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« Gravitational field

« Gravitational force between point masses

« Gravitational field of a point mass

« Gravitational field near to the surface of the Earth
o Gravitational potential

e Circular orbits

Candidates should be able to:

(a) show an understanding of the concept of a gravitational field as an example of field of
force and define gravitational field strength at a point as the gravitational force
exerted per unit mass placed at that point.

(b) recognize the analogy between certain qualitative and quantitative aspects of
gravitational and electric fields (to be taught in Year 6).

(c) recall and use Newton's law of gravitation in the form F = -G—’m;pi
I
(d) derive, from Newton's law of gravitation and the definition of gravitational field

strength, the equation g = G_rgi for the gravitational field strength of a point mass.

. M -
(e) recall and apply the equation g =-Gr—2— for the gravitational field strength of a point

mass to new situations or to solve related problems.

(f) show an understanding that near the surface of the Earth g is approximately constant
and equal to the acceleration of free fall.

(g) define the gravitational potential at a point as the work done per unit mass in bringing
a small test mass from infinity to that point.

S~

(h) solve problems using the equation ¢ = --C# for the gravitational potential in the field

of a point mass.

(i) analyse circular orbits in inverse square law fields by relating the gravitational force to
the centripetal acceleration it causes.

(i) show an understanding of geostationary orbits and their application.
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7.1 gﬁravltaﬂbnal Force F

Introduction In 1687, Newton proposed in his meosonh:m Naturalis Principia Mathematica that every
mass attracts another mass with a force of gravity. According to him, two seemingly
unrelated phenomena - the fall of an apple from an apple tree and the orbital motion of
the planets around the Sun - are due to the same reason: gravitational attraction. He
came up with the Newton's Law of Gravitation. This law is universally valid and applies to
any planets in the solar system and even between distant galaxies.

Astareed beit

Newton’s Law |Newton's law of gravitation states that two'point Masséa attract each other with a force
of Gravitation |that is directly proportional to the product of their masses and inversely proportional to

the square of the distance between them.
The magnitude of the gravitational force F between two particles of masses M and m

which are separated by a distance ris given by

where G is the gravitational constant with a value of 6.67x10™" N m? kg™
Gconglandt ctan hore unils

Note

e« Newton's law of gravitation is an example of an inverse square law becauseg
magnitude of the force varies inversely with the square of the separation of the
particles. ]rmt‘lui{fni) ‘mhﬂﬂ‘u Pumer (4

« Gravitational force is attracfivé in naturé and some books indicate this with a negative
sign in the formula

Fd T
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Example 7.1 A man of mass 85.0 kg is standing on the surface of the Earth. Given that the Earth has

a mass of 5.98 x 10% kg and a radius of 6.37 » 10" m, calculate the force that the Earth
exerts on the man. Deduce the force that the man exerts on Earth.

Soluhon/, )

- 3 b -r3

F GM.m /

Te

(6.67x10"") (5.98x 10™*) x (85.0)
(6.37x10°)?

\

=836 N

By Newton's third law, the force that the man exerts on the Earth is equal in magnitude to
the force that the Earth exerts on the man, but in the opposite direction.

Note:
Due the mass of the Earth, we do not expect to see the Earth move:
m
Fmanon Earth — _FEmh onman — MeyinBeamn = =M panBmen = Begnn =~ mmm Bpan ® 0
N3L N2 L Earth

Example 7.2

NJC/H2/Prelims 2010/P1/16 - modified]

On the surface of the Earth, the gravitational force acting on an object is 45 N. When the
object is at a height h above the surface, the gravitational force actingonitis5N. If Ris
the radius of the earth, calculate the approximate value for h in terms of R.

Solution
turfn; i : 45 h:(‘—ném? ¢ 1SN
R* '
¢ i LN
Fhui‘l = m - b (P"'l‘)i
Rih)t
) F_' (RHhy?
Rt o5 q . @0 F, T ]
Fuuf'.;l oS R2
SR 3
Rin 3 '
R
. h: 7
h= IR-R -

"LR/
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7.2 (Gravitational Field Strength g h st SR T 7 DA TRIGR B Y AR

E e ‘)Lal“'.a 4 el ke

Gravitational
Field |A gravitational field is a region of space in which a mass placed in thal region

. |experiences a gravitational force.

Gravitational A region of gravitational field can be visualised as consisting of an array of imaginary
Field Lines field lines in which the tangent at a point on a field line acts in the direction of the
gravitational force.

¢ The direction of the field lines indicates the direction of the gravitational field.

e The density of the field lines indicates its strength. A region with a stronger
gravitational field strength will have closer or denser field lines, and vice versa.

e For a point mass or a uniform spherical mass, the field lines are directed towards its
centre.

e The figure on the left shows the field lines around Earth, which are directed towards
its centre. If we zoom in to a region near the surface of the Earth, the field lines sec.
to be parallel to one another as shown in the figure on the right.

e Hence, near the surface of the Earth, we can consider the gravitational field to be
Alradina uniform with a magnitude of 9.81 Nkg™".

N\i‘} (

a4 AT I“Q\\\LU\\'( g

4

~ alays
}\X lf\\\vj

" | The gravitational field strength at a point in space is defined as the gravitational force
| " |experienced per unit mass at that point.

F
g=—
m

Gravitational GMm
Field Strength  SIN°€ the gravitational force between two point masses is given by F = — 3

of a Point !
Mass GM

g= %
‘w ‘ Note:

« Gravitational field strength is a vector quantity and it points towards the mass which
created it.

» The gravitational field strength at a point is the acceleration of free fall at that point.

» The resultant field strength at a point due to more than one mass can be found by the
vector sum of the gravitational field strengths due to all masses.

S ) epending /o acelurabion dbois el
RN

”M‘“Juuf Jriabipad fiefd
mgt M

e

¥
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Example 7.3  Find the resultant gravitational field strength due to the two }ﬁisses at points A and B,

given that M; > M,. M, l} '\ . 3} 7, i
--------------------------- I |
+ r A r r 8 ] i Y
L4l i 0
Solution
AtpointA: g - G%- (towards M,) g,=G ﬁ:iz (towards M,)
ga=0,-0, = G—%"— -Ggl (towards M;)
At point B: g, =G _M_‘z_ +G ﬂz’. (towards M, and M,)
(3r) r

Gravitational . mm GM
Field Strength For uniform spheres, planets and stars, we can use F=G~ﬁ‘z*2' and g=— to

of a Uniform  calculate the gravitational forces and gravitational field strengths. b, Hevanalor of grambalion

Sphers fiedd shrerath at) Mglantolafr
_endie ot e *w)\la . II—,}W‘
( "‘*.‘. ‘e
] b j‘
] ’/
Important : ‘ - —
Note E . ’
E > rim &
Ny —_ )

Inside the sphere (r<R): gAY <R
. actwaithin | The gravitational field strength due to the outer shell cancels out and has no

fylaby contribution to the final value of g (see Appendix A).

withi K

Fyllabus | « The mass M of the inner sphere is M=pV=p ;i,m’, :
; 3

 The gravitational field strength due to the inner sphere varies linearly with distance

g O & (ipﬁr3)=%Gpn‘r

* r*\3

Outside the sphere (rz R):
« The gravitational field strength due to a uniform sphere is identical to that of a point

GM
mass at the centre of the sphere. Therefore, g = _r"’“
Note:
» The gravitational field inside a hollow sphere is zero (see Appendix A).

» The gravitational field inside a uniform solid sphere varies linearly with distance r.
o The gravitational field outside a uniform solid sphere varies inversely with s |

Pago |50f19
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Variation in The figure shows an object of mass m hanging from a spring balance at two places on
Gravitational  the Earth — the Equator and the North Pole.
Field Strength

due to Earth’'s In both cases there are two forces acting on the mass — gravitational force F, (true
Rotation weight) and force T due to the spring.

.t\ nu \ ()

@]‘——h o l |
re cliqulay gy,
‘f‘ North Pole ’

)\A\IJ- |
{ (.’\i

H\i ) ’ e tulay el .

| |f the Earth is taken to be a uniform sphere, then F, is the same at both the equatorial

and polar regions. However, T will be different because the mass undergoes circular
motion at the Equator.

Resultant force Fi at the polar region:

Applying Newton's second law, Fr= F;— T
Since there is no circular motion, Fr=0
Therefore, T = F,

The spring balance indicates Fy , which is the true weight of the object.

Resultant force Fr at the Equator:

Applying Newton's second law, Fr=F; — T

Since the object undergoes circular motion, Fr = F¢ = Fe-T
Therefore, T= F, - F¢

The spring balance indicates a value less than the true weight of the object. This
value is known as the apparent weight. .

At the Equator, part of the gravitational force provides for the centri
Important object moving in a uniform circular motion.
Note '

petal force to keep the

Question: What happens if the Earth spins faster about its axis of rotation?

Page |60f19
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Example7.4 (i) Given that the Earth's tadius is 6370 km, find the centripetal acceleration of an
object placed at the Equator

(i) If a 5.0 kg mass is placed on a weighing scale at the Equator, what would the scale

read in kg?
Solution
1) acceleralion &;‘ byo fag) eatl Hovarh) hon
I (310 e00 e M’a",
& 2(€330 sen) () - lmmtu) I:t‘]. fo
? ({C%'l‘i h\‘\ Ll
Q“UlQH\A\QI\' L] h'l"l'l fh"\' ('“ 1) ( l }) i "t
‘ 7.1 -
\|) T ¥ . § ™) b o8 ,l_ \i"gl,. a R4
3 14\ 4 44—
; Gme(50)(0:03%3) : F “ﬁ’-f:m)
v iz L4 proceyd
. .- M{n}(‘i m_ Lg.g)({\.tﬂﬂ) 2 A :
' ' ' 4]
AN 1= guE,
11 T
Other Factors 1. The gravitational field strength over the Earth’s surface varies as the result of itsJack
Affecting of spherical “symmetry. Its polar diameter is about 40 km less than its equatorial
Gravitational diameter.
Field Strength
. 2. The Earth's [dénsity is not uniform. There are local variations in the Earth's

gravitational field caused by mountains and trenches, as well as the presence of

minerals and oil deposits.

) ) GMm,
F] D
Pl
J\""}NQJ bewagte
%fm “1-(.1\_,}}.{ Msm
"H”}Ch’&ll-' logbev m

Grouitakiorad fold

Gp - } gy Ti‘lU\s]m#l
hﬁq‘a ‘Hh aC loh
Page |70of19 Yartdian in et
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n _"_"qurpy U & Orwlhyonil Pommv AR

Gravitational
Potential
Energy

The gravitational potential energy of a mass at a point in a grnv:lnhonal field is defined
as the work done by an external force in hnngmg the mass from infinity to that point.

Notin syllabus: U = " F,, db= [ g—Adet [— —Gﬂ} - - GMmI . 1J Ll
Y . r o r

"'o x s. F )
The gravitational potential energy U of two particles of l/z.;, !
masses M and m separated by a distance r is given by 1 . Fo ",

el r I. ’f

Note: T F
e Due to its definition, the negative sign must be indicated. .
e For small distances h above the surface of the Earth, U ~ mgh (see Appendix B).

Ipe Qluﬂlﬂj cknmau hf%ﬂf»} "\l"famﬂ— poind

Relationship

between Force expression: &wﬁ"‘f@\w\ﬂ v

and Potential
Energy

L unlesy Sefre n{m

—_ ford) aremet = 1) Or( rent poitd
Gravitational force Fl q*grg\jitational potential energy are rela f the following
._3

Tk F=_9V
e J.kuu) A d!'

The negative sign indicates that the force points in the direction of potential energy.

dU d{ GMm d (1 1 GMm
Eommlear Eiw, O e i = GMm—| — | = GMm| - = | = 221
xample: - dr( p ) dr(r) m[ rz]

Example 7.5

Important
Note

w9y

o

A satellite of mass m is moving in a uniform circular ~___-._ .

motion of radius r around a planet of mass M. e . g satellite
.r’ r s

What is the total energy of the satellite? ‘ ': .
\ planet i B

Solution

‘‘‘‘‘‘‘

Since satellite is moving in a uniform circular motion, it experiences a centripetal force.
The centripetal force is provided by the gravitational force due to the planet.

GMm _ mv? GM
F,=F, ﬁTrL:"?‘“:’Vomuatz e

Total energy = KE + GPE =-;-mv2 +(— GMm] ; (GM)+(- GMm).—_—GMm

r* r ry 2rt

Objects which are bounded have a negative total energy!
\J Yecause of 3&1‘\(\1\\»‘\\',-?

AR
gg ¢ W NUERLL

':b\n.\'u ‘f: ) -__-‘U e fLrne ‘:o?r\l

6t R S
/K/ ! Page |80f19
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Gravitational
Potential

The gravitational potential at a point in a gravitational field is defined as the work done
per unit mass by an external force in bringing a small test mass from infinity to that point.

\mportant
Note

b Hou

-
m

U

At a distance r from a point mass M, U = - Sl . therefore \\‘] i

ity
r

¢ =

1‘7')-‘ [—'0"‘ al afier

where the mass m of the small test mass cancels out. Aitapey lvemdbe ras

)
|

Torr as 'Turvh.rjlﬂj

fuy rdtg

« Gravitational potential (or potential energy) at infinity is zero.

« Since gravitational force is attractive in nature, to bring a mass from infinity to a point

in the gravitational field, the (direction of the external force is ©ppositd to the direction)

fof displacement of the mass. (We can imagine the external force supporting the
mass as it is being lowered towards the Earth.)

« This results in negative work done by the external force.

e Hence, based on its definition, gravitational potential (or potential energy) has a
negative value.

Note:

« Gravitational potential is a scalar quantity.

« The negative sign is not an indication of direction and it cannot be omitted.

e The gravitational potential at a point due to two or more masses can be found by
adding of the potentials at that point due to each of the mass.

Relationship
between Field
Strength and
Potential

&2

Gravitational field strength is numerically equal to the potential gradient.

_d¢
dr

g':

The negative sign indicates that the field strength points in the direction of decreasing
potential.

Paca |90f19
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Example 7.6 Given that the mass of the Earth is 5.98 x 10?! kg and its radius is 6.37 x 10° m, calculate
the change in the gravitational potential as an object is moved from the surface of the
Earth to a point 1200 m above the surface.
Solution
' ?‘f - #i
A¢ =(—.G—mj_[_§.T_J
r e
= Gm(l - 1]
=6.67x10-”x5.98x10“( L L J
6.37x10° 6.37x10° +1200
=1.18x10* J kg™
Example 7.7 [SAJC/H2/Prelims 2010/P1/13 - modified]

The figure shows two points X and Y at distances L and 2L from the centre of the Ear.
The gravitational potential at X is -8 kJ kg™'.

Earth
X Y
------------ B L TPy )
« L |
< 2L '\

What is the work done when a 2 kg mass is taken from X to Y?

Solution
—qu-‘ di #‘éqs ¢*: ‘E-IE— 8 -S’}ba"
- . © =Gy -
m— }6} tr H}La.\

vork done N GpE L A0

" L\P h‘( ?’j “?x)

1 [(-'L} -(-s)}
. H]
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Velocity
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YA T AN b I s el i i b e b U TR AT SRS IR T bR U b A
Escapen oloehty St RN g N TR P
Have you ever wondered if it is possible to throw an object into the air at such a high
velocity that it will never fall back to Earth? This is actually plausible because the
acceleration of free fall does not stay al 9.81 m s ? but decreases as the object moves
away from the Earth. If this is possible, what is the value of this "escape velocity"? The
solution to this problem is simple if we consider the energy of the object.

How much energy does an object of mass m need in order to escape from the Earth's
gravitational influence and reach infinity? At infinity, its GPE is defined as zero. If the
object has sufficient energy to just reach infinity, its KE at infinity is zero. So the total
energy at infinity is given by Ey = Ep + Ex = 0.

From the principle of conservation of energy, the total energy of an object should remain
unchanged throughout its motion. This means that any object with a total energy zero will
be able to just reach infinity and stop there.

Consider an object (e.g. a rocket) of mass m being projected with a velocity v from the
surface of the Earth. Its initial GPE and KE are:

U=

_GMm and KE =-1-mv2
R 2

Therefore, minimum energy to reach infinity is such that

Total energy =—Eg—m + %mv2 =0
G :
. (20 : ]
j (%) " fuge
v = % = J2g9R (muw‘rl nienvadion
of!/rurj\])

Note:
« The escape velocity isfindépendent of the massTof therobjech

« The escape velocity for Earth is 11.2 km s™".

Example 7.8

A spacecraft of mass 5000 kg propels itself from the surface of the Earth of mass
5.98 x 10% kg and radius 6.37 x 10° m. If Calculate the minimum escape speed.

Solution
. 2c;M
v 2 2gR
JZx(6.67x10'“)x(5.98x1024) - :
= e = [2x9.81x(6.37x10°)
=1.12X104 ms-1 =112X104 ITIS_1
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Example 7.9 [RI/H2/Prelims 2010/P2/3 - part]
Given that the mass of Earth is 5.98 x 10%* kg and its radius is 6370 km, determine the
minimum kinetic energy required to project a spacecraft of mass 2550 kg from the
surface of Earth so that it completely escapes from the gravitational attraction of the
Earth. Ignore air resistance.

Solution

By the principle of conservation of energy,
total energy on surface = total energy at infinity

At infinity, GPE is O (by definition) and KE is 0 (since spacecraft is launched with the
minimum kinetic energy).

Hence,
E

surface

R O

Clrin s S Mem €
e

, (N (5qpn o) (2850

€330 %103
Leo xin"

=E

inf inity
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Kepler's Third
Law
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e Motions':
TR T (el O
For any object of mass m to move in uniform circular motion of radius r, there must be a

resultant force F. acling on the object which is directed towards the centre of the circle.
This is known as the centripetal force, which can be expressed as

A

1) ’
LA TREEN a8 T o

mv?
r

F or mra’

[ 4

where v is the linear velocity and  is the angular velocity.

The time taken for the object to make one complete circle is known as the period T, which
is given by
po2n 2

w v

Consider a satellite of mass m moving with linear speed v in a circular orbit of radius r
about a planet of mass M.

The only force acting on the satellite is the gravitational force. Hence, this gravitational
force provides the centripetal force necessary for the circular motion of the satellite.
Satellites generally do not have any engine propelling it.

Applying Newton's second law of motion, erve bhar)
F,=F

Mm
G—2=mrw2
r

2
(2]
r T
T2 ___f_‘iz_ra

GM
T5mr

where T is the orbital period and ris the orbital radius. This relationship is also known as
Kepler's third law.
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Example 7.10  [MI/H2/Prelims 2010/P1/14 - modified]

Mercury is 5.79 x 10'° m from the Sun and it takes 0.241 Earth years for Mercury to make

one revolution around the Sun. If Neptune is 450 x 10" m from the Sun, calculate the
period of Neptune's around the Sun.

Solution

1
T, 1 A
o Gm )

3
(%) ()

T

1 gsoxot
(F5) B
— 5.3 w0

0.141 \1‘

Tw ¢+ 15 Yoo

f Mrb'ui:r{qr.ﬂ,l (Llhh.u[_q

Example 7.11  (a) An object orbits at an altitude of 300 km above the Earth. What is its linear velocity?
(b) Briefly explain why the orbital plane of any satellite includes the centre of the Earth.
Take Earth as a uniform sphere of radius 6370 km and mass 5.98 x 10%* kg.

Solution

" |
g . r\l!,u“t\..‘; 'j L“‘
(a) rhitd Ji,-u.l- =

oy . MW
' r

V’J’E
* @

£ % g - “q.u
S A LTT N TN §00
7 x\03ymg”

&

F

@ gravitational force due to the Earth provides for the centripetal force on the
4 atellite. Since the centripetal force is directed towards the centre of the Earth, the
/- urbital plane must contain the centre of the Earth.
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Geostationary

Orbits

Important

Note

A geostationary sateIllto ls one that remains at a fixed position relahve to any point on
the Earth's surface.

A geostationary satellite must satisfy the following conditions:

1. Its orbital period is the same as that of the Earth about its axis of rotation (24 hrs).

2. Its direction of rotation is the same as that of the Earth about its axis of rotation
(eastward).

3. Itlies above the Equator (or in the same plane as the Equator).

The radius of a geostationary orbit is

. 1

, 1 2 1" 4\,

- [T4G:W]3 : [(24)(3600) xG.G:Z:‘IO x5.96x10 ] = 42200 km
T 1

Therefore, the height of the orbit above the Earth's surface = 42200 - 6400 = 35800 km.

Advantages of using a geostationary satellite
1. Continuous surveillance of the region under it.
2. Easy for the ground station to communicate with it.
3. Due to the high altitude, the satellite can transmit and receive signals over a large
area.
vam it Vid ok any Jhren \\.\"‘W'}
Disadvantages

Its distance from the Earth's surface is large compared to the Low-Earth Orbit (LEO)
satellites, which typically operate at an altitude of a few hundred kilometres. This leads to
1. asignificant loss of signal strengths,

2. poorer resolution in imaging satellites, .

3. time lag in telecommunication.

Example 7.12

Which of the following quantities are not necessarily the same for satellites that are in
geostationary orbits around the Earth?

angular velocity
centripetal acceleration
kinetic energy

period of orbit

radius of orbit

mass

momentum

GmMmMoOOom>»

Solution:

C 3 \') K] i (.u“‘a, ‘t\M\J;{'W H"k’t U nvoelyy hr\lqs)
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Example 7.13

[N99/1II/2]
A satellite of mass 2400 kg is placed in a geostationary orbit at a distance of
4.23 x 10" m from the centre of the Earth,
(a) Calculate
1. the angular velocity of the satellite,
2. the speed of the satellite,
3. the acceleration of the salellite,
4. the force of attraction between the Earth and the satellite,
5. the mass of the Earth.
(b) Explain why a geostationary satellite
1. must be placed vertically above the equator,
2. must move from west to east. _
(c) Why are such satellites often used for telecommunications?

Solutions

2

7
. 2x .
 24x60x60
=7.27x10% rad s

2. v=ro
=423x10"x7.27x107
=3.08x10° ms™

(a)1. w

N

3. a=—
7

_(3.08x10%)?
T 4.23x107
=0.224 ms™
_ GMm
=

=ma

=2400x0.224
=538 N .

5, 3Bl
r

4. F

_ 538x(4.23x107)°
T 6.11x107" % 2400
=6.56x10% kg

(b) 1. Since the centripetal force on the satellite is directed towards the centre of the
Earth, any circular orbit must have its centre at the centre of the Earth. If the orbit
is not on the equator, the satellite must sometimes be over the northern
hemisphere and sometimes over the southern hemisphere, and so cannot be
geostationary.

2. For a satellite to stay above a fixed point, it.must have the same direction of
rotation as the Earth about its axis of rotation, ie from west to east.

(c) The earthbound transmitters and receivers can be aimed in a fixed direction, with
no disruption to the signals.
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Sommary S

GMm
Gravitational force: F = o
GM
Gravitational field strength: 9="1
. GMm
Gravitational potential energy: U =- :
_ , GM
Gravitational potential. p=- -
: : F
Relationship between Fandg:. g= E
S U
Relationship between Uand ¢: ¢ = -
: ' du
Relationship between Fand U: F = "

Relationship betweengand ¢: g = —% = negative potential gradient.

For a body to escape from the Earth’s gravitational influence:

_GMm 1 Zszm

+—mvi=0= v

escape

REarrh REanh

For a body to orbit around the Earth at radius r:

GMm _mv’ ~ v . |cM
rz - r orbital — 'r_
GMm 27\ 472
=mr|=| = T2 = B
= [ T ) oM’

These conditions will ensure that a geostationary satellite is always above the same

point on the Earth’s surface, ie its relative position with respect to the Earth remains
unchanged:

1. Same 24-hour orbital period as the Earth.
2. Same Eastward rotation as the Earth.
3. Orbits above the equator.

|’,.' {(1\,‘5-“
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Appendix A Cross-sectional view 3D view to show the arcas of Aand B

.\\

e

Thickness = L

sphere. We will prove that the "effective mass" consists of only the mass enclosed by
shaded sphere within dotted sphere of radius r. The approach is to prove that the rest
the mass (the unshaded portion) cancels out each other's gravitational effect such that
their net force on any mass placed at P is zero.

Consider a point P located within a solid sphere a distance r from the centre of tii

First, consider a thin spherical shell of thickness L. P experiences the gravitational field

from every portion of the shell. Two pieces of mass A and B are located on the opposite

sides of P as shown. If the angle they subtend at P is 6, then their areas (considering a

square of sides = arc length, r@) are given by (ra@ )? and (r50 )* respectively. So their

masses will be (110 )’Lp and (rs0 )2Lp respectively, where pis the density of the sphere.

Hence, their gravitational field strength at P will be G(faa) Lp and G(rao)’Lp respectively.
ri s

In both cases the r's cancel away and we get Go?Lpfor both. So the gravitational field

strengths of A and B are equal in magnitude at P. It is also obvious that they are opposite
in direction since A and B are on opposite sides of P. So the resultant field at P due to A
and B is zero. Apply this argument to every direction around P, we find that the resultant
field due to the whole spherical shell is zero. .

A solid sphere can be imagined to be made up of layers of spherical shells. If every shell

with radius > r produces zero resultant field at P then clearly their combined effect is still
zero. So the effective mass is only those within the dotted shaded sphere.
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Appendix B When an object of mass m is Ilfted through height h from pount 11to pomt 2 near the
surface of the Earth, we usually use the formula mgh to determine the gain in
gravitational potential energy U. This is a good approximation if g is constant between

point 1 and point 2.

Proof

Take point 1 to be the ground level and point 2 a distance h above it, such that ry = R

and r; = Rg + h. Then
Al =[_GMm]-[_GMm]
r, h

=£_6Mm _(_GMm
Re +h, Re

@ GMm[f% _q

Re \Rg+h
__GMm(R.-R.-h
R R: +h
= _GMm( _h
' Re \Rc+h
~ Ggem (—gj since h<<R,
GM : GM
=m|—-|h =
m( R? J since g R
=mgh
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