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Theoretical Question – T1
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General Instructions

1. The theoretical examination lasts for 5 hours, consists of 3 questions, and is worth a total of 60 marks. It will be converted to 30 marks in the final scores.
2. Dedicated APhO Answer Sheets are provided for writing your answers. Write your answers only on the Answer Sheets (marked A). Enter the final answers into the appropriate boxes in the Summary Table of Answer Sheets on the first (or two) page(s). 
3. There are extra Rough Sheets for carrying out detailed work/rough work (marked B). If you have written something on any sheet which you do not want to be graded, please cross it out.
4. Fill out all the entries in the header (Student Code and Page number).
5. You may answer the questions T1, T2 or T3 in any order. You may be able to solve later parts of a question without having solved the previous ones.
6. You are not allowed to leave your working place without permission. If you need any assistance (malfunctioning calculator, need to visit a restroom, insufficient answer sheets or rough sheets, etc), please draw the attention of the invigilator using one of the two cards (red card for help and green card for toilet).
7. The beginning of the examination will be indicated by the sound signal of a gong. Also there will be sound signals every hour indicating the elapsed time. Additionally, there will be a sound signal, fifteen minutes before the end of the examination. At the end of the examination, there will be a long sound signal.
8. At the end of the examination you must stop writing immediately. Sort and number your Answer Sheets and Rough sheets, put it in the envelope provided, and leave it on your table. You are not allowed to take any sheet of paper out of the examination area. 
9. Wait at your table till your envelope is collected. Once all envelopes are collected your student guide will escort you out of the examination area. 
10. A list of physical constants is given on the next page.





General Data Sheet

	Acceleration due to gravity on Earth
	
	

	Atmospheric pressure
	
	

	Avogadro number
	
	

	Boltzmann Constant
	
	

	Binding energy of hydrogen atom
	
	

	Magnitude of electron charge
	
	

	Mass of electron
	
	

	Mass of proton
	
	

	Mass of neutron
	
	

	Permeability of free space
	
	

	Permittivity of free space
	
	

	Planck’s constant
	
	

	Reduced Plank’s constant
	
	

	Speed of light in vacuum
	
	

	Stefan-Boltzmann constant
	
	

	Universal constant of Gravitation
	
	

	Universal gas constant
	
	




	
	Mechanics of a Deformable Lattice
	(Total Marks : 20)

	[image: ]
	Here we study a deformable lattice hanging in gravity which acts as a deformable physical pendulum. The system has only one degree of freedom, i.e. only one way to deform it and the configuration is fully described by an angle . Such structures have been studied by famous physicist James Clerk Maxwell in the 19th century, and some surprising behaviors have been discovered recently.
As shown in the Figure 1, we consider a system of  identical triangular plates (red triangles) that are freely hinged by identical rods and form an  lattice ().  The joints at the vertices are denoted by small circles. The sides of the equilateral triangles and the rods have the same length .  The dashed lines in the figure represent four tubes; each tube confines  vertices (grey circles) on the line and the  vertices can slide in the tube, i.e. the tube is like a sliding rail. 








Figure 1

The four tubes are connected in a diamond shape with two angles fixed at   and another two angles at  as shown in Figure 1.  Each plate has a uniform density with mass , and the other parts of the system are massless.  The configuration of the lattice is uniquely determined by the angle , where  (please see the examples of different angle  in Figure 1).  The system is hung vertically like a “curtain” with the top tube fixed along the horizontal direction. 


[image: ]








Figure 2

The coordinate system is shown in Figure 2. The zero level of the gravitational potential energy is defined at .  A triangular plate is denoted by a pair of indices , where  representing the order in the  and  directions respectively. , , and  denote the positions of the 3 vertices of the triangle . The top-left vertex,  (the big black circle), is fixed (pivoted), and it is not necessarily at the intersection between the top tube and the left tube.
The motion of the whole system is confined in the - plane. The moment of inertia of a uniform equilateral triangular plate about its center of mass is . The free fall acceleration is  . Please use  and  to denote kinetic energy and potential energy respectively.










	

	SECTION A

For 

	[image: ]

	
Figure 3


	A1
	Derive the expression for the potential energy  of the whole () system for a general angle .
	2 points

	
	

	A2
	Hence, calculate the equilibrium angle  of the system.
	1 point

	
	
	

	A3
	For a small perturbation  from equilibrium, derive the expression for the kinetic energy  of this system in terms of . 

Hence, derive the oscillation frequency  of the approximate simple harmonic motion about the equilibrium position. 
	5 points










	SECTION B

For arbitrary 

	B1
	Derive the equilibrium angle  under gravity.
	3 points

	
	
	

	B2
	Consider the case for large . Under a small perturbation  from equilibrium, the change of potential energy of the system is, the kinetic energy of the system is , and the oscillation frequency is .  Deduce the values of , , . 
	3 points





















SECTION C

A force is exerted on one vertex of the  triangle vertices so that the system maintains at  (refer to Figure 1). 
The top-left vertex, , is fixed (pivoted).

	C1
	Deduce and explain which vertex of which triangle we should choose to minimise the magnitude of this force. (Refer to Figure 2 for the labelling convention.)
	1 point

	
	









Figure 4


	

	C2
	Determine the direction and magnitude of this minimum force. Describe the direction in terms of the angle , measured from the positive -axis, as shown in Figure 4.
	5 points
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