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How did Coulomb determine that distance was the main factor dictating the electric force
between two point charges?

I don’t know, this is the kind of historical question that I would like to know the answer to also. Most active
physicists, including myself, spend relatively little time learning about historical advances like this, which is
unfortunate since people like Coulomb and Cavendish were impressive and clever scientists.

I would guess that Newton’s many successes with his universal inverse square law of gravity strongly encour-
aged people to expect a similar simple law for electrical forces. But, in the end, whether some mathematical
statement accurately describes nature, is something that needs to be settled by experiment, no matter how
elegant or obvious some idea seems to be theoretically.

Do magnetic interactions also obey the 1/d2 behavior of Coulomb’s law?

The answer is no, they obey a more complicated interaction.

Although the current laws of physics do not rule out the existence of magnetic charges (also called magnetic
monopoles, these would be isolated point-like north poles or south poles of magnets), magnetic charges have
never been observed (a major mystery still to be solved!), which means that the simplest magnetic objects
in nature are magnetic dipoles, which are like a bar magnet with a north pole at one end, a south pole at
the other. (Electrons, protons, and neutrons all act like small bar magnets of this kind.)

Because a magnetic dipole has an intrinsic direction (the line passing through its north and south poles),
the interaction of two magnetic dipoles (say two neutral neutrons or two bar magnets) depends not just on
the distance d between the centers of the magnetic dipoles but also how each bar magnet is oriented with
respect to the line connecting the centers of the dipoles. If the vectors m1 and m2 denote the direction and
strength of two point magnetic dipoles, if d is the distance between their locations, and if r̂ is the unit vector
pointing from dipole 1 to dipole 2, then this is the rule that describes the force F of 1 on 2:

F12 =
3µ0

4πd4

[
(r̂×m1)×m2 + (r̂×m2)×m1 − 2 (m1 •m2) r̂ + 5

(
(r̂×m1) • (r̂×m2)

)
r̂
]
, (1)

where µ0 is a constant of nature analogous to Coulomb’s constant, that characterizes the strength of magnetic
objects and where × denotes the vector product of two three-dimensional vectors. (A nearly identical formula
holds for the force between two neutral electric dipoles, just replace mi with pi). This is pretty complicated
compared to Coulomb’s law (!), and this is the simplest possible law expected, assuming that space is
homogeneous and isotropic. Note also the 1/d4 dependence, the force between two dipoles drops over much
more rapidly with distance than the force between two charges.

How/where is Coulomb’s law derived?

Coulomb’s law is not derived, it is a concise mathematical statement that was deduced from experimental
data and found to be accurate over a huge range of spatial distances between charges (from smaller than the
size of protons to light years).

As we will discuss in Wednesday’s class, Coulomb’s law is fundamentally wrong since it depends on the
instantaneous distance d between two point charges, which implies that if one charge is a light-year away
from the other charge, wiggling one charge (say increasing its distance quickly) will instantly change the
force on the other charge, which is not possible since no influence between two objects can occur faster than
the time it takes light to travel between the two objects.

You will soon learn in this class that there is a powerful generalization of Coulomb’s law called Gauss’s law,
that reduces to Coulomb’s law for charges that are not moving but that is compatible with special relativity
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for charges that are moving. Gauss’s law, not Coulomb’s law, is one of the four key equations that James
Maxwell used to unify all electric and magnetic phenomena.

How can you tell if some object is neutral?

One of the simplest ways, at least in principle, is to measure how rapidly the electric field E due to the
object decreases with increasing distance d from the object, for d much larger than the size of the object.

If the electric field magnitude E decreases as 1/d2, the object has a net electrical charge and is not neutral.
if the electric field decreases more rapidly as 1/dm with m ≥ 3, then the object must be electrically neutral.
The reason is that, far from the object, any inhomogeneities in the charge distribution of the object (like
dipoles, quadrupoles, etc) generate electric fields that drop off more rapidly than the field generated by a
net charge. You see this in Problem 6 of Assignment 1, the force of an electric dipole on some remote charge
decreases as 1/d3 with increasing distance d.

Otherwise, it is hard to tell if some object is neutral. If the object is large and if the variation of charge
on the object varies slowly, one could in principle bring the ball of a small electroscope (see page 728 of the
Knight book) to each part of the object and see if the leaves of the scope separate, but this is tedious and
prone to errors.

Are there theories that fusion can be done without an ultrahot plasma?

There are no known ways to generate fusion of nuclei without generating ultra-hot nuclei that are moving
so rapidly that they are able to overcome their repulsion and come close enough to touch one another.

You might want look up “cold fusion” on Wikipedia, in which some chemists claimed some years ago that
they could cause tritium and deuterium to undergo fusion at room temperature by using special metal
catalysts. But most experts were immediately skeptical because there is no way to break a few chemical
bonds and provide enough energy to push two nuclei close together (which requires the energy of about
100,000 broken chemical bonds), and indeed later theory and experiment confirmed that the chemists were
wrong.

There was one brief moment in history when people thought that they could cause low-temperature fusion
by using muons (these are radioactive “fat” electron-like point particles that are just like electrons except
about 207 times more massive) via a process called “muon-catalyzed fusion” (see the Wikipedia article).
The idea was to shoot muons into a container of isolated D and T ions, and the negatively charged muons
would bind the two ions into an ionized diatomic molecule DT+ that, because of the much greater mass
of the muons, would approach each close enough to undergo quantum tunneling and fusion. But enough
experiments were carried out to show that the method just did not work and so everyone is faced with using
high-temperature hydrogen plasmas to generate energy.

In the book, I didn’t really understand the short part about electrostatic equilibrium.

This would be a good question to post on Piazza, where I or others could provide an answer. Also, for
questions like this, please try to be specific: where exactly in the book did you find the discussion hard to
understand?

In one of the clicker questions, couldn’t a net positive polarized rod still attract a positively
charged sphere?

Yes, this is possible provided that the sphere is metal. Bringing the rod close enough to the surface of the
metal sphere can polarize the sphere so much that there is a net attraction.
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One of the optional bonus homework questions (in about two weeks) will give you a chance to solve this case
mathematically.

Why is it that the distance in Coulomb’s law cannot depend on the distance between the
centers unless the objects are far away?

The issue is how to define what you mean by the distance between two objects that each are spatially
extended. Consider the Earth and Moon: while it is true that the center of the Moon and the center of
the Earth are separated by some distance d, other parts of the Moon and other parts of the Earth interact
gravitationally with distances that can be smaller or greater than d. So which single d should you use in
something like Coulomb’s law, or in Newton’s law of gravity?

There is no ambiguity for point objects, and there is no ambiguity for spatially extended objects like the
Earth and Moon provided they are sufficiently far apart compared to the separations of their centers. As
we will soon discuss, you can not assume that a charged object acts like a point charge at its center of mass
except under quite special circumstances.

I would like another example of how objects interact when put together and pulled apart.

The answer above about how two magnetic or electric dipoles interact would be an example. Basically, if
a particle has some intrinsic structure, like a preferred line defined by its dipole axis, or if the surrounding
space as some intrinsic structure, say defined by a fluid flowing in a certain direction, one would expect the
interaction of two objects to depend on how they are oriented with respect to these special directions and
the interaction laws become more complicated.

I was curious to how exactly the fusion snowball machine gun sent the snowball into the fusion
machine. Is there a hole far from the frozen particles to go through and, if so, how?

There is no hole. The magnetic field that “confines” the fusion plasma into a toroidal region is really like
a donut filled with spiraling magnetic force lines, which guide the motion of the charged plasma particles
to remain inside the donut-shaped region. When a slushy snowball of hydrogen is shot towards the fusion
plasma, the heat of the plasma ionizes the outer part of the snowball, and these particles are then deflected
away from the toroidal plasma because of the magnetic field. But as long as the inside of the snowball stays
cold enough, it remains neutral and so is not deflected by the magnetic field and so part of the snowball lives
long enough to enter the plasma and so fuel it.

Wouldn’t other forces (strong, weak, gravity) have an effect on the electromagnetic forces
between two objects? If so, how? Couldn’t we achieve high speeds for space with sufficient
knowledge of these forces?

The strong and weak interactions, which act on protons and neutrons (more precisely, on the quarks inside
the protons and neutrons), turn out to have a very short spatial range and decay to zero over distances
greater than about the diameter of a proton (10−15 m). So these interactions, although quite strong, have
no influence outside a nucleus and so are largely useless for most human-scale technologies.

Gravity can be used to generate a lot of energy, e.g., the material falling into a black hole via its accretion
disk can convert mass to energy (in the forms of X-rays, gamma rays, and kinetic energy) with an efficiency
of about 50%, compared to an efficiency of 1% for nuclear reactions and 10−6 for chemical reactions. But it
isn’t so practical to find and use a black hole.
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One other energy source could be combining matter with antimatter, which annihilate each other to produce
high-energy photons (light particles) and so approach 100% efficiency in converting matter to energy. But
the only known mechanism to create antimatter is to collide two high energy particles together, say in the
Large Hadron Collider, in which case a tiny fraction of the particles that burst into existence are antimatter.
But the laws of physics and of accelerators are such that the energy obtained from the antimatter created
is tiny compared to the amount of energy used to create the high energy collisions in the first place, so
antimmatter technology seems utterly impractical for the foreseeable future.

So nuclear fusion looks pretty attractive.

Why was it important to establish that only 1010 − 1012 of the electrons get transferred via
rubbing? Also, could you repeat where the 1026 came from?

One goal of Physics 162 is to build up your intuition about how big and small are various electric and
magnetic effects. When rubbing two hand-sized objects together, it turns out that one typically creates
net charges no bigger than ±1010 − 1012 e ≈ 1 nC, and this is a useful magnitude for you to know. For
example, knowing this value you can easily estimate (using Coulomb’s law) how large are electric fields in
the vicinity of a charged rod or disk, and this in turn leads to useful insights about what might happen in a
lab experiment or when building some device. (As one example, if someone came into your lab and touched
your apparatus after being charged up by his or her sweater, you could estimate the harm done to your
apparatus done by such a charge.)

The number 1026 was a crude estimate of how many electrons a hand-size object contained, which was useful
to know since that implies that, out of the 1026 electrons, only a tiny fraction of say 1010 transfer during
rubbing. This tells you something insightful about how many surface atoms are affected during rubbing in
that electrons are removed or added to those atoms.

The number 1026 arose from estimating how many moles are in some typical hand-size object. For example,
that plastic rod in class is a plastic consisting mainly of carbon, oxygen, and hydrogen atoms. Dividing the
mass of the object by the mass of one mole of hydrogen atoms (which is 0.001 kg) gives a crude overestimate
of how many moles of hydrogen exist in that object, and multiplying that estimate by 1024 then gives the
approximate number of hydrogen atoms in the rod, and each hydrogen atom has one electron that in principle
can transfer during rubbing.

Is it assumed that the cans in the clicker questions are neutral, and would their behavior
change if they were negatively charged?

Good question. If the cans were not neutral, one would see an even stronger effect when a charged rubber rod
(which is negatively charged) is brought near the can since net charges cause stronger forces than polarization
effects. For example, if the can were negatively charged, the rubber rod would have repelled the can before
it could polarize it enough to possibly attract it.

Can you have a center of charge of an object that is polarized?

I am not sure what you mean by “center”. It is possible for an object to be polarized (inhomogeneous charge
distribution) and to have a net charge, but it is rare that one would talk about, or need to talk about, a
center of charge.

Instead, as we will start discussing this week when we learn how to calculate the electric field of a continuous
charge distribution, one adds up separately the electric field created by each small part of the object, using
Coulomb’s law applied to that small part. There is no useful center like the center of mass of a massive
object.
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What makes a charge on an electron or proton? Why are atoms structure the way they are
with protons in the center, electrons outside?

No one knows what charge “is”. Experiments show that objects and particles can have the property of being
charged, and then this implies that these objects can exert electric forces on other objects and generate
magnetic fields if the charged objects are moving. But no theory has come up that suggests how or why
charge exists or has the observed properties. This is also true for mass. Despite the discovery of the Higgs’
particle, we don’t really know where mass comes from.

As to why positive nuclei appear in the center of atoms, electrons outside, this is a consequence of quantum
mechanics and is an easy deduction from the Schrodinger equation with the qualification that one has to
know some experimental data such as the mass of the nucleus, the mass of the electron, and the electrical
charge of the electron and nucleus. So your question partly reduces to why atoms and molecules are described
by quantum mechanics, and no one knows that answer.

According to quantum mechanics, if you try to form a bound state of a low-mass electron with a high-
mass nucleus, you necessarily get a spatially extended wave function of the electron about the more massive
nucleus. So your question reduces to another fact that is not understood, why do protons have a mass about
2,000 times greater than an electron?

To put this in perspective, there exists in nature an antiparticle of an electron called a positron, it is exactly
like an electron (same mass, same magnetic moment) except that it has a positive charge of e rather than a
negative charge. Experimentalists can create a hydrogen-like atom called positronium in which the proton
of hydrogen is replaced by a positron, and in this case you do not get a positive nucleus at the center of an
electron cloud but a symmetric object in which the electron and positron occupy equivalent regions in space.

Note: a positronium atom is unstable in that, a short time after it forms, the electron and positron annihilate
one another and the atom disappears from space and one finds two gamma ray photons instead.

When charges move, do we know at what rate the electric forces actually change? Instanta-
neously?

Yes, it is known and the electric field does not (can not) change instantaneously, but the discussion is
too advanced for the level of 162. Please look at Equation (28.3) and related discussion in Chapter 28 of
Volume I of the Feynman Lectures on Physics (http://www.feynmanlectures.caltech.edu/I_28.html)
for the quickest easiest discussion that I can think of.

How can one give an exact amount of charge to some object?

There are several ways. If the object is a conductor, one can use a battery or power supply of known
voltage V to transfer a known amount of charge, using ideas we will discuss later in the course related to the
idea of capacitance. (Briefly, if you hook a capacitor of capacitance C to a battery with voltage difference V ,
an amount of charge Q = CV will appear on each plate of the capacitor. So for a fixed C, you can create a
known Q by choosing a known voltage V .)

If the object is a conductor or an insulator, one can transfer a precise amount of charge to the object by
creating a beam of charged particles (electrons or protons) and spraying the object with the beam for a
carefully controlled amount of time. (It is easy again using voltage sources and other electronics to create a
beam of particles with a known particle density and speed.)

And at the level of nanoscience, for objects that are 10 to 10,000 atoms in size, it is possible with late 20th
century technology to transfer electrons one at a time to or from a given small object using something like
an atomic force microscope, or by using electrons or charged particles trapped in optical lattices. So you
can control the exact integer number of electrons on some object provided the integer is of order 10-100.
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