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://mcbal.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—Ilearning outcomes

m State that an electromagnetic wave consists of oscillating electric and
magnetic fields.

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

m Use the equations E = E,,sin(kx — wt) and B = By, sin(kx — wt) to describe
a wave traveling along the x axis.

m Relate the speed of light in a vacuum to the magnitude of the magnetic and

electric fields using ¢ = £ = —2

B~ Vi
m Calculate the rate per unit area that energy is transported via an
electromagnetic wave using the Poynting vector.

m 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.

m 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/


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
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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.



S equations

Mini-quiz on Maxwell

Maxwell's Equations of Electromagnetism

OfE-dd = %=

OfB-dA
OFE-di

=0



Maxwell's Eqns—differential form

V-
V-

V x

These are the same equations,
in an alternative form.

You will use this form in Level
2/3 courses.

The del operator V is defined

by V = (Bx’ 88)/’ 882)

V is also called “grad”, V- is
called “div"’ and VX is called
“curl”.

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



Maxwell's Equations—differential
form in a vacuum
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These equations are non-examinable
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In a vacuum, p and J are both Zero, so we
can simplify the equations from the last slide.

The equations are now very symmetrical.
One solution is: E = ZEmax cos(ky — wt)

and B = XByax cos(ky — wt), which you
should recognise as a traveling wave.

The wave velocity is v = :t\/m = +c¢, and
Emax = :l:CBmax-
Maxwell calculated v from laboratory

measurements of E and B, and was amazed
to discover it was identical to the speed of
light!



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

‘m The E and B 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 = ¢B.

E and B are
perpendicular to one
another, and to the

-z direction of
Figure 9.7. propagation.
The wave described by Eqgs. (9.22) and (9.23) is
shown at three different times. It is traveling to _ _ _
the right, in the positive y direction «AO> «Fr «E> « E>» = QR



=]

6 feet

m EM waves do not have
to be sinusoidal.
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m They can be any
function you like.

def\. The wave on the left is

L a pulse propagating in
the +x direction.

:j_&)\ AN

== nanoseconds o
m The wave satisfies the

three conditions from
the previous slide.
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Electromagnetic Radiation

Here, I'd like to begin with the very fundamental idea of what light is,
N\

2132 - Recap > s @ %" O

3BluelBrown: 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.

«O» «Fr « > DA


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. E and B are
perpendicular to one
another.

«4O0>» «F>» «E» «E>»
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m This is just the previous slide’s
standing wave, with a conducting
sheet placed at a node where E = 0.

m You can think of this as an EM wave
traveling at speed c producing a
‘ standing wave upon reflection at a
| perfectly conducting sheet.
W s 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.

Figure 9.10.
A standing wave produced by reflection ata
perfectly conducting sheet, ‘o« Fr o«
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SPECIAL FEATURE: FOOD PHYSICS

wiwwiop orgfjoumals/physed

Physics of the microwave oven

Michael Vollmer

Technik, Strae 50,
14770 Brandenburg, Germany

E-mail: vollmer@h-brandenburg.de

Abstract
This is the first of two articles about the physics of microwave ovens. This
article deals with the generation of microwaves in the oven and includes the
operation of the magnetrons, waveguides and standing waves in resonant

S of

cavi It then considers the by foods,
the dielectric relaxation of water, penetration depths of electromagnetic
waves in matter and, in considering the possible chemical changes during

the microwave heating, multi-photon ionization or dissociation.

‘What are microwaves?

Microwaves are electromagnetic waves. Their
frequencies (wavelengths) are in the range from
300 MHz (A = 1 m) up to 300 GHz (» =

1 mm). Regarding wavelengths as typical spatial
dimensions, one realizes that microwaves do not
have dimensionsof um, as might be expected from
the misleading ‘micro” in their name. Following

intemational conventions, microwave ovens at
of

Waveguide

t— Magnetron

1 Fan

t— Power supply

home or in restaurants operate at
about 2.45 GHz, ie. & = 12.23 cm.

Physics of a microwave oven

Figure 1 depicts a typical microwave oven (many

w Tumtab
and bseplte

Figure 1. Schematic diagram of a typical microwave

details can be found in [1-3])
are generated in a magnetron which feeds via a
waveguide into the cooking chamber. This cuboid
chamber has metallic walls and aFaraday
cage. The front door, made of glass, and the light
bulb cavity are both covered by metal grids. The
holes in the grids are small compared with the
wavelength of the microwaves, hence the grids act
just like metal plates.

Most microwaves cook the food on a rotating

ible in this chamber, but include
a rotating reflector, acting as a stirrer. Expensive
models may include additional

cooking facilit
heaters and even refrigeration.

ch as grills, oven

Interaction of microwaves with metals

Microwaves, incident on the metal walls of the
oven, behave similarly to visible light hitting a
silver mimror (e.g. [4]). The microwaves are
absorbed very effectively, since the electric fields
of the waves interact very strongly with the nearly
free electrons of the metal. In a simple model, the
electron behaviour s described as a damped forced
oscillation. These accelerated electrons re-radiate

74 Puvsics Ebucation  39(1)

waves at the same frequency and

0031-9120/04/010074+08$30.00  © 2004 TOP Publishing Ltd
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iysies of the microwave oven

in phase, hence the microwaves are perfectly
reflected.  Macroscopically, this behaviour is
described by the complex diclectric constant (),
whichis the square of the complex refractive index
(81 +ie2 = (my +in2)?).

The refractive index of many metals gives
reflectivities close to 100% at low frequencies.
The penetration depth of electromagnetic waves
of wavelength % is given by

MfATny. m

For example, for microwaves with 1
incident on aluminium, § & 1.2 gm.

These are similar o skin depths, ic. the
attenuation depths of alternating currents of
frequency  in metals. (The relation between skin
depth and refractive index for small frequencics is
discussed. e.g.. by Feynman [5].)

Generating microwaves in magnetrons

The most powerful microwaves produced by solid
state devices, such as used in cell phones, are far
too weak for cooking. Instead clectron beams in
'vacuum tubes under the combined effect of electric
and magnetic fields are made to follow curved
trajectories (the detailed mechanism for which is
described below). Most microwave ovens use
magnetrons. First invented in 1921 and strongly
improved around 1940, magnetrons allow cither
continuous or pulsed microwave generation with
powers up to megawatts and frequencies between
1 and 40 GHz. Efficiencies are around 80% and
ifetimes about 5000 hours.

A cylindrical cathode is at the axis.
several millimetres from a hollow circular anode
(figure 2). Tnside the anode there are a number
cavities designed to resonate at 245 GHz. A
voltage of several kV is applied between the
electrodes and a magnetic field is applied paralle]
to the axis such that electric and magnetic fields
are perpendicular to each other.

Electrons cjected by the cathode aceelerate
radially at first, but because of the magnetic field
they start to follow cycloidal paths. Ifthe magnetic
field is strong enough, the clectrons cannot reach
the anode but form a rotating space charge. The
resonant cavities of the anode interact with the
electrons by cither accelerating or decelerating
them. Finally this leads to electron bunches
which move around the cathode at microwave

January 2004

2. The magnetron

Coupling loop

Figure 2, Schematic diagram of a magnetron.

frequencies, which in turn leads to self-sustaining
oscillations of the resonant cavities. Part of the
microwave power is extracted by a coupling loop
(for more details, sec [1-3]).

The magnetrons indomestic microwave ovens
emit microwaves at 2.45 GHz (repeatable, each
time the magnetron is switched on, to £10 MHz)
with bandwidths of only a few MHz (6]

Connecting the magnetron with the cooking
chamber: the waveguide

Waveguides carry the microwaves from the
magnetron to the cooking chamber. They are
usually metal tubes of rectangular cross section.
The effect of the boundary conditions of the tubes
leads to electric and magnetic field distributions
which, in ach of the two dircctions perpendicular
to the axis, resemble standing waves [1, 5]. These
are quite similar (o standing waves on the ‘one-
dimensional’ string of a guitar. Consequently,
there is a maximum wavelength, Amu, Which can
be transported by the waveguide. For a given
direction perpendicular to the axis, the inner ube
Size is then just /2. Therefore, a waveguide
filled with air which operates at 2.45 GHz (A =
12.2 cm) must have at least one inner dimension
larger than 6.1 em. Usually, the waveguide has a
smaller size in a perpendicular direction. Filling

Prysics EDUCATION 75
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Physics of the microwave oven b

55,0°C
— 50

|

— 40
— 30
30,0°C

Figure 4. Visualization of the horizontal mode

structure in a microwave oven using infrared thermal

imaging. A glass plate with a thin water film was

placed at a height of 8 cm and heated for 15 s with a
microwave power of 800 W without using the turntable

(for more details on the experiment, see [10]). <o, <o «=» «
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Energy transport—the Poynting vector
The Poynting vector is defined as,
s-LlExB

Ko
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 E and B are perpendicular, and E = ¢B,

1
S=—F?
Clo
We are usually more interested in the average value of S over a

cycle, which we call the intensity /, which is

1
| =—E;

rms

Clo
where E is the square root of the average value of E2 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 P, then the intensity (power per unit area) at a radius r

from the point is just
Ps

472

If the source is an infinite line, the intensity drops off as %

/

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

pressure are
1A /
F = — pr = =
c c

where A is the area perpendicular to the propagation direction.

s If the EM radiation is totally reflected, the momentum change is
doubled, and the force and pressure are

o 2

Pr=—
Cc C

F



Mini-quiz on radiation pressure

Radiation pressure on a comet

A comet is heated by the Sun and begins to evaporate, producing gas (ions) and dust
s due to magnetic fields from charged wind coming
s pushed out much more

(macroscopic particle). The gas tail
from the Sun. The dust tail is due to radiation pressure, and
slowly.

In the image, s the fon tail blue or white?

OBlue
O White

In which direction is the Sun?




Project Breakthrough Starshot

m 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.

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

= The proposal is for 10 m? 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.

m In 2025 a new solar sail design was developed
(see next slide).

= The project was put on hold in September 2025.
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Pentagonal photonic crystal mirrors:
scalable lightsails with enhanced
acceleration via neural topology
optimization
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) Check for updates The Starshot Breakthrough Initiative aims to send gram-scale microchip
probes to Alpha Centauri within 20 years, propelled by laser-driven lightsails at
a fifth of light speed. This mission demands innovative lightsail materials with
meter-scale dimensions, nanoscale thickness, and billions of nanoscale holes
for enhanced reflectivity and reduced mass. Unlike the microchip payload,
lightsail fabrication requires breakthroughs in optics, ma(cnals science, and
structural Our study ion, revealing
a novel pentagonal lattice-based photonic crystal (PhC) reflector. The opti-
mized designs significantly lower the acceleration times and, thereby, launch
cost. Crucially, they also enabled orders-of-magnitude fabrication cost
reduction. We fabricated a 60 x 60 mm?, 200 nm thick reflector with over a
billion nanoscale features, achieving a 9000-fold cost reduction per m*, This
represents the highest aspect ratio nanophotonic element to date. While
stringent requirements remain for lightsails, scalable, cost-effective nano-
photonics present promising solutions f 2 space

Currently, the humar-made object furthest from Earth is the Voyager 1'.  This microchip approach to space exploration aims to_reach Alpha
i i Centauri (ie. outside our Solar system) within 20 years
system, a mere 0.5% of the distance to the nearest scar outside our solar by reaching speeds up to 20% of the speed of light, made possible by the
e Alpha Cenau, Wi exisng propulion systems. approaching . apidlyadaning eld of ranceechncogy and the e porenl of
our nearest interstellar neighbor would take over 10,000 year tigeneration laser systems. Regardless of the payload mass, his mis:
tne reaiairough Prize Fosndaton announced the Siarshr Inacve & sion s andanneal exlorng the physcal I o miss acekradon
push the development of low-mass microchip satelites with cameras, and our abilty to reach relaivistic speeds with novel materials made
sensors, and probes aceelerated to high speeds by low-mass lightsails. possible by nanotechnology. OF the many ambitious developments.
The Starshot Mission leverages advances in to create  required by the S Initative, the lightsails are
fow-mass objects, and achieve progress in high-power lasers that beam  one of the most challenging companents €o realize due to their unique
energy to distant locations s far as cens of millions of Kilometers away’. geometries and stringent performance requirements.

g5

'Dep:umanmr FProctlon and Mictsystems Engnering. olit Unierst ofTechnoloy, Dot Th Nethriands '&;hwlor Ergneorng Brown Unersy,

RI,USA. Dep: Delftur
Lab, i Technology, CT Delf “Department of Mi ics, THz Sensi Technology, Delft, The
Netherlands. - e-mil: miguel bessa@brown.edu; .2 norte@tudelft.nl

Nature Communications| (2026)16:2753 1



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 um.

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 x 107%m/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.
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Support for the Thermal Origin of the Pioneer Anomaly
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igate the possibility that the anomalous acceleration of the Pi
force associated

neer 10 and 11 spacecraftis due
th an anisotropic emission of thermal radiation off the vehicles. To this
end. relying on the project and spacecraft design documentation. we constructed a comprehensive fiite-
clement thermal model of the two spacecraft. Then, we numerically solve thermal conduction and
radiation equations using the actual flight iclemetry as boundary conditions. We use the results of this
model 10 evaluate the effeet of the thermal recoil force on the Pioneer 10 spaceeralt at various heliocentric
distances. We found that the magnitude, temporal behavior, and direction of the resulting thermal
acceleration are all similar 1o the properties of the obscrved anomaly. As a novel clement of our
investigation, we develop a parametrized model for the thermal recoil force and estimate the coeficients
of this model independently from navigational Doppler data. We find no statistically significant difference
between the two estimates and conclude that, onee the thermal recail force is properly accounted for, no

anomalous acceleration remains.

DO 10.1103/PhysRevLet 108241101

Introduction.—The anomalous acceleration of the
Pioneer 10 and 11 spacecraft [1] is a discrepancy between
modeled and observed radiometric Doppler data received
from the two vehicles. The discrepancy can be eliminated
by incorporating a constant sunward acceleration of un-
known origin with a magnitude of 4, = (874 = 1.33) X
101 m/s” into the orbital model [2]. The presence of this
acceleration, which became known as the Pioneer anom-
aly, was seen by many as a breakdown in the gravitational
inverse-square law of general relativity that reveals self in
the dynamics of the outer solar sys re were also
proposals that this anomaly was due, at least in part, to the
waste heat emitied by the spaceerafis’ radioisotope ther-
moclectric generators (RTGs) [3], their clectrical subsys-
tems [4], or both [5], motivating a thorough investigation
of the spacecraft systematics (for a review, see [6]).

Our current investigation began with the recovery of the
entire telemetry record of both spacecraft, substantial
project documentation, and additional Doppler data [7].
The analysis of the extended Doppler data set was com-
pleted recently [8], confirming the existence of the anom-
0 showed that, although the direction
annot. b determined
unambiguously, the Doppler residuals improve if one con-
siders a temporally varying acceleration in the direction of
the Earth, which is consistent with earlier, similar results
[9,10]. These results are suggestive: If the acceleration
were due to thermal recoil force, it would be along the
spacecraft spin axis, which generally points in the direction
of the Farth and would have a temporally decreasing
magnitude consistent with the decay of the on-board
radioisotope fuel (3Pu),

0031-9007/12/108(24)/241101(5) 241101-1

PACS numbers: 04.80.~

95.10.Fg, 9555 Pe

In this Letter, we report on the completion of a finite-
element thermal model of the Pioneer 10 spacecraft. This
model relies extensively on the project and spacecraft
design documentation and was validated using redundant
flight telemetry data. A parametrized form of the thermal
force model [11] was also incorporated inta a Doppler
analysis, which yielded an independent estimate of coef-
ficients characterizing the thermal recoil force. We com-
pare the outputs of the two independent analyses—Doppler
and thermal—to show that no statistically significant
anomalous aceeleration remains in the data.
Finite-clement _thermal - model—A _comprehensive
finite-clement (FE) thermal model (Fig. 1) of the
Pioneer 10 and 11 spacecraft was constructed at the Jet
Propulsion Laboratory (JPL) in collaboration with the
Applied Sciences Laboratory. The geometric and thermal
models of the spacecraft were constructed using the
$INDA-31 thermal modeling software [12]. While the soft-
ware provides the capability to build a numerical model
directly from computeraided design (CAD) drawing files.
no such files exist for a spacecraft designed 40 years ago.
For this reason, the model was built in a more tedious
manner by specifying the coordinates of the vertices of
each modeled spacecraft surface, using available blue-
prints and recovered project documentation. The space-
craft geometric model was built with a Monte Carlo based
radiation analyzer (Thermal Synthesizer System (TSS)]
to caleulate the radiative exchange factors using infrared
emittance values for modeled surfaces specified within it.
The model mu)rpm.\lcd Appmmnauly 3300 surface
clements, 37 8700 linear conductors.
The spacecraft |I|ermal—meuha|\|cal configuration i

© 2012 American Physical Society

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

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

m  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.



FIG. 1. b

e

—

Hllustrative representation of the thermal model of the Pioneer 10 spacecraft evaluated at 40 A.U. Top left: spacecr
(temperature range: blue —16°C, red +10°C); bottom left: spacecraft exterior (blue —155°C, red —108°C); right: et
—213°C, red +136 °C). Unmodeled struts that connect the RTGs to the spacecraft hedy are-indicated with yeHow:-al



FIG. 3.
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1975 1980 1985 1990
Comparison of the thermally induced and anomalous accelerations for Pioneer 10. The estimated thermal acceleration is shown with error
bars. The stochastic acceleration estimate from [8] appears as a step function. For reference, the Doppler residuals of the stochastic
acceleration are also shown in the bottom panel. Inner and outer error bars correspond to the subtotal and total shown in Table 1I .




Special Relativity

Einstein’s Theory of Special Relativity is a direct result of the
speed of light, ¢, being the maximum allowed speed.
A consequence is that velocities don't simply add. Instead

v+
1+ (w'/c?)
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 ¢ by applying a constant force). Fortunately,
charge is invariant (this is very important to electromagnetism!).
Objects traveling at a speed v = (¢ experience length contraction

along the direct of motion by the Lorentz factor v = —2—.
V1-82

u

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.



—

W=

v =
C
Time unit: 10705

Figure 5.16.
greatly from that of a charge at rest. In Fig. 5.17, the speed is 0.8¢, cor-

. The electric field of a moving charge, shown for
resnondine to a kinetic enerov nf 335 keV If the time nnit for each dia

three instants of time; v/c = 1/3.
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Figure 5.17.

5

€

v 4
The electric field of a moving charge, shown for
three instants of time; v/c = 4/5.

Time unit: 1075

[m]

=

have received the news that the electron had started to move at t+ = 0
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1=2 Figure 5.18.
An electron initially at rest in the laboratory
frame is suddenly accelerated at + = 0 and

Charge started moving / moves with constant velocity thereafter. This is
atx=0,attime 7=0 ; ! how the electric field looks at the instant ¢ = 2 all
x=0 o x over the laboratory frame.
Figure 5.19.

An electron that has been moving with constant
velocity reaches the origin at = 0, is abruptly
stopped, and remains at rest thereafter. This is
how the field looks in the laboratory frame at the
instant 7 = 2. The dashed outline follows a field
line from A to D. Rotating the whole outline
EABCDF around the x axis generates a closed
surface, the total flux through which must be
zero. The flux in through the spherical cap FD
must equal the flux out through the spherical
cap EA. This condition suffices to determine the
1£ ' relation between 6y and ¢y.

Charge qlop‘ll..
0 ?

moving at x=0, at r=
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Maxwell's eqns & inertial frames
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Consider two protons, with charge +e, traveling to
the right at velocity (c.

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.
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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.



