
WELCOME!
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ASK THE STUDENTS THEIR NAMES: I always forget to ask my students their names. This 

slide should remind me to ask your names (quickly). Oh, and my name is Zandra Vinegar, 

I’m a graduate of MIT and a current employee at MoMath. ☺ The museum of mathematics 

in Manhattan NY

DON’T TAKE NOTES:  Don’t try to take notes unless you can do it without thinking.  I’ve got 

printouts of this presentation for each of you, and I’m posting it online.

QUESTIONS: Usually, I love to get off topic in my classes and dive into whatever students 

seem interested in.  In this class, we have 2hrs to cover about 20 hrs of mit course material.  

If you want me to clarify a statement, or if you catch a mistake that you think I’ve made, 

raise your hand…etc.  I’ll stay after class and my email is ch3cooh@mit.edu.  If you’re 

writing that down, this is a bad sign, see built #2.

GETTING LOST:  You probably will, at some point, hopefully not within the first hour, but 

hold on and try to follow the themes of the class – how the ideas connect, and, with the 

help of the internet and this presentation, at home you can fill in the details.

Don’t sweat the details, but don’t let your mind wander.  I’ve put break slides throughout 

this presentation so that I remember to give you breathers, so stick with me, they should 

come around about every ½ hr or so, starting - Now
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In SI units the speed of light in vacuum c0 is defined[3] as the numerical value c0 = 299 792 

458 m s−1 (See c0) and the magnetic constant μ0 is defined as 4π x 10−7 H · m−1 (See μ0), 

leading to the definition for the electric constant of ε0 = 1/(μ0c0
2) ≈ 8.854 187 817 x 10−12 F 

m−1
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This entire class is about Deriving what The Magnetic Field, H is, but we have to 

start by understanding what we mean by charge and electric fields

We observe that particles of different types exert amounts of force on each other.  

“negatively charged particles” which, independent of their other properties, seem to repel 

other negative particles and attract “positively repelling particles”   Also, independent of 

other properties, these particles seem to be able to repel or attract with different amounts 

of force: we observe strongly negative and weakly negative charges, which correspondingly, 

have significant or slight effect on surrounding charged particles.   Additionally, we observe 

that the force of one charge on another is dependent on distance such that, as two 

particles are separated by greater distances, they have less effect on each other.  

Specifically, we characterize the entire force between two charges as kq1q2/r2

Where k is a constant dependent on the units of charge and force being used.

Example: 
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The electric field of a charge is a function over 3D space which describes the strength of the 

point charge at an arbitrary point in space. 

This doesn’t look like a field over all of space (call the dimensions x, y, z), but think 

about it, it wouldn’t look too pretty in cartesian coordinates, but it is well defined.

Note: Force is a Vector – it has a magnitude and a direction.

This makes Electric fields, “Vector Fields” – an equation which describes a vector at 

every point in space.  The magnitude of the vector describes the strength of the 

charge’s force at that point, and the direction describes the direction in which the 

force of the charge will take effect.  

You can think of a field as: “what would happen if I put a test charge here” for every 

point in space.
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The Electric field of a bunch of point charges is just the sum of the fields of the 

individuals (keeping track of translation)
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One way to think about this relation is that, given the strength of a point charge, 

every second it radiates out so many equal strength “chargon” particles (NOT an 

official term in physics)  Thus, as you get further away from the charge – the source, 

the particles are more spread out and fewer of them effect any given other charge.

Like the picture, Except that circle should be a sphere, since the particles will be sent out 

through all of 3D space.  Therefore, a distance r away, 1 second’s worth of “chargons” are 

spread out over the surface are of a sphere with radius r.
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Charge doesn’t have to be discretely distributed – doesn’t always have to be an isolated 

point charge.

You can have, for instance a charged balloon that has charge uniformly distributed across 

its surface. Or a charged bar that has a slight charge on one end  which varies continuously 

until it is very charged on the other end.

You describe these general fields of charge as a function of space called:

Charge Density – q(l,w,h)   (note: q is called a field, but unlike the electric 

“vector field” q is a “scaler field” because it only has a value at each pt instead of a value 

and direction) 

For point charges, recognizing q is simple.  q = Q1 at point (a, b, c) and 0 everywhere else.  

Calculating the electric field is simply a matter of superimposing the electric fields of each 

point charge described by Q1/r

EX:  This yard long 1’’x1’’ bar has a charge distribution described by the following function.    

… now it’s not quite as obvious how to calculate the electric field.  An arbitrarily close 

approximation is easy, just treat every 1’’cube of the bar as a point charge at the center 

with charge = the area of the cube times the average density of charge across the cube.  

For a better approximation, you can do this with every ½’’cube of the bar.  Etc.

Reducing to point charges
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d/dt ,  the derivative of a function with respect to t, time, is the rate of change of the 

function (can also vary with time)

For example.  Consider the function of an ant who’s location on a line can be described as 

L=5t meters.  The rate of chage of the location is therefore 5 meters/second.  Thus d/dt of L 

is 5.

Alternatively, the ant’s velocity could vary with time, thus, d/dt doesn’t have to be a 

number, it can be a function that also varies with time.
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The integral is pretty much just the reverse operation of the derivative.  However, you 

should notice that, since a lot of different functions have the same derivative, the integral 

of a function is actually a family of closely related functions.  For example, the lines y=5, 

y=39, and y=pi all have derivative 0.  Therefore, the integral of 0 is any one of those 

constants, or any constant for that matter, C.   

See if you can figure out what the family of integrals have in common for an arbitrary 

function.  The uniqueness theorem of Calculus, basically, that families of integrals don’t 

overlap, should now be fairly intuitive to you.  If not, try to make a counterexample – a 

function which has two different derivatives.  Just thinking about the integral as described 

above should make it clear that this is impossible.
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1. First, allowing x to vary, take the integral of F(x,y) with respect to y – Aka, for x = 5 

integrate F(5,y) with respect to y, this finds the total amount of bean plant in the sheet at 

x=5.  Doing this for x results in a function,  T(x), which is the total amount of stalk at each x 

location.  This is the “Projection of y onto the x axis.  You can see that the function F(x,y) 

describes a surface – the tops of all the corn stalks.  The double integral is therefore just 

the amount of corn under the surface.  
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Gauss’s law is simply the mathematical method for ensuring what we described earlier as 
the property of charge as a “chargon” source => creating the electric field.

The Right Half

So charge is a scalar field q(x,y,z)  therefore, the tripple integral of q over a volume, v, is the 
total amount of charge within the volume.  
Consider  BY TREND
– single integral is the area under a curve = the total amount of something that has values 
at every point on a line.  
-Double integral is the volume under surface of something that has a value at every point 
on a plane
- q has a value at every point in a 3 dimensional space.  Therefore the triple integral of q 
over the volume, v, is the total amount of charge within the volume.
BY PROJECTION

dv = dz dx dy.  So the inner most integral finds the total amount of charge at all heights for 
a point on the x,y plane = r(x,y).  The next integral finds the total amount of charge for a 
point on x, an integral dy. = s(x)  The last integral finds the total amount of charge in the 
entire volume, Q = the integral of s(x) dx.  

V is a volume in space – therefore it’s border is a “closed surface” a surface with no edges –
like a balloon surrounding air.  Recall that the electric field is like the number of chargons
that reach a part of space every second.  Therefore, the left half of the equation is how 
many chargons Total are at the surface – the double integral over the entire surface.
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This describes exactly the behavior of charge that we talked about earlier – that the electric 

field created by a point charge is  kq/r2
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THERE ARE NO SOURCES OF MAGNETICIC FIELDS – “MAGNATRONS” ARE CONSERVED, LIKE 

WATER FLOWING THROUGH SPACE
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In Bob’s reference frame, Bob sees Alice pass at a velocity, v.  In Alice’s reference frame, 

Alice sees the ground pass with velocity v.

If Bob and Alice both have light clocks, and they both start counting ticks when Alice 

reaches the red flag and stop counting ticks when Alice reaches the blue flag, what do Alice 

and Bob conclude about d?

Clearly Alice counts fewer ticks than Bob because Bob has the length of time that it takes 

Alice’s clock to make that long path, to run his clock simply vertically.  

Therefore, Bob thinks that Alice traveled for longer than Alice thinks she did.  Since they 

agree on a relative velocity of v, and that Alice traveled a distance d, Bob must think that d 

is longer than Alice thinks it is.  In other words, to Alice, the ground contracts and the flags 

are closer together.  To Bob, the length of Alice’s ship is shorter than it seems to Alice = 

LENGTH CONTRACTION

DO THE MATH!!! – In fact, contraction is proportional to velocity:  

Math: 
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Bob just learned about relativity and wants to have some fun with it.  He realizes that 

“Alice, if you can go fast enough, I can trap your rocket for one instant between my front 

door and the inner screen door – six inches apart.  You just go fast enough that the length 

of your rocket contracts to 6inches long, and then, for the instant that you are between the 

doors, I’ll shut both of them, and then immediately open them so that you can fly through”  

Alice thinks this is ridiculous, but, for some reason goes along with it any way.  Except, as 

she is flying towards the door, she is suddenly struck by a panic attack when, despite her 

knowledge of physics which makes this predictable, she sees that, to her, the space 

between the doors is now only a centimeter wide – it contracted in her reference frame.  

She is never going to fit.  But, as she approaches the door, just as her front reaches the 

screen door, Bob closes the screen door for one instant.  But opens it so that she can pass 

through the door.  Then, just her tail reaches the front door, Bob closes the front door for 

an instant.  Alice relaxes, she won’t tell Bob how silly he looked shutting a door infront of 

her, but when she radios in, Bob declares the experiment a success!   

Lesson Learned:  funny things happen when you go at relativistic speeds.

Pretty simple, no?  And we only really need Lorenz Contraction for deriving Magnetism.  
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Wires – made of atoms (not charged overall therefore there must be equal numbers of 

protons and electrons – positively and negatively charged particles)

Simplification:

Current =>  a flow of the electrons in the wire => negative half of the wire moves.  

However, taking relativity into account, moving this bar makes it contract relative to the 

positive bar.  So we start with a less dense (wrt charge) negative bar, then move it at a 

negative velocity to create a current, but have equal charge density in the reference frame 

of the positive charges
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In the Reference frame of the positive wire, let v be measured as ¾c.  ¾ of the speed of 

light.  But the negative part of the wire was initially calibrated such that, in the reference 

frame of the positive wire, the charge desnsities are equal, although    Now consider the 

reference fr

NOOOOO!!! We failed, when you move along the wire – the wire becomes charged!  Why 

is this a problem?….
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Consider a wires with current flowing through it and a positively charged particle nearby. 

In one reference frame, the reference frame of the positive part of the wire, we can make it 

so that the wires are neutral, and therefore don’t exert any forces on each other.  But then, 

in the negative part’s reference frame, the wire is positive and will repel the positive

particle.   So the positive particle is both repelled and not repelled.  This is a contradiction 

and means that Electricity and Relativity alone contradict each other.  In order for both to 

be true, in the situations where creation of a charge would cause two objects with one 

charge in one reference frame to act differently in another, another force, one which we 

term magnetism, must come into play so that the two frames agree on measurements and 

observations.   In other words, magnetism must explain the repelling force on the particle 

in the reference frame of the natural wire with current, the positive reference frame.

THEREFORE, THE MAGNETIC FIELD EXISTS and is the FORCE OF A MOVING CHARGE ON 

ANOTHER CHARGE, where this force is proportional to the strength of the charge and how 

fast the charge is relatively moving and inversely proportional to distance
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Since I can’
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THEREFORE, THE MAGNETIC FIELD EXISTS and is the FORCE OF A MOVING CHARGE ON 

ANOTHER CHARGE, where this force is proportional to the strength of the charge and how 

fast the charge is relatively moving and inversely proportional to distance
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First of all, notice that we need no corrective term for magnetism in all cases of static 

charge – lorenz contraction has no effect and there is no contradiction.  In the Equations, 

this is reflected by H simply being a sum of the Current (moving charge) and the time 

derivative of the flux of the magnetron field (no movement, no change with respect to 

time)
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FLUX = the rate of flow of chargons or magnatrons through the surface.  

EX:  if the vector field described the direction and rate of flow of water at every point in 

space in a river, the flux through a loop lowered into the river would be the gallons/second 

of water through the loop

39



40



41



42



43



44



45



46



47



48



49



50



51



52



53



Use symmetry and cancellation to show that the magnetic field is zero everywhere but the 

center. (zero on the outside as long as the solenoid is very long relative to how wide it is)  

But how strong is it in the center? You can figure this out using explicit application of 

ampere’s law – the math technique is a bit tricky however
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The mechanical use of Ampere’s law in this is actually fairly complicated.  When you take 
the integral around the loop (left part of the equation) you actually only want to count up 
the components** of the magnetic field vectors that are parallel to the direction of the 
loop at those points.  (aka, a magnetic field at magnitude M iat a 45 degree angle to the 
direction of the loop at some point, only counts as M/2 magnetrons going along the line –
because of the angle it is only ‘half-going’ along the line).  Also note that in all cases when 
you take the integral over a surface, you only want the components of the electric field 
vectors that are perpendicular to the surface. (one going through at a 45 degree angle is 
only ‘half-going-through’ ☺)

** the generalized component of a vector in one direction is defined here:
http://id.mind.net/~zona/mstm/physics/mechanics/vectors/findingComponents/findingCo
mponents.htm
(first hit that looked good on google)
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(remember, applying a force always perpendicular to velocity is like what you do when you 

swing a weight on a string around your head like a lasso) 
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