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What is Relativity?

• Relativity encompasses two physical theories 
proposed by Albert Einstein:

• Special Relativity (1905)

• General Relativity (1916)

• The expression was first used by Max Planck 
in 1906 to emphasize that the theories make 
use of the Principle of Relativity.
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Albert Einstein (1879-1955)

•Won the Nobel Prize in 1921 —not for Relativity!

Around 1905
(Special Relativity)

Around 1916
(General Relativity)
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Special Relativity

• It is a theory of measurement 
in frames of reference in 
uniform motion (inertial 
frames).

• It is “special” because it is only 
applicable in these frames.
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General Relativity

• Einstein’s theory of 
gravitation. 

• The theory is “general” 
because it applies to any 
system of reference.

• It generalises Special 
Relativity and Newton’s 
theory of gravitation.
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Pre-relativistic 
Physics
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Galilean Relativity
Einstein did not invented the notion of Relativity. It is 

much older —due to Galileo.

Galileo Galilei (1564-1642)
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• Frames of reference: an origin in space, 3 
orthogonal axes and a clock.

• Events: a point in space together with an instant 
in time. Characterised by 4 numbers (t,x,y,z).

Key concepts:

Our starting point will be the study of motion.

Observation: there are an infinite number of 
frames of reference!
Question: are there frames which are in some 
sense simple or natural?
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Inertial frames
In an inertial frame an isolated, non-rotating, non-
accelerated body moves on a straight line and with 
uniform motion.

Observation: inertial frames are not unique.

Question: can one tell in which inertial 
reference frame one is?
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Galilean Principle 
of Relativity

The laws of Mechanics cannot 
distinguish between inertial 

frames.

• It follows that there is no absolute rest.

•The laws of Mechanics have the same form in 
different inertial frames.
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The laws of Newton
First Law.  Any material body continues in its state 
of rest or uniform motion (in a straight line) unless 
forces act on it. 

Second Law. The rate of change of momentum is 
equal to the force.

Third Law.  Action and reaction are equal and 
opposite in direction 
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Isaac Newton (1643-1727)

Newton around 1689
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Assumptions of the 
Newtonian framework

A1. Space and time are continuous.

A2. There is a Universal (absolute) time. Observers 
in different frames measure the same time.

A3. The mass is independent of the observer.

A4. The Geometry of space is Euclidean. 

A5. Space and time (and other quantities) can be 
measured with infinite accuracy.
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Galilean transformations

•Consider two reference frames F and F’ moving 
with velocity v relative to one another in standard 
configuration.

Standard configuration: F’ moves along the x-
axis of F with uniform speed. The origins coincide at 
t=0.
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Relating the coordinates in 
the two frames

•Suppose that at a given moment t an event E is 
specified by coordinates (t,x,y,z) and (t’,x’,y’,z’).

•Let the origins O and O’ coincide at t=0. One 
sees that:

These laws or principles, together with the following fundamental assumptions (some

of which are implicitly assumed in Newton’s laws) amount to the Newtonian framework :

(A1) Space and time are continuous —i.e. not discrete. This is necessary to make use

of the Calculus.

(A2) There is a universal (absolute) time. Different observers in different frames mea-

sure the same time. In fact, Newton also regarded space to be absolute as well.

However, the absoluteness of space is not necessary for the development of the

Newtonian framework, as space intervals turn out to be invariant under Galilean

transformations. Historically, Newton demanded this for subjective reasons.

(A3) Mass remains invariant as viewed from different inertial frames.

(A4) The Geometry of space is Euclidean. For example, the sum of angles in any triangle

equals 180 degrees.

(A5) There is no limit to the accuracy with which quantities such as time and space can

be measured.

As it will be seen in the sequel, Assumptions 2 and 3 are relaxed in Special Relativity

while Assumption 4 is relaxed in General Relativity. Assumption 5 is relaxed in Quantum

Mechanics —not to be discussed in the course. Presumably Assumption 1 will be relaxed

in Quantum Gravity!

1.2.3 Galilean transformations

Galilean transformations tell us how to transform from one inertial frame to another.

Consider two inertial frames: F (x, y, z, t) and F �
(x�, y�, z�, t�

) moving with velocity v

relative to one another in standard configuration —that is, F �
moves along the x axis of

the frame F with uniform speed v; all axes remain parallel. See the figure:

Now, suppose that at a given moment of time t, an event E is specified by coordinates

(t, x, y, z) and (t�, x�, y�, z�
) relative to the frames F and F �

, respectively. Let the origins

O and O�
coincide at t = 0. From the figure one sees that

x
�
= x− vt, y

�
= y, z

�
= z, t

�
= t, (1.1)

or more compactly (recall that in general v = (vx, vy, vz), but here vy = vz = 0):

r
�
= r − vt.

In general, if the coordinate axes are not in standard configuration and the origins O and

O�
of the coordinate axes do not coincide, then the general form of the transformation

takes the form:

r
�
= Rr − vt + d,

3
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•If the axes are not in standard configuration and 
the origins O and O’ do not coincide, then the 
most general form of the transformation is

These laws or principles, together with the following fundamental assumptions (some

of which are implicitly assumed in Newton’s laws) amount to the Newtonian framework :

(A1) Space and time are continuous —i.e. not discrete. This is necessary to make use

of the Calculus.

(A2) There is a universal (absolute) time. Different observers in different frames mea-
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in Quantum Gravity!
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moves along the x axis of
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coincide at t = 0. From the figure one sees that

x
�
= x− vt, y

�
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�
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or more compactly (recall that in general v = (vx, vy, vz), but here vy = vz = 0):

r
�
= r − vt.

In general, if the coordinate axes are not in standard configuration and the origins O and

O�
of the coordinate axes do not coincide, then the general form of the transformation

takes the form:

r
�
= Rr − vt + d,

3
where R is a rotation matrix, and d is the distance 
vector between the origins at t=0. 

• The most general transformation will also include

where R is the rotation matrix aligning the axes of the frames and underlined is the
distance between the origins at t = 0. Note that the general transformation is linear, so
that F � is inertial if F is. The most general transformation would also include

t� = t + τ

where τ is a real constant.

These transformations form a 10-parameter group (1 for τ , 3 for v, 3 for d, and 3 for
R). The group property implies that the composition of two Galilean transformations is a
Galilean transformation, and that given a Galilean transformation there is always an in-
verse transformation. The Galilean transformations restricted to standard configurations
form a 1-parameter subgroup of this group, with v as variable.

1.2.4 Invariance of Newton’s laws under Galilean transformations

Important for the sequel are the notions of invariance and covariance. These are some-
times used interchangeably. However, there is a subtle difference. Invariance implies
no change at all (in either form or value). Covariance implies no change in form. For
example, a = b as a vector equation is invariant under a change in coordinate system, but
in component form it is covariant as ai = bi. Note that individual components change in
different coordinates.

We will see that the laws of Mechanics keep the same form as we go from one inertial
frame to another —i.e. under Galilean transformations. To see this, let the position of
a particle P be specified by r = r(t) relative to a frame F . The motion relative to F � is
given by equation (1.1). Differentiating both sides twice with respect to t (notice that
t = t�) gives:

v� = v − V , a� = a,

where

v =
dr

dt
, a =

d2r

dt2
,

are, respectively, the velocity and acceleration of the particle.

Now, the First and Third Laws are invariant as the former involves inertial frames
and the latter involves accelerations which are invariant. It remains to show that the
Second Law (the fundamental equation of Newtonian Mechanics)

m
dr

dt
= ma = f (1.2)

is invariant as we go from one inertial frame to another.

To show the invariance of (1.2) recall that a� = a and m remains invariant (by
assumption) so that one only needs to show that f remains invariant as we go from F to
F �. To do this, recall that generally f takes the form f = f(r, v, t) where usually r and
v are the relative distance and the relative velocity between two bodies. One can verify
that the relative distances and velocities remain invariant. That is,

v�
2 − v�

1 = v2 − v1, r�
2 − r�

1 = r2 − r1.

This implies that f , and hence the Second Law remains invariant under changes in the
inertial frames.

This discussion amounts to a form of self-consistency, in the sense that Physics, when
confined to Newtonian Mechanics, satisfies the Galilean Principle of Relativity.

4
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The Galilean group
• The Galilean group forms a 10-parameter group:

1 parameter for the origin of time

3 parameters for v
3 parameters for d
3 parameters for R

•Reminder: the group property implies that the 
composition of Galilean transformations is a 
Galilean transformation!

Note: GT restricted to standard configs. Form 1-parameter 
subgroup.
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Invariance

Invariance. Implies that a certain property of a 
system does not change upon a certain type of 
transformation.

Example:

a=b is invariant as a vector equation.

•The components in the vectors do change! 
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Invariance of Newton’s laws 
under Galilean transformations

•Start from

•Differentiating with respect to t

These laws or principles, together with the following fundamental assumptions (some

of which are implicitly assumed in Newton’s laws) amount to the Newtonian framework :

(A1) Space and time are continuous —i.e. not discrete. This is necessary to make use

of the Calculus.

(A2) There is a universal (absolute) time. Different observers in different frames mea-

sure the same time. In fact, Newton also regarded space to be absolute as well.

However, the absoluteness of space is not necessary for the development of the

Newtonian framework, as space intervals turn out to be invariant under Galilean

transformations. Historically, Newton demanded this for subjective reasons.

(A3) Mass remains invariant as viewed from different inertial frames.

(A4) The Geometry of space is Euclidean. For example, the sum of angles in any triangle

equals 180 degrees.

(A5) There is no limit to the accuracy with which quantities such as time and space can

be measured.

As it will be seen in the sequel, Assumptions 2 and 3 are relaxed in Special Relativity

while Assumption 4 is relaxed in General Relativity. Assumption 5 is relaxed in Quantum

Mechanics —not to be discussed in the course. Presumably Assumption 1 will be relaxed

in Quantum Gravity!

1.2.3 Galilean transformations
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) moving with velocity v
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takes the form:

r
�
= Rr − vt + d,
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where R is the rotation matrix aligning the axes of the frames and underlined is the
distance between the origins at t = 0. Note that the general transformation is linear, so
that F � is inertial if F is. The most general transformation would also include

t� = t + τ

where τ is a real constant.

These transformations form a 10-parameter group (1 for τ , 3 for v, 3 for d, and 3 for
R). The group property implies that the composition of two Galilean transformations is a
Galilean transformation, and that given a Galilean transformation there is always an in-
verse transformation. The Galilean transformations restricted to standard configurations
form a 1-parameter subgroup of this group, with v as variable.

1.2.4 Invariance of Newton’s laws under Galilean transformations

Important for the sequel are the notions of invariance and covariance. These are some-
times used interchangeably. However, there is a subtle difference. Invariance implies
no change at all (in either form or value). Covariance implies no change in form. For
example, a = b as a vector equation is invariant under a change in coordinate system, but
in component form it is covariant as ai = bi. Note that individual components change in
different coordinates.

We will see that the laws of Mechanics keep the same form as we go from one inertial
frame to another —i.e. under Galilean transformations. To see this, let the position of
a particle P be specified by r = r(t) relative to a frame F . The motion relative to F � is
given by equation (1.1). Differentiating both sides twice with respect to t (notice that
t = t�) gives:

v� = v − V , a� = a,

where

v =
dr

dt
, a =

d2r

dt2
,

are, respectively, the velocity and acceleration of the particle.

Now, the First and Third Laws are invariant as the former involves inertial frames
and the latter involves accelerations which are invariant. It remains to show that the
Second Law (the fundamental equation of Newtonian Mechanics)

m
dr

dt
= ma = f (1.2)

is invariant as we go from one inertial frame to another.

To show the invariance of (1.2) recall that a� = a and m remains invariant (by
assumption) so that one only needs to show that f remains invariant as we go from F to
F �. To do this, recall that generally f takes the form f = f(r, v, t) where usually r and
v are the relative distance and the relative velocity between two bodies. One can verify
that the relative distances and velocities remain invariant. That is,

v�
2 − v�

1 = v2 − v1, r�
2 − r�

1 = r2 − r1.

This implies that f , and hence the Second Law remains invariant under changes in the
inertial frames.

This discussion amounts to a form of self-consistency, in the sense that Physics, when
confined to Newtonian Mechanics, satisfies the Galilean Principle of Relativity.
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4

First law. Invariant as it involves inertial frames.

Third law. Invariant as it involves accelerations.
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Invariance of the Second Law

where R is the rotation matrix aligning the axes of the frames and underlined is the
distance between the origins at t = 0. Note that the general transformation is linear, so
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where τ is a real constant.
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inertial frames.

This discussion amounts to a form of self-consistency, in the sense that Physics, when
confined to Newtonian Mechanics, satisfies the Galilean Principle of Relativity.

4

•The mass m remains invariant by assumption.

•The acceleration a has been shown to be invariant.

Assumption. The force takes the form f = f( r, v, t), 
where r and v denote the relative distance and 
velocity between bodies. Then:

where R is the rotation matrix aligning the axes of the frames and underlined is the
distance between the origins at t = 0. Note that the general transformation is linear, so
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To show the invariance of (1.2) recall that a� = a and m remains invariant (by
assumption) so that one only needs to show that f remains invariant as we go from F to
F �. To do this, recall that generally f takes the form f = f(r, v, t) where usually r and
v are the relative distance and the relative velocity between two bodies. One can verify
that the relative distances and velocities remain invariant. That is,

v�
2 − v�

1 = v2 − v1, r�
2 − r�

1 = r2 − r1.

This implies that f , and hence the Second Law remains invariant under changes in the
inertial frames.

This discussion amounts to a form of self-consistency, in the sense that Physics, when
confined to Newtonian Mechanics, satisfies the Galilean Principle of Relativity.

4
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Electromagnetism
• Special Relativity arose from the tension between 
Newtonian Mechanics and the other great theory 
of the 19th Century: Electromagnetism.
•The fundamental laws of Electromagnetism are the 
Maxwell equations: 

1.2.5 Electromagnetism

Special Relativity arises from the tension between Newtonian Mechanics with the other

great physical theory of the 19th century —Electromagnetism. The fundamental laws of

Electromagnetism are the so-called Maxwell equations5
:

∇ · D = ρ,

∇× E = −∂B

∂t
,

∇ · B = 0,

∇×H = j − ∂D

∂t
,

where B is the magnetic induction, E the electric field, H the magnetic field, D the

electric displacement, j the electric current and ρ the electric charge.

It can be shown that these equations predict the existence of electromagnetic waves

for E and H in the form

∇2
E =

1

c2

∂2
E

∂t2
, ∇2

H =
1

c2

∂2
H

∂t2
,

where c is the speed of propagation of the waves. These electromagnetic waves were soon

identified with the propagation of light.

We recall that speed travels with a speed of c ≈ 3× 10
8
m/s. This was first measured

by Rømer
6

in 1675 by studying the delay in the appearance of moons of Jupiter.

Within the Newtonian framework, the Maxwell equations give rise to two problems:

(1) With respect to which system of reference is the speed of light c is measured? First,

it was assumed that the absolute space of Newton —the so-called ether— was the

medium in (and relative to) which light moved. However, attempts at detecting

the effects of Earth’s motion on the velocity of light —the so-called terrestrial

ether drift— all failed. The most important of these was the Michelson-Morley
experiment7

. This gave a null result.

(2) It is easy to show that Maxwell’s equations and the wave equation do not remain

invariant under Galilean transformations.

These problems gave to a crisis in the 19th century Physics. Three scenarios were

put forward to resolve the tension. These were:

(i) Maxwell’s equation were incorrect. The correct laws of Electromagnetism would

remain invariant under Galilean transformations.

(ii) Electromagnetism had a preferred frame of reference —that of ether.

(iii) There is a Relativity Principle for the whole of Physics —Mechanics and Electro-

magnetism. In that case the laws of Mechanics need modification.

Now, Electromagnetism was very successful and have a very strong predictive power.

There was no experimental support for (ii). Hence the point of view (iii) was adopted by

Einstein. His resolution of the tension between Mechanics and Electromagnetism came

to be known as Special Relativity.

5
James C. Maxwell (1831-1879). Scottish mathematician.

6
Ole C. Rømer (1644-1710). Danish astronomer.

7
Albert Michelson (1852-1931). Edward Morley (1838-1923). American physicists.

5

B the magnetic induction, E the electric field, H the magnetic field, D the 
electric displacement, j the electric current and ρ the electric charge.
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James C. Maxwell (1831-1879)
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Electromagnetic waves and light

• One of the key consequences of the Maxwell 
equations is the existence of electromagnetic waves 
satisfying the equations:

1.2.5 Electromagnetism

Special Relativity arises from the tension between Newtonian Mechanics with the other

great physical theory of the 19th century —Electromagnetism. The fundamental laws of

Electromagnetism are the so-called Maxwell equations5
:

∇ · D = ρ,

∇× E = −∂B

∂t
,

∇ · B = 0,

∇×H = j − ∂D

∂t
,

where B is the magnetic induction, E the electric field, H the magnetic field, D the

electric displacement, j the electric current and ρ the electric charge.

It can be shown that these equations predict the existence of electromagnetic waves

for E and H in the form

∇2
E =

1

c2

∂2
E

∂t2
, ∇2

H =
1

c2

∂2
H

∂t2
,

where c is the speed of propagation of the waves. These electromagnetic waves were soon

identified with the propagation of light.

We recall that speed travels with a speed of c ≈ 3× 10
8
m/s. This was first measured

by Rømer
6

in 1675 by studying the delay in the appearance of moons of Jupiter.

Within the Newtonian framework, the Maxwell equations give rise to two problems:

(1) With respect to which system of reference is the speed of light c is measured? First,

it was assumed that the absolute space of Newton —the so-called ether— was the

medium in (and relative to) which light moved. However, attempts at detecting

the effects of Earth’s motion on the velocity of light —the so-called terrestrial

ether drift— all failed. The most important of these was the Michelson-Morley
experiment7

. This gave a null result.

(2) It is easy to show that Maxwell’s equations and the wave equation do not remain

invariant under Galilean transformations.

These problems gave to a crisis in the 19th century Physics. Three scenarios were

put forward to resolve the tension. These were:

(i) Maxwell’s equation were incorrect. The correct laws of Electromagnetism would

remain invariant under Galilean transformations.

(ii) Electromagnetism had a preferred frame of reference —that of ether.

(iii) There is a Relativity Principle for the whole of Physics —Mechanics and Electro-

magnetism. In that case the laws of Mechanics need modification.

Now, Electromagnetism was very successful and have a very strong predictive power.

There was no experimental support for (ii). Hence the point of view (iii) was adopted by

Einstein. His resolution of the tension between Mechanics and Electromagnetism came

to be known as Special Relativity.

5
James C. Maxwell (1831-1879). Scottish mathematician.

6
Ole C. Rømer (1644-1710). Danish astronomer.

7
Albert Michelson (1852-1931). Edward Morley (1838-1923). American physicists.

5

where c denotes the speed of propagation of the 
waves.

•Electromagnetic waves were soon identified with 
the propagation of light.

c≈300,000,000 m/s

Wednesday, 15 December 2010



Ole C. Rømer (1644-1710)
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The conflict between Newtonian 
Mechanics and Electromagnetism

Problem 1. With respect to which system of 
reference is c measured?

Problem 2. The Maxwell equations are not 
invariant respect to the Galilean transformations.
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A. Michelson & E. Morley

(1852-1931) (1838-1923)
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Possible resolutions to the conflict

Scenario 1. The Maxwell equations are incorrect!

Scenario 2. Electromagnetism has a preferred 
system of reference!
Scenario 3. There is a Principle of Relativity for the 
whole of Physics. The Laws of Mechanics have to be 
modified

Einstein adopted the Scenario 3. His 
resolution of the tension between Mechanics 
and Electromagnetism is Special Relativity.
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