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Question 1

A particle is in equilibrium. What does this statement mean? [2]

A bead can slide on a smooth circular wire of radius a, which is fixed in a vertical plane.
The bead is displaced slightly from the highest point of the wire. Find the speed of the
bead as a function of 6. [10]
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The bead experiences two forces; R, the reaction force, and mg, and the force due to
gravity. What is the work done by R on the bead? [5]

[hint: the bead is always moving tangentially to the wire]
What is the Lagrangian for the bead? [5]

The bead passes through the lowest point with a finite velocity. What height will the bead
reach on the left-hand side of the ring? [3]




Question 2

Consider 2 particles at positions P; and P, with masses m; and m; respectively. Their
centre of mass G is the point situated along the line connecting the two masses, between
PP, , such that

PG=—"2_PpP, and similarly GP, =
m;, +m, m, +m,

m

PP,.

For many particles, we can generalize the above expressions, and obtain

G

Show that the position of G is independent of the origin of the co-ordinate system. [5]
[hint: shift the origin, so that r; become r’; =r; + A, and work through the algebra]

Using a two-particle model for the earth-moon system, show that the earth and moon
revolve about a point that is approximately 2,900 miles (4,640 km) from the centre of the
earth. The mass of the earth is 81 times that of the moon and the distance between them is
240,000 miles or 384,000 km. List the assumptions you have made in obtaining this
result. [10]

[just for interest: the mean radius of the earth is 4,000 miles or 6,370 km.]

In the centre of mass frame of the earth-moon system, both bodies move in ellipses about
the centre of mass, with semi-major axes of

m m
a=—2a and a,=—la

where M = m(earth) + m(moon), a=3.8 x 10°km., a; = the distance of the moon from
the centre of the centre-of-mass of the moon-earth system, a; = the distance of the earth
from the centre of the centre-of-mass of the moon-earth system, m; = the mass of the
moon, m; = the mass of the earth.

This leads to a small oscillation in the apparent direction of the sun (as viewed from the
earth). The distance of the earth-moon system from the sun is about 1.5 x 10°%km. What is
the angular amplitude of the oscillation as viewed from the earth?

[10]




Question 3

Estimate the mass of the earth, given that the acceleration induced by the gravity of the
earth at its surface is 9.81 m/sec?. List any assumptions you make. (5]

A rocket is fired from the surface of the earth. What is the lowest speed that the rocket
must have so that it just escapes the earth’s gravitational field. Neglect the rotation of the
earth and air resistance. (10]

If the projectile is launched with a velocity less than the escape velocity, it will reach a
maximum height and then fall back to earth. Derive an expression for the maximum
distance between the earth and the rocket. [10]

The gravitational constant, G, is 6.672 x 10" Nm? kg’2
The mean radius of the earth is 6.4 x 10° km




Question 4

Use Lagrangian mechanics to determine the period of a simple harmonic oscillator that
undergoes small oscillations about its position of equilibrium. [25]




Question 5

Consider the rotation of a rigid body about a fixed axis chosen to be the z-axis. The origin
of the co-ordinate system lies on this axis such that the z co-ordinate of the centre of mass
of the body is zero. Using cylindrical polar co-ordinates, (p ¢ z), p and z of every part of
the body are fixed, only ¢ changes with time.

Show that v = @ xr, where v is the velocity of a small part of the rigid body, and r is its
distance from the origin of the co-ordinate system. What is the relationship between w
and ¢? [10]

If the angular momentum J, = I, where I is the moment of inertia, derive an expression
for the rotational kinetic energy of the body in terms of I and w. [5]

For a body rotating about the z-axis, there may be components of J perpendicular to the z
direction, and one can write

Ji =L.w Jy = I ). =1m.

By considering the rate of change of the three Cartesian co-ordinates, because of the
rotation of the body, obtain expressions for I, Iy; and L. [10]




Question 6

A tennis ball, mass m and diameter 0.1m, rolls down an inclined surface. Its centre of
gravity starts at height 4 above the laboratory bench. What is the change in the height of
the centre of gravity of the tennis ball? [5]

What is the velocity of the tennis ball at the moment it first touches the bench?  [15]

Carefully list all the assumptions you have made in your calculation. [5]

s

Treat the tennis ball as a thin spherical shell which has a moment of inertia I = —23-ma2

where a is the radius of the tennis ball.




Acceleration due to gravity 8
Gravitational constant G
Avogadro constant . Na

(Note: 1 mole = 1 gram molecular—weight)

Ice point . Tice
Gas constant R
Boltzmann constant k, kg
Stefan constant T
Rydberg coanstant R_

Rghe
Planck constant h
h2x ' 4
Speed of light in vacuo c

fc
Charge of proton e
Mass of electron me

Rest energy of electron

Mass of proton my
Rest energy of proton

Oue atomic mass unit : u

Atomic mass unit‘ energy equivalent

Electric constant

€o
Magnetic constant ko
Bohr magneton EB
Nuclear magneton EN
Fine-structure constant o=

Compton wavelength of electron A, =

Bohr radius a4,
angstrom ]
torr (mm Hg, 0°C) torr
barn b
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981 m s—2
6.673 x 10711 N m? kg~2.

6.022 x 1023 mol™!

273.15 K

8.314 J K™ mol™!
1.381 x 10723 J K™ = 0.862 x 1074 eV K™
5.670 x 107% W m™2 K™4

1.097 x 107 m™!?
13.606 eV

6.626 x 10734 J s = 4.136 x 10775 eV s
1.055 x 10724 J s = 6.582 x 1071¢ eV s
2.998 x 108 m s™!?

197.3 MeV fm

1.602 x 10719 C

9.109 x 10737 kg

0.511 MeV

1.673 x 10727 kg
938.3 MeV

1.66 x 10727 kg
931.5 MeV

885 x 1072 F m™!

4r x 1077 H m™!

9.274 x 10724 A m2 (J T™)
5.051 x 10727 A m2 (J TY)
7.297 x 10~3 = 1/137.0

2426 x 10772 m

5.2918 x 107" m

10719 m

133.32 Pa (N m™2)

10728 m? |



