gener-
ating function of Legendre polynomials. One need only to expand (3.10) using (3.12):

R ~ =~
—:—Z( ) (cos), cosyp=R-R, R>R.

n>0

3.4 Conductors

From now on, we want to include the effect of matters in electrostatics. A conductor
is a matter with a sufficient supply of free electrons, namely, loose electrons in the out-
most shells of the atoms. Most metals are so, although, the conductivity properties of
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materials change with temperature, pressure, etc. Materials with negligible content of
free electrons are called dielectrics or insulators. (We later introduce a quantity called
conductivity through the equation J = o F/, and then conductors are those material with
high conductivity.) When a conductor is placed in an external electrostatic field, its free
electrons content moves as a whole body in the opposite direction of the field until it
makes the total field inside zero. This transient phenomenon takes a short time of the
order 1071Y seconds. After the quiliberium:

e According to the differential axiom p = ¢V - E, all the charges will be distributed
on the surface.

e Since the electric field is zero inside, the whole conductor is an equipotential body.
Therefore, on the conductor’s surface, the electrostatic field is normal to the surface.
A simple application of the integral axiom ¢ Ecﬁ = (Q/€o shows that the magnitude
of this normal field equals o /¢, if the conductor is placed in vacuum.

Exercise: Consider a conductor with a vacuum hollow (cavity) inside. Prove that
there is no electric field in the cavity, and all the polarization charges accumulate on the
outer surface of the conductor. (Hint. Use both axioms (3.2).)

3.5 Electrostatic boundary conditions

Reference [NB, Section 3.3].

3.6 Electrostatic boundary value problems

In electrostatics, if the charge distribution is given, then the field intensity can be com-
puted using the integral formula (3.3). There are situations where the exact charge
distribution is not known. For example, if we place several conductors and point charges
(or other known charge distributions) in vaccum, then the equilibrium surface charge
distribution on the conductors is not known apriori: This charge distribution depends on
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the electric field (o = ¢yE,), and the electric field itself depends on the charge distribu-
tion. Since each conductor is an equipotential body, and there is no charge in the vaccum

region between conductors and known charges, it is a good idea to eliminate the electric
field in the axioms V- £ =0, F = —V®, and work directly with &:

AP =V - V& =-V.E=0.

The second-order partial differential equation A® = 0 is called the Laplace equation:
In charge-free regions, the electrostatic potential is a harmonic function. This equation
together with the constant-® condition on the conductor surfaces is called a electrostat-
ics boundary value problem, and this section is devoted to it.

Remark 27. A more general equation than the Laplace equation is the Poisson equa-
tion AP = —p/ey, obtained by eliminating the electric field between the axioms V- E =
p/ €0, E=-Vo.

Theorem 28 (Existence and uniqueness theorem for the Dirichlet and Neumann prob-
lems). Let U C R? be a connected, open subset with smooth boundary S. Let ®y be a
smooth function on S.

(a) The problem of finding a smooth function ® on U which satisfies the Laplace
equation A® = 0 on U, and the Dirichlet boundary condition ® = &, on S has a
unique solution. (If U is unbounded, then we assume that ® decays no slower that 1/R
at infinity.)

(b) The problem of finding a smooth function ® on U which satisfies the Laplace
equation A® = 0 on U, and the Neumann boundary condition 0®/0n = &, on S
has a solution if and only if 955 ®odS = 0. If so, then the solution is unique up to additive
constants. (If U is unbounded, then we assume that ® decays no slower that 1/R at

infinity. )

Proof. We only prove the uniqueness here. The existence is a very deep result, with
different proofs: [Fol, 3.40, 7.33][CH, Volume II, Chapter 4][Eva, 6.3.2][Jos, 23.15]|[Hel,
Med, GM][Tay, Chapter 5][Ahl, Chapter 6][Con, Chapters 10, 19, 21]. Note that the
necessary condition in (b) comes from

yﬁ@odsz @dszyfvacﬁ:/mw:o.
S S U

San

(a) We repeat the argument used in the proof of Theorem 21.(b’). Since the problem
is linear, assuming A® = 0, ¢|s = 0, we need to show that ® = 0 on U. The computation

o:é(@%)ﬁ:/Uv.(cwcp)dvz/U|vq>|2dv+/(]q>(m>)dvz/U|vq>|2dv,

shows that V& = 0 on U. Since U is connected and ®|s = 0, it follows that & =0 on U.
(b) The argument in (a) works. Note that VP - 45 = 2245, [ |
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3.6.1 Method of separation of variables

The main use of the uniqueness theorem is that, if by any means (guess, conformal
transformations, probabilistic methods, etc.), we find a solution, that is the solution. In
order to efficiently fulfill this strategy, we need a good supply of harmonic functions. This
is addressed in Theorems 29, 31.

Theorem 29 (One-variable harmonic functions). The harmonic functions on the three-
dimensional space which only depend on one variable in cartesian, cylindrical, or sphercal
coordinates are
ar+b, ay+0b, az+0,
alogr+0, ap+Db,
% +0b, alogtan(6/2)+ b,

where a,b are constants.

Proof. 1f & = ®(#) is harmonic, then

0=Ad ! (ﬁ (sin 0@’)) ,

" RZsind \ 09
hence,
add
b =0+ i b+ alogtan(6/2).
The other cases can be treated similarly. |

Example 30. Consider a capacitor consisting of two conductor cones, with axes along the
z-axis, apexes at the origin, and with angles ; < 5. Suppose that these cones are kept at
potentials 0, ®g, respectively. By symmetry, we guess that the potential ® between cones

-—
4

/

X

\ $b=0

only depends on #. One can easily find constant a,b such that ® = alogtan(6/2) + b
satisfies the boundary conditions ®(6,) = 0, ®(6;) = Py:

tan(6/2)
b — D log & 79y
- 01 tan(02/2) °
08 tan(0:/2)
This is the electrostatic potential, according to the uniqueness theorem. |
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Exercise: Find the electrostatic field E in the previous example, as well as the surface
charge distribution on conductors. (Hint. Use the equations £ = —V®, 0 = ¢ FE - nn.)

Theorem 31 (Two-variable harmonic functions). The following functions are harmonic:
(ax +a’) (by + V),

(acosaz + a'sinax) (be™ + Ve ),

(aeocac + ale—ocx) (b cos oy + b’ sin Oéy) )

r¥cosnp, rsinng, (n=1,2,3,...)

R"P,(cosf), R ™ 'P,(cos), (n=1,2,3,...)

where a,a’, b, b, o are constants, and

3]
(-1 =3 (1)

Jj=0

0|3

o 1ar
~onpl din

(2n — 2j)!
27jl(n = j)l(n — 2j)!

n—2j

Po(t)

is the Legendre polynomzial of degree n. Other ways to characterize the Legendre
polynomials are:

e The generating function:

- 1
Z P,(t)2" = ——. (3.12)
— V1—2zt+ 22
o Py(t), Pi(t), Ps(t), ..., up to multiplicative constants, are the output of the Gram-
Schmidt orthogonalization procedure applied to 1,t,t2, ..., with the inner product

given by (f,g) = f_ll f(t)g(t)dt. We have

/1 P,(t)P,,(t)dt = 2

——Opm-
1 2n+1

Proof. We show how these functions have been found. Let us try to find non-constant,
harmonic functions of the form ® = ®(z,y) = A(x)B(y). We have

0=A®=A"B+ AB",

SO

This is a function of x plus a function of y equals zero. Since we are looking for non-
constant harmonic functions, we must have
A// B//

5= (constant) = \* = 7
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(There is no loss of generality in showing an arbitrary constant by A\?, A € C. It will soon
become clear why we have chosen such a representation.) Depending on whether A = 0,
A < 0, and A > 0, we get the solutions in the first three lines of the statement of the
theorem.

Next, let us try to find non-constant, harmonic functions of the form ® = ®(r, ) =
A(r)B(¢). We have

]_ 8 / a ]- / _]- n/ é "
=w =t (2 2 (Lap)) =1 (ear 5 A,

T T T

SO (TA/)/ B"
+ — =

A B
This is a function of r plus a function of ¢ equals zero. Since we are looking for non-
constant harmonic functions, we must have

0.

A/ /
r% = (constant) = \? =

B//
-5
(There is no loss of generality in showing an arbitrary constant by A%, A € C. It will

soon become clear why we have chosen such a representation.) The resulting ordinary
differential equations

r?A"+rA' = NA=0, B"+MB=0
have general solutions
A=ar*+br™", B =ccos g+ dsin\g.
Reversing the whole argument shows that
rAcos Ap,  rsin A

are harmonic functions for any complex constant A\. Why we have chosen A to be a
positive integer in the statement of the theorem? Because in the simplest examples that
we want to analyze in this chapter, the geometry of our situations contains the full range
of o, namely, [0,27]; and, in order to our smooth function B(y) to satisfy the natural
periodic condition B(¢+27) = B(y), A must be an integer. On the other hand, A ranging
over negative integers gives no essentially new harmonic function not given by A ranging
over positive integers.

The treatment of the spherical coordinates is similar. Plugging ® = ®(R,0) =
A(R)B(#) into A® = 0 gives

1

" R’sinf

sinf (R2A") B + A(sinB')
R?sin 6 ’

0 2 / a9 . A
(@ (R*sinfA'B) + e (sinflAB )) =

SO
(R2A") 1 (sinfB')
A + sin @ B =0
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This is a function of R plus a function of € equals zero. Since we are looking for non-
constant harmonic functions, we must have

(R2A") B 1 (sintB')
= (constant) = A(A+ 1) = e B

(There is no loss of generality in showing an arbitrary constant by A(A+1), A € C. It will
soon become clear why we have chosen such a representation.) The resulting ordinary
differential equations are

R*A" +2RA" — XA+ 1)A=0, B"+cotdB +AXA+1)B=0.
The first equation has the general solution
A=aR*+ bR,
and the second equation, after the change of variable ¢t = cos # becomes

d’B dB
(1— tz)ﬁ -2+ AMA+1)B =0.

This is called the Legendre differential equation. Since the functions

—2t and AA+1)
11—t 11—t

are given by power series (real analytic functions) with the radius of convergence 1

around the point ¢ = 0, a classical theorem [Apo, Volume II, Page 169][Sim, Page 180]

guarantees that the equation can be solved by plugging a power series representation

P(t) := Y2 a;t’. Doing so, we infer that ao, a; are arbitrary, and

G=NG+A+1)
Ajio = G106 +2) a; forj=0,1,2,....
This formula shows that when A is an integer, then the Legendre equation has a poly-
nomial solution. To find all these polynomial solutions, it suffices to assume that A is
nonnegative, because a negative integer A = —n gives rise to the same A(A + 1) if one
uses the nonnegative integer A = n — 1. So, assume the nonnegative integer A = n. Then
the polynomial solution, up to a multiplicative constant, is given by

H .
j (2n—2 )' n—2j _ ]- dn
Pu(t) = E :<_1) 2741 (n —j)!(il — 25)! ol din

J=0

- 1)"

(This and the other properties of the Legendre polynomials is investigated in [Sim, Chap-
ter 8][AW, Chapter 15].) It can be shown that if A is not an integer, then any nonzero
solution of the Legendre differential equation blows up at ¢t = +1, namely, § = 0, .
Since in the simplest examples that we want to analyze in this chapter, the geometry of
our situations contains the full range of 6, namely, [0, 7], we only analyzed the integer A
case. |
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Example 32. Two grounded, semi-infinite, parallel-plane conductors are separated by
distance b, and a third conductor perpendicular to and insulated from both is maintained
at a constant potential V5. We want to find the electrostatic potential ® = ®(z,y)
in the region between. As the first step, let us find all nonzero, two-variable, separable
A(z)B(y) harmonic functions satisfying the zero boundary conditions at y = 0 and y = b.
The general form of such functions is

sin <n%y) (Ce_%x + DenT;TI) )

with constants C', D. We choose D = 0 to avoid the potential from blowing up as z — oo.
It remains to find constant C,, such that

O(z,y) = Z C, sin <n%y> e T,

This can be done by Fourier analysis methods, as we now elaborate. Multiplying both
sides of this latter equation by sin (%y), m = 1,2,..., and then integrating fob dy,
because of the orthogonality relations

[ s (o) s () dy = s

we have
2 [? mm 2V b mm \ Y= Wo - m odd
o= [ i ()= Bk o (- {0
b/o 0SS Y b omr L P\ y=0 0, m even.

The whole analysis shows that

P 4% . <7T ) _%w_{_l . 3 —377790_|_1 . 3 _577735_'_
= — mi{ — —Ssm | — —Ssmm | —
s > by c 3S by ¢ SS by c

is our desired electrostatic potential. |

Example 33. Let us solve the following electrostatic problem. The idea is to find con-
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stant a,, b, such that

O =P(r,p) = Z " (an cosny + by, sin nyp)

n=0

solves our boundary value problem. We must have

- 0, if0<p<
Zan cosng + by sinng = ®(1,p) =< 1 L (3.13)
= 1, ifrm<e<2nm.

This can be done by Fourier analysis methods, as we now elaborate. Integrating fozﬂ dy
gives

2rag =T = ag = —.

2
Multiplying both sides of (3.13) by cosme (respectively, sinmy), m = 1,2, ..., and then
integrating fo% dy, because of the orthogonality relations

2 2
/ cos N cos mpdy = / sin ny sin mpdy = T,
0 0

we have

2m
Ay = —/ cos mpdy = 0,
™ s

1 [ 1 _ -z dd
by, = —/ sinmpdp = — [~ cos myp] 72" = mr 110G
T Jx mm v 0, m even.

The whole analysis shows that

1 2 3 5
b =—-—— rsingp+r—sin3g0+r—sin5gp+---
2 0w 3 )

is our desired electrostatic potential. |

Example 34. Suppose we put an uncharged conducting sphere of radius p at the origin,
inside an initially uniform electric field £ = Eyz. To find the potential outside the sphere,
we try to constant a, b, ¢, a,, b, such that the harmonic function

O(R,0) =a+ }% + clogtan(0/2) + Z (anR" + b,R™"") P,(cos6)

n=1

satisfies our boundary conditions:
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e O(p,0) = (constant) for every 6.
e O(R,0) ~ —Eyz + (constant) = —EyR cos 0 + (constant) for every 6 and large R.

e 0 = (total charge) = —¢ 2(p,0)dS.

sphere R=p 8R
The second condition gives
O=c=a=a3=-, a =—Ey,

SO
b by
<I>:a+ﬁ—l—< EOR+§)COSH+ZR+1 ) (cos@).
The first condition gives
by = Eoﬂa O0=by=bz="--,

SO

b
@z@—l—E—EO( %) cos 6.

—b
0= —eo/ (? — 3Ey cos 9) p2dpdd,

hence, b = 0. The whole analysis shows that

The last condition gives

R2

is our desired electrostatic potential. |

P
L (R——)cos@

Theorem 35. The exact electrostatic potential due to a spherical shell of radius a around
the origin, carrying a surface charge distribution o = ogcos@ is given by

1 pR
D — m%v R > a,
20 2, R <a,

360

3

where p = %ﬂa o0z is the dipole moment of the distribution.
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Proof. [NB, Examples 2.17, 3.6], [Fey, Volume II, Section 6.4]. [ |

Remark 36. One can easily find a plenty of three-variable harmonic functions in carte-
sian coordinates. For example, the function

(ae\/ﬁax +a/€_\/?1ax> (bemﬁy +b/€_\/?my> (Ce\/?p,z +C/6_\/fm> ,

is harmonic for any choice a,a’, b, V', c,c, o, 3,7 of constants satisfying a? + 32 +~% = 0.
However, to find three-variable harmonic functions in cylindrical and spherical coordi-
nates, one needs the Bessel and associated Legendre functions. We are not going to
pursue this, but the details can be found [AW, Chapter 9.

3.6.2 Method of images

We explain this method by several examples.

Example 37. Consider a charge ¢ at the point (0,0, d) on the z-axis, above an infinite
plane conductor on the xoy-plane of potential zero. The problem is to find the electro-
static potential ® on the whole space R®. By the uniqueness theorem, ® vanishes on
2z < 0. The electrostatic boundary value problem on z > 0 is equivalent to the problem
of finding the electrostatic potential of a system of two charges, ¢ at (0,0,d) and —q at
(0,0,—d). By the uniqueness theorem,

d 1 _ 1 s
O(z,y,z) = ¢ ™0 (\/x2+y2+(zd)2 \/m2+y2+(z+d)2) , if 2>0,
0 if z < 0.

Exercise: Show that the total charge induced on the conductor in Example above
equals —q. (Hint. Integrate 0 = ¢gF, = —€y0®/0z.)

Example 38. Consider a point charge ¢ at distance b from the center of a conducting
sphere of radius a and potential 0. The problem is to find the electrostatic potential ®

on the whole space. By the uniqueness theorem, ® vanishes inside the sphere. To find
the electrostatic potential outside the sphere, we try to construct an equivalent boundary
value problem. We use the mathematical fact: The locus of the points in space whose
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distances from two fixed points are in a constant ratio is a sphere whose center lies on
the line connecting the two fixed points. Proof of the fact. If the two fixed points are
(0,0, %d), then the desired locus is the set of points (x,y, z) such that

Va2 + 2+ (z —d)2 = Cy/a2 + 42 + (2 + d)2

This can be written as

gt (4 Gl (2

c? -1 cz2—-1) "7

which is a sphere. In the special case C' = 1, the locus is the bisecting plane z = 0. Q.E.D.
The idea is to put a certain charge ¢’ (to be determined), unlike ¢, on the line segment
connecting the charge ¢ and the center of the sphere, such that the sphere becomes a
surface of constant potential zero. This happen if for any point P on the sphere of
distances R;(P) and Ry(P) to the charges ¢’ and ¢, we have Ry /Ry = —¢'/q. Let A and

B be the two points of the intersection of the sphere with the line connecting ¢’ and gq.
If x is the distance of ¢’ to the center of the sphere, we must have

at+r  Ri(A) ¢ Ri(B) a-ux

b+a Ry(A) ¢ Ry(B) b—a’

This gives

All this is shown in the picture above. |

Exercise: Find the electrostatic potential when a point charge ¢ is put near a conductor
wedge of 90 degrees. (Hint. Three imaginary charges are needed.)

3.6.3 Method of Brownian motion

Suppose the Laplace equation A® = 0 in an open subset U C R, together with the
Dirichlet boundary condition ® = f on the boundary S of U. There is a probabilistic
way to solve this problem [Tay, Chapter 11][GM]: If, for any point P € U and any
(measurable) subset E C S, up(E) denotes the probability that the Brownian motion
(random walk, Wiener process) started at P, first crosses the boundary through E, then
the unique solution to the Dirichlet problem is given by

o(P) = | s,

where the integration is in the sense of Lebesque.

In some situations, it is possible to guess the probability measure pu, called the har-
monic measure, and this gives a clever way to solve the Dirichlet problem. Here is
an example. We want to a harmonic function ®(z,y) on y > 0, whose values on the
r-axis is given by the piecewise step function shown in the figure. The probability that
a Brownian motion started at P, first exists the z-axis through the yellow part is given
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q)4 @3 (I)Q (bl

by the angle a; divided by 7, and likewise for the other parts. Therefore, the solution to
our problem is given by the finite sum

| Q

1.

3

4
Jj=1

Exercise: Use the following figure to prove that the solution to the Laplace equation
., + Py, =0 on y > 0 with the boundary condition ®|,—¢ = f is given by

_ L y
by =+ [ O

E—x § {+d§

3.6.4 Method of conformal mappings

Methods of complex analysis can be used to solved two-dimensional electrostatic prob-
lems. We need the following facts:
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o Let 2 =2+ +/—1y, w = u++/—1v be two complex variables such that w depends in a
differentiable way on z, in the sense that the expression (w(z+h)—w(z))/h has a finite
limit as the complex variable h tends 0. Then, u(z,y) (as well as v(x,y)) is a harmonic
function, the transformation (z,y) — (u,v) is conformal (namely, preserves angles
and orientation), and the harmonic functions of (x,y) are transformed to harmonic
functions of u, v.

e Any simply connected domain in the z-plane?, except the whole plane, can be con-
formally transformed to the upper-half plane. This is called the Riemann’s mapping
theorem, and is true whether or not the boundary of the domains are smooth or
not. There are explicit conformal maps, discovered by Schwartz and Christoffel, which
transform a polygonal domain to the upper half-plane.

e The unit disc in the z-plane is transformed to the upper-half plane by the mapping

1 _ 1—
Y w gl

Here is why: |z| < 1 corresponds to |w —+/—1| < |w + v/—1| <, and the upper-half
plane is the locus of points which are closed to v/—1 than —y/—1.

(3.14)

Here is a simple example. Many more can be found in [Chu, Chapters 9-12].

Example 39. Consider the two-dimensional inner Dirichlet problem illustrated in left
part of the following figure. Under the transformation (3.14),

‘y
V:0 v
e - o
1 x //
//
=1 V-1

=0 u

1— v—1 2 1— 2% — >
u+v—-1lv=+v-1 (z + y) = y +«/—1#

1+ (z++/-1y) (1+z)2+y? (1+z)2+y*

we need to solve the problem in the right part, which based on our knowledge from
Section 3.6.3 is solved by:

1
O(u,v) = Yo Zeot Y
T w v
Transforming back into the z-plane, we get
1 2y

@(Iyy) — %Cot_l m

2Namely, an open subset D C C such that both D and its complement with respect to the extended
plane C U {oo} are connected.
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Exercise: Compare the solutions of Example 39 with Example 33.
Exercise: Find another solution for Example 32 using the conformal mapping

w = sin (\/—_1 (%Z - \/—_15>> )

to map the region there to the upper-half plane.
The appendix gives a table of conformal mapping, taken from [Chu, Appendix 2].
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Chapter 4

Magnetostatics

4.1 Axioms

The next simplest level is to assume that: We are in the vacuum, charges are moving but
with steady (namely, time-independent) current. This is called magnetostatics, and is
governed by the differential axioms

V. E=L VxE=0 V-B=0, VxB=pul

€0

In the previous chapter, we studies the first two axioms. In this chapter, we study the
first fundamental consequences of the axioms

V-B=0, VxB=yuyl (4.1)

These differential equations, according to the divergence and Stokes theorems, can be
equivalently expressed by the following integral equations:

§éB~cﬁ_o, yéBEZ_MOI, (4.2)

where S is an arbitrary closed surface with boundary C, and I is the current passing

through S. (All such currents are equal because ¢ J - dS = —4 [ pdV = 0.) Note that

the direction of I and the orientation of C' are consistent according to the right-hand rule.

We first want to justify that: The magnetostatic field produced by the volume current
density J is given by

o [JdV xRy

C 4r R

Here are some theoretical /experimental justifications for this formula:

(4.3)

e It is immediate from the Helmholtz-Hodge theorem (Theorem 21) assuming some
growth conditions at infinity:

o Ho 1 po [ JdV x R,
VX/VszO V=1 VV(R())X‘]V in R?
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This computation also shows that the magnetostatic field (4.3) can be written as B =
V x A, where the magnetostatic potential A is given by

o [ JdV
_47T RO.

(4.4)

(Another method to derive (4.4) is given in [NB, Section 8.5].)

e Experiments show that the magnetic force that a small element ﬁ of steady current
applies on another element I'dl’ of steady current is proportional to

H,d7f y (;zz x Ro) _ o (Iﬁ x R0> |
0

R

Comparing this with the Lorentz law (1.1) show that the expression in the parenthesis

is the magnetic field generated by the steady current element [/ ﬁ This fact together
with the superposition principle proves (4.3).

Remark 40. Sometimes we are assuming that our steady current is flowing along surfaces
or curves. Although in such situations the volume current density J is infinity, but the

formulas (4.3) and (4.4) are still valid if one replaces JdV by KdS or Idl, where K is
the surface current density (measured in ampere per meter), and [ is the current.

Here are some examples to use the formulas (4.3) and (4.4) in action:

1. The magnetostatic field at the point ﬁ = r7 + zz, produced by a steady current [
flowing along the z-axis is given by

5 Ho / I1d2'Z x (r7+ 22 — 2'2) ,uOI/ rodz B polr{ﬁ/ dz
4 74 22 — 22 Ar | (24 (2 =227 Am S (2 a2)s
which, after the change of variable 2’ = r tan «, equals
G
Hol ¥ (4.5)

o r’

Here is an easier way to derive this: By symmetry and the form of the integral (4.3),
B = B,(r)p. (That B, = B, = 0 is justified in [NB, Example 8.3] by only using the
axioms (4.2).) Plugging this into the integral axiom ¢ B - dl = uol applied to a circle
of radius r, with center on the z-axis, and lying in a plane perpendicular to z gives

B, x 2mr = pol.

Since £ = =V x (Zlogr), the magnetostatic potential is given by

3 16)

I ~
- % logrz. (4.6)

Exercise: Derive (4.6) by extracting the “principal part” from the integral (4.4).
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2. The magnetostatic field at the point R = xT+yy—+ 2z produced by the steady constant
surface current density Ky flowing on the xoy-plane is given by

B Mo / Kdx'dy'y x (% +yy + 22 — (2'Z + y'y))
A 0% + yi + 22 — (T + y'Y)[°

oK —(x—a)z+ 22 da'dy — o K 7+ 2T i dy
= 3 = 3

4 (x— 22+ (y — i) + 22)2 4m (22 + Y2 4 22)2

_ [LOKZ/ZE\/ r'dr'dy’
47 (72 +22)%7
which, after the change of variable ' = z tan «, equals
K _
+ ’”“’Tx (4.7)

depending on whether 2z > 0 or z < 0. Here is an easier way to derive this: By
symmetry and the form of the integral (4.3), B = B,(2)Z, where B,(z) is an odd
function of z. (That B, = B, = 0 is justified in [NB, Example 8.5] by only using
the axioms (4.2).) Plugging this into the integral axiom ¢ B - dl = uol applied to a
rectangular loop of z-spread L and z-spread W gives

2B,(2) X L = ugKL.

Since ¥ = —V x (z7), the magnetostatic potential is given by

K
¥ MOsz. (4.8)

The integral axioms (4.2) and the computation of (4.3) in different examples says:
Magnetic field lines never start or stop at a point, but they always wrap in closed loops
around electric current sources.

Exercise: Using the integral axiom ¢ B - ﬁ = ol and symmetry considerations,
show that the magnetic field along the mid-circle of a torus wraped uniformly with wires
carrying uniform current /I is given by B = @uonl, where n = XL is the number of wraps

2mr
per unit length.
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4.2 Magnetic dipole

A magnetic dipole is a closed loop of electric current /. The quantity I times the area
of the loop is called the magnetic dipole moment and denoted by m. Let us place
the loop at woy-plane with center at the origin, and find the approximate form of the
magnetostatic field produced by this dipole at points far away from the origin. At first,

L

we find an approximate formula for 1/Ry appearing in the integral (4.4).

1 1 1
Ro |(Rsin cos T + Rsinfsin gy + Rcos0z) — (acos ¢'T + asin ¢'y)|

= (R*+ a* — 2aRsinf cos(p — 90/))_% ~R <1 + %Sin@COS(SO - 90/)> -

Then,
IR? Z;‘Zg (1 + }%sin&cos(gp — go')) (—sin@'T + cos ¢'Y) dy¢’
= %];119/0 cos(p — ') (—sin p'T + cos p'Y) dy’ = %Riine@: ib_;m];}/%,
(4.9)
B~V x (%};M@) = |R3| (200807 +sin6d) = 1> 3 @f .

We recognize similarity with the electric dipole.
There is a more conceptual way to drive (4.9), which also show that the formula is
valid for every other loop. According to the identity (2.26), we have

AZMOI 7 Mol cﬁ V’(R>=&1/C@XR—Z
0

47 RO e 47
,uOI ? Mo m X éo
d — :
(/ > R?  4r R

62



Electric dipole Magnetic dipole
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Chapter 5

Electrodynamics

Unlike the previous two chapters, this chapter assumes no restriction on the motion
of charges or the time variation of currents. The study of electromagnetic phenomena
in such generality is called electrodynamics. FExperiments show that the divergence
axioms of electrostatics and magnetostatics

v.E=L v.B=0

€0
are still valid, but the curl axioms V x £ =0, V x B = pyJ need to be modified to

0B oE
VXE:—E, VXB:,U/()J—F/L(]GOE.

The first correction is due to Faraday (Section 5.1.1), and the second due to Maxwell
(Section 5.1.2). The totality of the axioms

0B oF
V X B = poJ + po€o—

v.E=L v.B=0, VxE-=
ot

€0 ot

are called Maxwell’s equations, and this chapter is devoted to their study.

5.1 Axioms

5.1.1 Electric induction
In electrodynamics, the electrostatic axiom V x E = 0 should be corrected to

0B

or its equivalent integral version

éE.ﬁ:—A%—f-ﬁ, (5.2)

where S is an arbitrary oriented surface with boundary C, and the orientation of S and
C are consistent according to the right-hand rule.
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Here we try to clarify the experimental origin of this axiom. Faraday discovered that
when the magnetic flux passing through a wire circuit changes with time, an electric
current is induced in the circuit, and the direction of the induced current is such that the
magnetic field generated by it opposes the change of the original magnetic flux. (This
latter fact was discovered by Lenz.) In general, the generation of a conduction current
is attributed to a electromotive force (or voltage), defined as the amount of work
done by the electric and magnetic fields to circulate an imaginary unit charge around
the circuit. Faraday’s experiments showed that: When the magnetic fluz passing through
a wire circuit changes with time, the induced electromotive force equals the time rate of
change of the magnetic flux. Since the electromagnetic force experienced by a unit charge
equals F 4+ v x B, the Faraday law can be expressed by

550(E+v><3)ﬁ=—%/33-ﬁ.

The minus sign comes from the Lenz law. This equation, using the transport theorem
(2.31) and the axiom V - B = 0, reduces to (5.2). Note that the change of flux

4 B-cﬁ:/g%—f-cﬁ—/cva-ﬁ

dt /s

might be because of the change in the magnetic field (the first term), or the change in
the shape or orientation of the circuit (the second term).

Example 41. Let us compute the electromotive force induced in a h x w rectangular
wire loop which is rotating with angular velocity w in a uniform time-varying magnetic
field B = B(t)y. We are assuming that the loop is in the xoz plane at ¢ = 0. Since the

unit normal vector to the loop is 7 = ycos a — Z'sin a, = wt, the magnetic flux is given

by
/B LS = §B(D) -ﬁ/dS — hwB(t) cos wt.

65



Therefore, the electromotive force is given by

d
- (hwB(t) coswt) = —hwB'(t) cos wt + hwwB(t) sin wt.
Note that the first term is due to change of the magnetic field, and the second term is
due to rotation. ]

Exercise: A conducting disk of radius a is rotating with a constant angular frequency
w about its central axis, and is placed in a uniform and constant magnetic field B which
is parallel to its axis of rotation. Brush contacts are provided at the axis and on the rim

GALVANOMETER

of the disk. Determine the electromotive force produced. (Hint. Compute [v X B - EZ
The answer is Bwa?/2. Tt is helpful to read [NB, Page 360] or [Fey, Volume II, Section
17.2].)

5.1.2 Displacement current
Before Maxwell, the curl of the magnetic field had been given by

V x B = pyd. (5.3)
Maxwell noticed that this equation is incompatible with the other axioms plus the con-

tinuity equation:

0 oV -FE OF
OZV'VXB:MOV'J:_Noa_i:_NOEO%:V'<_MOGOE)7

and that the contradiction disappears if one corrects (5.3) to

)
VxB= M0J+ IU()GOE. (54)

The added term Jp := eo%—f has the dimension of the electric durrent density J, and is
called the displacement current density because of the interpretation of it given in
the following example.

Example 42. Suppose that a variable (say sinusoidal) voltage V' is applied to a parallel-
plate capacitor, the yellow part in the following figure. The capacitor gets the polarization
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charge

q:/EOE'CﬁszOEA:EO%A:C‘/,

where C' = ¢yA/d is the capacitance of the capacitor. The current flowing through the
wire of the circuit equals I = dg/dt = CdV/dt. However this (conduction) current can
not pass through the capacitor. The circulation of B along the closed curve C' shown
in the figure is given by sl + polp where I = [(J - a3 and Ip = [4Jp - a3 are the
usual and displacement currents passing through any surface S which bounds C. When
Sle,I:C% and Ip = 0. When S = 55, then I =0 and

E
IDZEO/a—'d?ZE()iyg Ecﬁzﬁzcﬂ
s, Ot dt Js,_s, dt dt

One sees that I 4+ Ip is the same for S = S; and S = Ss, as it must be. [ |

Remark 43. In electrodynamics, the electric field inside conductors might not vanish.
The reason is that when the fields are changing, the charges in conductors might not have
enough time to rearrange themselves to make the field zero. The only general statement
is that electric fields in conductors produce currents.

5.1.3 Maxwell’s equations, Wave equation

The fundamental axioms of electrodynamics in the vaccum are:

OB OF
V- E=L v.B=0, VxE=-22 VxB=uJ+ uco—.
€0 ot ot

These are called Maxwell’s equations. They are accompanied by the continuity equation

dp
Ve 4o =0,

(Example 7) and the Lorentz law
F=qFE+qu x B.

In order to solve the Maxwell’s equation in R3, one bring the potential functions into
the scene. Since V - B =0, B can be expressed as

B=VxA. (5.5)
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Since

0B 0 0A
VXE——E——E<VXA)——VXE,
it follows that F can be expressed as
0A
EFE=-V&— —.
v ot

Plugging these two representation into the two other Maxwell’s equations gives

A E
MoJ—M0€Q% <vq)+88—t) :MOJ+M0€oaa—t ZVXB:VX(VXA) ZV(VA)—V2A,

p 0A 9 0
=V -EFE=-V. P+ — )| =-VDd—-—(V-A).
& \V4 \V4 <V +8t) \V4 Gt(v )
We rewrite them as

0°4
ot?

od

- I 4V (V'A+H0€o—> ,

2
A —
\Y Ho€o ot

0 p
2+ —(V-A)=—-L.
VP + at(v ) ”

We have freedom in choosing the divergence of A (changing A to A+ V f does not change
(5.5), whatever scalar field f is), so we assume

0P
V- A + ,LL()EQE = 0. (56)

This is called the Lorentz gauge. Inserting this into our previous equations gives

[PA = —poJ, P0=-L (5.7)

€0

where the second-order differential operator

1 0?
0 =V? - —— )
\Y% 290 (5.8)
is called d’Alembertian, and
1
c:= ~ 3 x 108 meter

/o€o second

coincides with the speed of light. The equation [(J?u = f appears in all linear, oscillatory
phenomena, and is called the inhomogeneous wave equation [Sim, Pages 3034, 372
3.
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Theorem 44. (a) A solution of the wave equations (5.7) is given by

o)« oty [ e

A (T%,t) - Z—i/ ! @,’;; fofe) av. (5.10)

b) A solution of the wave equations (5.7) in the time-harmonic case eV~ is given
( q g

by
B (R) = o [ (B av .11

- 47T€0 RO

A(H) =t [ (Fav 5.2

where k := % is the so-called wave number, and the tilde is used to denote the phasors!
or the Fourier transform

b (ﬁ,w> _F <<I> (ﬁ,t)) _ \/LQ_W/R@ (ﬁ,t) eV Tty
(1) =71 (3 (Hw)) = \/%/Rci (7 w) e o

Proof. (a) Immediate from (b) by the Fourier transform. Direct arguments are given in
[NB, Section 15.2] or [Fey, Volume II, Chapter 21].
(b) Under the Fourier transform, the wave equations (5.7) become

(V2B A= —pod, (V24+E)d=-L
€0
the so-called Helmholtz equations. Setting
1 —v—1kR
G(ﬁ) = £ ,
it R

according to Theorem 20, we have (V2 + k?) G(ﬁ) = —0, therefore

(V211 B(R) = L (V2 + 1) / p(ENG(E — BV =

€0
1 1
€ p(R') (V2 + 1) G(H — RV = o p(BNS(R — B')dv = _p(f).
We have shown (Vi—i- k%) d = —p/€y. Decomposing into cartesian components proves
(V2 + k2) A= —Moj. -

The formulas (5.9), (5.10) are called retarded potentials, because of the time delay
Ry/c: To compute the potentials at time ¢, we must use the values of sources at earlier
times t — Ry/c, and that the influences propagate with the speed of light. When Ry <
¢ (or w = 0 in formulas (5.11), (5.12)), electrodynamics reduces to electrostatics or
magnetostatics.

HChe, Sections 7.7.1-2].
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5.2 Flow of energy
Consider the following computation:

_v.(EXE):_(VXE>.§+(VXE).EZO_B.E_|_((]_|_€06_E>.E
o o Lo ot g ot

0 (I1B? | «lE
= (2L o . E.

We have

o U = % + ﬁ is the amount of energy saved per unit volume by the magnetic and

electric fields [Jac, Section 6.7].

e J - FE, depending on the situation, is the amount of energy dissipated per unit volume
per second in conductors (if J is the conduction current density given by conductivity
o times E), or the energy used per unit volume per second to accelerate charges (if J
is the convection current density given by volume charge density p times the velocity),
or minus the amount of energy produced by a source per unit volume per second. The
reason is that the amount of mechanical work done by the electromagnetic field on the
infinitesimal charge dq = pdV per unit time is given by

E B)-did
o +'°”2t) Y B (po)dv+0=JEdv

Therefore, by the law of conservation of energy,

/—V-(Exﬁ)dvzygExE-cﬁ
Ho S Ho

is the amount of electromagnetic energy that passes per second through per unit area.
The vector field

B
P=FEx—, (5.13)
Ho

is called the Poynting vector. In the time-harmonic case,

e ey
=Re | Ee x Re | —e =

o 410

= L Re (B x BT 4 B x BY),
2410
so the average of P is given by

(P) = %Re (E « E) | (5.14)

o
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5.3 Electromagnetic radiation

To explain the possibility of energy transmit by electromagnetic waves, we will analyze
the simplest model: Hertzian dipole. It consists of an infinitesimal conducting wire of
length dl which terminates in two small conductive spheres (capacitive end-loading), and
carries a uniform, sinusoidal current i = Re(I exp v/—1wt). The retarded potential (5.12)
is given by

_poldl e VIR

_r R 7

where k = w/c = 27/\ is the wave number. Therefore, the electric and magnetic fields
and their far-field approximations (kR = 27 R/\ > 1) are given by

A:

Idl 1 1
B = VXA——A'MO k?sin 6 + 5 e VTIkR
4 V—1kR ~ (\/=1kR)
_ —puoldl e~ VIkR
~ ov—1 k _
v 47 R 7
E = =— v
vV —lwpgeo i © .

R2cos 6 L + ! +Osind ! + ! + !
(V=TkR)* * (v/=1kR)® V=IkR - (V=IkR)*  (V=TkR)"
—\/7kR

N9F—kn051n0

where 19 = \/ 10/ €o-

The most important observation here is that: The the far-field approzimations of
electric and magnetic fields are orthogonal to each other, with the same phase, and their
magnitudes vary inversely with the distance from the source, namely 1/R. Therefore, the
time-averaged Poynting vector (5.14) is nonzero, and varies like 1/R?, hence its integral
over large-radius spheres is finite, which means that enerqgy is radiated from the Herzian
dipole. This is in contrast with our cases in electrostatics and magnetostatics. (A static
charge has no magnetic field and its electric field varies like 1/R?. A steady current
produces electric and magnetic fields both vary like 1/R2?. In both cases the integral of
the Poynting vector (5.13) over large-radius spheres is negligible, which means no energy
is transmitted from these structures.)
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dipole

Magnetic
field
lines

Electric
field lines

A masterful, elementary description of the formation of electromagnetic waves is given
in [Fey, Volume II, Section 18.4]: “How the electromagnetic energy is radiated? The
answer is: by the combined effects of the Faraday law V x E = —0B/0t, and the new
term of Maxwell V x B = —pugeg0E/0t. They cannot help maintaining themselves.
Suppose the magnetic field were to disappear. There would be a changing magnetic field
which would produce an electric field. If this electric field tries to go away, the changing
electric field would create a magnetic field back again. So by a perpetual interplay-by
the swishing back and forth from one field to the other—they must go on forever. It is
impossible for them to disappear. They maintain themselves in a kind of a dance-one
making the other, the second making the first-propagating onward through space.”

5.4 Special relativity considerations

A reasonable, general principle in physics— suggested by Einstein’s special theory of
relativity— is that the laws of physics should give the same results in all inertial reference
frames, namely, with respect to observers moving with constant velocity (= no accelera-
tion) with respect to each other. (In the realm of mechanics, this had been suggested by
Newton.) Here are some situations that such considerations appear in electromagnetics:

e The Lorentz force qF + qu x B experienced by a point charge ¢ depends on the
inertial frame chosen. To be more specific, assume that a unit point charge, in
constant velocity with respect to the laboratory table, is in the magnetic field B
of a steady current. The charge experiences the force v x B. With respect to a
reference installed on the charge, there is no v x B, so it is reasonable to assume
that the magnetic field B in the former frame has transformed to the electric field
E = v x B in the latter. We give an explanation for this transformation in this
chapter. (A direct, brilliant, elementary explanation is given in [Fey, Volume II,
Section 13.6].)

e Maxwell discovered that the speed of the propagation of electromagnetic waves in
vacuum equals 1/, /fo€g = 3 X 108%, which coincides with the speed of light mea-
sured different experiments. This miraculous coincidence between experiments on
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charges (€g), currents (1), and light left him no doubt that light is an electro-
magnetic wave. However, this discovery posed a big question: The speed of the
electromagnetic wave is 1/,//g€o in all inertial frames, and this contradict with
the Galilean law of addition of velocities, which is itself based on the classical,
fundamental perceptions of the Fuclidean space and absolute time.

Some notations used throughout this section. We assume two inertial reference frames
O, O', with parallel axes, whose origins coincided at the initial time ¢ = 0, but afterwards
O’ is moving with constant speed v along the z-axis. The spatial cartesian coordinates
and time of a common event (or phenomenon) that O and O measure are denoted by
(z,y,2,t) and (2/,y, 2, '), respectively. We also set

g 1
= ”y.—m.

According to the classical mentality, the measurements in O and O’ are related by
the Galilean transformation:

(‘T/7 y’? 2/7 t’) = (x7 y, Z — /Ut, t) .

According to this transformation, the speed of a light signal propagating in the z direction,
measured in O and O’ should be related by

c=c 4.

However, the electromagnetic wave equation describing the propagation of light in vacuum
(Section 5.1.3) says

/
c=~cC.

The problem is that the d’Alembertian differential operator is not invariant under Galilean
transformations:

|:|2f_82f+82f+82f_i82f:D/2f_|_

o°f U_2 Pf  2v O*f
C0x? Oy 022 2 Ot?

2ot? 2 oroy

However:

Theorem 45. (a) The d’Alembertian differential operator is invariant under the Lorentz
transformation given by

(@ y, 2, ) = (2, y,7(z — vt),y (t — v %2)).
The inverse transform is given by
(.Z', Y, 2, t) = (x/, y/, '}/(Z, + Ut/), Y (t, + ’UC_QZ,)) .

(b) The Lorentz transformation leaves the quadratic form x?+y*+ 2% —c*2? invariant,
namely
Pyt = = a4
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Proof. (a) Let us find constant A, B, C, D such that the transformation

/

=z vy =y, 2=Az+ Bct, ct'=Cz+ Dct,
leaves the d’Alembertian invariant. By the chain rule,

fac:c:fx’:v’a fyy:fy’y’7

C
fz:AfZ'—i_zft’? Ji = Bcfs + Dfy,
C C C 2AC C?
for=A (Afzfzf + _fz’t’) + — (Aft’z’ + _ft’t’) = Afoy + —fov + — Joe,
C C C C C
ftt = BQCQfZ/Z/ + QBDCfZ/t/ + D2ft/t'~

Therefore,

1
D2f = fmx + fyy + fzz - gftt

2(AC — BD C? - D?
= fx/wl + fy/y/ + (A2 — B2) fzz + glet/ + Tft/t/.

This shows that [0?f = [0? f exactly when
A’ - B*=1, AC-BD=0, D*-C?=1.

One can easily check that these relations are satisfied for the Lorentz transformation.
(b) Similar arguments work. [ |

Einstein suggested that: The space and time measurements of the observers O,0’
are, in reality, related by the Lorentz transformation. This was a revolutionary idea in
physics. Assuming this mentality, it is reasonable to agree that:

e Time dilation. For an event occurring in the origin of O, we have
0=z =7q(z—-vt) = z=vt =1t =7 (t —vz/?) =7 (t —t?/*) =t/.
Doing two measurements,
[ty =t = [ta = ta] /v < [ta — ta].

In words: An observer will measure the moving clock as ticking slower than a clock
that is at rest in the observer’s own reference frame.

e Length contraction. The length of a rod which is at rest with respect to O, and it
situated on the z’-axis from 2] to 2}, becomes smaller when measured with respect

to O:
I'= |Z§ —ZH = |y(z2 —vt) —y(z1 —vt)| = 7|20 — 21| =7l > I.
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e What could be a mathematical framework to formalize Einstein’s idea? In Chapter
2, we defined vectors as triples of real numbers which under the rotations of coordi-
nate systems behave the same way as the components of the position vector (z,y, z)
behave. The fundamental invariant quantity here is the square length 2% + % + 22.
If physical laws are expressed in the language of vector calculus, then we can make
sure that they give the same results under the rotation of coordinates. To answer
the question above, let us denote the spatial coordinates x,y, 2z by x1, 29, x3, and
the time variable ¢ by 24 = v/—1ct. We do so, because then, the d’Alembertian

operator is given by [1? = Zi=1 9?/0x, and the quadratic form which is invari-

ant under the Lorentz transform becomes Zi:l 2. Then, the Lorentz point

x, = (21, X2, 23, z4) changes as

A 1 0 0 0
0 1 0 0
xL:ZaMVxV, WG =g g y V=1 (5.15)
v=1
00 —vV=15y v

under the Lorentz transform. Note that the matrix a,, is orthogonal in the sense

that A
Z {1, V= )\,
T
o 0, v#A\
Equivalently, the inverse transformation is given by

4
. !
Ty = TGy,
v=1

To simplify notations, we accept the Einstein summation convention: Always
sum over repeated indices. Then, (5.15) is written as

/
T, = QuTy.

Those physical quantities which does not change under the Lorentz transform are
called Lorentz scalars. Lorentz vectors (or four-vectors) are those quantities
A, = (Ay, Ay, A3, Ay) which under the Lorentz transform change exactly the same
way as the Lorentz position vector (z1,xs, 3, x4) changes:

/
Au = apwAy.

For example, if ® is a Lorentz scalar field, then

P
o .= (3_) ,
dx, u=1,2,3,4

called the Lorentz gradient of @, is a Lorentz vector field, because

o® 09 Oz, 0P

= =a )
dx,, Oz, 0z, " o,
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On the other hand, if A, is a Lorentz vector field, then

Z %
called the Lorentz divergence of A, is a Lorentz scalar field, because

8A’ 8A 8 ” OA,, , 0A,
Ox), - Z(‘?—a“”_zax (ZA a‘“’>: - ox,

v

Therefore, if ® is a Lorentz scalar field, then

e b Pd PO 10%

O%¢ .= 0. (O%) = = N
(o) dxZ  Ox? + oy? * 022 2 0t

p=1

called the Lorentz Laplacian (or d’Alembertian) of @, is a Lorentz scalar field.
Lorentz tensors of rank two are those quantities 7,,, consisting of 16 compo-
nents, which under the Lorentz transform change as

/
T/W = Qu) auJT)\a .

For example, if A, is a Lorentz vector field, then

T . <8A#)
o Oz, wr=1,234

is a Lorentz tensor of rank two, because

0A;, 0 0A\ 0A) 0z, 0A)
@J} 8 , (CL#)\A)\) CL#)\ ax:j = CL#)\ 81‘0 ax;/ == au)\awa—%. (516)

Lorentz tensors of higher rank can be defined similarly. The upshot of all these
is that: For physical laws to give the same result in inertial frames, they show be
expressed in terms of Lorentz tensors.

Next, we are going express Maxwell’s equations (Section 5.1.3) in terms of Lorentz

tensors. The continuity equation

dp
VeJ+oo=0

can be expressed as

O-J, =0,

if we introduce the source Lorentz vector field

Ju = (J1, Jo, J3, V=1ep) .
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Accordingly, the Lorentz gauge (5.6) can be expressed as
0O-A,=0,
if we introduce the potential Lorentz vector field
A, = (AI,AQ,Ag, \/—_1<I>/c) .
Then, the equations (5.7) are combined into
DQAM = —poJ, foreach p=1,2,3,4.

The definitions

B=VxA, E:—V(P—a—A
ot
combine into
0 Bg —BQ —\/—_1E1/C
Foo— GAM _ 3/11, . —Bg 0 Bl —\/—_1E2/C (5 17)
we al’,, 6$u N BQ —Bl 0 —\/—_1E3/C ’

V—1E,/c /—1Ey/c /—1Es3/c 0

The main observation here is that: F),, is a Lorentz-tensor field of rank two, called the
field-intensity Lorentz vector field. The reason is that, based on computations
(5.16), we have

) 8AL 0A! 0A, 0A, r
= - = Qu\Quo—=—— — QueQu)—7=— = Qu\Qpo L \g-
e oxl, O, WAV O M2 O, mA A
The axioms OF
V-E=L VxB=uJ+ e
€0 ot
combine into
OF,,
= pod, foreach p=1,2,3,4,
oz,
and the axioms 9B
V-B=0, VXFE=——
ot

combine into

0F,, O0F, 0F),
oxy + Oz, * ox,

=0 for each pairwise distinct pu,v, A = 1,2, 3, 4.

All these show that: From the viewpoint of the special theory of relativity, not E, B
but their combination (5.17) is the essential notion. In different inertial frames, electric
and magnetic field transform into each other. The transformation rule for F, B comes
from the transformation rule for the field-intensity Lorentz tensor field F},,:

/
F“y - a',u)\al/JF)\U~
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Writing it up, we have

(E1, By, Ey) = (v(E1 — ¢8Bs),v(E2 + ¢fB1), Es) ,
(B, By, By) = (v(B1 + BEy/c),v(By — BE/c), Bs),

or, equivalently,
E{=E, Bj=Bj, E.=v(Ei+7 xB1), B =v(Bi—c?¥ xE.),

where ¥ = vZ, and ||, L denote the components of vectors parallel and perpendicular to
v, respectively. Therefore,

E' =B +7(EL+ 7V xBy) = E?;277+7<E_ E&??Jr?x (B_B;277)>
27(E+7><B)—(7—1)?E1;2 ,
and similarly for B’:
E'=y(E+77 xB)—(y-1)ZEY,
{B/:7<B_¥> (- 1)LET. (5.18)

Exercise: Derive the transformation rule for the charge and current densities p, J from
the transformation rule for the Lorentz vector field J,.

Example 46. Consider a thin, infinitely-long cylinder along the z-axis, with a uniform
linear charge density A, and a steady, uniformly distributed current I. With respect to

the observer O at rest with respect to the cylinder, based on the formulas derived in
Sections (3.1) and (4.1), we have the electric and magnetic fields given by

2meqr

A I
7, B=t-g

- 21y

With respect to the observer O’ moving with velocity v along the z-axis, according to the
transformation rules (5.18), the electric and magnetic fields are given by

A\ A
B = (2 —plv)? B=-L(ml--=)a
21r \ € 2mr c€g

This shows that if v = Ac?/I (respectively, v = I/)\), then the electric (respectively,
magnetic) effects disappear. |
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Example 47. Consider a point charge ¢ moving with constant velocity v along the z-axis.
With respect to the observer O’ installed on the charge, based on the formulas derived
in Sections (3.1) and (4.1), we have the electric and magnetic potentials and fields are
given by
q / ' q ! /
o=—1_ a=0 F-= R, B =0

dreg R’ ’ AregRB
Using the transformation rule of the Lorentz scalar field A, and the Lorentz vector field
F,,, the electric and magnetic potentials and fields with respect to the observer O are
given by

3 2
vq YoV ~ v’ (1—-p57) , . . HoVGYT
AreoR AR Areg R (r+ (2 = vt)2), ArR3 ¥

Exercise: Read the example in [Fey, Volume II, Section 13.6], and explain it in your
own words.
Exercise: Show that E - E — ¢?B - B is a Lorentz scalar field.
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Chapter 6

Topics

6.1 Antennas

Reference: [Che, Chapter 11]

6.2 Monopole principal bundle

Reference: [Nab, Chapter 0], [Jam, Chapter 12]

6.3 The linking number of knots

Suppose two (smooth) closed oriented curves C, C’ in the three dimensional space, which
do not intersect. Using electromagnetic theory, Gauss discovered a topological invariant
which describes the number of times that each curve winds around the other [Jam, Chap-
ter 12]. To derive this invariant, we assume a uniform and steady current I flowing along
C’, and compute the circulation of the produced magnetic field along C. The magnetic
field is given by (4.3), so by the axiom (4.2), we have

Wolzyg 5555/[7 x R, a

where n denotes the number of times that the current I crosses a surface S whose bound-
ary is C'. The integer-valued quantity

:iﬁﬁé%/ﬁox}g-ﬁ’

is called the linking number of knots C,C’. In cartesian coordinates, the linking
number is given by the following expression

yg yg x— ) (dydz' — dzdy') + (y — ') (dzdz' — dxd2’) 4+ (2 — 2') (dzdy’ — dydx’)'
e le (w =2+ (v = 9)* + (= = 2)P)"
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The linking number is an integer-valued topological invariant. Reversing the orienta-
tion of either of the curves negates the linking number, while reversing the orientation of
both curves leaves it unchanged.

D@0 O

linking number -2 linking number —1 linking number 0

3 = ;
(OO &

s Lo Lo link h: linki b b
linking number 1 linking number 2 linking number 3 i have finking number zere

Exercise: Prove that the winding number of an oriented closed curve in the xy-plane
equals its linking number with the z-axis.
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Table of conformal mappings [Chu,
Appendix 2]
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*See Exercise 3, Sec. 122.
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