
Syllabus 2020–2021
1. Momentum, Energy, Collisions, and Vectors
We start with conservation laws, studying them in the context of collisions, a popular topics in physicscompetitions. Solving problems in one, two, and three dimensions, we get practice changing fluidly be-tween reference frames and applying vector arithmetic.

Example Problem: Suppose there are three spheres of masses ma,mb, and mc such that
ma = 2mb.

ma = mc.

Spheres b and c are initially stationary. Sphere a approaches from the left with speed v and collideswith sphere b. Sphere b and sphere c are initially separated by a distance l. All the masses are ina line and all collisions are head on and perfectly elastic.Find the time between the first and second collisions of spheres a and b.
Example Problem: A projectile of mass M = 100 kg was fired from a cannon. At some point ofits trajectory, the projectile exploded and split into two fragments with initial momenta p1 = 36 ·
103 kg · m/s and p2 = 24 · 103 kg · m/s. The angle between the momenta was θ = 60◦. Determinethe ratio of masses of the fragments which minimizes the change ∆E of the kinetic energy dueto the explosion.

2. Kinematics and Techniques of Calculus
Students are already familiar with kinematics and calculus, but in this class we learn special techniques,such as useful substitutions, Taylor series approximations, etc., which are useful for solving problems.Although the focus is on kinematics, we also see problems from several different areas of physics wherethe same techniques can be applied.

Example Problem: A child of mass m is running on a large frozen lake with velocity v to the north.Due to friction, the child is able to exert a maximum horizontal force of α times their own weighton the ice.
a) What is the minimum time necessary for the child to change directions so that he moves eastat v?
b) What is the shape of the optimal trajectory called?
Example Problem: Suppose the limiting factor for an accelerating race car is its horsepower, P .The car always accelerates such that the car’s kinetic energy increases at a constant rate.The car is racing a drag race of length l. Find the speed of the car at the end of the race in termsof the car’s mass m and power P.

3. Newton’s Laws
Mechanics forms the core of physics problem-solving, so this week we solve a large number of problems,covering common tricks and points of view that will lead students who already have a sound understand-ing of Newton’s laws towards mastery in applying them to problems.
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Example Problem: A rope of length l hangs over a frictionless pulley of radius r. Assume l � r.

∆x0

a) The rope begins very nearly in equilibrium, with the right side longer only by a small length ∆x0.Find ∆x(t), the difference in lengths of rope on the right and left hand sides as a function of time.
b) Identify when the model you used to solve part (a) begins to go wrong. What’s wrong with it?
Example Problem: Suppose a certain asteroid is a bunch of small loose rocks held together by their
mutual gravitational attraction. Suppose the density of the asteroid is 2

gm

cm3
. Find the minimal

rotation period of such an asteroid.
4. Gravity and Kepler’s Laws
We review Newton’s gravitational law and the shell theorems, then apply them to the Kepler problem. Weconclude by solving problems on conic section orbits.

Example Problem: In a Hohmann transfer orbit, a rocket begins in a circular orbit, fires its enginesto enter an elliptical orbit, continues in the elliptical orbit until it reaches apogee, then fires itsengines again to enter a new circular orbit. In this problem, assume that Earth and Mars havecircular orbits around the sun.
a) Does the rocket speed up or slow down, from the point of view of the sun, in order to enter acircular orbit at the end of a Hohmann transfer orbit from Earth to Mars?
b) Mars is 1.37 au from the Sun. How long does it take a rocket to get from Earth to Mars via aHohmann transfer?
c) Suppose today is an ideal day to send a rocket to Mars. How long will you have to wait for thenext ideal day?
Example Problem: Suppose an object is dropped from rest (in an inertial frame comoving withEarth) from a distance of 1 Earth radius above the surface of Earth. How long would it take to fallto the surface of Earth? You can give your answer as a fraction of τ , the time to complete onelow-earth orbit.
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5. Springs, Ropes, Pulleys
This week affords extra practice in mechanics, and gives students ample experience with a class ofmechanics problems that involve springs, ropes, and pulleys. We often solve problems from both anenergy perspective and a Newton’s laws perspective to see how the two approaches relate.

Example Problem: Consider the system of pulleys shown below.

m1 m2mN

The system of pulleys goes around the sides and back of the ring to form a loop. (I can’t draw in3D, so you’ll have to imagine the pulleys around the sides and back.) The string hangs overN fixedpulleys that circle around the underside of a ring.N masses,m1,m2, . . . ,mN , not necessarily thesame, are attached to N pulleys that hang on the string. What are the accelerations of all themasses? The pulleys are massless and frictionless.
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Example Problem: A weight is held at rest by means of a massive uniform rope, a hanging pulleyof radius R, and a pulley attached to a fixed mounting point. The pulleys are frictionless. The ropeis held stationary at point K.

R

A
C

B

H2

H1
K

F

The rope mass is m, its length is l, and the net mass of the weight and the moving pulley is M.Vertical distances H1 and H2 are known.
a) Determine the rope tension at point B.
b) Determine the force F applied to the rope at a point K.

6. Dimensional Analysis
Dimensional analysis is one of the most versatile tools in physics, and here we apply it to many differentsystems. We note when it succeeds and fails, practice applying it effectively, and use it inform furtheranalytical work.

Example Problem: a) Use dimensional analysis to estimate the the speed of a gravity-driven waterwave of length λ traveling through the ocean (very deep compared to λ.)
b) Use dimensional analysis to estimate the speed of a short water wave with wavelength λ.(Short compared to the characteristic length scale at which gravity and surface tension balance,discussed in class.)
Example Problem: A Helmholtz resonator is a roughly-spherical bottle with a “neck”.By Stephencdickson - Own work, CC BY-SA 4.0
a) Assuming Helmholtz’s cylinders were similar to each other but simply scaled up or down, howdid the frequency depend on the scale factor α? (If α = 2, the sphere has twice the radius of areference resonator.)
b) Suppose the sphere had radius r and the neck was a cylinder of length l and areaA. Try to finda formula for the frequency of the pitch generated by the oscillator. You will find that dimensionalanalysis alone cannot find the formula. What are at least two candidates?
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7. Fluids Statics
Pressure and buoyancy can be used to solve a range of counterintuitive problems. We also introducesurface tension and apply it to several common contexts.

Example Problem: Ignore gravity in this problem.A tube of length l is filled with an ideal gas, then spun around one end at angular frequency ω. Findthe density of the gas as a function of x, the distance from the axis of spin. You can assume thegas remains a constant temperature T everywhere and give your answer in terms of the densityof gas at the spin axis and m, the mass of an individual gas molecule.

l

ω

Example Problem: a) Suppose a cylinder of density ρc, radius r, and height h floats upright in fluidof density ρf . Suppose the cylinder is held down a distance x below its equilibrium floating point.What is the buoyant force on the cylinder?
b) By thinking of the force you found in part (a) as a restoring force, find the angular frequency ofoscillations of the cylinder.
c) Explain why, if you were to try this experiment, you would not measure the angular frequencyof oscillations you found in part (b). Would the real frequency be faster or slower?
d) What does your answer to part (c) say about the limitations of the equations you know for thebuoyant force?

8. Electrostatics
We use Coulomb’s law to solve problems about electric fields and potentials. We also introduce specialtechniques, such as the method of images.
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Example Problem: a) Suppose there is an infinitely large conducting sheet. You bend the sheet ata 90-degree angle. Then you put a point charge q near the plane, a distance d away from eachhalf-plane.

q

d

d

Find the electric field on the charge side of the sheet. You don’t need to simplify or make approx-imations in your answer.
b) Suppose a point chargeQ and a charge −q have opposite sign but are not necessarily equal inmagnitude. They are located a distance d apart. Find the two-dimensional surface on which theelectric potential is zero.
c) Use your result from (b) to invent a scenario with a point charge near a conductor and find theelectric field outside the conductor in that scenario.
Example Problem: a) A hole of radius R is cut out from a very large flat sheet with uniform chargedensity σ. Let L be the line perpendicular to the sheet, passing through the center of the hole.What is the electric field at a point on L, a distance z from the center of the hole?
b) If a charge −q with mass m is released from rest on L, very close to the center of the hole,show that it undergoes oscillatory motion, and find the frequency ω of these oscillations.

9. Magnetism and Induction
We study the origin of magnetic fields, magnetic forces, and the relationship between magnetism andelectricity.
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Example Problem: Two metal rods AB and CD can move without friction along two horizontalparallel rails separated by a distance l.

AD

C B
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d
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⊙
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Each rod has mass m and resistance R. A uniform magnetic field B is perpendicular to the planeof the rails. Initially the rods are perpendicular to the rails and separated by a distance d. The rod
CD is at rest and the rod AB is given an initial velocity v0 which is parallel to the rails away from
CD. You can assume the rails have negligible resistance.
a) How far away will the rods be after a long time?
b) How much heat will be produced by the system?
Example Problem: Suppose a charged particle orbits in a circle of radius r in a uniform mag-netic field. The field slowly doubles in strength (over a time very long compared to the orbitalfrequency). What is the new radius of the particle’s orbit? Ignore radiation by the particle.

10. DC Circuits
Circuits consisting of resistors, capacitors, and inductors lead to a variety of behaviors. We use Kirchoff’slaws to solve circuit problems, and also introduce diodes and other circuit elements.

Example Problem: In the circuit below, V,R1, and R2 are fixed, but R can be varied. Find the valueof R as a function of R1 and R2 such that the power dissipated in R is maximized.

V

R1

R2 R

Example Problem: A circular coil of copper wire with a total length of 500 m and a resistance of
40 Ω, is rotating about its axis so that its speed is 55.2 m/s. (This is the linear speed at the rimof the coil.) The coil is suddenly brought to rest. The ends of the coil are connected to a ballisticgalvanometer which shows a deflection at the instant that the coil is stopped; the deflectioncorresponds to a total charge of 3.5×10−9 C.Calculate a value of e/m for the conduction electronsin copper.
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11. Oscillations
A large number of physical systems exhibit oscillations. We introduce oscillating circuits, in addition toreviewing oscillations in mechanics and fluids. This class serves to unify a great deal of our earlier work.It also lays the mathematical groundwork for studying wave motion, as we introduce complex numbersand complex exponentials.

Example Problem: A U-tube is a thin tube bent into a U shape, a semi-circular bottom with straightvertical sides. Liquid is poured into the tube, high enough to extend into the vertical parts of thetube. Find the frequency of small oscillations of the liquid, assuming the tube is held fixed andfrictional forces are ignored, and assuming the tube is much thinner than the radius of the circleat bottom.

R

h

The circle has radius R and gravitational acceleration is g. At equilibrium, the liquid extends aheight h above the top of the circle on each side.
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Example Problem: a) Suppose a sound causes air pressure at a certain location to vibrate ac-cording to ∆P1 = A cos(ω1t). Then a second sound causes air to vibrate according to ∆P2 =
A cos(ω2t). The total difference in pressure from atmospheric pressure, ∆P, at the location is
∆P = ∆P1 + ∆P2. Find an equation for ∆P in the form ∆P = A′ cos(ω̄t) cos

(
∆ω

2
t

)
b) Suppose two musicians are tuning their instruments. The first musician plays a note that is
439 Hz. The second plays a note that is 440 Hz. The musicians hear a “wa-wa-wa” sound as theirinstruments go in and out of phase. This phenomenon is called “beats”. (You can hear an exampleof this here: https://youtu.be/yia8spG8OmA?t=106) What is the beat frequency of the sound themusicians hear? I.E. how many “wa”s are there per second?
c) Two identical masses of mass m are connected by spring with a small spring constant ks. Themasses are each connected to a wall by identical springs with a large spring constant kl � ks.

kskl kl

There are two different possible motions of the system such that each mass oscillates sinu-soidally with the same frequency, so that x1 = A1 sin(ωt) is the displacement of the first massfrom its equilibrium and and x2 = A2 sin(ωt) is the displacement of the second mass from itsequilibrium. (There is no requirement that A1 and A2 have the same sign.) Find both the possiblevalues of ω for this to happen.
d) The first mass is displaced a distance x0 from it equilibrium point and the second mass is heldstill. Then both masses are released. Qualitatively describe the subsequent motion of the system.(Hint: think of this motion as a linear combination of the two types of motion you found in part(c)).
e) What is the beat frequency associated with the motion from part (d)? I.E. how many times persecond does the system return to (near) its original state?

12. Interference and Diffraction
Building on the previous class, we study Huygens’ principle for wave propagation and its consequences,learning about single and double slit diffraction, diffraction gratings, and thin films.

Example Problem: a) A wave described by f(x, t) = A sin(kx−wt+φ) is a sinusoidal traveling wave.A wave described by g(x, t) = B sin(kx + φ1) cos(ωt + φ2) is a sinusoidal standing wave. Describethe difference in appearance between these two types of waves.
b) Show that two sinusoidal traveling waves with the same amplitude and magnitudes of k and
ω, but traveling opposite directions, superimpose to make a standing wave.
c) Likewise show how two standing waves can be superimposed to make a traveling wave.
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Example Problem: A certain plano-convex lens has one side flat, and the other side convex with aradius of curvatureR. The lens is circular. It is set on a flat piece of glass. A plane electromagneticwave of wavelength λ shines down vertically on the flat side of the lens. You can assume that thelens is thick compared to λ, but the gap between the lens and the flat plane of glass is not.

λ

R

a) Qualitatively describe what you would see looking down on the lens from above (assumingyour head doesn’t block the incoming plane wave).
b) On which surfaces would the light experience a phase change on reflection?
c) Assume R is much greater than the physical dimension of the lens. Find all distances r fromthe center of the lens for which bright interference fringes appear.

13. Geometric Optics
In the limit where optical systems are much larger than the wavelengths of light, the interference anddiffraction studied in the previous class becomes geometric optics. We present geometric optics as aunified framework based on Fermat’s principle of stationary time, solving problems about lenses andmirrors.

Example Problem: You build a thin lens that is flat, but whose index of refraction varies with dis-tance from the center. If the index of refraction of the lens is nmax at the center of the lens, thethickness of the lens is t, and the focal length of the lens is f, find the index of refraction as afunction of r, distance from the center of the lens.
Example Problem: Show that the distance between a real object and its real image formed by athin converging lens is always greater than or equal to four times the focal length of the lens.
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14. Thermodynamics
With an emphasis on the ideal gas as an example system, we study thermodynamic cycles, work andheat, and entropy. We also learn rules about phase transformations, thermal capacities, thermal conduc-tivity, thermal expansion, and similar topics.

Example Problem: Suppose a piston has a spring in it, pushing on its head. The spring constant is
k. The rest length of the spring is equal to the length of the piston, so that there is zero tensionin the spring when the piston head is at the end of the piston.

Some gas is inserted into the piston from the left. The pressure from the gas compresses thespring a distance x.

x

Suppose the gas is held at constant temperature by contact with the environment. (This meansheat can transfer freely through the walls of the piston.)
a) Suppose the piston moves slightly to the right, so x increases. What happens to the entropy ofthe gas?
b) Suppose the piston moves slightly to the right, so x increases. What happens to the entropyof the surroundings?
c) In thermodynamics, a process will be spontaneous if it leads to higher total entropy. Find xsuch that neither movement to the right nor movement to the left is spontaneous. This is theequilibrium position of the piston.
d) Interpret your answer to part (c) in terms of forces.
e) We found the equilibrium in (c) by considering entropy changes to the whole universe. It is ofteneasier to consider only the system of interest, but this requires new ideas. Define the Helmholtz
free energy of the piston by

F = U − TS

where U is the internal energy of the piston (including the spring) and S is the entropy of the gas.Find x such that the Helmholtz free energy is minimized.
f) Explain why, in general, for systems at constant temperature and which cannot do work onthe environment we can maximize the entropy of the universe by minimizing the Helmholtz freeenergy of the system.
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Example Problem: A cyclic process with one mole of an ideal polyatomic gas appears as a circleon the PV diagram. Coordinates of the circle center are (P0, V0). The diameter along the pressureaxis is 2∆p, and the diameter along the volume axis is 2∆V.

P

V0 V0 −∆V V0 V0 +∆V

P0 −∆P

P0

P0 +∆P

III

III IV

Find all pairs of points on opposite sides of the circle (separated by 180 degrees) with equal
heat capacities, dQ

dT

∣∣∣∣cycle
. (This means neither a heat capacity at constant volume nor at con-

stant pressure, but instead a heat capacity while staying on the circular path in the PV diagram.)Calculate these heat capacities.Note: Assume that the heat capacity of a gas at constant volume, CV , is independent of T. Youmay use CV and CP in your answers.
15. Special Relativity
Starting from classic thought experiments, we review the famous results of special relativity, includingtime dilation, length contraction, and the relativity of simultaneity. We introduce the invariance of theinterval as a unifying theme, and use spacetime diagrams to visualize tricky scenarios.

Example Problem: Suppose there is a block of wood that is 5 cm thick in its own rest frame. Itmoves at relativistic speed toward a stationary drill that is 4 cm long. However, due to lengthcontraction, the block is only 3 cm thick in the frame of the drill. So in the frame of the drill, thedrill is long enough to drill a hole all the way through the block. However, in the block’s frame, the
block is 5 cm thick, but the drill is only 12

5
cm long. So in the block’s frame, the drill is not long

enough to drill through the block. Imagine the block continues towards the drill until the front ofthe block reaches the back of the drill bit. Then the block instantaneously turns around. Does thedrill go through the block or not?
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Example Problem: Laboratory observers measure the length of a moving rod lying along its direc-tion of motion in the laboratory frame. Then the rod speeds up a little. Again laboratory observersmeasure its length, which they find to be a little shorter than before. They call this shortening oflength Lorentz contraction. How did this shortening of length come about? As happens so oftenin relativity, the answer lies in the relativity of simultaneity .First, how much shortening takes place when the rod changes from speed v to speed v+ dv? Let
L0 be the proper length of the rod when measured at rest. At speed v its laboratory-measuredlength L will be shorter than this by the Lorentz contraction factor:

L =
L0

γ

a) Find the change in length dL of the rod when it speeds up from v to a slightly greater speed
v + dv.
b) We would like to understand the kinematics of the shortening of the rod you analyzed in part(a).Imagine the front of the rod and the back of the rod both have little rockets attached to them. Inorder for the rod to speed up, these rockets fire at the same time in the rod’s frame.Which rocket fires first in the lab frame, and by how much?
c) Show that the delay you calculated in (b) explains the shortening of the rod you calculated in(a).

16. Quantum Phenomena
In the quantum theory, particles and waves are both represented by a quantum wavefunction. We learnsome basic phenomenology of quantum mechanics, and focus on the quantum uncertainty principle asa tool for estimation. We learn about the structure and atoms and the nature of light.

Example Problem: In this problem, you’ll find the energy levels in the Bohr model of the hydrogenatom.
a) Our model of a hydrogen atom consists of an electron of massme in a circular orbit of radius raround a proton of mass much larger than me. You can assume the orbit is nonrelativistic. Whatis the energy of the atom as a function of L, the angular momentum of the electron about theproton?
b) In class, we studied a particle on a ring, finding that regardless of the radius of the ring, theonly allowed orbits are those with L = n~. This is true for the hydrogen atom as well. What arethe energy levels as a function of n?
c) Hydrogen is the most abundant element in the universe, and its spectrum can be observed ina wide variety of astrophysical objects. In these spectra, perhaps the most important feature isthe Lyman-Alpha line, which is the frequency of light emitted when a hydrogen atom decays from
n = 2 to n = 1. Suppose that in a certain spectrum, the Lyman-Alpha line is observed to have awavelength of 176 nm. By what factor is the spectrum redshifted?
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Example Problem: A neutron interferometer splits a monoenergetic beam of neutrons into two par-allel beams, a distance d apart. These are brought together after each has travelled a path length
l. It is found that if the two beams are in the same horizontal plane the interference is construc-tive, but if the system is rotated so that one beam is vertically above the other the interferencegradually changes as the system is rotated, and becomes completely destructive as the systembecomes vertical. Explain this result and obtain an expression for the neutron energy in terms of
d, l, and fundamental constants.You may assume that change in the gravitational potential energy of the neutrons is small com-pared to their kinetic energy.
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