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Newton's Law of Gravitation

Newton's Law of Gravitation

= The gravitational force between two bodies outside a uniform field, e.g. between the Earth and the
Sun, is defined by Newton’s Law of Gravitation
= Newton’s Law of Gravitation states that:
The gravitational force between two point masses is proportional to the product of the
masses and inversely proportional to the square of their separation

= Allplanets and stars are assumed to be point masses
= |nequationform, this canbe written as:
Gmlm

F= 2

r?

= Where:
= [ =gravitational force between two masses (N)
= G =Newton's Gravitational Constant
= mjandm,=mass of body 1and mass of body 2 (kg)
= r=distance between the centre of the two masses (m)
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The gravitational force between two masses outside a uniform field is defined by Newton’s Law of
Gravitation

= Although planets are not point masses, their separationis muchlarger than theirradius
= Therefore, Newton’s law of gravitation applies to planets orbiting the Sun
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1 /
» The F <X—2 relationis called the inverse square law
r Your notes
= This means that when amass is twice as far away from another, its force due to gravity reduces by (/2)2 =
Va
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@ Worked example

Asatellite of mass 6500 kg orbits at 2000 km above the Earth's surface. The gravitational force

between the Earth and the satellite is 37 kN.

Calculate the mass of the Earth.

Radius of the Earth=6400 km

Answer:

STEP 1

STEP 2

STEP 3

STEP 4

NEWTON’S LAW OF GRAVITATION

Gm,m,
i =
m, 1S THE MASS OF THE SATELLZEﬁ,, THESE CAN BE
m, 1S THE MASS OF THE EARTH ANY WAY AROUND

REARRANGE FOR m, (MASS OF EARTH)
GERS
Gm,

:mz

CALCULATE THE DISTANCE r

r 1S THE DISTANCE BETWEEN THE CENTRE OF THE EARTH
AND SATELLITE

r=DISTANCE OF SATELLITE ABOVE THE SURFACE + RADIUS
OF THE EARTH

2000 km

SATELLITE
6400 km

r = 2000 + 6400 = 8400 km = 8400 x10%m

SUBSTITUTE IN VALUES , /E 37 kN

GRAVITATIONAL
CONSTANT |

6.67 x 10~ x 6500

2 3,2 3
NEWTON’S (8400 x 107)" x 37 x 10" _ 6.0 x ‘102‘kg (2 s.f)
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O Examiner Tip /

Your notes
A common mistake in exams is to forget to add together the distance from the surface of the planet

anditsradius to obtain the value of r. The distance ris measured from the centre of the mass, whichis
from the centre of the planet.

Make sure to square the separationrinthe equation!
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Gravitational Field Strength V4

Your notes
Gravitational Field Strength

= Thereisauniversal force of attraction between all matter with mass
= Thisforceis known as the ‘force due to gravity’ or the weight
= The Earth’s gravitational field is responsible for the weight of all objects on Earth
= Agravitational field is defined as:
Aregion of space where a test mass experiences a force due to the gravitational
attraction of another mass

= Thedirection of the gravitational field is always towards the centre of the mass causing the field
= Cravitational forces are always attractive

= Gravity has aninfinite range, meaningit affects all objectsin the universe
= Thereis a greater gravitational force around objects with alarge mass (such as planets)
= Thereis asmaller gravitational force around objects with a small mass (almost negligible for

\ﬁf

F
\V\ EARTH'S
SL S S SS S ANS S SSSSS |SURRACE

/% GRAVITATIONAL ATTRACTIVE
F FORCE DUE TO EARTH’S
GRAVITATIONAL FIELD

The Earth's gravitational field produces an attractive force. The force of gravity is always attractive

= The gravitational field strength at a pointis defined as:
The force per unit mass experienced by a test mass at that point

= This canbe writtenin equationform as:
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= Where:
= g =gravitational field strength (N kg™
= [ =forcedueto gravity, orweight (N)
= m=mass of testmassin the field (kg)
= This equation shows that:

= Onplanetswith alarge value of g, the gravitational force perunit mass is greater than on planets

with a smallervalue of g

g:

F
m

= Anobject's massremains the same at all pointsin space

= However, onplanets such as Jupiter, the weight of an object will be greater than on aless massive

planet, such as Earth

= This means the gravitational force would be so high that humans, for example, would not be able to

fully stand up

A BODY ON EARTH HAS A
MUCH SMALLER FORCE PER
UNIT MASS THAN ON JUPITER

‘l/F
EARTH
g = 9.81 Nkg™

A person’s weight on Jupiter would be so large that a human would be unable to fully stand up

THIS MEANS A BODY WILL HAVE
A MUCH GREATER WEIGHT ON
JUPITER THAN ON EARTH

JUPITER
g =25 Nkg™*

= Factors that affect the gravitational field strength at the surface of a planet are:

= Theradiusr(ordiameter) of the planet
= Themass M (ordensity) of the planet

= This can be shown by equating the equation F = mg with Newton's law of gravitation:
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= Substituting the force F with the gravitational force mg leads to:

GMm

m =
g P

= Cancelling the mass of the test mass mleads to the equation:

= Where:

GM

g=7

G =Newton's Gravitational Constant

= M=mass of the body causing the field (kg)

= Thisequationshows that:

= The gravitational field strength g depends only on the mass of the body M causing the field
Hence, objects with any mass min that field will experience the same gravitational field strength

= The gravitational field strength g is inversely proportional to the square of the radial distance, r?

Q Worked example

r=distance from the mass where you are calculating the field strength (m)

Calculate the mass of an object with weight 10 N on Earth.

Answer:

STEP 1

STEP 2

STEP 3

GRAVITATIONAL FIELD STRENGTH EQUATION

F

_'e
9% m

REARRANGE FOR MASS m
&

m= 2

SUBSTITUTE IN VALUES
1. =1.0kg

=
8.3
Eg ON EARTH
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@ Worked example /
3 Your notes

The mean density of the Moonis = times the mean density of the Earth. The gravitational field

5
1

strength onthe Moonis == the gravitational field strength on Earth.

6

Determine the ratio of the Moon's radius I‘M to the Earth's radius I’E.

Answer:
Step 1: Write down the known quantities

" gM = gravitational field strength on the Moon, pMz mean density of the Moon

. gE = gravitational field strength on the Earth, pE =mean density of the Earth

3
Py= 5PE
1
gy = T8k

Step 2: Write down the equations for the gravitational field strength, volume and density

GM
Gravitational field strength: & = ———
r
4
Volume of asphere: V = 31'[1‘3 = V3
M 4
Density: p = =7 = M= pV = gnpﬁ = M xpr

Step 3: Substitute the relationship between M andrinto the equation forg

()
E§XP 5 = gxpr

Step 4: Find the ratio of the gravitational field strength

gMaerM
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Ep * PEg /

1 1 Your notes
= — > = —
En 6 8g Pyt 6 Pelg
Step 5: Substitute the ratio of the densities into the equation

3 1
\ng/ I = 6PEE

O Examiner Tip

Thereis abig difference between g and G (sometimes referred to as ‘little g’ and ‘big G’ respectively),
gisthe gravitational field strength and G is Newton’s gravitational constant. Make sure not to use these
interchangeably!

mass
volume

The equation for the volume of common shapes is in your data booklet.

Remember the equation dGHSity = , which may come in handy with some calculations.
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Gravitational Field Lines /

Your notes

Point Mass Approximation

= Forapoint outside a uniform sphere, the mass of the sphere may be considered to be a point mass at

its centre
= Auniformsphereis one where its mass is distributed evenly
= The gravitational field lines around a uniform sphere are therefore identical to those around a point
mass
= Anobjectcanberegarded as a point mass when:
Abody covers a very large distance compared to its size, so, to study its motion, its size or

dimensions can be neglected

= Anexample of thisis field lines around planets

_FIELD LINES TOWARDS
CENTRE OF THE MASS

RADIAL FIELD LINES
EVENLY SPACED

UNIFORM SPHERE e.g. A PLANET

NON—-UNIFORM GRAVITATIONAL
FIELD LINES OF A SPHERE

Gravitational field lines around a uniform sphere are identical to those on a point mass

= Radial fields are considered non-uniform fields
= So, the gravitational field strength g is different depending on how far an objectis from the centre

of mass of the sphere
= Newton’suniversallaw of gravitationis extended to spherical masses of uniform density by assuming

that their massis concentrated at their centrei.e point masses
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Representing Gravitational Fields /

= Gravitational fields represent the action of gravitational forces between masses, the direction of these Your notes
forces canbe shown using vectors
= Thedirection of the vector shows the direction of the gravitational force that would be exerted on
amass ifitwas placed at that positionin the field
= Thesevectors are known as field lines (or 'lines of force')
= Thedirection of a gravitational field is represented by gravitational field lines
= Therefore, gravitational field lines also show the direction of acceleration of a mass placedin the
field
= Gravitational field lines are always directed toward the centre of mass of abody
= Thisisbecause gravitational forces are attractive only (they are neverrepulsive)
= Therefore, masses always attract each othervia the gravitational force
= The gravitational field around a point mass will be radial in shape and the field lines will always point
towards the centre of mass

OBJECT WILL EXPERIENCE
A FORCE IN THE DIRECTION
OF THE FIELD LINES

DIRECTION OF THE
VECTOR SHOWN
BY DIRECTION OF
ARROWS

VECTORS IN A
GRAVITATIONAL
FIELD

The direction of the gravitational field is shown by the vector field lines

= The gravitational field lines around a point mass are radially inwards
= The gravitational field lines of a uniform field, where the field strengthis the same at all points, is

represented by equally spaced parallel lines
= Forexample, the fieldslines on the Earth’s surface
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FIELD LINES ARE
RADIALLY INWARDS

NON—-UNIFORM GRAVITATIONAL
FIELD LINES OF AN ISOLATED MASS

POINT MASS

FIELD LINES EQUALLY
SPACED AND PARALLEL

— )

UNIFORM GRAVITATIONAL FIELD
LINES WHERE g IS THE SAME

\ \ \
EARTH’S SURFACE

Gravitational field lines for a point mass and a uniform gravitational field

= Radial fields are considered non-uniform fields

= The gravitational field strength g is different depending on how far you are from the centre
= Parallel fieldlines on the Earth’s surface are considered a uniform field

= The gravitational field strength g is the same throughout

O Examiner Tip
Always label the arrows on the field lines! Gravitational forces are attractive only. Remember:

= Foraradial field: itis towards the centre of the sphere or point charge
= Forauniform field: towards the surface of the object e.g. Earth
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Gravitational Potential (HL) /

Your notes

Gravitational Potential

= The gravitational potential V at a point can, therefore, be defined as:
The work done per unit mass in bringing a test mass from infinity to a defined point

= Gravitational potential is measuredin J kg™
= [|tisalways has anegative value because:
= |tisdefined as having a value of zero at infinity
= Since the gravitational force is attractive, work must be done on a mass to reach infinity
= Onthesurface of amass(such as aplanet), gravitational potential has a negative value
= Thevalue becomeslessnegative, i.e.itincreases, with distance from that mass
= Work has to be done against the gravitational pull of the planet to take a unit mass away from the
planet
= The gravitational potential at a point depends on:
= The mass of the object
= Thedistance from the centre of mass of the object to the point

V=0 AT o2
(VERY FAR AWAY)
,f

7’
I
’
4
’

V=-3.0x10"Jkg" -
V DECREASES

THE SATELLITE WILL

FALL TOWARDS EARTH
DUE TO GRAVITATIONAL
ATTRACTION

V INCREASES

WORK NEEDS TO
~5.0x10"Jkg! |BE DONE TO PULL
THE SATELLITE AWAY
FROM EARTH

Gravitational potential decreases as the satellite moves closer to the Earth

Calculating Gravitational Potential

= The equationfor gravitational potential Vis defined by the mass M and distancer:

Page 14 of 48

© 2015-2024 Save My Exams, Ltd. - Revision Notes, Topic Questions, Past Papers



https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

1, SaveMyExams

Head to www.savemyexams.com for more awesome resources
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Your notes

Where:
= Vy=gravitational potential (J kg™
= G =Newton’s gravitational constant
= M=mass of the body producing the gravitational field (kg)
= r=distance from the centre of the mass to the point mass (m)
The gravitational potential always is negative near anisolated mass, such as a planet, because:
= The potential whenris atinfinity («) is defined as zero
= Work must be done to move a mass away from a planet (V becomes less negative)
Itis also a scalar quantity, unlike the gravitational field strength whichis a vector quantity
Gravitational forces are always attractive, this means as r decreases, positive work is done by the mass
when moving from infinity to that point
= Whenamassis closerto aplanet, its gravitational potential becomes smaller (more negative)
= Asamass moves away from a planet, its gravitational potential becomes larger (less negative) until
it reaches O at infinity
This means when the distance rbecomes very large, the gravitational force tends rapidly towards zero
the further away the pointis from a planet
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AS r DECREASES, THE
METEOR IS MOVING

AS r INCREASES, THE
METEOR IS MOVING

AGAINST THE FIELD

LINES (AGAINST THE
PULL OF GRAVITY).

ITS G.P.E INCREASES
AND ITS POTENTIAL

ALSO INCREASES.

IN THE DIRECTION OF
THE FIELD LINES. 9 ).
ITS G.P.E DECREASES

AND SO DOES ITS
POTENTIAL.

Gravitational potential increases and decreases depending on whether the object is travelling towards

POTENTIAL OF METEOR
- GM

AT THIS POINT = —

GRAVITATIONAL
FIELD LINES

or against the field lines from infinity
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@ Worked example

Aplanet has a diameter of 7600 km and a mass of 3.5 x 1023 kg. A meteor of mass 6000 kg accelerates
towards the planet from infinity.

Calculate the gravitational potential of the rock at a distance of 400 km above the planet's surface.

Answer:

= The gravitational potential at a pointis

= Whereristhe distance from the centre of the planet to the pointi.e. the radius of the planet + the
height above the planet's surface

7600

r= - + 400 = 4200 km

= AndMisthe mass of the largermass, i.e. the planet (not the meteor)

(6.67x10~11) x (3.5x1023)

g 4200 % 103 = =56 10°Tkg™!

O Examiner Tip

Notice the red herring in the worked example. You do not need the mass m of the meteor,as Min the

equation for gravitational potential is only the mass of the object creating the gravitational field. m will
come into play with gravitational potential energy.
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Gravitational Potential Energy in a Non-Uniform Field (HL)

Gravitational Potential Energy in a Non-Uniform Field

= |naradial field, gravitational potential energy (GPE) describes the energy an object possesses due to
its positionin a gravitational field

= The gravitational potential energy of a systemis defined as:

The work done to assemble the system from infinite separation of the components of the
system

= Similarly, the gravitational potential energy of a point mass is defined as:
The work done in bringing a mass from infinity to a point

Near the Earth's Surface

= The gravitational potential energy near the Earth's surface is equal to

Ep = mgAh

= The GPEonthe surface of the Earthis taken to be zero
= This means workis done to lift the object
= Thisequation canonly be used for objects that are near the Earth's surface
= Thisisbecause, nearEarth's surface, the gravitational field is approximated to be uniform
= Faraway fromthe Earth's surface, the gravitational field is radial because the Earth is a sphere

O Examiner Tip

You should be able tointerpret areas under curves by thinking about what the product of the
quantities on the axes would represent. Since, in this case, force x distance = work done, then it
follows that the area under the curve represents the change in energy between two points.
Specifically, this would be a change in gravitational potential energy.

The equation GPE = mgAhis very rarely used in this topic. Thisis only relevant for objects on a planet's
surface.

The only difference between GPE and gis GPE = mg where mis the mass of the objectin the
gravitational field of mass M.

This equationis not given on your data booklet, but you must understand its significance
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Gravitational Potential Energy Equation (HL) /

Your notes

Work Done on a Mass

= Whenamassis moved against the force of gravity, work is required
= Thisisbecause gravity is attractive, therefore, energy is needed to work against this attractive

force
= The work doneinmoving amass mis given by:
AW =mAV
g
= Where:

= AW=changeinwork done (J)
= m=mass(kg)
» AV, =change ingravitational potential (J kg™
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@ Worked example /

Your notes
Aparticle of mass 50 gis moved vertically from point A to point B, as shown in the diagram.

Take the gravitational field strength to be 10 N kg™,

40
n B
E — @
& ¢ 30—

w ~

Ll.lu'l

>3 20

2 &

< > A
=Y 10 °
T

9

= ]

T )

Determine

(a) the potential difference between Aand B
(b) the work done in moving the mass fromAto B

Answer:

(a)

= Thework doneinmoving a massin a gravitational fieldis:
W = mA Vand W = mgA h (close to the Earth's surface)

mAV =mgAh = AV =_gAh

= Where the changeinheightis Ah=35-10=25m
= Therefore, the potential difference between AandBiis:

AV =10 x 25 = 250 J kg~!
(b)

= The work doneinmoving the mass fromAto Bis:

W=mAV
W= (50x1073) x 250 = 12.5]J
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Gravitational Potential Energy Equation /

= |naradial field, gravitational potential energy (GPE) describes the energy an object possesses due to Your notes
its positionin a gravitational field
= The gravitational potential energy of a systemis defined as:
The work done to assemble the system from infinite separation of the components of the
system

= Similarly, the gravitational potential energy of a point mass is defined as:
The work done in bringing a mass from infinity to a point

= The equationfor GPE of two point masses mand M at adistanceris:

Gmlm2

p r

= Where:
= G =universal gravitational constant (N m2kg-2)
= my=largermass producing the field (kg)
= mpy=mass moving within the field of M (kg)
= r=distance betweenthe centre of mandM(m)

G.P.E INCREASES FURTHER
AWAY FROM THE
PLANET’S SURFACE

Z HIGHER G.P.E
AG.P.E
e
— e (0
LOWER G.P.E — GMm
I

Gravitational potential energy increases as a satellite leaves the surface of the Moon (of mass M)

= Recallthat Newton's Law of Gravitation relates the magnitude of the force Fbetween two masses M
andm:
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G
. m, m, /

2 Your notes

= Therefore, aforce-distance graph would be a curve, because Fis inversely proportional to r2, or:

1
F0<§

= The product of force and distance is equal to work done (or energy transferred)
= Therefore, the area under the force-distance graph for gravitational fields is equal to the work done
= |nthe case of amass m moving further away from a mass M, the potentialincreases
= Since gravityis attractive, thisrequires work to be done on the mass m
= The areabetween two points under the force-distance curve, therefore, gives the change in
gravitational potential energy of mass m

SATELLITE MOVES

FROM A TO B, WHICH| B
REQUIRES WORK ? Vy = - M

AREA = WORK DONE

GRAVITATIONAL FORCE, F/N

I

|

[
A B

DISTANCE FROM CENTRE OF PLANET, r/m

Work is done on the satellite of mass m to move it from A to B, because gravity is attractive. The area
under the curve represents the magnitude of energy transferred

Change in Gravitational Potential Energy

= Two points at different distances from a mass will have different gravitational potentials
= Thisisbecause the gravitational potential increases with distance from a mass
= Therefore, there will be a gravitational potential difference AV between the two points

AV=V. -V
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= Where:
= Vi = initial gravitational potential (J kg™

= Vf:ﬁnalgravitationalpotentiaI(J kg™

= The changeinwork done against a gravitational field is equal to the change in gravitational potential
energy (GPE)
= \WhenV=0,thenthe GPE=0
= |tisusually more useful to find the change in the GPE of a system
= Forexample, a satellite lifted into space from the Earth’s surface
= The changein GPE when a mass moves towards, or away from, another massis given by:

Gm1m2 Gmlm2
AE = ———— — | —
p r, I,
1 1
AE =Gm m|——-——
p 12 r r,

= Where:
= my=massthatis producing the gravitational field (e.g. a planet) (kg)
= my=massthatis movingin the gravitational field (e.g. a satellite) (kg)
= r=first distance of mfrom the centre of M(m)
= rp=seconddistance of mfromthe centre of M(m)
= Thechangein potential AVyis the same, without the mass of the object my:

Gm Gm
rzl ) [_ rll}

AV = -
g

= Workisdone whenanobjectinaplanet's gravitational field moves against the gravitational field lines
i.e.away from the planet
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@ Worked example /

Your notes
Aspacecraft of mass 300 kg leaves the surface of Mars up to an altitude of 700 km.

Calculate the work done by the spacecraft.

= Radius of Mars = 3400 km
= Massof Mars, m = 6.40 x 1023kg
Answer:

= Thechangein GPEisequalto

= Where
= r;=radius of Mars = 3400 km
= rp=radius +altitude = 3400 + 700 = 4100 km

1 |
AE = (6.67%10-1) x (6.40 10%) x 300 x [ B
= (6.67x1071) x (6.40x 10%3) x 300 \3400x 103~ 4100 103

Work done by satellite: AEp = 643.1 X 10° = 640 MJ 2s)

Page 24 of 48

©2015-2024 Save My Exams, Ltd. - Revision Notes, Topic Questions, Past Papers


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

1, SaveMyExams

Head to www.savemyexams.com for more awesome resources

@ Worked example

Asatellite of mass 1450 kg moves from an orbit of 980 km above the Earth’s surface to a lower orbit of
480 km.

Calculate the change in gravitational potential energy of the satellite.

= Mass of the Earth = 5.97 x 1024 kg
= Radius of the Earth=6.38 x10ém
Answer:

Step 1: Write down the known quantities

= |nitial height above Earth’s surface, hj= 980 km
= Final height above Earth’s surface, hp =480 km
= Mass of the satellite, m=1450 kg
= Massof the Earth,my=5.97 x 1024kg
= Radius of the Earth,R=6.38 x10®m
Step 2: Write down the equation for change in gravitational potential energy

1 1
AE = Gmlmz(— - —)
p \1‘1 1'2/

Step 3: Convert distances into standard units and include Earth radius

= Distance from centre of Earth to higher orbit:

=h +
I, bl R
I, =(980x 103)+(6.38 x108) = 7.36 x 106 m

= Distance from centre of Earth to lower orbit:
= +
r, h2 R

1'2 = (480 x10%) +(6.38 x10%) = 6.86 x 10°m

Step 4: Substitute values into the equation

1 1
AE = (6.67x10"11) x (5.97x 1024) x 1450 X -
» = ) x( ) (7.36>< 105 6.86X 106)

Change in gravitational potential energy: AE, =5.72 x 107
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O Examiner Tip /

Your notes
Make sure to not confuse the AE, equation with AE = mgAh, they look similar but refer to quite different

situations.

The more familiar equationis only relevant for an object lifted in a uniform gravitational field, meaning
very close to the Earth’s surface, where we can model the field as uniform.

The new equation for E, does notinclude g. The gravitational field strength, which is different on
different planets, does not remain constant as the distance from the surface increases. Gravitational
field strength falls away according to the inverse square law.

The change in gravitational potential energy is the work done.
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Gravitational Potential Gradient (HL) 4

Your notes

Gravitational Potential Gradient

= Agravitational field can be defined in terms of the variation of gravitational potential at different points
inthe field:
The gravitational field at a particular point is equal to the negative gradient of a potential-
distance graph at that point

= The potential gradient is defined by the equipotential lines
= These demonstrate the gravitational potential in a gravitational field and are always drawn
perpendicular to the field lines
= The potential gradientin a gravitational field is defined as:
The rate of change of gravitational potential with respect to displacement in the direction
of the field

= Gravitational field strength, g and the gravitational potential, V can be graphically represented against
the distance from the centre of aplanet, r

AV
_ _ g
g Ar

= Where:

= g =gravitational field strength (Nkg™")

= AV, =change in gravitational potential (J kg™

= Ar=distance fromthe centre of a point mass (m)
. Thegraphongagainstrforaplanetis:

SURFACE OF
\Y “ THE PLANET

Rp

-1 RELATION

V ON THE SURFACE
OF THE PLANET

The gravitational potential and distance graphs follow a -1/r relation
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= The key features of this graph are: ,
= Thevaluesfor Vgare all negative (because the graph is drawn below the horizontal r axis)
1 Your notes
= Asrincreases, Vgagainstrfollowsa — ? relation

= The gradient of the graph at any particular pointis the value of g at that point,

1Y,
=TV X T T

= The graphhasashallowincrease asrincreases
= Tocalculate g, draw a tangent to the graph at that point and calculate the gradient of the tangent
= Thisisagraphical representation of the gravitational potential equation:

GM

where G and M are constant

@ Worked example

Determine the change in gravitational potential when travelling from 3 Earth radii (from Earth’s centre)
to the surface of the Earth.

Take the mass of the Earthto be 5.97 x 1024 kg and the radius of the Earth to be 6.38 x 106 m.
Answer:
Step 1: List the known quantities

= Massof the Earth, Mg=5.97 x 1024kg
» Radius of the Earth, re=6.38 x 10ém
= |nitial distance, r;=3re=3x(6.38 x 104)m =1.914 x 10’ m
= Finaldistance,ro=re=6.38 x10m
= Gravitational constant, G=6.67 x 10-"m3kg='1s-2
Step 2: Write down the equation for potential difference

1 1
AV = -GM |——-—
g Er2 r,

Step 3: Substitute the valuesinto the equation

1 1
A = —(6.67x10711) x (5.97x 1024 x( -
Vg (6.67x1071) x (5.97x10*) \6.38x 100 1.914x107)

AVg=-4.16x107 Jkg™!
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Gravitational Equipotential Surfaces (HL) /

Your notes

Gravitational Equipotential Surfaces

= Equipotential lines (whenworking in 2D) and surfaces (when working in 3D) join together points that
have the same gravitational potential
= These are always:
= Perpendicular to the gravitational field lines in both radial and uniform fields
= Represented by dotted lines (unlike field lines, which are solid lines with arrows)
= |naradial field (e.g.aplanet), the equipotential lines:
= Are concentric circles around the planet
= Become furtherapart further away from the planet
= Remember:radial field is made up of lines which follow the radius of a circle
= |nauniform field (e.g. nearthe Earth's surface), the equipotential lines are:
= Horizontal straightlines
= Parallel
= Equally spaced
= Remember: uniform field is made up of lines which are a uniform distance apart
= Potential gradientis defined by the equipotential lines
= No workis done when moving along an equipotential line or surface, only between equipotential lines
orsurfaces
= This means that an object travelling along an equipotential doesn'tlose or gain energy and AV =0
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RADIAL FIELD
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GRAVITATIONAL
FIELD LINES

I

—50 MJkg™ "’

- -

UNIFORM FIELD

EQUIPOTENTIAL
LINES

SPACED

aV EQUALLY

]
/[0 Mg ’
I

GRAVITATIONAL
FIELD LINES

| EARTH'S SURFACE

Gravitational equipotential lines in a non-uniform and uniform gravitational field
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O Examiner Tip /

. . . . o Your notes
Remember equipotential lines do not have arrows, since they have no particular direction and are not
vectors.

Make sure to draw any straight lines with aruler or a straight edge.
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Kepler's Laws of Planetary Motion 4

Your notes

Kepler's Laws of Planetary Motion

Kepler's First Law

= Kepler'sFirst Law describes the shape of planetary orbits
= |tstates:
The orbit of a planetis an ellipse, with the Sun at one of the two foci

|FocI OF ELLIPSE|

£ _/EPLANET

SUN|

The orbit of all planets are elliptical, and with the Sun at one focus

= Anellipseisjusta'squashed'circle
= Some planets, like Pluto, have highly elliptical orbits around the Sun
= Otherplanets, like Earth, have near circular orbits around the Sun

Kepler's Second Law

= Kepler's Second Law describes the motion of all planets around the Sun
= |tstates:
Aline segment joining the Sun to a planet sweeps out equal areas in equal time intervals
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AREA x = AREA y WHEN THE TIME
BETWEEN AB = TIME BETWEEN CD

D

£ /\GPLANET

= The consequence of Kepler's Second Law is that planets move faster nearer the Sun and slower further
away fromit

Kepler's Third Law

= Kepler'sThird Law states
For planets or satellites in a circular orbit about the same central body, the square of the
time period is proportional to the cube of the radius of the orbit

= Thislaw describes the relationship between the time of an orbit and its radius

T? < 13

= Where:
= T=orbitaltime period (s)
= r=mean orbital radius (m)

Time Period & Orbital Radius Relation

= Since aplanetorasatelliteis travelling in circular motion when in order, its orbital time period Tto travel
the circumference of the orbit 21, the linear speed vis:
2Tr

V=T

= Thisis aresult of the well-known equation, speed = distance / time and first introduced in the circular
motion topic

= Substituting the value of the linear speed v from equating the gravitational and centripetal force into
the above equation gives:

2mr \2 GM
V= (T) =
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= Squaring out the brackets and rearranging for T2 gives the equation relating the time period Tand
orbitalradiusr:

- 4m2r
- GM

= Where:

The

T =time period of the orbit (s)

r = orbital radius (m)

G = Gravitational Constant

M =mass of the object being orbited (kg)

relationship between Tand rcan be shown using alogarithmic plot

T? P = 2logT x3logr

= The graphoflog Tinyears againstlogrin AU (astronomical units) for the planetsin our solar systemis a
straight-line graph:

1000
PLUTO
NEPTUNE
100
URANUS
%)
o
<
w
= 10+
E
o)
S
11_
MERCURY
0.1+
| | T |
0.1 1 10 100
log (r) (AU)
The logarithmic graph of log T against log r gives a straight line
= The graph doesnot go through the origin since it has a negative y-intercept

Only the graph of log Tand log r will produce a straight-line graph, a graph of T vs rwould not
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@ Worked example /

Your notes
Planets A and B orbit the same star.

Planet Aislocated an average distance rfrom the star. Planet Bis located an average distance é6rfrom
the star

orbital period of planet A

Whatis orbital period of planet B ’

1 1 1 1
A. % B. ﬁ C. 3 & D. &
Answer: D

= Kepler's third law states T? < 13

- - . /3
The orbital period of planet A: TA X 4/ I

. . ) / 3
The orbital period of planet B: TB x (61‘

= Therefore theratiois equal to:

T, /& 1

TB (61)3 63

O Examiner Tip

You are expected to be able to describe Kepler's Laws of Motion, so make sure you are familiar with
how they are worded.
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Escape Speed (HL) 4

Your notes
Escape Speed

= Toescape agravitational field, a mass must travel at, or above, the minimum escape speed
= Thisis dependent onthe mass andradius of the object creating the gravitational field, such as a
planet,amoon orablack hole
= Escape speedisdefined as:
The minimum speed that will allow an object to escape a gravitational field with no further
energy input

= |tisthe same forallmassesin the same gravitational field
= Forexample, the escape speed of arocketis the same as a tennis ball on Earth
= The escape speed of anobjectis the speed at which allits kinetic energy has been transferred to
gravitational potential energy
= Thisis calculated by equating the equations:

1 GMm
—mv 2= ——
2 esc r

» Where:

= m=mass of the objectin the gravitational field (kg)

= Vesc = escape velocity of the object (ms™)

= G =Newton's Gravitational Constant
= M=mass of the objectto be escapedfrom (i.e. aplanet) (kg)
= r=distance fromthe centre of mass M(m)
= Since mass misthe same on both sides of the equation, it can cancel on both sides of the equation:

1 GM

— 2 —

2 Vesc r

= Multiplying both sides by 2 and taking the square root gives the equation for escape velocity Vesc:

2GM

esc r
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J ROCKET LEAVING | : ESCAPE
EARTH'S ¢ FIELD B \/cL OCITY
. L ]

| DISTANCE
FROM MASS M

For an object to leave the Earth's gravitational field, it will have to travel at a speed greater than the
Earth's escape velocity, v

Rockets launched from the Earth's surface do not need to achieve escape velocity to reach their orbit

around the Earth
Thisis because:
= They are continuously given energy through fuel and thrust to help them move
= |Lessenergyisneededto achieve orbit than to escape from Earth's gravitational field
The escape velocity is not the velocity needed to escape the planet but to escape the planet's
gravitational field altogether
= This could be quite alarge distance away from the planet
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@ Worked example /

Your notes
Calculate the escape speed at the surface of the Moon.

= Density of the Moon = 3340 kg m~3
= Mass of the Moon =7.35 x 1022kg
Answer:

Step 1: List the known quantities

= Gravitational constant, G = 6.67 x 10-"N m2kg-2
= Density of the Moon, p = 3340 kg m=3
= Mass of the Moon, M =7.35 x 1022 kg

Step 2: Rearrange the density equation for radius r

M 4
Density: p = 7 andvolume of asphere: V' = g'l'[l‘3
M 3M
P=7a 7 4np
gTEI‘

3/ 3IM
r=7 —
41p

Step 3: Calculate the radius by substituting in the values

_ 43 x(7.35x10%2)
= 4T X 3340

= 1.7384 x 10°m

Step 4: Substituterinto the escape speed equation

_J26M [ 2% (6.67x107!") x (7.35%x 10%?)
Vesc - r - 1.7384 x 106

Escape speed of the Moon: VesC =2.37kms™!
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O Examiner Tip /

Your notes
When writing the definition of escape velocity, avoid terms such as 'gravity' or the 'gravitational pull /

attraction' of the planet. Itis best to refer to its gravitational field. This equationis given on the data
sheet, but make sure you know how it is derived.
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Orbital Motion, Speed & Energy (HL) 4

Your notes

Orbital Motion, Speed & Energy

= Since most planets and satellites have near-circular orbits, the gravitational force Fg between two
bodies (e.g. planet & star, planet & satellite) provides the centripetal force needed to stay in an orbit
= Boththe gravitational force and centripetal force are perpendicular to the direction of travel of the
planet
= Consider a satellite with mass m orbiting Earth with mass M at a distance rfrom the centre travelling
withlinear speedv

F. =F

G circ

= Equating the gravitational force to the centripetal force for a planet or satellite in orbit gives:

GMm mv?
2 r

= The mass of the satellite m will cancel out on both sides to give:

GM GM
V2i=— = y o =,—
r orbital r
= Where:
V . =orbitalspeed of the smallermass(ms™)
orbital

= G =Newton's Gravitational Constant
= M=mass of the larger mass being orbited (kg)
= r=orbitalradius(m)
= This means that all satellites, whatever their mass, will travel at the same speed vin a particular orbit
radiusr
= Since the direction of a planet orbitingin circular motionis constantly changing, the centripetal
acceleration acts towards the planet
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£—f LINEAR SPEED /

Your notes

CENTRIPETAL FORCE

TOWARDS THE CENTREet<=~~ " "~
OF EARTH
, \—F ORBIT OF SATELLITE
/ \
! \
1 \
I |
|
| GRAVITATIONAL FORCE
\ » TOWARDS THE CENTRE
\ OF THE EARTH
\

A satellite in orbit around the Earth travels in circular motion
Energy of an Orbiting Satellite

= Anorbiting satellite follows a circular path around a planet

= Justlike an object movingin circularmotion, it has both kinetic energy (Ex) and gravitational potential
energy (Ep) and its total energy is always constant
= Anorbiting satellite's total energy is calculated by:

Total energy = Kinetic energy + Gravitational potential energy
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3 i AS THE ORBITAL RADIUS
| | INCREASES, THE TOTAL
ENERGY DECREASES

1 RADIUS

ORBIT RADIUS (m)

A graph showing the kinetic, potential and total energy for a mass at varying orbital distances froma

massive body

» This means that the satellite's £, and E, are also both constant in a particular orbit
= Ifthe orbitalradius of a satellite decreases its E, increases and its E, decreases
= If the orbital radius of a satellite increases its E,decreases and its Ejincreases
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~ Your notes
SATELLITE TRAVELS \\\ AT LARGER r:
+\\ oHIGHER GPE
EEE M oLOWER KE
. oLONGER T
\
\\
\
SATELLITE TRAVELS \\
FASTER \
AT SMALLER r: ':
oLOWER GPE !
oHIGHER KE :
o SHORTER T |
/ ORBIT Y
/ ORBIT X

Atorbit Y, the satellite has greater GPE and less KE than at at orbit X

= Asatelliteis placedintwo orbits, Xand Y, around Earth
= Atorbit X, where the radius of orbit ris smaller, the satellite has a:
= |argergravitational force onit
= Higherspeed
= HigherEx
= LowerkEp
= Shorter orbital time period, T

= AtorbitY,where theradius of orbit rislarger, the satellite has a:
= Smaller gravitational force onit
= Smallerspeed
= |LowerEy
= HigherEp
= |ongerorbital time period, T
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@ Worked example /

Your notes
Abinary star system constant of two stars orbiting about a fixed point B.

The star of mass M;has a circular orbit of radius Ryand mass M, has aradius of Ro. Both have linear
speedvandanangularspeed waboutB.

Interms of G, Mo, Ryand R», write an expression for

(a) the angular speed w of mass M;
(b) the time period T of each star

Answer:
(a) Angular speed:

= The centripetal force on mass Myis:
M1V12 Ml(le)z
F= = = MlRlco2

R R,

= The gravitational force between the two massesis:

GM, M,
F= ————
(R, + R)?

= Equating these expressions gives:

GMIM2
2 = =
MR = R+ R

= Rearrange forangular velocity
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GM, /

Rl(Rl + R2)2 Your notes

(b) Orbital period:

= Therelationbetween angular speed and orbital periodis

_2m _2m
o= = =7
= Using the expression forangularvelocity from part (a)
o oM, — R(R *R)
P2 R+ Ry =T GM,
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@ Worked example /

Your notes
Twoidentical satellites, Xand Y, orbit a planet at radii R and 3R respectively.

Which one of the following statements is incorrect?
A. Satellite Xhas more kinetic energy and less potential energy than satellite Y
B. Satellite Xhas a shorter orbital period and travels faster than satellite Y

C. Satellite Y hasless kinetic energy and more potential energy than satellite X

O

. Satellite Y has alonger orbital period and travels faster than satellite X

Answer: D

= Satellite Yisatalargerorbitalradius, therefore it will have alonger orbital period, since T2 « R3
= Beingatalargerorbital radius means the gravitational force will be weaker for Y than for X

= So, satellite Y will travel much slower than X as centripetal force: F' o V2

= Travelling at a slower speed means satellite Y will have less kinetic energy,asEK e Vz,and,

therefore, more potential energy than X

Satellite X Satellite Y
orbital radius smaller larger
orbital period shorter longer
orbital speed faster slower
kinetic energy greater lower
potential energy lower greater

= Therefore, all statements are correct exceptin D where it says 'Satellite Y travels faster than
satellite X'

O Examiner Tip

If you can'tremember which way around the kinetic and potential energy increases and decreases,
think about the velocity of a satellite at different orbits.

Whenitis orbiting close to a planet, it experiences alarger gravitational pull and therefore orbits faster.
Since the kinetic energy is proportional to v2, it, therefore, has higher kinetic energy closer to the
planet. To keep the total energy constant, the potential energy must decrease too.
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Effects of Drag on Orbital Motion (HL) 4

Your notes

Effects of Drag on Orbital Motion

= Satellitesinlow orbits (<600 km) may be slightly affected by viscous drag, or airresistance
= The effects of drag on the motion of the satellite are usually very small, but over time, it can have a
significant effect on the height and speed of the satellite's orbit

ORBIT WITH
600 km /N NO DRAG
e il N

WITH
DRAG

200k | SATELLITE

DRAG REGION
200km \/

Viscous drag can affect the height and speed of a low-orbit satellite as a result of energy dissipation

= Thedensity of the airin the very upperlayers of the atmosphere is very low, but not zero
= Asaresult, satellites travelling through these thin layers of air will experience a small dissipation of
kinetic energy into thermal energy
= Thisheatingis due to the friction between the air particles and the surface of the satellite
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LOW ORBIT

SATELLITE VISCOUS DRAG
DUE TO THE
ATMOSPHERE

CAUSES DISSIPATION
OF KE — HEAT
CAUSING THE
SATELLITE TO
SPIRAL TOWARDS
THE EARTH

As alow-orbit satellite loses energy, it spirals towards the Earth as its orbital radius decreases

As some of the kinetic energy is dissipated into the surroundings, the satellite's total energy is reduced
= When asatellite loses energy, its orbital radius decreases
= However, as the satellite's orbit becomes lower, some of its potential energy is transferred to
kinetic energy
Overall, its speedincreases and the effects of airresistance become even greaterinits lower orbit
resulting in greater dissipation of kinetic energy into thermal energy
If the overall decrease in potential energy is larger than the overall increase in kinetic energy, the total
energy will decrease

AE <0ifAE > AE
to p k

tal

Page 48 of 48

© 2015-2024 Save My Exams, Ltd. - Revision Notes, Topic Questions, Past Papers

4

Your notes


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

