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Instructions

If you wish to request a clarification, please use this form. To see all clarifications, see this document.

e Use g = 9.8 m/s? in this contest, unless otherwise specified. See the constants sheet on the
following page for other constants.

e This test contains 35 short answer questions. Each problem will have three possible attempts.

e The weight of each question depends on our scoring system found here. Put simply, the later
questions are worth more, and the overall amount of points from a certain question decreases with
the number of attempts that you take to solve a problem as well as the number of teams who solve
it.

e Any team member is able to submit an attempt. Choosing to split up the work or doing each
problem together is up to you. Note that after you have submitted an attempt, your teammates
must refresh their page before they are able to see it.

e Answers should contain three significant figures, unless otherwise specified. All answers within the
1% range will be accepted.

e When submitting a response using scientific notation, please use exponential form. In other words,
if your answer to a problem is A x 105, please type AeB into the submission portal.

e A standard scientific or graphing handheld calculator may be used. Technology and computer
algebra systems like Wolfram Alpha or the one in the TT Nspire will not be needed, but they may
be used.

e You are allowed to use Wikipedia or books in this exam. Asking for help on online forums or your
teachers will be considered cheating and may result in a possible ban from future competitions.

e Top scorers from this contest will qualify to compete in the Online Physics Olympiad Invitational
Contest, which is an olympiad-style exam. More information will be provided to invitational quali-
fiers after the end of the Open Contest.

e In general, answer in ST units (meter, second, kilogram, watt, etc.) unless otherwise specified. Please
input all angles in degrees unless otherwise specified.

e If the question asks to give your answer as a percent and your answer comes out to be “x%”, please
input the value z into the submission form.

e Do not put units in your answer on the submission portal! If your answer is “x meters”, input only
the value x into the submission portal.

e Do not communicate information to anyone else apart from your team-members before
August 25, 2024.
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List of Constants

Proton mass, m, = 1.67 - 10727 kg
Neutron mass, m, = 1.67 - 10727 kg
Electron mass, me = 9.11 - 103! kg
Avogadro’s constant, Ny = 6.02 - 10?3 mol~*
Universal gas constant, R = 8.31 J/(mol - K)
Boltzmann’s constant, kg = 1.38 - 10723 J/K
Electron charge magnitude, e = 1.60-10719 C
1 electron volt, 1 eV = 1.60- 107 J
Speed of light, ¢ = 3.00 - 10® m/s
Universal Gravitational constant,

G =6.67-10""" (N-m?)/kg?
Solar Mass

Mg =1.988-10% kg

Acceleration due to gravity, g = 9.8 m/s?
1 unified atomic mass unit,

l1u=1.66-10"%" kg = 931 MeV/c?

Planck’s constant,

h=6.63-10"2*J.s=4.41-10"% eV -5

Permittivity of free space,

€0 = 8.85-10712 C?/(N - m?)

Coulomb’s law constant,

k_

= =8.99-10° (N-m?)/C?
dmeg (N-m%)/

Permeability of free space,

po = 4m-1077 T -m/A

Magnetic constant,

Ho _ 1 1077 (T.
= 11077 (T m)/A

1 atmospheric pressure,

1 atm = 1.01-10° N/m? = 1.01 - 10° Pa

Wien’s displacement constant, b = 2.9 -
1073 m-K

Stefan-Boltzmann constant,

o =5.67-10"% W/m?/K*
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Problems

1. JAYWALKING You are a jaywalker at a distance z = 8.00 m from an intersection. At time ¢t = 0 you
start to cross it at a constant velocity perpendicular to the direction of the street such that it would take
you time 7T to cross it. Incidentally, at ¢ = 0, there is also a car at X = 40.0 m away from the intersection
on the same side as you. It is a self-driving Tesla, and it drives toward the intersection at such a speed
that if the light remained green, the car would reach the intersection at t =T

At time ¢ = 0, the light turns red, and since the car is driven by a computer, it immediately begins
decelerating with constant acceleration a such that it comes to a stop at exactly X = 0.

Do you get hit by the car? If yes, report the speed of the car relative to the ground when it hits you, as
a percent of its original speed before the light turned red. If no, report how far away the car is from you
when you finish crossing the street.

2. AMBIDEXTERITY When plane-polarized light A = 500 nm is passed through a solution with chiral
molecules (eg. glucose/DNA), the exiting light is observed to have been rotated by an angle Af. In
chemistry, this optical rotation is measured with a polarimeter device. It is used to measure the relative
abundances of left-handed and right-handed molecules, each having their own refractive index nj =
1.333333 and nr = 1.333338 affecting left and right circularly polarized respectively.

light normal polarizing plan-polarized sample tube with analyzer
source light filter light chiral compond

If the length of the solution container is L = 0.15 m, by which angle will the polarization of light rotate,
i.e. what is the total optical rotation A#, in radians? Input the smallest positive answer to this question.

3. BALL DROP A ball with uniform density pj is placed on the surface of a pool with depth d and liquid
density p, < pp. Another identical ball is lifted a height h above the pool, and then both balls are released
at the same time. In order for both balls to touch the bottom of the pool at the same time, the condition
d = nh must be met for some dimensionless n that depends on the values of p, and p;. If we define

- Pb— Pp
Pb

Then we can express n as

B Ar® + Br? + Cr

~ Dr?+Er+F
Where A, B,C, D, E, F are all nonzero integers, ged(A, B,C,D,E,F)=1,and A > 0. What is A+ B +
C+ D+ E+ F? You may assume that the only forces present are gravity and the buoyant force from the
pool. The airborne ball retains all of its energy as it enters the pool.

4. CoILFUN Consider an air-cored superconducting solenoid of length [ = 1 m with cross-sectional area
A =0.1m? and N = 1000 turns. We connect the ends of the solenoid to each other with superconduct-
ing wires and run a current I = 1600 A through the entire setup. Assume that the solenoid behaves ideally.
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Cosmonaut Carla has a core with the same dimensions as the solenoid. The core has relative perme-
ability % = 10000 and mass 10 kg. The core is released at rest far from the solenoid and, due to magnetic
forces, flies through the solenoid. Cosmonaut Carla can choose to quench the solenoid (instantaneously
removing the current) at any time. What is the maximum attainable exit velocity of the core?

LN, A

—_—

I

5. INTO ORBIT A cannon is fixed to the top of a platform of height R = 6.00 x 10° m, which sits on
a planet of mass M = 6.00 x 10** kg and radius R. Both the cannon and the platform it rests on have
negligible mass, and the cannon’s chamber is angled horizontally relative to the planet below it. The
cannon then fires a cannonball of with mass m = 45 kg through a chamber of length [ = 3 m at a constant
acceleration such that the cannonball is able to successfully enter an elliptical orbit around the planet.
What is the minimum force that must be applied by the cannon on the cannonball in order to make this
possible? You may assume that both the planet and the platform do not move during this process.

6. ROUNDABOUT 1 A ramp with length d is raised an angle 6 (0° < § < 90°) above the horizontal. A
block with mass m is placed at the top of the ramp, with the coefficient of friction between the block
and the ramp being pu. Once the block reaches the bottom of the ramp, it retains its velocity as it is
smoothly transitioned onto a frictionless circular track with radius d and bank angle 0, rotating on the
track without sliding off. A solution is a set of values {d, i, 8} that result in the situation described above.
What is the largest 6 (in degrees) for which a solution exists?

7. RouNDABOUT 2 While the block is going around the circular track, it is given a small push perpen-
dicular to its current velocity and parallel to the surface of the track, causing it to oscillate with period
T. What is the smallest possible value of T when d = 5 m?

8. ATOM SMASHER An alpha particle is the nucleus of a “He atom, and is composed of two protons and
two neutrons bound together. A neutron is given speed v and collides with an alpha particle at rest. If
all five protons and neutrons become unbound as a result of the collision, what is the minimum possible
value of v/¢? You may find the following values useful:

my = 938.27 MeV/c?,  m,, = 939.57 MeV/c?, m, = 3727.4 MeV /¢

9. DYING LIGHT Follin creates a vat of a peculiar liquid with index of refraction n = 1 +4(1-107°).
Just a bit complex. While working with the liquid, he accidentally drops a photodetector into it. Follin
shines a red laser with wavelength A\ = 700 nm and vacuum intensity Iy = 5- 10 W/m? down into the
liquid. How far does the photodetector sink before it detects an intensity less than Iy = 10719 W/m??
Assume that the lab is completely dark and that the laser light is perfectly transmitted into the liquid.

10. MoTORIZED PENDULUM 1 A pendulum is made of a massless rod of length [ = 0.5000 m and a
point mass m = 15.00 kg hanging at one end. The angle between the rod and the vertical is . A motor
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Motor

Figure 1: Motorized pendulum

attached to the pivot supplies a torque. The maximum value of this torque is angle-dependent and is
given by 7(0) = 15207 for 0 < 0 < 90°.

The pendulum initially is given a small angular velocity counterclockwise and is at § = 0. The mass is
extremely sensitive and cannot tolerate high speeds. Therefore, assume the motor always supplies just
enough torque for the mass to move at a negligibly small constant speed. What is the minimum value of
70 needed so that the pendulum eventually reaches 6 = 90°?

11. MoToRIZED PENDULUM 2 The pendulum initially is at # = 0. This time, the mass is not so
sensitive. The motor may supply its full torque for all §. What is the minimum value of 7y needed so that
the pendulum reaches § = 90° in a single unidirectional swing?

12. MoTORIZED PENDULUM 3 The pendulum initially is at # = 0. The mass contains extremely
sensitive electronics that cannot tolerate speeds above vy,q, = 0.1000 m/s. To three significant figures,
what is the minimum value of 7y needed so that the pendulum reaches 8 = 90° without exceeding this
speed threshold?

13. GRAVITATIONAL OSCILLATIONS 1 You are given the charge distribution on a conductive ellipsoid
described by the equation

If we denote its total charge by ¢, the surface charge density o is given by

2 2 2\ ~1/2
-1 (=, Y =
7~ Yrabe (a4+b4+c4>

Now suppose we model a planet as a uniform density disk. The issue with this is that everyone at the
edges would be pulled towards the center (not “downwards”). In what follows, suppose that the disk has a
fixed radius R and a height h < R. This comes at the cost that different people feel different gravitational
“constants” downward. Consider the density distribution of the disk p = p(r) such that people living on
it would only feel a gravitational pull downwards. What is the ratio p(%) / p(%)?

14. GRAVITATIONAL OSCILLATIONS 2 Let the density right at the center of the planet be py =
10000 kg/m3, and let the height of the disk be A = 100 km. What is the mass enclosed in the ring with
outer radius R = 6000 km and inner radius R — €, where ¢ = 1 km?

15. GRAVITATIONAL OSCILLATIONS 3 Now imagine that we drill a hole through the disk at a distance

ro = % and drop a ball through. In seconds, what is the period of its oscillation? Neglect air friction.
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16. L1QUID LENSES A large cylindrical well, with a radius of 1 meter and a depth much greater than
the radius (d > r), is filled with reflective liquid metal. The well and the liquid within it is then set into
rotation around its central axis at an angular speed of w = 5 rad/s, causing the edge of the liquid surface
to rise and touch the brim of the well. Positioned directly above the well is a circular lamp with a radius
of 1 m, emitting photons vertically downward at a uniform rate and density. If the rate at which photons
leave the lamp is 7, then the rate at which photons collide with the liquid metal can be expressed as nr,
where n is a dimensionless constant. What is the value of n?

17. ELECTRIC SLIDE Consider a gas of small particles, each with charge ¢, inside an origin-centered
spherical chamber of radius R. A uniform electric field Ex is applied inside the chamber. The field is
adjusted until point (R, 0,0) has pressure Py and point (—R,0,0) has pressure Py/2 (at equilibrium).

The electric field is quickly decreased to zero, and the gas comes to equilibrium again. If the final pressure
in the chamber is Py, find P;/Py. Neglect interactions between particles and assume that the temperature
of the gas remains nearly constant.

P0/2 PO

*)E

18. PING-PONG 1 A legal serve in ping-pong requires that the ball bounces on one side of the table and
that the ball goes over the net. A certain world-class Olympic ping-pong player does the serve at the level
of the table at a distance d = 1.37 m from the net of height A = 15.25 cm. The Olympic player can give
the ball such a spin that the translational speed of the ball is conserved after a bounce but the direction
of velocity can be controlled freely. What is the minimal serving speed v (up to two decimal places)?

19. PING-PONG 2 We consider a serve with n bounces before going over the net. The Olympic player
is so incredibly good that he can control the direction of the velocity after each bounce as he pleases.
Naturally more bounces decreases the minimal serving speed v,,. However, for some N, when n > N the
minimal serving speed no longer decreases if bounces are added, i.e. N is the smallest natural number
such that v, = vy for all m > N. Find U]J\\,f_l.

20. AN ENVELOPE OF LIGHT A point light source on the ceiling is located at the center of a cylindrical
housing (with an open base) of radius R and height H. A wall is a horizontal distance D from the center of
the cylinder. Now consider a coordinate system with the light source at the origin. The wall, at x = —D,
has the following shape in the y — z plane:
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The vertical coordinate of the highest point of the curve observed is —1.5 m, while the gradients of the
lines asymptotically tangent to the curve are +4/3. On the right is shown an example setup of this
phenomenon. Find the horizontal distance D of the wall to the light source.

21. UNDER THE LAMPLIGHT A large vat of the magical liquid Ophonium lies before you, with a depth
of 5 meters. This liquid has a special property - its index of refraction changes variable to its depth! Its
index of refraction can be expressed by the equation

n=1+2y

where y is the depth of the liquid, in meters. A lamp, acting as a point source of light, is hung 3
meters above the vat. Light emanates from the lamp, casting its glow onto a circular section of the
Ophonium’s surface directly beneath it, covering an area of 37 square meters. As this light continues to
travel downward, it enters the Ophonium, gradually penetrating its depths until it reaches the bottom of
the vat. What is the area, in square meters, of the circle illuminated at the bottom of the vat? You may
find the following integral useful:

1
———dz =cosh 1 (z) + C
/ Va2 —1 (@)
22. CANNONBALL On flat ground, a cannonball is shot with a speed of v = 13.3 m/s over a wall of
height h = 5 m located a distance d = 10 m away from the cannon. If z,,x is the farthest away the ball
can be shot over the wall and xp, is the shortest distance the ball can reach while going over the wall,
find Zmax — Tmin-

23. FiLAMENT 1 Follin has developed a revolutionary new lightbulb filament. The filament is in the
shape of a spherical shell of radius 3 cm and thickness 0.5 mm, and the ends of the filament are diametrically
opposite. To attach the wires, the filament is slightly flattened on the ends, forming two circles of radius
0.01 mm, each of which is completely covered by the corresponding contact wire. If the resistivity of the
filament material is 0.050 €2 - m, what is the resistance of Follin’s lightbulb?.

24. FILAMENT 2 Follin now modifies his filament to have six instead of two flattened circles arranged
symmetrically around the sphere. He places contact wires at two flattened circles that are spaced 90°
apart on their shared great circle. Find the new resistance of the lightbulb.

25. A QUESTION OF COUNTING A uniform beam of cold neutrons (neutrons have mass m = 1.67 x
10727 kg and speed v = 0.66 m/s) passes through a thin slit of width d = 0.5 mm. A detector, of width
w = 3 cm, is placed a distance r = 15 m from the slit. Find the percentage of neutrons passing through
the slit that are actually recorded by the detector.
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26. PECULIAR PUMP A box with volume V = 1 m? and initial temperature Ty = 100 K contains
monatomic ideal gas initially kept at a constant low pressure p; = 100 Pa. The mass of the gas molecules
is m = 7 x 102" kg. The box is connected to a very large reservoir which contains monatomic ideal
gas at temperature Th = 400 K and pressure ps > p;. A small hole with area A = 1078 m? is poked
in the box at time ¢t = 0 days, allowing gas to escape. (The box is no longer at constant pressure after
this point.) For every molecule of gas that escapes through this hole, 3 molecules of gas are let into the
box from the reservoir. (The particles let in from the reservoir are selected with probability proportional
to their velocity component perpendicular to the hole. In other words, the particles effuse through the
hole but with the door to the hole restricting their number to 3 times the number of outgoing particles.)
How many days does it take for the temperature in the box to double? Assume changes in the reservoir’s
pressure and temperature are negligible. For reference, the rate of particles escaping out of a hole with
area A is given by:
pA
V2rmkgT

where p is the pressure of the gas, m is the mass of the gas molecules, kp is the Boltzmann constant and
T is the temperature of the gas. Please note that the average energy per particle of particles leaving via
effusion is 2kT.

(b:

27. AIR CUSHION An air cushion is in the shape of a cylinder with length £ = 10.0 m and circular cross-
sectional radius R = 28 cm. The ends of the cylinder lie in vertical planes, and the length lies parallel to
the horizontal ground. It is filled with an incompressible gas. Both the surface of the air cushion and gas
inside have negligible weight compared to other forces in the scenario. The surface maintains a a constant
surface tension v = 5.0 N/m whenever deformed. A flat slab of mass m = 12.0 kg which is wider than the
cushion is balanced on top, squishing the cushion. Find the new horizontal width of the cushion. Assume
that its cross-section remains symmetric about a vertical axis.

28. SOAPY OSCILLATOR On a smooth table lies a square frame made of four homogeneous rods of length
¢ =50 cm and mass m = 150 g which are hinged together at the corners. Each (massless) hinge carries
a charge ¢ = 1.5- 1076 C. Before the frame was put on the table, it was put in a liquid soap mixture
which left a soap film within the frame defined by the rods. The surface tension of said soapy water
is 0 = 0.035 N/m. It turns out that it is possible to have small amplitude oscillations where opposing
corners of the frame have opposite velocities (away/towards from the centre). What is the respective
angular frequency of the oscillations?

29. RELATIVISTIC SCATTERING A small spherical particle traveling at a speed v = 0.5¢ at an angle o =
45° from the horizontal is struck by an electromagnetic plane wave of angular frequency w = 7.08 x 10'° Hz
propagating directly to the right. In its own reference frame, the particle scatters light in all directions
with the same frequency as the frequency of incident light it perceives. Due to the relativistic Doppler
effect, however, the frequency of the scattered light measured in the lab frame is generally not the same
as the incident light frequency. What is the angular frequency w’ of light scattered into a scattering angle
of 6 = 89°7 Assume the radius of the particle R is small enough that Rw < c.
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30. RELUCTANT ROLLER A hoop of mass m and radius r rests on a surface with coefficient of friction
. At time t = 0, a string is attached to the hoop’s highest point and a constant horizontal tension 7" is

such that

applied. By time ¢, the hoop has rotated by angle (¢). What is the minimum value of

6(t) has a local maximum (i.e., is not strictly increasing)? You may need to graph an implicit function.

2

31. SOLENOID SPRING A solenoid also functions as a spring of spring constant £ = 50 N/m. It is
connected in series with a resistor of very small resistance. One end of the solenoid is firmly fixed to its
wire while the other end has a conducting ring of mass m = 0.25 kg that is free to frictionlessly slide on
its wire but always remains in contact. The inductance is Ly = 3.0 mH at its relaxed length £y = 20 cm.
If the free end of the solenoid is slightly displaced, find the angular frequency of the resulting oscillations.
The initial current through the circuit is I = 8 A. Assume that the thermal power lost by the resistor is
negligible.

32. DEvVIL’S TRILL Consider a string of length L = 1 m and linear mass density A = 1 g/m, fixed on both
ends and vibrating in the first normal mode with amplitude A = 0.125 cm. A frictionless, negligibly-small
finger, initially at the right endpoint, slides slowly toward the left, flattening the oscillation as it goes.
When the vibrating part of the string has length Ly = 12.5 cm, find the new amplitude of vibrations As,
in meters. You may assume As < Lo. Diagrams are not necessarily drawn to scale.
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33. CHESS Imagine a 4 x 4 grid with a particle in each cell. These particles move in an L-shape, similar
to knights in chess. Every second, a particle moves randomly in one of the cells it can access with an L
jump. Two or more particles are allowed to occupy the same cell. After some time, this system will reach
an equilibrium. If the (statistical) temperature of the system and thus each cell is 7' = 1 mK, all the cells
will have a definite energy level. Find the difference between the highest and lowest energy states in eV.

34. CONDUCTING SHEETS [This problem has been removed from the test.|

35. A TiIRED FrappPY BIRD A flappy bird can jump multiple times in the air. Each time it jumps
mid-air, it can suddenly change its speed and direction. For every jump, the bird can decide when to jump
and in which direction. Between jumps, the bird falls freely under gravity, which pulls it down at the
acceleration g. Say, our tired flappy bird starts off the cliff of height H with the jumping velocity V[1] = Vj.
Subsequent jumps in mid-air have decreasing velocities, i.e. the n-th jump has speed Vn| = Vy/n (n > 1).
This majestic Vietnamese animal wants to travel as far as possible horizontally before it lands on the
ground. Find the maximum horizontal distance the bird can travel (denoted as L in the figure below) in
meters, given that H = 100m and Vy = 10m/s. Note that each jumping velocity is the total speed of the
bird after the jump (rather than e.g. adding to its speed before the jump).

VI1]

g
w V2]
H . V3]
T V4]
L - [
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