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1. Mechanics 1

This chapter aims to cover the basics of mechanics, including:
e Newton’s Laws and Energy Conservation
e Collisions
e Resisted Motion
e Variable Mass problems

Most of the material covered here will not be unfamiliar to students who have studied
physics in high-school, though it may be expressed in a slightly different way, such as using
vector notation in collisions. The mathematics required is quite simple, only requiring
basic knowledge of integration and linear algebra.
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1.1 Newton’s Laws and Energy Conservation

Most of the physics dealt with in this chapter relies on these two concepts, and their
consequences. It is essential that any physics student is very much at ease with these.

1.1.1 Newton’s Laws

All physics students should already be very familiar with Newton’s Laws of Motion. They
are as follows:

1. Every body moves in a state of uniform motion unless acted upon by a net force
2. The rate of change of momentum is equal to the applied force:

dp dm dv
g 1.1
ppa i Ya T (1.1)

3. When a body exerts a force on a second body, the second body simultaneously exerts
a force equal and opposite to the second body.

Most students may not have seen (1.1) in the form shown above; generally, this will reduce
to F = m% for problems that do not involved variable mass.. However, (1.1) does lead to
an interesting result: in an isolated system, total momentum is conserved.

This means that p, (the linear momentum) is a conserved quantity.

In general, we only use Newton’s Laws for simple systems, as it is much more effective to
use other methods when the system becomes more complicated.

1.1.2 Energy Conservation

Most forces are what we term non-conservative forces. Energy is lost from the system as
a result of the force, usually dissipated as heat or light energy. However, there is a special
class of forces called (you guessed it!) conservative forces. In this case, the work done to
move an object between two points in space is independent of the path taken. An everyday
example of this is gravity. You may take any path from point a to b, but the work done
will always be given by:

Uso = U(b) — Ula) (1.2)

As a result, for a conservative field, we can write the force as a gradient of some scalar
potential:
F=-VU (1.3)

This result is proven in the notes on CP4 in the section on conservative forces.

The law of the conservation of energy states that in any closed system, subject to no external
non-conservative forces, energy is conserved. This can be used as a powerful analytic tool,
even when the system is subject to external forces. For example, one can find the about
of energy dissipated by a resistive force by equating the energy before and after; we know
that the difference must be equal to the work done by the non-conservative force.
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1.2 Collisions

These should be the types of problems that most people will already be familiar with at
this stage, but we would recommend reading this section in any case as there may be some
elements not previously encountered. There are a couple of crucial points to remember for
collisions:

e In all collisions subject to no external forces, momentum is conserved
e In elastic collisions, energy is conserved

e In in-elastic collisions, we have:

Energy After = € - (Energy Before) (1.4)
V2 — U1

= |- 1.5

Sl b (1.5)

The quantity € is known as the coefficient of restitution. It is a measure of the amount
of energy that is conserved through the collision, and takes values 0 < € < 1. For
elastic collisions, e = 1, and for totally in-elastic collisions, € = 0.

e For an oblique collision, the motion is only changed along the common normal be-
tween two objects

We can use these results to derive a useful result for elastic collisions. Consider two objects
m1 and mg that undergo a head-on collision. By the conservation of energy and momentum:
miuy + Moz = M1V + Mav2

ml(vl — ul) = m2(u2 — ’02)

2 2

2 2
miu1” + moug® = miv1” + move

m1(1112 — u12) = TI’LQ(U22 — 1}22)

my(v1 —u1) - (v1 +u1) = ma(ug — v2) - (ug + v2)

Hence, we obtain:
V1 — V2 = Uy — Ul (16)

This means that in a elastic collision, relative velocity is maintained throughout.

1.2.1 Centre of Mass frame

This frame, referred to in short as CM, is a very useful tool for solving collision problems.
In this case, we define all quantities relative to the centre of mass, which is defined as:

o= D Tty

ecm T Zi m;

We then use the Galilean transformations to move into the CM frame.

(1.7)

/_ .
Uy = Uy — Ty

Generally, one notates CM frame quantities using a prime.

The CM frame is useful for three main reasons:
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e There is net zero momentum in the CM

e The speeds of the particles before and after the collision are the same.

myuy + mouy =0
myvy + mavh =0
uy — Uy = v} — vy
my my

! /
——u; —u; =v; +—u;
ma ma
mi mi
—uy (1+— ) =v) (1+—
ma ma
= |u;| = |y

{2

CP2

(1.8)

e The particles leave an oblique collision at the same angle in the centre of mass frame.
This is because angles are transformed in the CM frame; we need to use trigonometry

to convert back to the lab frame.

Consider the following example. A particle of mass 2m travelling at an initial speed u col-
lides inelastically with a stationary particle of mass m. What is the velocity of the second

particle after the collision?

First, we want to transform to the centre of mass frame:

_2u 1
Qcm_g 0

The initial velocities in the CM are thus:

Consider Figure (1.1).

Figure 1.1: Transforming between the CM and lab frames
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We can use (1.5) to write that:

_u (ecosf+2
3 esin 8
Vg = V) + Ve,

2u (—ecos B+ 1
3 —esin 8

Using the cosine rule with reference to Figure (1.1):

12 _ 2 2
Vy" =" + Ve — 209Uy, cOSH

/ 2
v .
Vg = Upp, cos@i\/<2> —sin% 6
Yem
2 ;
—vh" =v,, (COSQ:E\/GQ—SIHQQ)

This is the final velocity of the particle of mass m in the lab frame.

1.2.2 Oblique Scattering

Suppose that a particle of mass m undergoes an elastic collision with an identical stationary
particle. Let the angle separating the final velocities of the two particles be 6. By the
conservation of energy and momentum:

212 = 212 + 222
Up = V1 + Vg
Taking the dot product of both sides:
Uy Uy =01 -0 +2Q1 “ Vg + Vg - Uy

uy? = v,% + vy° + 20,0, - cos(6)

— 20,0, - cos() =0 (1.9)

This leads to the interesting result that either v; = 0 or § = § after the collision. In the

second case, u; - v; > 0, and hence the first particle is scattered through an angle of less
than Z.
2

1.2.3 Max Deflection Angle

Consider an elastic collision between a particle of mass m; moving with a velocity u; and
a stationary particle of mass mso. By the conservation of momentum:

miuy = MUy + Moy

mi

222772'(21—92)
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By the conservation of energy:

miuy? = myvy> 4 mavy?

miuy? — mivy? = mavy?

2 2 2
mi (@1 — Y ) = M2Yy
Eliminating wve:

mims (212 - 212) = m12 (212 - 212)2

2
= my > (u12 + 12 — 2uqvy cos 0)

(:08(9):;1(I—mQ>—i-v1(1—&-m2

mq

Differentiating with respect to vy:

(75} mo 1 mo
——(1-—=)+—(1+—=) =0
21)12( m1)+2u1( +m1>

1 m2

mi

— V1 = U1 1 pys
+m*1

Hence, the maximum deflection angle for the larger mass is given by:

0 =sin~! (m2>
mi

)

Cp2

(1.10)
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1.3 Resisted Motion

Most of the scenarios we deal with will not include resistive forces, as this evidently makes
the situation much more complicated. However, a particularly important case to take ac-
count of such restive forces is with motion under gravity, such as for falling objects. This
means that we can introduce the concept of the terminal velocity of an object; the object
will reach a stage where the resistive force is equal an opposite to the downwards gravi-
tational force, and so the object will stop accelerating. In general, terminal velocity (vr)
occurs as t — co where % = 0.

There are two main types of resistive forces in this case:

e Laminar flow - This is where the resistive force is oc v. It mainly acts when the body
is at lower speeds

e Turbulent flow - This is where the resistive force is oc v2. It begins to act when the
body achieves higher speeds

In most cases however, we shall only deal with one of these forces at a time. Recall that:

dvv dr dv = dv

dat ~ dt de dx
Depending on whether we want a time or distance dependant expression, we can solve the
equations of motion by writing the acceleration as one of these expressions.

(1.11)

1.3.1 Resisted Projectile Motion

This is a slightly more mathematically involved example. Suppose that the resistance

experiences by a projectile is launched at a speed u at some angle 6 to the horizontal,

and that is experiences a resistive force F, ., = —mkv. Then, by (1.1), we can write the
equations of motion as:

dv

mdig = _Eres + mg

= —mkv + mg

Separating the two equations into components:

() =)+ (%)
Yy Yy -9
We can then solve these two separable equations to obtain the solutions of:
0
_ s (1 )
1
y=1 (u sin(0) + %) (1 - e_kt) - %t

It has been left an an exercise to the reader to check these. For simplicity, let u, = u cos(6)
and v, = usin(f). What is the maz range of the projectile? First, let us find the equation
of path:

S

1 kx
t=—=In(1-—
kn( u0>

_ 9N 9, (1 _F
—>y—(vo+k)%+k2ln<1 Uo>
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Now, for max range we want y = 0. We can use the Taylor expansion of the logarithm and
ignore terms of O(k?®) and above for small resistive forces:

k 1 k2 1 k3
(1)

V)
o g " - -
Uo 2 U, AT

g
0=— =
uoa:+ kuox-i- 12

v, 1 g 1 gk
= T— —=
Uy 2 U2 3 uy2

RIT 1 g 1 g2 4dwv,gk

gk | 2w du,t 3wyl

— T
Then, using a second Taylor expansion, except keeping terms only in k:
2
m:_§ﬁ 1+ 1+§Uok_1 E ’ UOQ'ICQ
4k 3 g 8\ 3 g2

3 u, 8uok  32v,2k2
=-"2(1-1-= + =
3 g 9 g2

4 k
QuoUy 8V luok
— Tmax = - = D)
g 3 9

Evidently, this is just an approximation, but there is no way to analytically solve the

problem.

10
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1.4 Variable Mass Problems

The form that (1.1) is written in becomes more relevant when the body that is being
considered has a variable mass. This is because the conservation of momentum has to be
applied both to the body and the mass that is lost.

For variable mass problems where the mass is being acquired or lost vertically at zero
velocity, the net force on the system is just equal to the weight of the mass. For a rate of
mass ejection o

This just represents the loss of momentum from the system that results from the body
losing mass.

1.4.1 Rocket Motion

One very common type of problem that is encountered when considering variable mass
is that of a rocket, as it evidently it decreases in mass as fuel is forced out of the back
of the rocket. We can derive the equation of motion of the rocket my considering the
conservation of momentum from first principles. Consider Figure (1.2), and suppose that
the fuel is ejected from the rocket at a rate a with relative speed w.

v m [ V+8v m-8m

.

v-u om

Figure 1.2: Deriving the Rocket Equation

By (1.1):

dp = (m — om)(v + év) + om(v — u) — my
= mdv — dmu — dmodv

= mdv — dmu

as dmow is very small. Now, dm = —dm, so dividing through by ét and letting 6t — 0, we
arrive at the Rocket Equation:
dp  dv dm
at ~Ma Tt

We can then use the fact that ‘% = —a to find the final velocity of the rocket upon burnout

(1.12)

11
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(i.e when all the fuel has been used up).

m fuel
tburnout = o
dv n dm
-mg=m— +u—
9= T
dv
—m
7 U
dv n U
dt g me — at

This has solution:
Mo
— Uburnout — U - n{——— | — gtb
me — aty
where t, = tpurnout- A couple of points to bear in mind when solving rocket problems:

e To find the height, integrate the expression of the velocity with respect to time up
until the burnout

e To find the maz height, use conservation laws to find the extra height gained due to
the velocity that remains upon burnout

e For multi-stage rockets, transform to the frame moving at burnout velocity, and
solve the problem of the next stage in this frame. Then, transform back to the initial
frame by adding the initial velocity; the final velocity is just the sum of the burnout
velocities of each stage assuming that the jettisoning of each stage is instantaneous

1.4.2 Relativistic Rocket

This is an interesting problem that involved relativistic variable mass. It is recommended
that the reader takes a look at Chapter 3 before reading through this problem.

Suppose we have a rocket that converts mass directly into energy and ejects it from the
back of the rocket in the form of photons. Initially, let us consider the problem in the rest
frame of the rocket. By the conservation of momentum:

mdv' 4+ vydmys =0
By the conservation of energy:
dm — ydmy = 0

mdv' = —vdm
dv’
= -0
"am v
We now need to transform to the rest frame of the stationary observer. Using (3.9):
v+ dv
1+ v”i—g/

~ (v—l—dv’) <1 — c%dv’)

v+ dv =

idv’2

02
:v+dv'7—2dv’f 5
c c

2
:’U+dv'—v—2dv’
c
2
—>dv:dv/<1—v2>
c

12
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Now, as photons travel at v = ¢, we arrive at the equation of motion:

dv v?
m—+4c|(l——=]=0
dm < c? >
This separable equation can then be solved using partial fractions to find the subsequent
evolution of the system.

13
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This section aims to cover some of the more advanced concepts in Mechanics, including;:
e Dimensional Analysis

e Dynamical Coordinate Systems

Rotational Dynamics

Central Forces and Orbits

e Lagrangian Mechanics

In all likelihood, most of the concepts covered in this section will be new to most readers.
Quite a few examples have been included to help facilitate further familiarity with said
concepts. This chapter assumes that readers are already very competent with using the
concepts elucidated in Chapter (1).

14
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2.1 Dimensional Analysis

Dimensional analysis is a useful tool for physics in general; it can be used to find the
form of physical formulae, or even check results obtained as a solution to a problem. A
dimension is a fundamental quality of a physical quantity, and can include things such as
length, time, mass and electric charge. Every other physical unit can be derived from some
combination of these dimensions. This means that, say, we expect an answer to have units
of m, then if the result does not have dimensions of length, then we know that something
has gone awry. Note that when we input numbers into an expression the dimensions do not
simply ’disappear’; numbers still have dimensions, unless of course that number is meant
to be dimensionless.

We denote the dimensions of some quantity @ by the notation [@]. The ’fundamental’
dimensions are:

[Time] =T
[Metres| = L
[Mass] = M
[Charge] = Q

We can also use dimensional analysis to derive formulae to within some dimensionless
constant. The general method is to write the desired quantity as a product of the quantities
it depends on to a set of powers, and then equate the powers of the resultant dimensional
quantities. For example, suppose we want to obtain the formula for the cyclotron frequency.
We know that Q o« B, m, ¢. Thus:

Q:k-Ba-mb-qC
] = [k] - [B]" - [m]" - [¢]°
T = (MTTQTY - (M)’ - (Q)°
= Motb. e, Qee

Equating powers on either side of the equation, it becomes clear that:

a+b=0
a=1
c—a=20

—a=1,b=-1,c=1

The cyclotron frequency is thus given by:
qB

=k =
m

15
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2.2 Dynamical Coordinate Systems

Generally, we are used to coordinate systems being time-independent; the z-axis remains
in the same direction throughout all time, as is the case with all of the Cartesian coordinate
axes. However, some coordinate systems are dynamical, meaning that they change with
time. One such coordinate system is the polar coordinate system with unit vectors 7 and
0. Recall that 7-7 = 1.

d
SEP) =0
&P
Z‘E—O
o dr
J_;

T

This means that the time derivative of 7 is not in the same direction as itself. In fact,
0.
-7 (2.2)

)

N
o
—

~—

Iy 1)

This means that the acceleration in polar coordinates is written as:
i = (r . r92> T+ (Qfé n ré) ] (2.3)
This follows from the differentiation of the position vector r.

2.2.1 Rotating Reference Frame

For some problems, it helps to work in a rotating reference from. For F = m#, we can
write F’ in the rotating frame as:

mr! = F —md x 1’ — 2mw x 7/ + mw x (w x 1) (24)

Note that in most cases, r’ || r , but the magnitude is not necessarily the same. The second
and third terms on the right-hand side of the equation represent the Coriolis force, and
the fourth represents the Centripetal force.

Consider the example of firing a projectile from a tower of height h on the equator of the
Earth. Let the Earth have angular velocity w. The distance taken for the projectile to
reach the ground is most easily found by considering (2.4). We know that w = 0 as the
speed of rotation of the earth is constant, and we can ignore w X (w x r’) as w is small.

mr' =F —2mw x 1’

i 0 0 i
yl=—-1-9])-2(0] x|y
3 0 E

16
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In comparison to ¢ , ¢ is very small.

J=—g+ 2wt
~—g
y=—gt
1 2
= ——gt
Yy 29
2h

T = —2wy
= 2wgt

L3

T = -wgt
3 9

Hence, the distance that the projectile ends up from the base of the tower is:

2
T = —wh- %
3 g

This is assuming that the radius of curvature of the earth is sufficiently large that the
surface of the earth can be considered to be locally flat.

17
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2.3 Rotational Dynamics

This section focusses on the concept of rotation. Generally, with think of the motion of
an object in mechanics as simple linear motion of the object. However, during it’s motion,
the object may have some rotation about the centre of mass. In fact, as we will see, any
motion of the system can be split into the translation of the centre of mass, and a rotation
about the centre of mass.

2.3.1 Angular Momentum and Torque

Angular momentum is defined as:
L=rxp (2.5)

Under the condition that r L p, this can also be written as:
L=1w
= mur
= mrf

From the cross product, it becomes clear that the direction of angular momentum is per-
pendicular to the plane of the instantaneous motion.

dL
o S LxE+ixp
=rxF+4+1xmr
=rxF
We defined the torque on an object as:
dL
T=rxF=—p (2.6)

Thus, angular momentum is conserved in the absence of external torques. This is the
'rotational analogue’ (if you like) of (1.1). Let us consider the total angular momentum of
the system using the centre of mass quantities:

L=} L,
)
= Zml ’ (fg +£cm) x (Qi +Qcm)
i

:Zmz(ﬁg XQ;)_‘_Zml (ﬁ; chm)+zmi'(fcm Xy;>+zmi'(zcm chm)

The first and third terms will disappear by the definition of the centre of mass. Hence, we
obtain:
L=L 4714, x My, (2.7)

As previously stated, this means we can characterise motion as the translation of the CM
and a rotation around it.
2.3.2 Moment of Inertia

There is a quantity used a lot in rotational mechanics called the moment of inertia of a
body. It is defined as:

7= /TQ .dm (2.8)

18
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where dm = p-dV, and r is the perpendicular distance to the axis of rotation. If we wish
to work out rotational quantities about a particular axis, we first need to calculate the
moment of inertia about said axis.

The moments of inertia of some common objects are as follows:

e Thin rectangular plate of side lengths a and b:

M
dm = — - dxdy
ab
I, = lez
12
I, = 1M2
y = e

1
L=M (a® + b%)

e Thin circular disk of radius R:

M
dm ok (27r - dr)
— I, = %MRQ

e A sphere of radius R. We want to calculate this by summing up the moments of
inertia of the disks that make up the sphere:

dl = %xzdm
dm = (rx?)pdz
_ 3M
P~ 1rR3

— I = ~MR?
5
e Long, narrow rod of length I:
M
dm = —

l
1 2

-1, =—MI
12

e Solid Cylinder of radius R and length I:

Figure 2.1: Coordinate system for deriving the Moment of Inertia of a Cylinder
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- I, :
M
dm = T (27 - drdx)
1
— I, = -MR®
2
— Iy
1 2
= 2d1,

1 1
dl, = deRQ + dexQ
1

1
= -MR?>+ —MIL?
4 R+12

Some integration steps have not been included; it is recommended that the reader works
through each of these examples on their own to get a handle on deriving moments of inertia.

2.3.3 Axis Theorems

There are two ’axis’ theorems that can be used to simplify or manipulate moment of inertia
calculations. These are as follows:

e Parallel Axis Theorem:

—

Figure 2.2: Deriving the Parallel Axis Theorem

Let d be a constant vector that gives the position of the parallel axis relative to the
axis through the centre of mass.

r'=r+d

I:/T'Q'dm
:/rz-dm+d2-/dm+2d-/rdm

However, the third term will again disappear by the definition of the centre of mass.
Hence we obtain the Parallel Azis Theorem:

I =1+ Md? (2.9)

20
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e Perpendicular Axis theorem:

L:/fdm
:/(x2+y2)-dm

I =1,+1, (2.10)

Note that this only holds true for a planar body. One consequence of this theorem
is if the body is uniform (e.g a regular pentagonal laminar), the moment of inertia
through any two orthogonal azes must be the same.

2.3.4 Example Problems

Below are a range of problems covering different aspects of the material in this section.
They should serve as examples that can be referenced when working on harder or more
involved problems.

1. Imagine that a ball of radius a rolls without slipping down a ramp inclined at an
angle 6 to the horizontal. Let x be the distance moved by the ball down the ramp,
and h be the vertical distance of the ball below the top of the ramp. What is the
acceleration of the ball down the ramp?

Firstly, the condition for a ball to roll without slipping is given by v = wr, as the edge
has to move at the same velocity as the CM. Furthermore, if the ball rolls without
slipping, we know that no energy is dissipated by frictional forces. This means that
energy is conserved. We can thus write:

mgh = %m (v2 + Iwz)

1 2 I 5
:2m<v —|—ﬂm2v>

1
= imv2(k: +1)

1
for k= 5
ma
Re-arranging and substituting for h:
2gh
2 _
YT R
_ 2gxsin(0)

E+1
Differentiating with respect to time:

9 dv _ 2gsin(6)

Cdt T k41
dv _ gsin(h)
dt  k+1

Evidently, it is clear that does not only hold for a sphere sphere, but in fact holds
for any object able to roll without slipping.

21
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2. Imagine that a snooker ball of radius a sits on a rough, horizontal table. At what
height does one have to hit the ball with the cue such that it moves off without slip-
ping?

Figure 2.3: Hitting a snooker ball

Equating torques around the ball’s CM:
Fh—a)=1I¢n-w

For rolling without slipping:

)
= —
a
Fh—a)=1Iem >
However, by (1.1):
. F
v=—
m
h —q= Icm
ma
I
—h=—"+a
ma
For a sphere, this becomes:
Ta
h=—
5

Now consider what happens if we do not hit the ball in this "sweet spot". How

far does it travel before rolling without slipping begins? Again, let us equate torques
around the centre of mass:

F-r=1w
F=pmg — w:;m;gr
umgrt
w =
1
umgr2t
V=
g

22
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We have imposed the rolling without slipping condition. The centre of mass acceler-
ation is given by # = —pug.

,umger
=V — gt

2
mar
t<ug+” Ig )—vo

—>to:vo~(ug+

pmgr? !
I

Thus, the distance travelled by the CM is:
.
dzvo't—i-r-t2

1
:Uo'to_i'(umg)‘tOQ

And then solve the equation numerically for d.

3. Imagine that a rod of mass m and length [ is released horizontally under gravity
without resistive forces. An force of magnitude F' is delivered instantaneously to
one end of the rod that causes the rod to rotate with angular frequency w,. What
magnitude of force is required such that the rod returns exactly to its starting position?

The subsequent motion of the rod involve the motion of the centre of mass upwards
and a rotation around the centre of mass, as shown in Figure (2.4).

F/2 F

cm

F/2

Figure 2.4: Decomposing the vertical impulse on a rod

We want to find the time to max height by considering the change in angular mo-
mentum on the rod:

l

Féti = I(JJO
Fot = mo,

l
§mv0 = Iw,
wol
Vo = ——

© 6

wol

— tmaa height — @

Using the fact that I = 11—2ml2 about the CM for a rod. Now, for it to return exactly
to it’s starting position, we require it to execute an integer number of full revolutions
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in the time it takes to rise and then fall again. Mathematically, we can express this

as:
wol
21 — | w, =21
6g

9 67ng
. = ——=
l
P 21w,
l
1
= 6mlwo
1

Thus, there are actually an infinite number of forces that can be applied as n can
take any integer value; the only thing that changes is the maximum height and
subsequently the number of rotations.

4. Consider a rod of length [ and mass m lying on a flat horizontal table. Suppose that
an impulse is delivered at a distance x from one end of the rod. What is the value
of x that is required such that the end of the rod experiences no initial acceleration?
This is a typical centre of percussion’ problem.

Figure 2.5: The centre of percussion for a rod

Finding the angular momentum about the end of the rod:
F-x=1.4 w

The linear acceleration of the CM is given by:

F=mv
. F
= —

m

The linear acceleration of the end of the rod is given by:
Foz 1
Iend 2

For the end of the rod to experience a net zero acceleration, this must be equal to
the linear acceleration of the CM.

v =

F  Fx

m Iepg 2
—>a::2l
3

using the fact that the moment of inertia of a rod about its end is [ ¢,q = %le.
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2.4 Central Forces and Orbits

This section is all about tackling problems involving the orbital motion of bodies. Note
that in all cases, we will only consider the motion of a body under a single central force,
or at least a system that can be modelled as equivalent to a single central force.

What is a central force? Well, a central force is one that only acts in the radial direction,
ie F' = F(r)r. Readers will already be familiar with a number of central forces, such as
the force due to Coulomb’s Law or Newton’s Law of Universal Gravitation:

Gmimy
_ 7

Fy=— (2.11)

By it’s definition, a central force will always pull an object inwards toward the origin of
the central force, and the motion of objects under the influence of these central forces is
what we typically think of as orbits. For a very simple circular orbit, the central force is
analogous to the centripetal force that keeps the object in circular orbit.

Central forces have two main properties when applied to orbital mechanics:

e Under a central force, angular momentum is conserved

L=rxp

dL

o SLXptixp
=rXp+ixmi
=rxF

Using the fact that for a central force F = F(r)r :

dL

e Under a central force, the motion is confined to a plane. We know that the momentum
of a body is given by L = r x p = m(r x 7). It is clear that r- L = 0. As L is a
constant vector from (2.12), this is an equation of a plane through the origin. Hence
the motion is confined to a plane.

2.4.1 Kepler’s Laws

Kepler’s Laws govern the motion of orbital bodies, though they are less useful tools for
solving a lot of orbital problems. They are as follows:

1. The orbit of every plane is an ellipse with the sun at one of the foci

2. A line joining the planet and the sun sweeps out equal areas in equal times

dA = ér(rd@)

1
= —r2do
2
dA _ 1 ,do
dt 2 dt
_ L
- 2m
— % = constant
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3. For a body orbiting a larger body of mass M with radius of orbit r and period T*

r3 ~GM

T2  Ax?

This can be derived by equating the gravitational (2.11) and centripetal forces for
an object performing circular motion.

(2.13)

mu? _ GmM
ro 12
For a circle,
_ 2mr
V=T
Substituting this result in:
42r? ~GM
T
3 GM

T e
Despite deriving this equation assuming a circular orbit, it does actually hold for any
periodic orbit (not hyperbolic orbits), though the proof for this is significantly more
complicated.

2.4.2 Energy of Orbital Motion

Most problems in orbital mechanics are most easily solved by considering the total energy
of the object. As angular momentum is conserved under central forces, energy is also
conserved assuming no impulse is given to the body. We know that:

Etotal =KE+U

Let us first consider the kinetic energy:

v 7
= \ré
02 = 2 4 262

KE =-mv

By the definition of angular momentum for the case where r L p:
L =mor
= mr?f

1 L2
—~ KE = ~my?
SR

Now, the potential energy is just the work done against the central force to bring the object
in from the zero of potential, that we will define as being at oco.

U:—/F-dr

* GmM
:—/ m .dr

r2

_ GmM

r

- U=
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Note that this assumes that M > m, as we have assumed the centre of mass of the two
bodies is located at the centre of the body of mass M. If not, we have to use the Reduced
Mass System, as in Section (2.4.4).

The total energy of the system is thus given by the Orbit Equation:

1 5, L2 GmM
Etotal = §m7" + Gy — , (214)
2.4.3 The Effective Potential
The quantity:
L2 GmM
Ugrr = —
I omr2 r

is known as the Effective Potential of the system; it is the potential felt’ by the object
when the system has been reduced to a single variable equation (in this case r). It is an
analytical tool that can be used to examine the effect that changes in L and 7 have on the
system, as well as for classifying the type of orbit.

Graphically, we represent the effective potential as:

Energy 4
Ueff
E; :
r ro rs radius
Mrrin g
E,
Eo

Figure 2.6: The Effective Potential

We have three distinct cases for the type of orbit based on the value of the energy:
e I, - Circular motion with r = r,

e I - Elliptical motion with r; <r <
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e I - Unbounded or Hyperbolic motion with r > r

For an impulse delivered to an orbiting body, this can have an effect on the orbit in one of
two ways, depending on the direction in which the impulse is applied:

e Tangentially, L. — L 4+ AL - This causes a shift in the effective potential curve on
the graph (though the total energy remains the same), causing the radii to change.

e Radially, # — 7 + A7 - This causes a shift in the total energy, but the effective
potential curve remains the same. For example, the energy may shift from E, to E;.

When in doubt, always sketch the effective potential; seeing the energy represented graph-
ically can sometimes be the key to solving a tricky problem!

2.4.4 The Reduced Mass System

As previously stated, the Orbit Equation (2.14) is not valid when the two bodies are of
comparable size. In this case, we can treat it using the Reduced Mass System. Consider
Figure (2.7).

I

v

CM at Origin

Figure 2.7: The Reduced Mass System

By (1.1),

_ El?
Pp===
m1
_ Iy
Pp=—==
ma
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Let M =mq +mg and p = -21™2 (the reduced mass). Then:

mi1+ma
i:fg_f1
1
=——Fp
)
. GuM
—),ufz— ,,,.2 -

We can use this equation of motion to find the period of the orbit of the system.

. GM
r+—r=>0
T
3
T
T G(m1 + mg)

Note that this reduces to circular motion if m; = mo, as this implies that r; = ro.

2.4.5 Central Force Scattering

If an object located (initially) at the zero of potential energy is given a small velocity v,, it
will be attracted towards the body providing the central force. In this case, it will undergo
a hyperbolic orbit, which has two main characteristics:

e Distance of minimum approach - Initially, the body only has energy equal to its
angular momentum FE, = %mvo2. At the distance of closest approach, the energy is
no longer radial, meaning that 7 = 0. Assuming energy is conserved:

[

° 2mr + 2mr2 r
1 s L? GmM
Mo = 2mr? r

As angular momentum is also conserved, we know that L = mbv, for some charac-
teristic impact parameter b. Thus, solving for r, we obtain:

GM G2M?
Tmin = =7 T+ b2 (2.15)
o

Vo

e Scattering Angle - Consider Figure (2.8). Evidently, the  components of Ap will
cancel one another, and so we just have to calculate the y components.

M
F, = GTQ - cos
0 L
L=m® L —ap
dt mr?2
We can use this result to simplify the integral significantly.
Ap = /Fy - dt
M
_ / Gl o,
T
G 2 T4 e
= mM'/2 ’ cos@ - df
L Jog-s

M
=2 Gim - cos (£>
L 2
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Y
¢/2
* X
®/2
5]
®

central body

5N .

Figure 2.8: The Scattering Angle for a hyperbolic orbit

We now need another expression for Ap. Again looking at Figure (2.8), it becomes
clear that this is equal to:

Ap =2-mu, -sin (%)

Equating these two expressions, we arrive at the final expression for the scattering
angle of:

cot (f) = Lo = bv,?

2 GmM GM

Note that this is independent of the mass of the body.

(2.16)

2.4.6 Example Problems

Below are a range of problems covering different aspects of the material in this section.
They should serve as examples that can be referenced when working on harder or more
involved problems.

1. Suppose that NASA scientists wanted to put a satellite into a circular orbit of radius
r, with a velocity v,, but instead accidentally directed the impulse at an angle 6 to
the tangent of the desired orbit. What are the maximum and minimum radii of the
new orbit in terms of ro,?

In this case, the total energy of the orbit is the same, but the angular momentum is
changed. Initially, let us equate the gravitational and centripetal forces for circular
motion:

Mvy> _ GmM

To T2
, GM

— 0% =
To

This is quite a useful result for simplifying expressions involving circular orbits, so
try to remember it!

30



Toby Adkins CP2

actual orbit

B

intended orbit

Figure 2.9: The Misdirected Launch! NASA is at it again....

The angular momentum is given by:

L =mrovperp

= mryv, cos

As we know the energy in each orbit is the same, we need to find expressions for the
energy at points A and B.

1 GmM
Ep= fmUOQ _om
2 To
1 GmM
2 7,
1 L? GmM
Ep = -mi” —
B er + 2mr2 r

Equating these two expressions and letting » =0 :

1GmM  L* GmM

2 7, T o2 r
1GmM 2
0= = — (GmM —
2 r, " (Gm )T+2m

=12 — (2ry)r 4 74% cos? 0
using the results for L and v,2. Thus, we arrive at the quite simple expression of:

—r=r,(1£sind)

2. A comet in a circular orbit around the Sun has speed v, and radius rg = aR, where
R is the radius of the Earth’s orbit, and « is a constant satisfying 0 < o < 1. The
comet has its velocity reduced by Awv in a collision that does not change its initial
direction. What is the minimum Av required to move the comet into an orbit which
intersects that of the Earth?
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The initial energy of the comet is:

L? GmM
2mry? To
L =mry(v, — Av)

E, =

At the instant where it’s velocity is reduced, it is still in circular motion. We require

that EO = ER.
L? GmM 1 ., L? GmM
_ = —mr- + _
2mry2 To 2 2mR?2 R
Iz 1 _ GmM  GmM
omr,2  2mR2) 1, R
oR
= 2Gm*M
mn <ro + R)

Substituting L = mr,(v, — Av):

mro(vo \/2 m2M 1+a)
o o (1)
-

B

How does the expression change if the impulse Av is delivered in the radial direction
towards the sun?

In this case, the initial energy of the comet is:

1 L? GmM
E, = —mAv? —
o= pmavy +2m7"02 To
L =mr,v,

Again, we require that £, = F'r. Using the fact that R = T

L A2 N L2 GmM L? GmM
—mAv - = -
2 2mry? To 2mR2 R
1 1 L? GmM
—mAv? — Zmw,? = a _amia
2 2 2mry? To
1 1
§mAfu2 = ivaQ ~(a® + 1) — maw,?
1
= imvo2(a2 —2a+1)

— Av =v,(a — 1)
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Notice how the results are markedly different depending on the way in which the
impulse is applied. In general, it is much more ’energy-efficient’ to transfer between
orbits by changing the angular momentum, rather than giving the body some radial
velocity.

3. A probe of mass m is initially in circular orbit with radius r1. Show that with two
appropriately placed impulses, the probe is able to reach a second circular orbit of
radius ro > 1.

This question introduced the concept of a Hohmann transfer orbit; it is one of the
lowest energy methods for transferring an object between two circular orbits.

Before we tackle this question, we need to derive a useful result. Consider the energy
of a circular orbit r,:

1GmM
|EC| = 5
To
1 5 GmM
= —mv* —
2 r

Rearranging for v, we arrive at the vis-viva equation:

v=1|GM <ii> (2.17)

for a semi-major axis a. Note that despite deriving it by assuming circular motion,
the result does hold true for any closed orbit. Now we are ready to tackle the problem
at hand.

We can use the impulses Av; and Awvg, as shown in Figure (2.10), to achieve the
desired result.

original orbit

transfer orbi

intended orbit

Figure 2.10: The two impulses for a Hohmann Transfer Orbit
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Let us calculate each of the successive impulses. The initial orbital velocity is given
by:

GM
V] =4/ ——
1

At perigee, the elliptical transfer orbit has velocity:

MGM (o)

Thus, the first impulse must have value:

—)A’U\/GM \/ 2T1 1
1= 1 1+ 79

The orbital velocity in the second circular orbit is given by:

GM

T2

Vo =

At apogee, the elliptical transfer orbit has velocity:
2 2
. %;M (2.2
9 1+ 7o
= JGM (2”>
ra(r1 +12)

Thus, the second impulse must have value:

A GM 1 27’1
Vo = - . —
2 9 T+ 79
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2.5 Lagrangian Mechanics

As stated in Section (1.1.1), Newton’s Laws are a very cumbersome way to solve more
complicated systems due to both the sheer computation required and the fact that it starts
to becomes horrendously complicated to resolve forces. Lagrangian Mechanics allows us
to solve such problems much more easily by considering the principle of stationary action;
that the dynamics of a system are the minimization of a function that contains all the
information in a system. Consider a function I:

Tl
Z=/ F o) - do

Writing the Taylor Expansion of the function f :

of = féy—l—afléy + O(8y)
d
oy = 7 (99)
1
ol = of

aof
£E085+8/<65>‘d‘r

_ ™ af af

using integration by parts. We want 6/ = 0 for the functional to be minimised:
wrof  d o [o0f
0= = - — oy - d
/zo <<9y dx <0y >> ’
d (0f\ Of
Rz <8y’> y

This principle of path minimisation is what the Lagrangian Method. In fact, we have just
derived the functional form of the Euler-Lagrange equations, but more on this later. It is
often quite helpful to default to using Lagrangian Mechanics if unsure of how to solve a
problem, as this will often give way to a solution.

2.5.1 Definitions

First, we need to define a few key terms and concepts that are going to be referred to
throughout the course of this section. They are as follows:

e Generalised Coordinates - A set of parameters g that specify the configuration of
the system. These do not have to be orthogonal

e Degrees of Freedom - The number of independent coordinates that is sufficient to
uniquely describe a system

e Holonomic Constraints - Constraints on a system are described as holonomic assum-
ing that:
1. The constraints are independent

2. The system can be described by relations between general coordinate variables
and time

3. The number of generalised coordinates is reduced to the degrees of freedom of
the system

e Noether’s Theorem - Every differentiable symmetry of the action of a physical system
has a corresponding conservation law
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2.5.2 The Lagrangian

The Lagrangian (L) is not unique to mechanics; in fact, it crops up in many different areas
of physics. Generally, however, the Lagrangian is a function of the generalised coordinates
(gr), their time derivatives (gx) and time.

L= L(qk, g, t)
In mechanics, the Lagrangian is simply defined as:
L=KE-U (2.18)
For example, we can define £ some of the coordinate systems that we are familiar with:

e Cartesian:

1
L= 3™ ($2+z)2+é2) —U(z,y, z)
e Cylindrical:
Lo s o
L= 2m(r +r0°+ 2 ) —U(r,0,z)
e Spherical:

1 . .
L= gm (7'“2 + 7202 + r?sin® 0 - ¢2) —U(r,0,9)
Now, how do we use this? The hardest part about using the Lagrangian is usually finding
the Lagrangian itself; the rest is simply handle-turning. Once we have managed to find L,
we can find the equations of motion of the system using the Fuler-Lagrange Equations:

d (0L oL
~ (=) === (2.19)
dt \ Oqy, Iqy,

Note that for each coordinate and it’s time derivative, we have one Euler-Lagrange (EL)
equation. Note that the time derivative on the left-hand side is total; that is, which dif-
ferentiate the coordinates contained in the expression with respect to time, rather than

differentiate explicitly with respect to time. Don’t worry if this seems a little confusing
right now; have a read through some of the examples to becomes familiar with the process.

The EL equations actually have some interesting consequences due to Noether’s Theorem
(2.5.1). Essentially, if g—é = 0, then the quantity % is conserved. This is know as

the conjugate momentum, denoted by pr, and can be things such as linear or angular
momentum that are constants of the motion.

2.5.3 The Hamiltonian

The Hamiltonian is a quantity derived from the Lagrangian, and is often useful for exam-
ining perturbations around some minimum of a system.

oL
H= (%:qk(aq,]i) .y (2.20)

Usually, H is written as a function of pg, ¢gr and time.
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Like with the Lagrangian, the Hamiltonian has a set of equations that we use to derive the
equations of motion, know as the Hamiltonian Equations:

OH
= — 2.91
Pk 90 (2.21)
OH
. 9t 2.29
G =5 (2.22)

Note that the Hamiltonian itself is a characteristic of the motion of the system. Consider
its total derivative:

O _ O Op O O , dH

ot Op, Ot  Oq, Ot = dt
Using (2.20):
om _dn
ot dt
This means that if H has no explicit time dependence, it is a conserved quantity for the
system.

For small variations about a given minimum, we can either substitute qr = ¢, + d¢ and
expand (recalling that Z—Z < 1) or we can use the concept of an effective potential:

an 82Uo Qk2

Uerr = U, . Cdk

fr=bYot 5, T 52
9,

qK = W'(Qk—%)
around a minimum ¢, with a value of potential U, at that point.

2.5.4 Example Problems

This material might seem complicated when reading over it (or it might not, who knows?),
so the best way to become better acquainted with it is to read over and work through some
examples.

1. A common problem is that of the compound pendulum; a non-uniform body that
rotates about some axis that may not be through the centre of mass. What is its
period for small angle oscillations?

Let the pendulum have total mass m and moment of inertia I about the axis of
rotation. Let us find the Lagrangian:

U = —mglcost
KE = 216?
2
1 .
- L= 5[92 + mgl cos 6

Applying the EL equation:
d

7 <I€> = —mglsinf

16 = —mglsinf
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axis of rotation

Figure 2.11: A typical compound pendulum

Using the small angle approximation that sin = 6:

. mgl
0+ —-0=
+ 7 0

— T =27 i
\/mgl

We can then substitute the moment of inertia of an appropriate body into this for-
mula.

2. Suppose that two equal masses are joined by a string that runs over two pulleys. One
of the masses is constrained to move in the vertical direction, while the other is free
to swing freely, as shown in Figure (2.12). Describe the evolution of the system for
small angle oscillations of the right-hand mass of magnitude €.

O

Figure 2.12: Two constrained masses in a pulley system

Let the distance from the wheel of the pulley to the right hand mass be r. Define
the zero of potential of the masses as the equilibrium position when both masses are
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at rest and the system is balanced.

1 1 1 .
KE = imﬁ + imﬂ + 5mr2e2

U = mgr — mgr cos

1 .
— L=mi*+ §mr292 — mgr + mgr cos 6

Applying the EL equations:

%(27717’") = mr6? — mg + mg cos 0
2i = 6% — g(1 — cos )
ml = —mgrsin @
0 + I sinh = 0
r

We are told that the amplitude of the oscillations is €. Thus, the small angle solution
to the 6 coordinate equation is:

0(t) = ecos(\/gt + ¢)

= ecos(wt + ¢)

For small oscillations, cos ~ 1 — %. Substituting this into the r coordinate equation

of motion:
. 02
2f_7«92—g<1— (1—2)>

= r (ew sin(wt + ¢))2 - g(e cos(wt + ¢))2
=€y (sin2 (Wt + ¢) — %COSZ((A}t + ¢)>

Averaging over a couple of periods:
2

.. €°g

97 =9
Ty
. €g

F=—
8

As € > 0, g > 0, this is a positive quantity, and so the left hand mass gradually
climbs while the right hand mass gradually falls. This is a second order effect.

3. Consider a ball of mass m rolling without slipping on the surface of a hemisphere
that is able to deform slightly. Find the normal force. At what angle will the ball lose
contact with the surface?

As the surface is able to deform, we need to take account of the potential energy of
this by a ’step’ potential function V' (r).
1 . 1
KE = ~mr*0® + —mi?
2 2
U =mgrcosf+ V(r)

2

1 . 1
— L= —mr*0* + —mi? — mgrcosf — V(r)

2 2
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Figure 2.13: A ball rolling on a ’springy’ hemisphere

Applying the EL equations, we obtain the equations of motion as:

mr0 = mgr sin 6

mit = mré* — V'(r) — mgcos

We now place the constraints that r = R and ¥ = r = 0.

0 =mRH* — % _R—m90089

av

JEE— — — )2
e mgcosf — mRo

However, recall (1.3). The reaction force is thus:
F,.(0,6) = mg cos ) — mR6>
The ball will lose contact with the surface the instant that F,. = 0.

0 = mgcos§ — mré?

mg cos 0 = mR6>
R sv\?2
cosf = E (—)

R

’1)2

et Rig

By the conservation of energy from when the ball is initially at rest at the top of the
hemisphere:

L 9

—mv* = mgR(1 — cosf)

2
v? = 2gR(1 — cos )
Rcosf =2R(1 — cosf)
3Rcosf = 2R

0=—
oS 3

Hence, the particle will leave the surface at 6,4, = cos™* (%)
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Figure 2.14: A point mass attached to the rim of a disk

4. Imagine that a point mass of mass m is attached to the rim of a disk of mass M.

What is the value of the period for small angle oscillations amount the minimum of
the motion?

Let the zero of potential be at the centre of the wheel. Now, assuming that the
wheel rolls without slipping, the position x of the centre of the wheel must satisfy
the condition x = RO. We can thus write the position of the smaller mass as:

r=(z— Rsinf, R(1 — cos#))
= (R(#sinf), R(1 — cosh))
i = R(0 —0cosb, sin0)
Considering 72 to find the kinetic energy:
2 = R%(62? — 262 cos 0 + 0 cos® 6 + 62 sin® 0)
= 2R%6%(1 — cosf)
1 1 .
KE = §Mi'2 + im(RQHQ)(l —cos @)
1 | .
= §MR202 + §m(R292)(1 —cosf)
U=—-mgRcost

1 . 1 .
= L= g MR + Sm(R*0%)(1 = cos 0) + mgR cos

We have thus derived a Lagrangian for the system that only has one degree of freedom.
Applying the EL equations:

d : . 1 .
7 (MR20 +2mR?0(1 — cos 9) —5(2mR292) sinf — mgRsin 6
MR26 4+ 2mR*0(1 — cos ) = —mR26? sin — mgRsin 0

0 (MR? 4+ 2mR?*(1 — cos0)) = —sin§(mR?0> + mgR)

For small oscillations, let sinf ~ 6 and cosf ~ 1 — %. Neglecting terms of O(6?)
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and above:

6(MR?) + mgRsin(f) =

. mg .
0+—MR0—0

Hence the frequency of small angle oscillations about equilibrium is:

mg

Q:
MR

5. A bead of mass m slides around inside a cone of semi-vertical angle . The bead is
constrained to move on the surface of the cone. Find the frequency of small oscilla-
tions about a stable equilibrium, and find the value for o for which this frequency is
equal to the frequency at stable equilibrium.

Figure 2.15: A bead sliding around inside a cone

Take the zero of potential to be at the vertex of the cone.

‘ T
ano = —
h
T
 tana
U = mgh
_mgr
 tana
Similarly,
. r
sino = —
T
r
T = —
sin o
. T
T = —
sin o
1 72 .
KE = m( — +7’202>
2 sin“ o
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Hence we can write the Lagrangian of the system as:

1 -2 .
o L= g (o 1) -
2 sin

o tan o

Now, applying the EL equations:

mr mg .
5 = + mr6?
sin“ « tan o
.. mg . OB
i = —— cosasin® a + rf%sin’® a
sin a
= r0?sin® a — g cos asin

Evidently, pg = L = mr26 is a conserved quantity; this is the angular momentum of
the bead around the Z axis. Let us re-write the equation of motion in terms of this

quantity:
. L
0=—
mr
. L?sin?a .
FP=——F53— —gcosasina
mar

We have reduced this to a one dimensional problem in the r coordinate.

To find the frequency of stable circular motion, we need to impose the conditions
that ¥ =0,7=0,r =r,.

0 = r,0? sin® a — g cos asin(a)

0°r,sin® o = g cos asin a

= | —L—
¢ rotan o

Now for small oscillations about equilibrium, we let r = r, + 6.

. L?sin? .
0= m — gcosasina
L?sin? .
= 3 — gcosasina
m2ry3 (1 + %)

Binomially expanding using the fact that r, > ¢ :

. L2 102 )
§=— 2% (1 3% —gcosa)sina
m2r,3 To

L?sin? o L?sin? o .
= 53— 0 —gcosasina
mr, mry
L%sin? «
= _374‘S
mr,

Substituing in for L, we obtain:

. 3
6+—gsinacoso¢-5:0
To

39 .
— Q= —gsmacosoz
To
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For this to equal the frequency of circular motion, we require:

QO =40,
39 .
—sinacosa =
To o tan o
. 1
sina = =
3

— o =sin" ! <

)
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3. Special Relativity

This chapter aims to cover the basics of Special Relativity, including:
e The Michaelson-Morley Experiment and Einstein’s Postulates

e The Lorentz Transformations

Space-Time Diagrams

Relativistic Dynamics

The Relativistic Doppler Effect

This turns out to be one of the more interesting topics of the mechanics course, as it has
consequences that not many students will have encountered or considered before. However,
some of the concepts can be difficult to grasp, so it is worth working through problems fully
to get to grips with the material. Note that for the entirety of this chapter, the symbol ~
is given by:

ot
1= ()

where c¢ is the speed of light in a vacuum, and v is the velocity of the moving body.
Sometimes, we use 3 = ¥ to simplify some expressions.

’y:
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3.1 The Michaelson-Morley Experiment and Einstein’s Pos-
tulates

In special relativity, an event is defined as a point in both space and time (more commonly
referred to as 'space-time’) that has an associated physical occurrence. Unlike what we
currently think of an event as, such as "meeting up with friends for coffee" or "going to
the cinema", events in special relativity are used to refer to a specific instance in time,
such as the emission of light instantaneously from a source, or its reception at another
point in space time. An event can be described by a time coordinate, and a set of spatial
coordinates. For example, we can define an event E by E (ct, x, y, z). This is using what
is known as a four-vector. It consists of a time component, followed by three spatial com-
ponents. Here it is being used to represent the space-time coordinates of an event, but it
can also be used to represent the energy and momentum of a particle, amongst other things.

A frame is a convenient standard of rest or coordinate system in which we have chosen to
make our measurements. An inertial reference frame is one in which (1.1) is obeyed as it is
not accelerating. For example, imagine a car accelerating away from a set of traffic lights
that just turned green. We can observe the scenario from the inertial frame of a stationary
person standing on the pavement, or in the non-inertial frame of the accelerating car. Note
that the term ’stationary’ is used in this case in a relative sense; we have defined an object
to be stationary if it has no velocity in the frame of the pavement, but this is not a universal
standard of rest.

3.1.1 The Aether and The Michaelson-Morley Experiment

Now, the question arises: what frame of reference do we measure light relative to? One
such theory was that it propagated through a medium called the ’aether’ at the speed of
light. The aether was all permeating and had zero viscosity (properties that these days
would quickly ring alarm bells in the head of any switched on physicist!). The speed of
light would thus be measured based on the relative motion between a body and the aether.

The Michaelson-Morley experiment was designed to test this theory, using the apparatus
shown in Figure (3.1). We assume that the apparatus is moving at a speed v with respect
to the aether.

Consider the time taken for the light to travel along each of the perpendicular paths. First,
t; along the horizontal path:
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mirror

v NIIYVIIINEY

Y

Y

A
Yeggrrerasansi

source

detector

Figure 3.1: A schematic drawing of the setup of the M-M experiment

Then, t2 along the vertical path:

Finally, taking the time difference:

£0

The M-M experiment thus predicted that there would be a time difference in the arrival of
light at the detector that would cause a shift in the background interference pattern present.
However, no such shift was observed. This null result contributed to the destruction of the
aether model, and it’s eventual replacement by Einstein’s Postulates.

3.1.2 Einstein’s Postulates
Einstein’s paper on the Special Theory of Relativity rests on two main postulates:
1. The outcome of any experiment is the same in any inertial frame of rest

2. Light in a vacuum travels at a constant speed c at all times, regardless of one’s frame
of observation

The first is essentially a statement of the idea that no fictitious forces are apparent in iner-
tial frames. The second is really where things start to complicate themselves; this simple
statement that light is constant for all observers has quite remarkable consequences. Note
that a secondary consequence of this postulate is that no information can be transmitted
above the speed of light; it is the universal ceiling (if you like) for information transmission.
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One such consequence (more to follow in later sections) is that events that appear simul-
taneous in one frame may not be so in another. Consider the 'thought experiment’ of two
observers; one located equidistant from each ends of a train moving at a relativistic speed
v, and the other on the stationary platform.

A (@] B A' o] B!
[ ] L L L ]
Inside the Train Qutside the Train

Figure 3.2: A diagram showing the lengths involved in the Train thought experiment

Lights at either end of the train (A and B) are turned on. First, consider the time taken
for the light to travel along OA (¢1) and OB (¢2) i.e in the rest frame of the observer inside
the train.

OA L
tlziz—

Cc C
t1 =12

This means that for the observer on the train observes the lights at A and B to turn on
simultaneously. What about the observer on the platform?

_ oA _L-v(y)

! c

! C C

y 0B _ Ltv(?)
C &

t1 # to

This means that the observer on the platform observes the lights turning on at different
times (B before A). This, it is clear that whether or not two events are simultaneous will
depend on the frame of reference from which they are being observed.
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3.2 The Lorentz Transformations

At this stage, it is useful to define two key terms:

e Proper Time - The shortest time interval between two events, as measured in the
frame at which the relevant clock is at rest

e Proper Length - The length of a body as observed in its own reference frame

As we have seen, our perception of length and time can change depending on the frame
that we find ourselves in. We can relate these quantities in two frames by The Lorentz
Transformations (LT’s). An event in frame S defined by (ct, x, y, z) is related to an event
(ct', 2/, o/, 2) in frame S’ by:

/

' =y(x — vt) (3.1)
=~ (t - g) (3.2)

We can also consider the transformation of energy F and momentum p between these
frames:

E'=~(E - vp) (3.3)
v=v(r-"3) (3.4

These can also be represented as a matrix, which is useful if we want to perform successive
LT’s. It also implies that the Lorentz transformations are in some sense a ’rotation’ in
space-time (remark how the matrix is symmetric).

¥ By 0 0

_ | P g 0 0
i 0 1 0 (3:5)

0 0 0 1

We have included the zero entries to impress upon the reader the importance of the fact that
the L'T’s apply to all directions, even though we are dealing with only the one-dimensional
case at this stage.

Note that we re-obtain the conventional Galilean Transformations for v < c.

v—1
' —t

¥ —x— vt
This to be expected, as the effects of special relativity are negligible at low velocities.

3.2.1 The Interval

The LT’s have a particular property in that they preserve a quantity that we call 'the
interval’. The interval s of a particular set of space-time coordinates is defined as:

§2 =2 —x? — g2 — 22 (3.6)

This is analogous to the dot product of a four-vector with itself. A true rotational matrix
leaves the length of a vector completely unchanged, but in the LT case it is only the interval
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that is an invariant quantity; a quantity that does not change regardless of one’s frame of
reference.

Two observers may find different space and time separations of two events, but they will both
agree on the interval that they calcuate. The use of such invariant quantities becomes more
relevant later on when we start tackling relativistic dynamics, but we have introduced it
here so the reader becomes more familiar with it reading through the subsequent sections.

3.2.2 Time Dilation

One consequence of Einstein’s Postulates is the effect of time dilation; that time appears
to pass slower on objects moving relative to the observer. When first encountered, this
appears as a bit of an odd effect, as it holds for whatever frame you place yourself in. For
example, let observer A be in a relativistic rocket moving past an observer B on the Earth.
From B’s frame of reference, the time appears to be passing more slowly on the clock in
A’s frame of reference because B observes A to be moving relative to their apparently
stationary frame on the earth. Conversely, A observes time to be passing more slowly on
the clock in B’s frame of reference, as from this frame the earth appears to be moving, while
the rocket remains stationary relative to A.

Counsider the proper-time interval At’ = t}, — ] between two events as measured by a clock
that is stationary in frame S’, which itself is moving at a velocity v relative to frame S.
Using (3.2), the time interval between these two events as perceived in frame S is given
by:

At =ty — 1

However, these two events are measured by a clock that is stationary in frame S’. This
means that =, = 2. Hence, we find that:

At = yAY (3.7)

Remember when trying to apply this equation that time is dilated on objects moving relative
to your frame of reference.

3.2.3 Length Contraction

Similar to time dilation, length contraction describes how lengths in frames moving relative
to the observer appear contracted. Note that this contraction only occurs in the direction of
motion. For example, if a spacecraft is rushing past the Earth at a relativistic speed, it will
appear ’squashed’ in it’s direction of motion, but have the same dimension perpendicular
to it.

Consider the proper length interval Ax = x5 — 1 at rest in frame S. Using (3.2), the
length interval between these two events as perceived in frame S’ is given by:

Ax = x9 — 11
/

= y(xy — vty) — y(x] — vt])
= (xy — ) —y(ty — )
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However, these measurements are taken at the same time in frame S’, meaning that t, = ¢].

Hence we find that:
_ A

Y

Remember that when trying to apply this equation that length is contracted on objects
mowving relative to your frame of reference.

Az (3.8)

3.2.4 Relativistic Velocity Addition

Imagine that we have two spacecraft travelling along an axis towards each other. Space-
craft U has velocity u = 0.8c and Spacecraft V has velocity v = 0.9¢. If we attempt to find
their relative velocity by using the ’classical’ method of adding their velocities, we obtain
v, = 1.7c. However, we know that as a consequence of Einstein’s Postulates, nothing
can travel faster than the speed of light.

In Special Relativity, v/, , is known as the mutual velocity of A and B; this does not actu-
ally violate the limitation of the speed of light as no information travels at this velocity. If
we wanted to beam a signal between the two ships and measure their relative velocity, we
would not obtain v .. So the question becomes: how do we add velocities in relativity?

For this, we want to consider these spacecraft U and V moving eway from one another
along the z-axis with velocities v and v respectively. To find the mutual velocity of the two
objects, we want to transform the rate of change of the distance between the two objects
in the rest frame of a stationary observer into the frame of one of the two spacecraft. For
simplicity’s sake, we are going to perform this derivation assuming only one-dimensional
motion, but it can be generalised to three dimensions. Let us transform into the frame of
spacecraft U. Considering (3.2) in their differential form:

_a
Urel = ar

_ y(dx — vdt)

v (dt —vE)

(3.9)

We have gone back to vector notation here to remind the reader that w and v are in fact
vector quantities.

Let us go back to our example of the spacecraft A and B moving towards one another. As
before, we found that the mutual velocity was 1.7c. Now using (3.9):

vA + VB

urel = 1+ VAVB
2
C
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Note the signs have changed as the objects are moving towards one another in this problem.

L 08c+0.9c
T 14 (0.8)(0.9)
~ 0.988¢

Now, what if A and B were moving away from one another?

VA —UB
Urel = w
0.8¢ —0.9¢
1—(0.8)(0.9)

~ —0.357c

As we have shown, (3.9) gives very different results to simply adding the velocities; this is
the nature of Special Relativity!
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3.3 Space-Time Diagrams

Space-time diagrams are useful tools for analysing problems of Special Relativity. In
essence, they are a ’graph’ of events in space time, with spatial coordinates on the z-
axis, and time coordinates on the y-axis. Each event in time is represented by a world line,
and has an associated light cone.

ct A

world line

><‘F

Event A

Figure 3.3: An example space-time diagram

Event A can only effect events that lie inside it’s light cone. Intervals inside the light cone
obey (As)? > 0, and are referred to as 'time-like’. On the light cone itself, (As)? = 0.
This is said to be ‘light-like’. Elsewhere, (As)? < 0, and this is said to be ’space-like’.

Objects or events that remain fixed in space-time have vertical world lines, but objects or
events that move in space-time have slanted world lines. The faster the speed, the less
steep the world line. By convention, world lines that are at 45° represent objects or events
travelling at the speed of light. This means that no world line can be at less than 45°.

3.3.1 An Example

A stationary observer A fires a light pulse at a mirror located at a distance d away. A
second observer B is moving at a relativistic speed v along the line of projection of the
light pulse. What is the time interval between the transmission and reception of the signal
by A from B’s frame of reference?

We can solve this problem quite effectively by the use of space-time diagrams in both A’s
and B’s rest frame.

Let Event 1 be the point at which the light hits the mirror, and Event 2 the time the light
returns to observer A. For Event 1:

xlzd

ct1 = ct,
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ct A
A
2ct,
ct,
d "x

Figure 3.4: A space-time diagram in the rest frame of A

Applying the LT’s:

xll = y(d = cft,)

For Event 2:
xTro = 0
cty = 2ct,
rh = —2vfct,

This means that the space-time diagram in the rest frame of B becomes:

ct a

le Xll ’X
Figure 3.5: A space-time diagram in the rest frame of B

This is because the world lines of the observer A and the mirror at a distance d appear to
be moving in the rest frame of B. Now the time interval in B’s frame of reference is then
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given by:

tp =

—ip =

Cp2

t1 + 1o
L(d—cBto) + 1281,
C C
v (d + Bt
C
(it
C C
i JOT5p
c A=-p8)1+5)
d [1+8
c \1-8

As you can see, the calculation is made easier to visualise and understand what is going
on when we use both the L'T’s and space-time diagrams in conjunction with one another.
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3.4 Relativistic Dynamics

Unlike with Classical Dynamics, we cannot simply say that if a body is at rest at zero
potential it has zero energy; we have not taken account of the rest mass energy of the
body. In Special Relativity, the energy and momentum of a body are given by:

E = ymc? (3.10)
p = ymu (3.11)
KE = (y — 1)mc? (3.12)
Consider the following:

E? — p*c = *m2c — 42m20? (3.13)

02
= ?m2c! (1 - 62> (3.14)
=m?2ct (3.15)

This is an invariant quantity because the rest mass m of a body can never change, making
it an important (and useful) result. We can show that it is explicitly frame invariant by
considering (3.4):

We can actually represent the momentum and energy of a body by four-vector momentum.

Four vector is of the form:
FE
pM = <apa0a0>
= c

Again, we have left the zeroes in to demonstrate that the momentum can be in any di-
rection, and not just along the z-axis. As it contains the information for all the energy
and momentum of a system, four-vector momentum is conserved. This means that we
can equate four-vector momenta if the momenta are written in the same frame. Like the

interval s, the dot product of a four-vector with itself yields an invariant quantity:

2
BM . gu — ET _ p2

c
= m?2c?

This means that we can equate the dot product of the sum of four-vector momenta, even
if the momenta are written in different frames. Do not worry if this seems a little confus-
ing right now; there are plenty of examples to follow that will help elucidate these concepts.
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Like with the LT’s, these results reduce to the Classical results for v < ¢. For example,
consider the kinetic energy:

KE = (y — 1)mc?

1v? 9

1
= —muv?

2

Q

Some of you might be wondering at this point about how fast we need to be going for these
relativistic effects to matter? Well, if we again consider the kinetic energy:

KE = (y— 1)mc?

1v? 302 9

0.01 = 3

=32
B~ 0.115

Thus, a particle has to be going at just over 10% of the speed of light for relativistic effects
to become noticeable.

3.4.1 Photons

So what happens when the particle that we are considering is a photon? By definition, a
photon has zero rest mass energy. This means that the square of the four-momentum for
any photon is always zero. Furthermore, this result leads to:

E h h
p=—= = (3.16)

c c A
where h is Plank’s Constant. This means that a photon still has momentum even though
it’s rest mass is zero. This does not make sense classically, but if considered relativistically:

lim p = lim ymv
v—C v—C

= (00)(0)c

which has a finite value.

3.4.2 Approximations

In relativity, there are a number of useful approximations that we can make to simplify
calculations.

e If a particle is very light, and E > mc?, then by (3.15):

FE =~ pc
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e For a particle travelling very quickly such that v =~ ¢, then:

1-8 [ 2

1+8 Vi1-5

v ~ &
Vi-g  20-5)

The wording of questions will often make it obvious when these are to be used. If you get
stuck on a question, look to see if any approximations such as these can be made.

3.4.3 Example Problems

Below are a range of problems covering different aspects of the material in this section.
They should serve as examples that can be referenced when working on harder or more
involved problems.

1. Let us examine the following question: can an isolated electron emit a photon?

Let the original electron have energy FE., the photon energy E, and the energy of
the final electron be E..

Ee/ =V me2et + peQCQ

E, =pyc
Now considering the conservation of energy:

E,+E/=E.

2
pye+ vVme2et + petc? = mec
By conservation of momentum, p. = p~. Hence we obtain:
y 7 Y

E,+\/me2ct + ELY2 = mec?

This relationship can only hold if F, = 0, meaning that an isolated electron cannot
emit a photon.

2. In a similar way to the previous problem, we will pose the question: Can the collision
of a positron and electron create a single photon?

Let us first consider the four-vector momentas:

FE
pf=<%mﬁﬂ>
- C

By the conservation of four-vector momentum:

py+py =py

p{ =p4 —p)
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Squaring both sides to obtain the invariant quantities:

EsE
m2c? :m262+2—3p2 I S
c
Es
—Pp2=—
c

However, as an electron is a massive particle - that is, it has rest mass energy - the
final relation cannot hold. This means that we have shown that the proposed process
is not possible.

3. An electron of energy 9.0 GeV and a positron of energy F collide head-on to produce
a BY meson and an anti-B° meson, each with a mass of 5.3 Gev/c®. What is the
threshold energy required to produce the B° meson pair?

Using four vector invariance across the laboratory (left hand side) and the centre of
mass (right hand side) frames:

(9+ E)* — (pc)® = (2mpc?)?

In this case, £ > m.c?. This means that we can use the first approximation in
Section (3.4.2). Thus the net momentum is given by:

p=-—--=
c c

Substituting this result in and re-arranging:

9+ E)?> — (9 - E)* = (2mpc?)?
36E = 4(5.3)2
— E~3.12GeV

The BY mesons undergo decay with a mean proper life-time of 1.5 x 107'2 5. Assum-
ing that the particles are produced at threshold energy, what is the mean distance
that the B° mesons travel in the lab frame before they decay?
Consider the conservation of energy in the lab frame:

9+ F = 2ympc?

We can substitute our result for E back in to find the ~ factor for the B% mesons.
This gives v ~ 1.14. From the lab. frame, the life-time of the particles appears much
longer; we thus have to consider the dilated life-time of the particles. Using (3.7):

=7
= (1.5 x 10712)(1.14)
=171 x 1072 s

Finding the velocity:

~ 0.485¢
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Thus the mean distance they travel is given by:

<r>=(0.485 x 3 x 10%)(1.71 x 107'2)
=25%x10"*m

We can ask one further question (last one!): What is the probability that one of the
photons decays before reaching this mean distance?

As the particles decay, they must obey the population decay equation:

AN
Sl LAN
dt

This has solution:

where N, is the initial population. The associated that a particle survives/decays
over a time t, are:

P(Survive) = e 7 (3.17)
to
P(Decay) =1—¢e * (3.18)

Using t, = 1.71 x 1072 (time to travel the mean distance) and 7 = 1.71 x 107!2 (the
mean life-time), we obtain:

P(Decay) ~ 63%

This example covers a lot of the basic concepts involved in relativistic collisions that
produce decaying particles.

4. A photon of unknown energy F collides head-on with a photon of energy ¢ for e < E.
What is the minimum value of E required to produce an electron-positron pair?

Again, let us consider the four-vector momenta of the constituents.

We have left out the four-vector momenta for the electrons; we don’t have to worry
about this as we can just consider them to be created in the zero-momentum (ZMF) /centre-
of-mass frame, and equate invariants as follows:

2 2
(o +ps) = (02 +22)

4Fe
4m6262:T
C

2.4

me~C

- E=—"5
e

What is the speed of the ZMF in this case?
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As the energy of the second photon is so small (g), we can neglect its energy when
transforming to the ZMF. This means we can easily calculate the energy in the ZMF,
and thus find it’s speed:

1-p
E =(FE —
zmr = (B +¢) 175
1—
2m602 ~F J
2
2
2m.c?
—pf=1-2
= ()
5. This is a problem treating the concept of "Compton Scattering". An electron of
energy F = @ collides with a stationary electron and is scattered at an angle 6 to

the line of 1nC1dence. Find an expression for the new wavelength of the photon as a
function of 0.

As usual, let us write the four-vector momenta:

h
(1,1,0,0)

(o)

pl= YV (1 cosf,sin6,0)

py =

Again, we have left out the momenta of the final state of the electron as it is incon-
sequential; we can get rid of it with an appropriate squaring of four-vector elements.

pl' +ps =pi +p)
p{+p) —pi=pf

Squaring both sides and re-arranging:

2 2 2
(5 p g 2l g = 2 pff = )t pff = m

2 2
m?c? 4 2me <i - ;) ;}L\, (1 — cos @) = mc?c?
Thus, we obtain a final result of:

AH:A+#iu—C%w (3.19)

This holds for any value of 6. For example, the wavelength of a back-scattered
electron is given by:
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6. Suppose that an electron of energy F collides obliquely with a stationary electron,
scattering both at an angle  with respect to the line of incidence of the two particles.
Find an expression for 0 in terms of E and E,, the rest energy of the electron.

Before the collision:

After the collision, both of the electrons have to have the same energy by the con-
servation of energy for both bodies (they have the same mass). We can thus write:

El
p; = <1,p' cos 0, p’ sin 0,0)
= c

El
F= 22 p'cosh, —p sinb,0
p! <C P ,—p'sind,

By the conservation of momentum and energy:

p = 2p' cosf
’_ D
2cos b
2F' =E+E,
B E+E,
2

We can thus write the final four-momenta as:

B <E0+E p

I
p final

PP iang,o
2% 272

Using the Lorentz invariant:

2

Re-arranging for 6:

E? +2EE, + E,? — 4E,*
E?2 - E,?

_ (E+3E,)(E - E,)

- (E+ E,)(FE-E,)

— cosf UE—I—EO
COosU = —_
FE + 3E,

secf =
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3.5 The Relativistic Doppler Effect

When sources of signals (such as light) move towards or away from an observer, the signal
is shifted based on the rate of separation of the observer and the source. This is known as
the Doppler Shift.

3.5.1 Derivation

Let a source emitting a signal at a period 7 be moving away from an observer at a speed
v. Using the L'T’s, the first pulse of the signal is at ¢t = 0, z = 0, and the second is at
t = vy71, x = vy7 from the frame of reference of the observer. The observed period is thus
given by:

T =T+ —
c
:'y7'+m
c
“r14)
c
1
-7 =7 11_2 (3.20)

Thus, for a receding source, 7/ > 7 (known as a red-shift), and for an approaching source,
7/ < 7 (known as a blue-shift). This can be used to determine the speed at which planets
are receding, for example.

3.5.2 Superluminal Motion

Superluminal motion is where the projected position of an object moving obliquely across
the field of view onto the plane of the sky appears to move faster than the speed of light.
Consider an object emitted from A that moves with a relativistic speed v along a trajectory
passing through B, as shown in Figure (3.6). Let the observer be located at D.

v

A C D
Figure 3.6: Superluminal Motion

We want to calculate the apparent rate of change of AB’.

AB = Bcot
AC = Bcdtcosb
AD = cit
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as the emitted photon travels at c¢. The two photons arriving are separated by:

DC =AD - AC
= cdt(1 — S cosb)

The projected separation of the object is:
CB = Bcbtsin 6

Thus, the apparent speed is given by:

_cB
Vo= C
_ PBcitsind
~ cot(1 — Beosb)
_ [Bsinf
_H)O_l—ﬁcose

Consider an object travelling at v = 0.9c at an angle § = 10°.
(0.9)(cos(10°))

1 —(0.9)(cos(10°))

~137c

Vo =

Thus, the projection of the object appears to move faster than c. However, this evidently
does not violate causality as no information is actually transmitted at this speed.
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