
PHYS1231—part 2
• Your lecturer: Prof. Michael Ashley, m.ashley@unsw.edu.au.

• The best way to learn the physics for this course is to read the textbook and
work through the problems.

• The webstream gives an excellent coverage of the content.

• My lectures will go beyond the elementary level. They will hopefully give you
insights into the fundamental concepts, and have interesting side excursions.

• If there is a concept that you would really like me to cover, e-mail me.

• The examinable content is given by the learning outcomes and the indicated
textbook sections. Non-examinable slides have a red dot at upper right.

• The slides are available here:
https://mcba1.phys.unsw.edu.au/˜mcba/PHYS1231/ including a version
with a white background to help with printer ink.

• These notes are undergoing rapid change, so always grab the latest version.

• Several figures have been taken from Electricity and Magnetism 3rd Ed. by
Purcell and Morin, which is an excellent textbook on the subject.

https://mcba1.phys.unsw.edu.au/~mcba/PHYS1231/


Lecture 9—learning outcomes
• State that an electromagnetic wave consists of oscillating electric and

magnetic fields.

• Describe different parts of the electromagnetic spectrum, recognise that visible
light is just a small part of this spectrum.

• Use the equations E = Em sin(kx − ωt) and B = Bm sin(kx − ωt) to describe
a wave traveling along the x axis.

• Relate the speed of light in a vacuum to the magnitude of the magnetic and
electric fields using c = E

B = 1√
µ0ϵ0

• Calculate the rate per unit area that energy is transported via an
electromagnetic wave using the Poynting vector.

• Perform calculations to relate the intensity of an electromagnetic wave to the
time average rate at which it transports energy and the magnitude of the
electric field, the power supplied by a source and its distance from the source.

• Calculate the force applied on a surface by an electromagnetic wave which is
either totally absorbed by the surface or totally reflected from a surface.
Calculate the radiation pressure for both these cases.

Textbook chapters: 33.1–3 https://ebookcentral.proquest.com/lib/unsw/
reader.action?c=UERG&docID=30765671&ppg=782

https://ebookcentral.proquest.com/lib/unsw/reader.action?c=UERG&docID=30765671&ppg=782
https://ebookcentral.proquest.com/lib/unsw/reader.action?c=UERG&docID=30765671&ppg=782


Maxwell’s Equations—integral form
• These are the equations

you have been learning
about in Part 1 of this
course.

• You should know what
each symbol means.

• You should know what
each term means.

• You should know what
each equation means.



Mini-quiz on Maxwell’s equations



Maxwell’s Eqns—differential form
• These are the same equations,

in an alternative form.
• You will use this form in Level

2/3 courses.
• The del operator ∇ is defined

by ∇ =
(

∂
∂x , ∂

∂y , ∂
∂z

)
• ∇ is also called “grad”, ∇· is

called “div” and ∇× is called
“curl”.

• You should aspire to having an
intuitive understanding of what
these mean.



Maxwell’s Equations—differential
form in a vacuum

These equations are non-examinable

• In a vacuum, ρ and J⃗ are both zero, so we
can simplify the equations from the last slide.

• The equations are now very symmetrical.

• One solution is: E⃗ = z⃗Emax cos(ky − ωt)
and B⃗ = x⃗Bmax cos(ky − ωt), which you
should recognise as a traveling wave.

• The wave velocity is v = ± 1√
µ0ϵ0

= ±c, and
Emax = ±cBmax.

• Maxwell calculated v from laboratory
measurements of E and B, and was amazed
to discover it was identical to the speed of
light!



• This shows a plane EM
wave moving in the +y
direction.

• The E⃗ and B⃗ vectors
are independent of x
and z .

NOTE:

1. The wave travels with
speed c.

2. At every point in the
wave, at any instant of
time, E = cB.

3. E⃗ and B⃗ are
perpendicular to one
another, and to the
direction of
propagation.



• EM waves do not have
to be sinusoidal.

• They can be any
function you like.

• The wave on the left is
a pulse propagating in
the +x direction.

• The wave satisfies the
three conditions from
the previous slide.
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3Blue1Brown: How wiggling charges give rise to light (the link to video is on the right edge)

The video contains much more information than is examinable, but is
helpful to understand how EM waves propagate. We will come back to
this video later when we study polarisation.

https://youtu.be/aXRTczANuIs?t=36


Just like waves on a
string, you can have two
EM waves traveling in
opposite directions
adding to produce a
standing wave, with
nodes and anti-nodes.
NOTE:

1. The wave is
stationary.

2. E does not
necessarily equal
cB.

3. E⃗ and B⃗ are
perpendicular to one
another.



• This is just the previous slide’s
standing wave, with a conducting
sheet placed at a node where E = 0.

• You can think of this as an EM wave
traveling at speed c producing a
standing wave upon reflection at a
perfectly conducting sheet.

• We can place additional sheets at
other E nodes, and hence trap a wave
between two mirrors. This is used in a
laser, and also a microwave oven.









Why do microwave ovens have lots
of holes in their doors?



Demo—white light and a prism



Energy transport–the Poynting vector
• The Poynting vector is defined as,

S⃗ = 1
µo

E⃗ × B⃗

• Its magnitude, S, gives the instantaneous power per unit area
transported by the EM wave. Its direction is the same as the
propagation direction of the wave.

• Since in an EM wave E⃗ and B⃗ are perpendicular, and E = cB,

S = 1
cµ0

E 2

• We are usually more interested in the average value of S over a
cycle, which we call the intensity I , which is

I = 1
cµ0

E 2
rms

where Erms is the square root of the average value of E 2 over a
cycle.



Intensity as a function of distance

• We are often interested in how the intensity of a wave varies with
distance from the source.

• If the source of the EM waves is a point radiating isotropically with
power Ps , then the intensity (power per unit area) at a radius r
from the point is just

I = Ps

4πr 2

• If the source is an infinite line, the intensity drops off as 1
r .

• If the source is an infinite plane, the intensity is independent of
distance.



Radiation pressure
• EM waves exert a force (and hence a pressure) on surfaces they

encounter.
• If the EM radiation is totally absorbed by the surface, the force and

pressure are
F = IA

c pr = I
c

where A is the area perpendicular to the propagation direction.
• If the EM radiation is totally reflected, the momentum change is

doubled, and the force and pressure are

F = 2IA
c pr = 2I

c



Mini-quiz on radiation pressure



Project Breakthrough Starshot
• A StarChip is a minimal spacecraft with a mass

of a few grams. A baseline design has five 2
Mpixel digital cameras, 4 microprocessors, 4
photon thrusters, and a 150 mg atomic battery.

• StarChips are accelerated at 10,000 g for 10
minutes to 0.20 c, using radiation pressure from
a 100 GW square-km phased-array of lasers.

• The proposal is for 10 m2 solar sails.
• 1000 StarChips will be sent to allow for failures

from collisions, etc., along the way.
• The travel time to Alpha Centauri is ∼20 years.
• In 2025 a new solar sail design was developed

(see next slide).
• The project was put on hold in September 2025.





The Starshot solar sail

• The sail needs to have high reflectivity over a fairly wide wavelength range, due
to the Doppler shift of the laser light, which has a rest wavelength of 1.06 µm.

• The sail also has to be very thin, to keep its mass down to ∼1 gram.

• The new design uses a 200 nm thick SiN film, with a series of sub-wavelength
500 nm “potato-shaped” holes in a hexagonal pattern. This is an example of a
“photonic crystal”. Perhaps surprisingly, this leads to a much higher reflectivity
than a surface with no holes.

• The high reflectivity can be understood by diffraction of light from the holes,
with the sub-wavelength size only allowing the zero-order (i.e., reflection).



The Pioneer Anomaly

• The Pioneer 10 and Pioneer 11 spacecraft were launched in the
early 1970s to study the outer solar system.

• Detailed study of the navigation data in the 1990s showed that the
spacecraft were slowing slightly more that expected. The
anomalous acceleration was −8 × 10−10m/s2.

• For many years it was speculated that this could even be an
indication of a problem with the inverse square law of gravity.

• The problem wasn’t resolved until 2012, when radiation pressure
was found to be the cause.



• The anomalous acceleration was
detected by a precise analysis of
the Doppler shift of the radio
communication from the
spacecraft.

• The anomaly wasn’t simply due
to mistakes accounting for
radiation pressure from the Sun.

• The issue was thermal (infrared)
EM radiation from the spacecraft
itself, requiring a detailed
analysis of the temperature of all
surfaces of the spacecraft,
including the Radioisotope
Thermal Generators (RTGs), and
of the path of the radiation
being emitted.







Special Relativity
• Einstein’s Theory of Special Relativity is a direct result of the

speed of light, c , being the maximum allowed speed.
• A consequence is that velocities don’t simply add. Instead

u = v + u′

1 + (vu′/c2)

• Also, mass is not invariant with velocity (objects become more
massive as they go faster; if they didn’t, you would be able to make
them go faster than c by applying a constant force). Fortunately,
charge is invariant (this is very important to electromagnetism!).

• Objects traveling at a speed v = βc experience length contraction
along the direct of motion by the Lorentz factor γ = 1√

1−β2
.

• Time slows down by the same factor.
• Another consequence is that the E field from a moving charge is

no longer isotropic, but is strongest perpendicular to the direction
of motion, as shown in the next two slides.









Maxwell’s eqns & inertial frames
• Consider two protons, with charge +e, traveling to

the right at velocity βc .
• In the rest frame, the upper proton produces a

magnetic and electric field at the position of the
lower proton.

• Now change to the frame moving with the protons.
• In this frame the upper proton only produces an

electric field at the position of the lower proton!
• How do we reconcile these two approaches?
• The amazing answer is that we need to use

Einstein’s Theory of Special Relativity.
• It turns out that what we think of as magnetism is

simply a combination of Coulomb’s Law and
Special Relativity.



• In the lab frame, the ions are
stationary and the electrons (after
length contraction) are spaced the
same as the ions, making the wire
neutral. The test charge
experiences a magnetic force from
the electrons in the wire (as shown
in (c)).

• In the test charge frame, the ions
in the wire are moving to the left,
and the electrons to the right.
Since the speeds are different, they
experience different amounts of
length contraction, so the wire
appears to be charged! The test
charge experiences an electric force
from this charge, but no magnetic
force (since the charge is
stationary in this frame).

• (c) shows how to calculate the
magnetic force in the lab frame
from the electric force in the
moving frame. The bottom line is
that magnetism is an effect due to
Special Relativity.


