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1 Introduction

One of the most fascinating numbers in mathematics and nature is the golden ratio ¢ =~ 1.618.

Definition: The golden ratio is defined as the ratio of two numbers x and y such that:
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This self similar behaviour causes it to show up numerous times everywhere in the world around us. For example,

take this infinite series: )
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We can solve this by noting its self similar behaviour, and replacing it with:
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make the final answer not so surprising. The purpose of this handout is to show several examples of the golden ratio
showing up in physical problems. For some, you may see the connection straight away, others not so much. It is purely
for the sake of fun, but if you have any questions or know of another problem I haven’t shown, you may contact me at
hello@physoly.tech.

Solving this equation gives x = ¢ = . This example however, is quite artificial and the self similar behaviour might
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2 Problems in Mechanics

Problem 1 (Balancing Act)

Consider three planar shapes each with mass density o, and the radii of the points of contact make an angle
with the horizontal. The radius of the circle is R and the height of the rectangle is L. Determine the minimum
horizontal force needed to keep the circles together. For what 6 is this force a maximum? (Source: Morin)

Answer: cosf = 1/¢.

Solution: Let N be the normal between the disk and the rectangle. At the minimum force, there will be no normal force
between the two disks. A horizontal force balance on the disk gives:

F = Ncosf
and a vertical force balance on the rectangles gives:
o(wL)g = 2N sinf
where the width is w = 2R(1 — cos ). Combining these two equations together gives:
F =0RLg(1 — cosf)cotd

From here, it is not too difficult to show that the maximum value occurs at
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Problem 2 (Drag Force)

A Dball is thrown with speed a vy at an angle 6 over a horizontal flat ground. It experiences a drag force with
magnitude F' = —mawv. Suppose the initial drag force equals the weight of the ball. At what angle 6 should we
throw it such that it maximizes the distance travelled once the ball has reached its maximum value? (Source:
Morin)

Answer: sinf =1/¢

Solution: Our equations of motion gives: dd—”f = —av, + and ddﬂt = —g — av,. Separating variables two times for the
first equation, we get

vy = Vg cos Pe "
Vg cos 0 _
x = (1—e )
«



through applying the initial conditions. Similarly, in the y-direction, we get:

Uy = (vo sin 6 + 2) et _ 9
! a

Applying the condition mavy = mg = a = £, we can simplify the v, equation to:

vo?

vy = (vosinf + vg)e ™ — vy
At the maximum point, this is zero or:
—at 1
e MW= ———
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The x-position at this time would therefore be:

v3 (sinfcos 6
T=— | ——
g \ 1+sinf

which is maximized at sinf = 1/¢.

Problem 3 (Forever Bouncing)

Two fixed circular rings in contact with each other, stand in the vertical plane such that a ball bounces elastically
back and forth. The initial conditions are set up such that the ball will forever bounce in an ellipse. If the parabola
hits the ring at an angle 6 from the horizontal, what angle will maximize Ap,, the maximum change in the ball’s
horizontal momentum? (Source: Morin)
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Solution: Let v be the initial speed after a bounce. It is well known that the range of a projectile is given by:

Answer: cosf = 1/¢.

2
vt
T = — sin 260

We can calculate the range through geometry to be 2R(1 — cos ). Setting these two equal to each other, we can solve for

v, to be
\/gR cos (1 — cosb)
vy = vcosl = -
sin 6
The change in the horizontal momentum is simply just |Ap,| = 2v,. Therefore, maximizing v, is achieved through
cosf =1/¢p.

Problem 4 (Two Springs One Wall)

Two identical springs and two identical masses are attached to a wall as shown below. Determine the frequencies.
(Source: Morin)



Answer: w; :\/%:(pand Wy = 1/%:1/4)0

Solution: Let the first mass be denoted as 1 and the second mass 2. The equations of motion are:
ma; = —kxy — k(z1 — z2)
may = —k(xe — 1)
Making the replacement w? = % and guessing a general solution in the form of z; = Ae™* and zo = Be™?, we get:
A(—wi 4+ 2w?) — B(~w3) =0
A(—wd) + B(—w? +wd) =0

Solving this (if unsure, see sec 2.1) gives:
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w = Wo

Problem 5 (Springed Mass on Rim)

A mass m is free to slide along a smooth rim of a wheel of radius R that rolls without slipping on the ground. The
wheel is massless, except for a mass m located at its center. The mass is attached to a zero length spring with
constant k£ and the other end is attached to a point on the rim. Assume that the spring is constrained to run along
the rim, and assume that the mass can pass freely over the point where the spring is attached to the rim. For the
special case where g/R = k/m, determine the frequency of oscillations. (Source: Morin)
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Answer: wy =4/ —p and w; =4/ ——
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Solution: Let 6 be the angle the wheel has rotated, relative to the position where the spring’s contact point is on the
ground. Let a be the clockwise angle subtended by the spring. Then the position and velocity of the mass on the end of
the spring are:

(z,y) = (RO — Rsin(f + o), R — Rcos(0 + o))
(,9) = (RO — R(O + &) cos(f + ), R( + &) sin(f + a))

We can show, by neglecting higher order terms that the speed is v = Ra&. Assuming small angles, the horizontal position
of the center of the wheel is R, so the Lagrangian is:

" (Ray?

L= %R292 + %Rzéﬂ + mgRcos(0 + o) — B

This gives the equations of motion to be:

é+%(9+a):0

k
d+%(9+a)+aa:0

Letting wg = % = %, we can show similar to above that:

VE+1
2

w = Wo


https://scholar.harvard.edu/files/david-morin/files/waves_normalmodes.pdf

Problem 6 (Swirling on a Cone)

A fixed hollow frictionless cone is positioned with its tip pointing down. A particle is released from rest on the
inside surface. After it has slid halfway down to the tip, it bounces elastically off a platform at a height H.
The platform is positioned at a 45° angle along the surface of the cone, so the particle ends up being deflected
horizontally along the surface (into the page). The particle then swirls up and around the cone before coming
down. Measured from the tip of the cone, what is the ratio of the particle’s maximum swirling height to the height
of the platform? (Source: Morin)
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Answer: hpax/H = ¢

Solution: Conservation of energy tells us that it bounces off the platform at a speed vy = /2gH. If the angle of the
cone is 203, then conservation of angular momentum and energy from the platform to the top of the trajectory tells us:

mug(H tan §) = mv(hpax tan 8) = v = (H/hmax)v0o

1 1
56 +mgH = Smv? + mghuax = v* = v® — 2(y — H)

Solving for hyax directly yields hpmax = @H.

Problem 7 (Square Rotation)

A square lamina ABCD with one of its flat faces on a horizontal floor is sliding on the floor. At an instant, the
velocity vectors of the corners A and B are perpendicular to each other and the corner C' is moving with a velocity
v at an angle with vector CD such that the tangent of which is 0.5. Find the velocity of the midpoint P of the
side AB at this instant. (Source: Pathfinder)

Answer: vp = pv/2 or vp = v/(2¢)

Solution: This problem, while it involves the golden ratio, is by no means “pretty” and I was unable to find an
explanation behind why the golden ratio shows up, besides pure coincidence. We begin with the condition that v4-vg = 0,

which after expanding, eventually gives us:
2

Vom = Vem,ywa = 0

where a is the side length and w is the angular speed about the center of mass. Then, we use look at the motion of point
C by writing it in terms of:

— wa 2 ,wa ~
Ve = (Ucm,m + ?) 1+ (vcm,y27> J

. e v, —wa . .
And using the condition that ==~ T = % gives us our second equation:
cm,x P]
3wa
2Ucm,y — Uem,x = T



We want to relate v, with vem x and vem y via:
2 _ 2 2
0 = (Ve +wa/2)? + (Vemy — wa/2)

to get three equations, which after solving gives us all the relevant parameters to the motion of the square. We can then
use these information to determine vp = pv/2 or vp = v/(2¢p)

3 Problems in Relativity

Problem 8 (Ball on Train)

A train of proper length L moves at speed v with respect to the ground. When the front of the train passes a
tree on the ground, a ball is simultaneously (as measured in the ground frame) thrown from the back of the train
toward the front, with a speed u with respect to the train. The ball hits the front simultaneously (as measured in
the train frame) with the tree passing the back of the train. What is the maximum value of v such that this can
happen? (Source: Morin)

G
Answer: vy,x = —

Solution: Let there be two clocks on the train. As the front of the train passes the tree, the clock at the front reads
t = 0. Due to the loss of simultaneity, the clock at the back will read Lv/c? (in the ground frame). If we switch to the
frame on the train, the ball will be thrown at a time ¢ = Lv/c?.

The tree has travelled a distance v(Lv/c?), and will reach the back of the train in a time L(1 — v?/c?)/v. This must
also be the time the ball takes to reach the front of the train, so:

1—v2%/c?

v
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This value needs to be smaller than ¢ so we can solve for v to be: v < %

Problem 9 (Relativistic Leaky Bucket)

A massless string with an initial length ¢ with constant tension 7" has one end attached to a wall and the other
end attached to a massless bucket containing an initial mass M = %‘e of sand. The bucket is released and on the
way to the wall, it leaks sand at a rate 4% = %. When is the momentum of the bucket at a maximum? (Source:

dt
Morin)

M
s

Answer: In(z/f) = =1/¢

Solution: The change in energy with respect to position is:

dE
dE_ . F
dzx T



Solving this differential equation, we get:
E(z) =Cx —Txln(x/l)

where C' is a constant of integration. At z = £, the energy is E = Mc? so B = Mc?/{. We can write the momentum as:

p=+VE?—m2c*=+/E? - (Mx/lc?)? =/ E? — T?22.

Substituting in the expression for E(z), we can maximize the momentum when: In(z/¢) = —1/¢.

Problem 10 (Photon Decay)

A mass m moving at a speed v decays into two photons. One photon moves perpendicular to the original direction,
and the other photon moves off at an angle 6, as shown. If the resulting angle is tanf = 1/2, determine the initial
speed v. (Source: Morin)

c
Answer: v = —

Solution: Let the energy of the bottom and top photons be E and ymc? — E respectively. Conservation of momentum
gives p, = ymv and p, = E/c for the top photon. Since E? = p?c?, we get:

m02

2_ .2 2 _
(BJef =2+ — B =15
Since p,/py = 1/2, we can expand y and solve for v to be:
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4 Electromagnetism

Problem 11 (Zero Energy)

Find a geometric arrangement of one proton and two electrons are colinear and the potential energy of the system
is zero. What is the ratio of the distance between the left two particles and the right two particles? (Source:
Purcell)

Answer: g or 1/p

Solution: Suppose the three charges q1, g2, and ¢3 are located at distances x = 0, x = 1, and x = a respectively. Then

the energy of the system would be:
q143 4243 q142
=0
a + b—1 + 1

Letting ¢ = 4+e and ¢s = q3 = —e, we get:




The root is therefore a = ¢

Problem 12 (Zero Force from Sphere)

A point charge @) is located a distance r > R from the center of a nongrounded conducting spherical shell with
radius R and net charge that is also @. At what distance from the center should we place the charge such that
the force is zero? (Source: Purcell)

Answer: r = Ry

Solution: This problem is solved by applying the method of image charges. If we let » = nR, then it is well known that
we can create the necessary boundary conditions by placing an image charge ¢ = —Q/n located a distance R/n from the
center of the shell and an additional image charge (1 4+ 1/n)@Q located at the center of the shell. The net field is thus:

(+1/mQ ,  -Q/n

E="re Tmoinrre

which equals zero when n = .



Problem 13 (Infinite Resistances)

Determine the resistance between terminals A and B in each of the infinite resistors shown below where each
resistor has a resistance of r. (Source: Purcell)

(a)
A _— = =

B e ----

gy

Answer: a) R=¢prb) R=¢/r

Solution: The circuits here are self similar so it shouldn’t be surprising that the golden ratio shows up. Let R be the
resistance from A to B. To solve (a) we can simply cut the wires past the first vertical resistor, then replace the rest of
the circuit with a resistor R (similar to the very first example in the introduction). This gives:

rR

R:
T+T+R

Solving gives R = ¢r. Part (b) and the following example are extremely similar so they are left as an exercise to the
reader.



Problem 14 (Another Infinite Bridge)

Determine the resistance between the legs of the ladder if each resistor has a resistance r. (Source: Physics Brawl)

Answer: R = or

Solution: Again, we can simply use the self similarity principle and obtain the exact same result as before.

Problem 15 (Infinite Triangles)

In the diagram below, each segment represents a resistor r. Suppose that we extend this pattern such that there

are an infinite number of triangles (which spiral out of the page to prevent bumping into each other). What is the
effective resistance between A and B? (Source: Purcell)

Answer: R = or
Solution: Let us consider constructing such a circuit. We will begin with only two resistors such that their resistance is
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2R. We then add in a third (to make a triangle). This gives a resistance (2/3)R. We continue adding resistors one by
one and we see it follows the pattern (omitting the factor of R):

2255 13 34

which appear to be going in order of the Fibonacci sequence. Thus the ratio will eventually converge to ¢.

Problem 16 (Natural Frequencies)

Determine the largest two natural frequencies of the circuit shown below. Let C; <« C2, and L1 < Ls. (Source:
Physics Cup 2012)

1
v L1Cy

Answer: w; = and wy =

%
VL:1Ch

See the solutions here. We can choose to brute force the problem via complex impedances, but we can also draw an
analog to springs, as shown in the link. For example, the first scenario is exactly identical to problem 4!
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https://www.ipho2012.ee/physicscup/problem-no-5/solution/
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