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5.4 Gravitational Fields

• 5.4.1 Point & Spherical Masses

• 5.4.2 Newton’s Law of Gravitation

• 5.4.3 Planetary Motion

• 5.4.4 Gravitational Potential Energy



5.4.1 Point & Spherical Masses



Fields. 
Aren’t they the 

things that cows 
graze on?



Fields

• Could be: 
– Gravitational Field

– Magnetic Field

– Electric Field

• Newtons 3rd law 
applies to fields
– When body A exerts a 

force on body B, body 
B exerts an equal & 
opposite force of the 
same type on body A.



Forces produced from fields

• With all fields, the forces they cause are done 
so at a distance.

– Gravitational fields cause forces to be exerted on 
objects with mass.

– Electric fields cause forces to be exerted on 
charged objects.

– Magnetic fields cause forces to be exerted on 
magnetic objects.



Gravitational Field

• Electric & magnetic fields 
cause like charges/poles to 
repel and unlike 
charges/poles to attract.

• Gravitational fields only ever 
cause masses to attract.



Gravitational field lines
• The lines represent the field.
• The field covers the whole space 

around the Earth not just where the 
lines are.

• The field is always directed towards 
the Earth.

• As field lines meet inside the mass 
they fade away.

• The gravitational field at the centre 
of Earth is zero.

• Distance between lines indicates 
field strength.

• In 2D, a doubled distance leads to a 
halved field strength whereas in 3D, 
a doubled distance has a field 
strength which is quartered.



Spherical Mass v Point Mass

Field lines around a spherical 
mass radiate with decreasing 
strength.
Field lines around a point mass 
are very similar so we can 
model planets as point masses.

If field lines are parallel & 
equidistant, we say the field is 
uniform.
In a uniform field, the field 
strength stays constant.
Close to a planet surface, 
gravitational fields are almost 
uniform.



Earth’s gravitational field has 
variations

• Matter is not uniformly 
distributed.
• Water is less dense than 

rock.

• Mountains are further away 
from the centre.

• Mineral deposits in rocks 
increase their density.



Gravitational Field Strength

• Gravitational field strength is a vector quantity (since 
force is a vector).
– The direction of the field is in the direction of the force.

• Gravitational Field Strength = force/mass
– Units are therefore Nkg-1

𝑔 =
𝐹

𝑚



What is Earth’s Gravitational Field 
Strength?

• A 1kg mass at the surface of Earth,
– GFS = Force/Mass = Weight of 1kg/1kg

• But a 1kg mass accelerates at 9.81ms-2 when 
acted on by its weight, so the weight of this 
mass = 1.00kg x 9.81ms-2 = 9.81N

• The GFS at the surface of the Earth is 
therefore 9.81N/1kg = 9.81Nkg-1



5.4.1 Point & Spherical Masses 
(review)



5.4.2 Newton’s Law of Gravitation



Newton was a busy 
chap. What’s his 

law of gravitation?



Newton’s Law of Gravitation

• The gravitational force of attraction 
between two bodies is directly 
proportional to the product of their 
masses and inversely proportional to 
the square of the distance between 
them.

• ie: F α Mm/r2

Adding the gravitational constant (-G), we 
can produce an equation.

F = -GMm/r2



G, The Gravitational Constant

• G is given with a minus sign because the force 
is an attractive one.

• The IOP gives the value of G as:

G = 6.673x10-11 m3kg-1s-2





Forces on multiple objects

• If more then two objects are involved then we 
must use vector addition rules to determine 
the resultant forces.



Newton’s law of gravitation can be 
used to calculate the mass of a planet 

or star with an orbiting body.

• If we consider the 
Earth orbiting the 
sun, we can calculate 
the mass of the sun if 
we know the radius 
and Period of orbit.



So what is the mass 
of the sun?

• The gravitational force (F) acting on the Earth is: 
GMm/r2 = 2.96x10-33Mm.

• The velocity of the Earth in orbit is: 
v = circumference (2πr)/period (365 days) = 
2.99x104ms-1

• The force (F) which causes centripetal 
acceleration is: F = mv2/r = 2.96x10-33Mm

• m cancels from both sides to give 
M = v2/ 2.96x10-33r kg = 2.01x1030kg

r = 
1.50x1011m

G = 6.67x10-11 

m3kg-1s-2



What are the limitations of this 
calculation?

• Earth’s orbit is not quite circular.

• The sun itself is not stationary.

– It wobbles slightly as the Earth orbits around it.

• A year is not exactly 365 days



Newton’s law of gravitation can 
also be used to calculate g

• g is the acceleration of freefall.

• At the surface of the Earth we know g is 
9.81ms-2.

• If we consider the law of 
gravitation with the 
F=ma equation:

GMm/r2 =mg

So: g = GM/r2



So what is g using this method?

• If g = GM/r2

g = 6.673x10-11 x 5.977x1024/(6.371x106)2

So g = 9.83ms-2

But we know g to be 9.81ms-2

So what’s occurring?



Whadup with the difference in g?

• When we measure g in a lab we are measuring 
the acceleration of freefall in relation to the 
floor.

– But the floor itself is accelerating since it is 
rotating around Earth’s centre.

– In a north pole lab, g would measure closer to 
9.83ms-2.

– But even then the value would not be exact since 
the Earth is not a perfect sphere.



The versatility of g = GM/r2

• This equation allows us to calculate g at any 
height (or distance from the centre of the 
Earth).

– Allowing us to calculate g, and therefore the orbit 
speed of satellites.

• Worked example

• Questions



5.4.2 Newton’s Law of Gravitation 
(review)



5.4.3 Planetary Motion



Kepler – Who dat?



Planetary Orbits - Kepler

• Johannes Kepler was a German mathematician & 
astronomer.
– He described the planetary orbits as ellipses rather 

than circles.
• Kepler’s first law.

– He also related the period of a planet’s orbit to its 
distance from the sun.
• Kepler’s second law

• For the purposes of this specification we assume 
that planetary orbits are circular since they are so 
close to being so.



Kepler’s Third Law

• The period of a planet squared is proportional 
the mean radius of its orbit cubed.

Or T2 α r3

Can you 
show this 
relationshi
p to be 
true or 
false?



Clueless Kepler

• Kepler didn’t know why his third law was 
correct – just that it seemed so.

– This is called an empirical law since it had no 
theoretical basis.

• It was Newton’s law of gravitation combined 
with his second law of motion than provided 
the explanation for Kepler’s law.



Newton’s explanation 
(you need to be able to derive this)

• The gravitational force that the sun 
exerts on a planet is F = GMm/r2

• Since the mass of the sun is so 
much larger we can assume the 
sun remains stationary and the 
orbit is circular.

• The gravitational force provides 
the centripetal acceleration so F 
also equals mv2/r where v = 2πr/T.

• Combining these equations gives:
F = m4π2r2/T2r = GMm/r2

So T2 = (4π2/GM)r3

• Since (4π2/GM) is constant, T2 α r3



So…

𝑇2 =
4𝜋2

𝐺𝑀
𝑟2

4𝜋2𝑟2

𝑇2
=
𝐺𝑀

𝑟

Or Therefore…

𝑇2 ∝ 𝑟3

𝑇2

𝑟3
= 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =

4𝜋2

𝐺𝑀



Satellites

• An object in orbit around a 
planet.

– The moon is a natural satellite 
of the Earth.

– Manmade satellites are also in 
orbit around us.

• Many of these are used for 
telecommunication.

• These satellites need to be 
geostationary.



Putting satellites into orbit

• For a satellite in circular orbit, the centripetal 
force is supplied by the gravitational 
attraction.

• So we can show this as:

𝐹 =
𝑚𝑣2

𝑟
=
𝐺𝑀𝑚

𝑟2



• This equation can also be used to show the 
speed a satellite must travel at in order to 
maintain the orbit:

𝐹 =
𝑚𝑣2

𝑟
=
𝐺𝑀𝑚

𝑟2

𝑣 =
𝐺𝑀

𝑟



Geostationary Satellites

• For a satellite to be geostationary it must:
– Have its orbit centred on the centre of the Earth.

– Be travelling from west to east.

– Be over the equator.

– Have a period of 24 hours.

What conditions 
must a satellite 
satisfy in order for 
it to be 
geostationary?



What distance from Earth are 
geostationary satellites?

• The period of an object in orbit of radius r around 
another object was just seen to be:
T2 = (4π2/GM)r3

If M is the mass of the Earth, we can calculate r when T is 24 
hours.

r = 3√(T2GM/4π2) = 42300km

This is the radius of orbit from the centre of the Earth. If we 
want know how high above Earth’s surface the satellite 
should go we need: 42300km – radius of Earth = 35900km



Uses of Satellites

• Geostationary satellites:

– Used for Telecommunications.

• International telephone calls.

• TV broadcasting.

– Problems:

• Because the satellites need to be so far away...
– There is a huge cost in getting them there.

» They need a huge gain in gravitational potential energy.

– They need to transmit at high power.



Uses of Satellites

• Low-level satellites:
– These are not geostationary.
– Height above earth is as low as 500km.

– Advantages:
• Less expense required to put them in orbit.
• Higher resolution photos of Earth can me made.
• A higher intensity of signal can be received on Earth.

– Disadvantages:
• Tracking receivers are needed on Earth.
• Need many satellites in order to give complete coverage of 

Earth at all times.



Uses of Satellites

• Uses of Low-level satellites:
– Weather satellites

• Not only photos but sensing of humidity, air pressure, 
temperature & wind speeds.

– Spy satellites
• Monitoring the movements of individual people.

– Mapping 
• Monitoring the levels of deforestation, the melting ice 

caps, urban expansion, etc.

– Global positioning
• Satnavs can locate a car to within a metre.



5.4.3 Planetary Motion (review)



5.4.4 
Gravitational 
Potential & 

Energy



Gravitational potential 
energy is calculated as 

mgh?
is gravitational potential 

different?



Gravitational Potential Energy

• Until now we’ve used mgh to calculate GPE.
– This is ok near the surface of a planet with uniform g.

• The trouble is with huge distances from a planet 
the value of g changes.

• mgh is also relative to the Earth’s surface.

• So GPE can be calculated as Work Done when 
lifting an object away from a planet.



• Just as with springs the force changes with 
distance so work done is calculated by the area 
under a Force – Distance graph



Gravitational Potential Energy

• GPE = Work Done = Force x Distance

– Where force is the gravitational attraction and 
distance is the radius from the centre of the planet.

𝐺𝑃𝐸 =
−𝐺𝑀𝑚

𝑟

Using calculus we can produce an equation
(you need to know the equation but not the 
derivation)



Maximum GPE

• Gravitational potential energy is at a 
maximum at an infinite distance from a 
planet.

– Here g is zero.

– So GPE is zero

– So all other values for GPE must have been 
negative.

– Which is OK



So, that’s confusing

• The good news is, you don't have to know exactly 
where infinity is to answer any questions. That's 
because:

– We are often only interested in the change in 
potential energy rather than the actual value.

– Someone very thoughtfully came up with a way of 
calculating the potential energy that an object has by 
looking at the separation between the object and the 
centre of the field, rather than infinity. 



Gravitational Potential

• It is a very simple idea.

• Gravitational potential is the potential energy 
per kilogram at a point in a field.

• So the units are Jkg-1, joules per kilogram.

• The equation for potential is:

𝑉𝑔 = −
𝐺𝑀

𝑟



Note that:

1. Just like potential energy, the biggest value of 
potential you can get is zero. All other values are 
less than zero - i.e. negative!!

2. Potential is not a vector even though it has a 
negative sign. It doesn't have a direction, only a 
magnitude.



Eample

If G = 6.67x10-11Nm2kg-2 and the mass of the 
Earth is 6.0x1024kg, calculate the gravitational 
potential at the surface of the Earth if the 
radius of the Earth is 6.4x106m.

Vg



Example

• Do 10 MJ kg-1 of work on raising an object 
from the Earth's surface and it will move up to 
a point where it's potential is - 53MJ kg-1. 
That's 10 MJ kg-1 greater than on the surface 
because it is 10MJ kg-1 closer to zero.





• So we can define potential as "the work done per 
kg by an object when it moves from infinity to a 
point in a field".

• Looking back at the example, that means that if 
you let 1kg drop from infinity to the surface of 
the Earth it will lose 63MJ of potential energy. 
Ignore air resistance, and the object will have that 
much kinetic energy when it hits the surface of 
the planet.



The potential Vg at a point in a field is 

the potential energy per kg.

So, if you put a mass of 'm' kg at that point, 

its potential energy is:

Ep = mVg

so, in a radial field,



Escape Velocity

• To escape completely from the Earth's gravitational 
field you need to give an object 63MJ of kinetic energy 
per kg. (As it rises from the Earth it will lose kinetic 
energy and gain potential energy)

• This allows you to calculate an object's escape velocity 
- how fast you would have to throw it to get it 
completely out of the Earth's gravity field.

• If it needs 63MJkg-1 energy then it must start off with 
all this energy as Ek.





5.4.4 
Gravitational 

Potential 
Energy 

(review)



Complete!


