
Physics 162: Answers to End-of-Class Questions
January 28, 2015

What suggestions do you have about how best to utilize our textbook so we can better under-
stand the material? is there another source we should use, or that you would recommend?

How people learn varies so greatly from person to person that I don’t know how to recommend some additional
resources without meeting you in person and getting to know you better. Some people are visual and like
books with lots of plots and figures, some people are more algebraic and are not happy unless everything
is written precisely in mathematical form, some people are more conceptual and like books that emphasize
mental models, some people like more detailed verbal descriptions than mathematical ones.

I chose the Knight book because I found it to be one of the clearer and better pedagogical books of many
available introductory physics books currently available. But I do recommend that most students in 162 buy
a second used introductory physics book, just to double the number of worked examples that you can read
and think about, and perhaps to see better discussions of certain topics. Two examples would be “University
Physics” by Hugh Young and Roger Freedman and “Physics For Scientists and Engineers” by Paul Tipler
and Gene Mosca. I also mention some references in the course syllabus:

http://www.phy.duke.edu/~hsg/162/162-syllabus.html#references

The book by Purcell and Morin has many examples worked out that are more advanced than the Knight
book and at about the right level for 162.

One of the best ways to learn the material is to try to explain it to someone else. So try working with some
other classmates or meet with me or Kevin and get up at the blackboard to try to work out a homework
problem or some other problems.

What does the fact that charge does not change with speed tell us about the universe?

It tells us that charge and mass are deeply different properties of particles, despite the fact that they seem
to obey similar inverse-square laws (Newton’s law of gravity, Coulomb’s law) for most cases of interest.
(Newton’s law of gravity becomes an inaccurate description when the mass of an object becomes large
compared to its volume, e.g., near a neutron star or black hole, or when the speed of a particle becomes close
to the speed of light.) It further tells us that there are many details about the universe that we still don’t
understand, e.g., why the value of charge for some particle does not depend on the speed of the particle
relative to some observer, or why charge is quantized in integer multiples of e, the charge of an electron. We
don’t know what charge “is”, we just know how to measure it and predict (quite accurately) its influence on
other objects.

The so-called “invariance of charge” (this is the technical way to say that the charge q for a particle is
independent of its speed relative to some intertial observer) plays a key role in the generation of and properties
of magnetic fields. In a few weeks, we will discuss in class a qualitative neat insight about how relativistic
length contraction (objects decrease in length along the direction of motion as measured by some observer
measuring properties of the object) and charge invariance imply the existence and properties of magnetic
fields. If the value of charge varied with speed, magnetic fields would have quite different properties, although
I would have to think about how much this would change the current universe.
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Would the proton’s initial velocity affect how the electric field must be in order for the parabolic
motion to occur?

The answer is yes. The motion of a charged particle like a proton in a uniform electric field is exactly
analogous to the motion of a massive particle like a baseball moving in a uniform gravitational field, which
is a good approximation to gravity near the Earth’s surface. (Remember that the Earth’s radius is about
6,400 km, which means that gravity near the Earth’s surface is basically constant for objects that change
their vertical distances by amounts small compared to 6,400 km. So if you throw a ball up in the air about
5 m, that change in radial distance is so tiny compared to 6,400 km that the gravitation force on the ball is
unchanged to high accuracy throughout the motion of the ball.)

For a given uniform electric field (say created by two parallel plates of equal and opposite surface charge
density), you get different kinds of parabolic orbits depending on the direction of the initial velocity. If
the initial velocity is parallel or antiparallel to the electric field, you get a “collapsed” line-like parabola in
that the motion is one-dimensional (this is like throwing a ball directly up in the air or throwing it directly
downwards from the top of a building). Other orientations of the initial velocity v compared to E give
parabolas of different shapes.

Through what process was Gauss’s law proved? What was the experiment?

I don’t know the history of when or how Gauss’s law was first stated or in what context. I especially
don’t know when scientists started realizing that Gauss’s law was more general than Coulomb’s law because
Gauss’s law held for moving particles.

Despite Gauss’s law looking intimidating (involving some kind of surface integral over the surface of some
bubble), it is actually an elementary result that can be discovered and proved (for static charges) without
knowing advanced mathematics by thinking about the definition of flux (a dot product of a local electric
field vector with a local area vector) and about how electric fields become weaker with distance while areas
become larger with distance in just such a way that the product of field strengths times area (which appears
in the definition of electric flux) is constant. Knight gives a brief but admittedly not lucid derivation of
Gauss’s law on page 792 of his book (see Figure 27.20) and I will give you a related insight tomorrow in
class. A particularly clear discussion about why Gauss’s law holds is given in the Feynman Lectures on
Physics, Section 4-5:

http://www.feynmanlectures.caltech.edu/II_04.html#Ch4-S6

In 162, you are not responsible for understanding the derivation of Gauss’s law but the derivation does help
one to understand why the law works. But the heart of the law reduces to the observation that the electric
field magnitude of a point charge decreases as 1/d2 while areas on a sphere of radius d grow as d2 so fluxes
EA are independent of distance for inverse square laws.

The best tests of Gauss’s law and Coulomb’s law do not involve verifying the inverse-square force law but
the indirect prediction that there cannot be any net charge on the inside surface of a cavity inside a charged
conductor. I don’t know of direct experimental tests of Gauss’s law for moving particles.

In the textbook, the introduction to the chapter shows a blood plasma sample in an electric
field and it is stated that this is a method to obtain an early warning of cancer, but I am not
sure how it works...

I don’t know how this works either, and it is unfortunate that the author shows such an interesting picture
and makes such an interesting statement without giving a reference for someone to learn more.

I do know that biologists and biophysicists have studied cancer cells from many points of view: electrical,
mechanical, genetic, biochemical, and geometrical, and these studies have found numerous ways that cancer
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cells differ from ordinary cells, often in ways that help one to discover whether a person has cancer or not.
The technology to find cancer cells in patients, especially the rare dangerous cells that have broken free from
a tumor and are wandering through the blood, is rapidly improving. I can suggest some references for you
if you are interested.

Are magnetic field vectors always perpendicular to electric field vectors?

The answer is no. A simple example would be to charge a spherical ball (like a Van der Graaf generator)
which produces a radial electric field, and then simply bring a bar magnet near the charged ball. By holding
the bar magnet in different orientations, you can make the magnetic field vector at some point in space have
any angle you want with the electric field vector at the same point in space.

As we will see later this semester, light is an electromagnetic wave that consists of time varying electric and
magnetic fields. For the simplest kind of light wave, a so-called “plane wave” which is what you get far from
the source emitting the light, the magnetic field vector and the electric field vectors are always perpendicular
(even though both are always varying with time) and the cross-product vector E × B at a given point in
space points in the direction that the light is propagating. So the direction of propagation, E, and B are
mutually perpendicular vectors for light plane waves.

We speak sometimes about the charge-mass ratio q/m of a charged particle and its general
importance. If mass changes with movement but charge does not, what are the broad impli-
cations for charge-mass ratio?

The charge-to-mass ratio is an important way that scientists, but perhaps especially chemists and bio-
chemists, measure to high precision (tiny fraction of the mass of a proton) the mass of a possibly big
molecules. We will discuss the physics of mass spectroscopes later this semester (see problem 65 on page 960
of the Knight book as an example), but the idea is to ionize the molecule by removing or adding precisely
one electron (so the charge |q| = e of the molecule is exactly known) and then accelerate the molecule via
charged plates to give it a known kinetic energy (easily done using a plate capacitor), and then finally inject
the particle into a vacuum that is filled with a uniform magnetic field B that then bends the charged particle
into a circular path whose measured radius gives one the ratio e/m, from which the mass m of the molecule
can be determined.

All examples of mass spectroscopy that I could find on the Internet lead to molecules moving with speeds
of v < 0.001c or less, which means that the increase in mass m/

√
1− (v/c)2 due to special relativity is small

enough not to affect the accuracy of the e/m ratio to five significant digits.

However, for particle accelerators like the Large Hadron Collider, which also use magnetic fields to bend the
moving protons into a huge ring of radius about 5 km, the speed of the particles is v ≈ 0.999999991 c which
means that the proton mass has increased relativistically by a factor of 1/

√
1− (v/c)2 ≈ 7, 000 and so the

LHC designers definitely had to take this mass increase into account when designing the LHC, e.g., it takes
a greater and greater force to increase the speed of the particle because proton is steadily becoming more
massive as the protons move more quickly.

I would like to know more about Gauss’s reasoning in deciding to use closed surfaces to
encapsulate charges, in order to find the total charge based on flux.

As Knight briefly mentions in Fig. 27.10 on page 785 of his book, a non-closed surface like a rectangle or
a disk cannot provide enough information to determine what kind of charge is nearby, a given electric field
passing across the non-closed surface could be generated by a positive charge on one side or by a negative
charge on the other side or some combination of positive and negative charges. This ambiguity is removed if
you calculate the total electric flux out of a given closed surface (bubble), and this is the essence of Gauss’s
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law. So you have to look at the electric field over a bubble to be able to deduce what is the total charge
inside the bubble.

What is the m/
√
1− (v/c)2 equal to? Does this mean the possibility of traveling at the speed

of light is impossible?

The expression m/
√

1− (v/c)2 denotes the mass of an object as measured by some observer who sees the
object moving by with speed v (so v is the speed of the object relative to the observer), where m is the mass
of the object measured when the object is not moving at all (the so-called “rest mass” of the object). The
rest mass is easily determined, e.g., if the object is big enough, you just put it on a scale to measure its
weight F = mg while it is at rest, so m = F/g. Or for tiny objects like an electron or proton or nucleus, you
can measure m using mass spectroscopy, in which case m is moving so slowly that the relativistic increase is
negligible.

This formula indeed implies that it is impossible for any massive object to attain the speed of light. In the
limit v → c, the particle’s mass becomes arbitrarily large and one then needs an arbitrarily large force to
accelerate the mass further, and one can not produce infinite forces in nature.

Rare cosmic rays (high-energy protons) strike the Earth’s atmosphere about once a year with an insanely
high energy of 1020 eV. These protons are moving so ultrarelativistically that their masses are multiplied
by about one hundred billion (!), the entire Milky Way contracts relativistically to about a meter, and the
particle could traverse the entire 14 billion light-year size of the universe in about 15 days according to its
own internal time.

Why is Coulomb’s constant K useful if we can just use the vacuum permitivity ϵ0?

A good and practical question. It is really for historical reasons, which also unfortunately means reasons
that are confusing to people learning about electricity and magnetism for the first time.

I am guessing that people still use K to emphasize the similarity of Coulomb’s law to Newton’s law, Kq1q2/d
2

vs Gm1m2/d
2. But once one knows about Gauss’s law, one can reduce the number of symbols that one has

to write by using ϵ0 in place of K.

I missed the explanation of the Magnus effect.

I misspelled this on the board, it is the “Magnus effect” and refers to a particular kind of force that a fluid
exerts on an object that is moving through a fluid (typically air or water) and rotating about an axis that is
not parallel to the direction of its motion. You can read about it in the Wikipedia article “Magnus Effect”.

While many Americans know indirectly about the Magnus effect because of its contribution to curve balls
thrown by baseball players, the Magnus effect is important for the motion of projectiles (bullets and cannon
shells typically are made to spin as they move to improve their stability, and this causes their paths to deflect
by the Magnus effect if a transverse wind is blowing) and for many practical fluid problems.

Look up also the Wikipedia article on “Rotor ship” which is a sailboat that, instead of using sails to catch
the wind, moves about by spinning one or more large vertical cylinders for propulsion.

How did you make the electric field vector applet?

I did not write this applet, it was written by someone else and posted on the Internet. They are written in
the Java computer language, which was designed to produce graphics easily within an Internet browser like
Firefox or Chrome.
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There are many good applets available for visualizing and playing with electric and magnetic fields, and for
many other topics we will discuss this semester. The one I showed you in class came from this website

http://www.falstad.com/vector3de/

and this website

http://phet.colorado.edu/en/simulations/category/physics/electricity-magnets-and-circuits

has many excellent educational apps, some of which I will be using in class later this semester.

We learn that all things with mass have gravity, and this effect is produced by mass warping
spacetime. We learn that all things with charge produce electric fields but are there any
theories for the mechanism by which charge results in the electric field?

The answer is no. As soon as Einstein produced his geometric theory of gravity, in which masses warp space-
time and the motion of other masses are deflected by this warping, many scientists and mathematicians tried
to discover a similar geometric theory for electromagnetic phenomena but this turned out to be a dead end.

The reason is simple and profound at the same time (although I am simplifying quite a bit here). You know
that Newton’s second law states that a = (1/m)F, which I write in this way (the better way!) to emphasize
that mass is some property related to inertia in that mass determines how much acceleration a given force
can cause and the bigger the mass, the smaller the acceleration for a given force.

You also know about Newton’s universal law of gravity, that F12 = Gm1m2/d
2, which involves the product

of the two masses of two point masses that are interacting gravitationally. Here the masses have nothing
to do with inertia (resistance to acceleration), they are directly determining how strong is the gravitational
force.

It is a remarkable and deep fact that it is the same mass that shows up in Newton’s second law and in
Newton’s law of gravity, it didn’t have to be this way. This fact implies that when one writes an equation
saying that some mass m1 accelerates because of a gravitational force arising from a mass m2,

m1a1 = Fgrav =
Gm1m2

r212
r̂2→1, (1)

the mass m1 divides out from both sides, so that the acceleration a1 does not depend on the mass m1. (This
explains Galileo’s famous insight, that two balls of identical shape but of different mass that are dropped
from the same height, hit the ground at the same speed provided air resistance can be neglected, see this
famous video:

https://www.youtube.com/watch?v=5C5_dOEyAfk

Einstein found this equality of inertial mass with gravitational mass to be deeply intriguing and this obser-
vation is partly what started him on his path towards this gravitational theory. The fact that m1 disappears
suggests (to a brilliant mind like Einstein’s) that the second mass m2 is producing some geometric effect
that is the same for all masses m1.

But a similar cancellation does not occur when you use Newton’s second law to compute the acceleration of
a point particle of mass m1 and charge q1 due to some second charge q2:

m1a1 =
Kq1q2
r212

r̂2→1 (2)

So here the acceleration depends on the charge q1 since that value does not divide out from both sides, and
this is one reason why it is harder to come up with a geometric understanding of an electric field.
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All of this thinking is somewhat misleading since it ignores the fact that the world is quantum mechanical
and quantum mechanics requires a quite different line of reasoning to interpret gravity or electromagnetic
phenomena. Here the irony is that, although we have Einstein’s classical (non-quantum) geometric theory
of gravity, we don’t have a quantized theory of gravity, but we do have a fully quantized and successful
theory of electrodynamics known as quantum electrodynamics, which has made some of the most precise
predictions that have been successfuly verified experimentally (more than 10 significant digits) of any theory
in any field of science.
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