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GRAVITATION

INTRODUCTION

The motion of celestial bodies such as the sun, the moon, the earth and the planets etc. has been a subject
of fascination since time immemorial. Indian astronomers of the ancient times have done brilliant work in
this field, the most notable among them being Arya Bhatt the first person to assert that all planets including
the earth revolve round the sun.

A millennium later the Danish astronomer Tycobrahe (1546-1601) conducted a detailed study of planetary
motion which was interpreted by his pupil Johnaase Kepler (1571-1630), ironically after the master himself
had passed away. Kepler formulated his important findings in three laws of planetary motion. The basis of
astronomy is gravitation.

UNIVERSAL LAW OF GRAVITATION : NEWTON'S LAW

According to this law "Each particle attracts every other particle. The force of attraction between
them is directly proportional to the product of their masses and inversely proportional to square of the
distance between them".

m-m III1 2
1°7°2 m;m 0
Fec—5"or F= G—l2 2 —r—

r r
where G =6.67 x 107" Nm2 kg2 is the universal gravitational constant. This law holds good irrespective
of the nature of two objects (size, shape, mass etc.) at all places and all times. That is why it is known
as universal law of gravitation.
Dimensional formula of G:

B Fr2 B [MLT 2] [L?] e
F_mlmz_ V] = [M-" L3 T-2]

Newton's Law of gravitation in vector form :

- Gmym, . - Gmym, . b FE. F.t
E = —éz f1p & - —;2 Foy m, w2 Fio Fa Iy m,
12 r 21 r —r———

- . .
Where F,Iis the force on mass m, exerted by mass m, and vice-versa.

- - ~ -Gmym, . . - =
Now T, =-Tp ,Thus Fy :% f,, - Comparing above, we get F,, = —F,;
Important characteristics of gravitational force

0] Gravitational force between two bodies form an action and reaction pair i.e. the forces are

equal in magnitude but opposite in direction.

(ii) Gravitational force is a central force i.e. it acts along the line joining the centers of the two
interacting bodies.

(i) Gravitational force between two bodies is independent of the nature of the medium, in which
they lie.

(iv) Gravitational force between two bodies does not depend upon the presence of other bodies.

W) Gravitational force is negligible in case of light bodies but becomes appreciable in case of

massive bodies like stars and planets.

(vi) Gravitational force is long range-force i.e., gravitational force between two bodies is effective
even if their separation is very large. For example, gravitational force between the sun and the
earth is of the order of 10%” N although distance between them is 1.5 x 107 km
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Solved Exvample

Example 1.
The centres of two identical spheres are at a distance 1.0 m apart. If the gravitational force between them is
1.0 N, then find the mass of each sphere. (G = 6.67 x 10~ m* kg~' sec™)

; I Gmm
Solution Gravitational force F = 2

on substituting F=1.0N,r=1.0mand G = 6.67 x 10" m® kg sec™’
we get m = 1.225 x 10° kg

Example 2.
Two particles of masses m, and m,, initially at rest at infinite distance from each other, move under the action

of mutual gravitational pull. Show that at any instant their relative velocity of approachis \/2G(m, + m,)/R ,

where R is their separation at that instant.
Solution The gravitational force of attraction on m, due to m, at a separation ris

_ Gmm,
Fl - 2
r

FF Gm,

Therefore, the accelerationof m_is a, = =73
m

- . . Gm,
Similarly, the acceleration of m,duetom_is a,= - —
r

the negative sign being put as a, is directed opposite to a,. The relative acceleration of approach is

G(my +mjy)
a:al—azzr—2 e (1)
If v is the relati locity, th J Qv _dvdr
vis the relative velocity, then a = - ar dt
dr o T .
But — il (negative sign shows that r decreases with increasing t ).
Y )
ca=— oV e (2)

G(m;+m,)
From (1) and (2), we have vdv=— r—2 dr

Vi Gmmy) |

Integrating, we get ;

2
2
Atr=o0,v=0 (given),and so C = 0.

_ 2G(my+m,)
r

V2

(ZG(ml+m2)j
Ve=all— 5

Letv=v_,whenr=R. Then R
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Principle of superposition

The force exerted by a particle on other particle remains unaffected by the presence of other nearby
particles in space.

L] m1
F
m F7 om,
F
L) ma

Total force acting on a particle is the vector sum of all the forces acted upon by the individual masses
when they are taken alone.

F:E+%+%+ .......

Solved Exvample

Example 3.

18 m

Four point masses each of mass 'm' are placed on the corner of square of side 'a’ . Calculate magnitude of
gravitational force experienced by each particle.

F

m . m
45"
45°Np
Solution : Fy F = resultant force on each particle = 2F cos 45° + F,
n m
2G.m? 1 Gm? Gm?
a2 2 (ﬁa)z = 042 (2\/§+1)
Example 4.
Rod (M, ¢)
dM \[
Q 0 m
< ¢ >< a >

—>| I<—x—>
Find gravitational force exerted by point mass ‘m’ on uniform rod (mass ‘M’ and length ’¢*)

G-dM-m

Solution : dF =force on element in horizontal direction = W

M
where dM = 7dx.

. J«d J-GMmdx GMm

0 ((x+a)? - (x+a)

0

_GMm |__ 1 1| GMm
Ty ~ (f+a)a

(/+a) a
=N Resonance



Example 5.

A solid sphere of lead has mass M and radius R. A spherical hollow is dug out from it (see figure). Its
boundary passing through the centre and also touching the boundary of the solid sphere. Deduce the gravitational
force on a mass m placed at P, which is distant r from O along the line of centres.

Solution : Let O be the centre of the sphere and O’ that of the hollow (figure).

*B

- Y

For an external point the sphere behaves as if its entire mass is concentrated
at its centre. Therefore, the gravitational force on a mass "'m" at P due to
the

original sphere (of mass M) is

Mm
F= Gr_z’ along PO.

The diameter of the smaller sphere (which would be cut off) is R, so that its radius OO' is R/2. The force on
m at P due to this sphere of mass M' (say) would be

M'm
F=G (r _3)2 along PO'. [ distance PO’ = — %]
2
As the radius of this sphere is half of that of the original sphere, we have
=M
M= 3.

Mm
F = GW along PO'.
8 r—i)

As both F and F’ point along the same direction, the force due to the hollowed sphere is

GMm GMm GMm 1
F-F = = 1

2 2 B R 2
r 8r2(1— %)2 r 8(1—E)

GRAVITATIONAL FIELD

The space surrounding the body within which its gravitational force of attraction is experienced by other
bodies is called gravitational field. Gravitational field is very similar to electric field in electrostatics
where charge 'q' is replaced by mass 'm' and electric constant 'K' is replaced by gravitational constant
'G'. The intensity of gravitational field at a point is defined as the force experienced by a unit mass
placed at that point.

F
m

E-=

The unit of the intensity of gravitational field is N kg~".

m P
Intensity of gravitational field due to point mass : ®---->----

The force due to mass m on test mass m  placed at point P is given by :

_ GMm,
r2
F
Hence E=— = E =G_M
mq r2
GM .

In vector form E-_

-2
Dimensional formula of intensity of gravitational field = %: [M['I"\AT] ]
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Solved Exvample

Example 6.
Find the distance of a point from the earth’s centre where the resultant gravitational field due to the
earth and the moon is zero. The mass of the earth is 6.0 x 102 kg and that of the moon is 7.4 x 1022 kg.
The distance between the earth and the moon is 4.0 x 105 km.

Solution : The point must be on the line joining the centres of the earth and the moon and in between
them. If the distance of the point from the earth is x, the distance from the moon is (4.0 x 10°km-x). The
magnitude of the gravitational field due to the earth is

_ GM, _ Gx6x10%*kg
E,= =5 = 2

and magnitude of the gravitational field due to the moon is

GM, Gx7.4x10%° kg
27 (4.0x10°km-x)? ~ (4.0x10%km - x)2

E

These fields are in opposite directions. For the resultant field to be zero E, = E,,.

6x10%*kg 7.4x10%%kg
or, ——— =
X2 (4.0x10%km — x)?

X 6x10%* o
or, s =TT 5 T
4.0x10°km-x  \7.4x10%2

or, X = 3.6 x 10% km.

Example 7.
Calculate gravitational field intensity due to a uniform ring of mass M and radius R at a distance x on the
axis from center of ring.

A dm

lution : r=
Solutio %

Consider any particle of mass dm. Gravitational field at point P due to dm

Gdm
dE = 2 along PA

Component along PO is

Gdm
dE cos 6 = 2 coso

Net gravitational field at point P is

Gdm Gcoso
E:Irz cos0 = 2 Idm

( 2 X2)3/2 g

Resonance
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Example 8.
Calculate gravitational field intensity at a distance x on the axis from centre of a uniform disc of mass M

and radius R.
Solution : Consider a elemental ring of radius r and thickness dr on surface of disc as shown in figure
Disc(M, R)
dr
r
P
< dE |
X
Gravitational field due to elemental ring
GdMx M 2M q
= T 5  5.a/o = 5 = —rdr
dE (X2 +r2)3/2 Here dM TCR2 . 2nrdr RZ
G.2Mxrdx

~dE = RZ(x2 +12)%"2

T[ZGMXJ rdr
L E= 2 2 . 2:\3/2
oL R (X2 +r9)

£ o 26Mx 1 1
TR X aR?

Example 9.

For a given uniform spherical shell of mass M and radius R, find gravitational field at a distance r from centre
in following two cases (@) r > R (b)r<R
Solution :

Ring of radius = Rsind

GdMm

dE = 2 . COS o r>R
M .

dM = 4nR2 X 27 R sin® RdO

M
dM = — sin06 do

2
GM sin6 cosa d6
- 202
Now ¢2=R?+r2-2rRcos6 ... 1)
RZ=/2+12=2/rcoso.  seveereeenens (2)

Resonance
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02 +r2 —R?

Cosa =
o 201

R2 +r2 - /2
2rR

coso =

differentiating (1)
2/d¢=2rRsinb do

GM dy 2 +r2 —R? GM r? -R?
dE=—5.— . — =— |1+ dr
2/ Rr (2¢0r) ARr

e Jor - o [l mo] U]

4Rr R R 2
GM
= =72, r-R

If point is inside the shell limit changesto [ (R-r)to R +r]
E=0 whenr<R.

Example 10.
Find the relation between the gravitational field on the surface of two planets A & B of masses m,, m_ &
radius R, & R respectively if

(@ they have equal mass
(i) they have equal (uniform) density
Solution : Let E, & E_ be the gravitational field intensities on the surface of planets A & B.

4 3
Gm, C3™RAPA _ 4G

then, E, = Ri = Ri :TPARA
Similarl Eg _SfMe _ a6, R
Y, R82 - 3 PB B
E R3
0] form,=m, i = é
. EA RA
(i) For&p,=p, gzg
£
4, GRAVITATIONAL POTENTIAL

The gravitational potential at a point in the gravitational field of a body is defined as the amount of work
done by an external agent in bringing a body of unit mass from infinity to that point, slowly (no change
in kinetic energy). Gravitational potential is very similar to electric potential in electrostatics.
Gravitational potential due to a point mass :

[V r b}
Let the unit mass be displaced through a distance dr towards mass M, Q =)
|

then work done is given by \
M dr

GM
dw =Fdr = I’_zdr
Total work done in displacing the particle from infinity to point P is

W = JdW =J;ci_2Mdr = _?M.

Resonance
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Thus gravitational potential, | V. = ——|.
r

The unit of gravitational potential is J kg~'. Dimensional Formula of gravitational potential
Work  [ML?T7?]

= = = [M°L2T2].
mass [M]

Solved Exvample

Example 11.

.
! (

Y N
] *Q ‘:‘_:P
5/;/2,,.(;"

2'&n'1" ’

Find out potential at P and Q due to the two point mass system. Find out work done by external agent in
bringing unit mass from P to Q. Also find work done by gravitational force.

Gm
Solution : 0] V,, = potential at P due to mass ‘m’ at ‘1" = ——~
Gm
Ve T
_ _ 2Gm
Vo=V, +V, = _7
GM Gm
i Vg, = ——— Vg, = ———
® QLT T2 = 272
V =V 4V = ~Gm Gm _ 4Gm
T Tart Ter Ty g2 T 4
Force at pointQ =0
2GM
(i) work done by external agent = (V,—V,) x 1= Y
- o 2GM
(@iv) work done by gravitational force =V, — VQ ==
Example 12.
Find potential at a point ‘P’ at a distance X’ on the axis away from centre of a uniform ring of mass M and
radius R.
Ring R, M
Solution : \" e R
' Timp
X .
Ring can be considered to be made of large number of point masses (m,, m, .......... etc)
Gm, Gm,
V = - BT
P JRZ1x2  JRZ+x2
B GM
o R +X2(ml+m2 """ )=- R2 4 2 ,where M=m_ +m,+m, + ...
; . GM
Potential at centre of ring =— R

Resonance
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RELATION BETWEEN GRAVITATIONAL FIELD AND POTENTIAL

The work done by an external agent to move unit mass from a point to another point in the direction of the
field E, slowly through an infinitesimal distance dr = Force by external agent x distance moved = — Edr.

av
dr
Therefore, gravitational field at any point is equal to the negative gradient at that point.

Solved Exvample

Example 13.

Thus dV =-Edr = E=-

The gravitational field in a region is given by g = — (20N/kg) (f + ]). Find the gravitational potential at the
origin (0, 0) — (in J/kg)

(A) zero (B) 20,2 (C)-20.2 (D) can not be defined
Solution : V=- IE.dr = UEx.dx+IEy.dyJ = 20x + 20y
atoriginvV=>0
Ans. (A
Example 14.
In above problem, find the gravitational potential at a point whose co-ordinates are (5, 4): (in J/kQ)
(A)—180 (B) 180 (C)-90 (D) zero
Solution : V=20x5+20x%x4 =180 Jkg
Ans. (B)
Example 15.
In the above problem, find the work done in shifting a particle of mass 1 kg from origin (0O, 0) to a point (5, 4):
(InJ)
(A)—180 (B) 180 (C)-90 (D) zero
Solution : W:m(Vf -V) =1(180-0)=180J
Ans. (B)
Example 16

v = 2x2% + 3y? + zX,
Find gravitational field at a point (x, vy, ).

Solution : E=— =—4dx-z2
x OX
Ey:—by
E, =—Xx
~Field= g =—[(4x+z) | +by | + XK ]
E=-VV

Resonance
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6. GRAVITATIONAL POTENTIAL & FIELD FOR DIFFERENT OBJECTS

-GM -GM -GMr . GM cos#f

or E= -5 5332 o E=— —p—
X (@2 +12)2 & (@2 +r2)32 o] 2

L Ring. V=
Gravitational field is maximum at a distance, r=#% a/ﬁ anditis — 2GM /3\/§a2

_a/«/i +a/«/§

_—2GM
\I B
M

IL
X
(a) Potential :
GM GM L ++L2 +d?
= V:—Tfn(seceoﬂaneo):—Tln d
(b) Field intensity :
GM GM
LTI L e
118 An infinite uniform linear mass distribution of linear mass density A, Here 6 = g
M
And noting that & = 5~ in case of a finite rod
S . 2GL
we get, for field intensity =g

Potential for a mass-distribution extending to infinity is not defined. However even for such mass
distributions potential-difference is defined. Here potential difference between points P, and P,

d
respectively at distances d, and d, from the infinite rod, v, =2G\ /n d_2
1

Iv. Uniform Solid Sphere
(a) Point P inside the shell. r < a, then

GM . 5 5 GMr 3GM
V= —E(%‘ 1) & E=- 3 and at the centre V = —

2 and E=0

Resonance
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: : GM GM
(b) Point P outside the shell. r>a, then V= s & E=-—7F

< .
! 1
1
i
1
Vi |
| -GM/r
-3GM/ 2a '

= E
1 -GM/?
--GMr/a3:
V. Uniform Thin Spherical Shell
. . -GM
(a) Point P Inside the shell. r<a, thenV = a & E=0
. . -GM GM
(b) Point P outside shell. r>a,then V= ; & E=- r_2

ﬂ
—-GM/a
el o

VI Uniform Thick Spherical Shell
(a) Point outside the shell

M M
V:_GT ; E:—Gr_z

(b) Point inside the Shell |
Lo [eramr) <)
V=-56M (RZ RR, +R?

E=0 r—
(c) Point between the two surface

GM (3ng 3 —2Rf]

Ve — | 7= = |
2 RS -R? ’
GM r*-Rr?

ST RIR

— / BWQEQQEQEE GRAVITATION - 11




7. GRAVITATIONAL POTENTIAL ENERGY
Gravitational potential energy of two mass system is equal to the work done by an external agent in
assembling them, while their initial separation was infinity. Consider a body of mass m placed at a
distance r from another body of mass M. The gravitational force of attraction between them is given by,

. GMm
B r2 ' :oo
Now, Let the body of mass m is displaced from point. C to B through a ]
distance 'dr' towards the mass M, then work done by internal conservative 1€
force (gravitational) is given by, dr 5
r
GMm GMm r 1A
AW = Fdr= —2" dr = Jew = [Z
r o r
~GMm O R

Gravitational potential energy, | U =

Suppose a block of mass m on the surface of the earth. We want to lift this block by ‘h’ height.
Work required in this process = increase in PE. =U, - U=m(V,- V)

GM, GM,
Wz o= | [ |-t

-1

1 1 GM,m h

= AU = = _ 1-[1+—
W_ = AU=GMm (Re Re+h] =R, { ( RJ J

(ash<<R_, we can apply Bionomical theorem)

GMm h GM
— _ 1-11—— _ e
Wext = AU= Re [ ( Re j} - (m) ( R92 ]h

W_, = AU=mgh

* This formula is valid only when h << R_

Resonance
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Solved Exvample

Example 17.
A body of mass m is placed on the surface of earth. Find work required to lift this body by a height

: Re ;
(Yh=——= (i)h=R,

1000
Solution :
. _ e
0) h—100 ,as h<<R_,so
we can apply
W, =UT =mgh
GM, Re GM,m
We = (M) | 'R.2 | (1000 )= 1000R,
(i) h =R, , in this case h is not very less than R_, so we cannot apply AU = mgh
so we cannot apply AU = mgh
w_ = UT =U,-U=m(V,-V)
GM, GM,
WeXt"mH Re+ReJ ( R, J
W= - GMgm
ext 2Re
Example 18.

Calculate the velocity with which a body must be thrown vertically upward from the surface of the earth so
that it may reach a height of 10 R, where R is the radius of the earth and is equal to 6.4 x 102 m. (Earth's
mass = 6 x 10%* kg, Gravitational constant G = 6.7 x 10" N-m%kg?)

Solution : The gravitational potential energy of a body of mass m on earth's surface is
GMm
UR)=— ——
R)=- =7

where M is the mass of the earth (supposed to be concentrated at its centre) and R is the radius of the earth
(distance of the particle from the centre of the earth). The gravitational energy of the same body at a height
10 R from earth's surface, i.e. at a distance 11R from earth's centre is

GMm

U(ILR) == =——

_ _ GMm GMm 10 GMm
.. change in potential energy U(11R)-UR)=- 1R "R = 1 R

This difference must come from the initial kinetic energy given to the body in sending it to that height. Now,

suppose the body is thrown up with a vertical speed v, so that its initial kinetic energy is Py mv2. Then

— 2

2™ TR

1 _ 10 GMm /(20 GMm
11 “VYl112 rR -

20 % (6.7 x10 N -m? /kg?) x (6 x10**kg)
11(6.4x10°m)

Putting the given values : v = \/[ ] =1.07 x 10* m/s.

_ Resonance GRAVITATION - 13
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Example 19.
Distance between centres of two stars is 10 a. The masses of these stars are M and 16 M and their radii are
a & 2a respectively. Abody is fired straight from the surface of the larger star towards the smaller star. What
should be its minimum initial speed to reach the surface of the smaller star?

Solution : Let P be the point on the line joining the centres of the two planets s.t. the net field at it is zero

16M
Ca )

—
<« 10a

r

GM  G.16M ) ,
Then, 2 —(10a— r)2 =0 = (10a-r)?=167r
= 10a—r=4r = r=2a
Potential at boint P _GM_G16M -GM 2GM _-5GM
otential at point P, Vo= T, (10a—r) o " oa

Now if the particle projected from the larger planet has enough energy to cross this point, it will reach the
smaller planet.
For this, the K.E. imparted to the body must be just enough to raise its total mechanical energy to a value
which is equal to P.E. at point P.

1,2 G(6Mm -GMm

l.e. E - 2a 8a =mv,

-8GM -GM -5GMm

on 2 a 8  2a
45GM 3 |5GM
or, V2= o, v_=—
4a mn 2V a

B

GRAVITATIONAL SELF-ENERGY

The gravitational self-energy of a body (or a system of particles) is defined as the work done by an
external agent in assembling the body (or system of particles) from infinitesimal elements (or particles)
that are initially an infinite distance apart.

Gravitational self energy of a system of n particles

Potential energy of n particles at an average distance 'r' due to their mutual gravitational attraction is
equal to the sum of the potential energy of all pairs of particle, i.e.,

u=-c¢ y M

o

all pairs i
j#i .
) ) . 1 1=n J:“mimj
This expression can be writtenas U _=—- — E 2
S
2 3 =1
j#i

If consider a system of 'n' particles, each of same mass 'm' and separated from each other by the same
average distance 'r', then self energy

o uz-gof 3T

Thus on the right hand side 'i' comes 'n' times while 'j' comes (n — 1) times. Thus
U = lGn n-1) m’
sT 7 2 (n- r

Resonance
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Gravitational Self energy of a Uniform Sphere (star)

(g nrspj (47tr2drp) M
u =-G where p = Nz
sphere r (4} 3 ‘
— [TR -
1 3
=— 3 G (4 =p)?r* dr,
1 i 1 T 3 (a 21
4 T
-_ = 2 |rfdr-_ = 2 |—| =_ 2 (—R3)—
U, 3G(47tp)_c[ 3G(41tp) {5}0 5G 3 p R
3 GMm?
U, =- ¢
star 5 R
9. ACCELERATION DUE TO GRAVITY :
It is the acceleration, a freely falling body near the earth’s surface acquires due to the earth’s gravitational
pull. The property by virtue of which a body experiences or exerts a gravitational pull on another body is
called gravitational mass m_, and the property by virtue of which a body opposes any change in its state
of rest or uniform motion is called its inertial mass m, thus if E is the gravitational field intensity due to the
earth at a point P, and ¢ is acceleration due to gravity at the same point, then mlé = mGE.
Now the value of inertial & gravitational mass happen to be exactly same to a great degree of accuracy for all
bodies. Hence, g = E
The gravitational field intensity on the surface of earth is therefore numerically equal to the acceleration due
to gravity (g), there. Thus we get, m
_ &M, mg
Re2 R,
where , M_ = Mass of earth Earth
R, = Radius of earth
Note
° Here the distribution of mass in the earth is taken to be spherical symmetrical so that its entire
mass can be assumed to be concentrated at its center for the purpose of calculation of g.
[
10. VARIATION OF ACCELERATION DUE TO GRAVITY

- Y

(a) Effect of Altitude

GM
Acceleration due to gravity on the surface of the earth is given by, g = Rze
e
Now, consider the body at a height 'h' above the surface of the earth, then the acceleration due to
gravity at height 'h' given by p

I

= e = 1 h N ~ 1 2h when h << R
L S I s -

e

2gh
The decrease in the value of 'g' with heighth=g-g, = R - Then percentage decrease in the value of
e

g = 90 100 = 2" 100%
g R

e

Resonance GRAVITATION - 15
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(b) Effect of depth

The gravitational pull on the surface is equal to its weight i.e. mg =

GxgnRgpm

4
mg = or gzgnGRep ......... (1)

R
When the body is taken to a depth d, the mass of the sphere of radius (R, —d) will only be effective for

the gravitational pull and the outward shall will have no resultant effect on the mass. If the acceleration
due to gravity on the surface of the solid sphere is g, then

4
gdzgﬂG(Re—d)p ............... (2)

By dividing equation (2) by equation (1)

d
= 99 (HTJ
e

IMPORTANT POINTS

0]

(if)

- Y

R
At the center of the earth, d=R_,sog_, .= 9 (1_R_8J =0.
e

Thus weight (mg) of the body at the centre of the earth is zero.

Percentage decrease in the value of 'g' with the depth

- (g:EEJXIOO -9 100
g Re

() Effect of the surface of Earth
The equatorial radius is about 21 km longer than its polar radius.

Polar Equitorial

GM, ) Radius>_Pole  Radius
We know, g = 7 Hence g, > ..o The Weight of the w\
: Equator

body increase as the body taken from the equator to the pole. K‘/

(d) Effect of rotation of the Earth
The earth rotates around its axis with angular velocity . Consider a particle of mass m at
latitude 0. The angular velocity of the particle is also .

D

Equatorial
Plane

According to parallelogram law of vector addition, the resultant force acting on mass m along
PQ is
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Educating for better tomorrow GRAVITATION - 16



F =[(mg)? + (mw? R, cosh)? + {2mg x mw’ R_ cosb} cos (180 — 0)]**
=[(mg)? + (mw?® R_ c0s0)? — (2m? gw’ R_ c0s0) cosO]*?

1/2

2
R, o’ R. ®?
=mg 1+[ e ® J cos20—2-e? cos2p
g g

pole -

Re o?
Atpole6=90°= g =09 , Atequatoro=0= Joquator = 9 1- .

Hence gpole > gequator

2
If the body is taken from pole to the equator, then g’ = g {1_ Re J .

mg-mg|1l-
g MR, 02 Re ®

Hence % change in weight = x100 = —5—x 100 =
mg mg

2
x 100

11. ESCAPE SPEED
The minimum speed required to send a body out of the gravity field of a planet (send it to r — o)
at r - oo
11.1 Escape speed at earth's surface : @ v—=0
Suppose a particle of mass m is on earth's surface
We project it with a velocity V from the earth's
surface, so that it just reaches r —» oo (at r — o,
its velocity become zero)
Applying energy conservation between initial @
position (when the particle was at earth's surface)
and find positions (when the particle just reaches
tor — )
K + U; = K¢ + U

1 2 4+ __GMe -0+ _ GM,
2mv Mo R B Mo (r > )

Lo [25Mq
= "\ R

Escape speed from earth is surface v, =

2GM,
R

If we put the values of G, Me, R the we get
Ve = 11.2 km/s.

11.2 Escape speed depends on :
0] Mass (M) and size (R) of the planet
(i) Position from where the particle is projected.

11.3 Escape speed does not depend on :
0) Mass of the body which is projected (mg)
(i) Angle of projection.
If a body is thrown from Earth's surface with escape speed, it goes out of earth's gravitational field and never
returns to the earth's surface. But it starts revolving around the sun.

Resonance
— / Educating for better tomorrow GRAVITATION - 17



Solved Exvample

Example 20. M. R
A very small groove is made in the earth, and a particle of mass mg is o
placed at R/2 distance from the centre. Find the escape speed of the par K—>
ticle from that place. s @

Solution :
Suppose we project the particle with speed v, so that it just reaches at (r — ). \\/

Applying energy conservation

K|+U|:Kf+Uf Me!R

2 R/2 atr—ee, v—0
1 _GMe a2 (R @
2 Mov +mo[ Rs CRO-| 5] |=0+0 .« V- — - — — @

= ,/llGMe =V, at that positi
V= 2R - Ve atthat position.
Example 21.

Find radius of such planet on which the man escapes through jumping. The capacity of jumping of person on
earth is 1.5 m. Density of planet is same as that of earth.

Soluti F janet: = mve =Rl 0 L mye = SMem
olution : oraplanet: —mv? — = — mv? =
P 2 Rp = 2 R,
1 GM
Onearth - — mvZ=m > |h
2 R2
GMpm GMg.m My eh
= . h = - =
Ry RE R, = RE

Density (p) is same = R = R2
P E

12. KEPLER'S LAW FOR PLANETARY MOTION

Suppose a planet is revolving around the sun, or a satellite is revolving around the earth, then the plan-
etary motion can be studied with help of Kepler’s three laws.

12.1 Kepler's Law of orbit

Each planet moves around the sun in a circular path or elliptical path with the sun at its focus. (In fact
circular path is a subset of elliptical path)

Resonance
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12.2 Law of areal velocity

- Y

To understand this law, lets understand the angular momentum conservation for the planet.
If a planet moves in an elliptical orbit, the gravitation force acting on it always passes through the centre of
the sun. So torque of this gravitation force about the centre of the sun will be zero. Hence we can say
that angular momentum of the planet about the centre of the sun will remain conserved (constant)
T about the sun =0

dJ

= ——=0 = J /sun =constant = mvr sin® = constant
dt planet

Now we can easily study the Kepler's law of aerial velocity.
If a planet moves around the sun, the radius vector (7 ) also rotates are sweeps area as shown in figure.

Now lets find rate of area swept by the radius vector (7).

Area swept by
radius vector

Suppose a planet is revolving around the sun and at any instant its velocity is v, and angle between radius
vector (y ) and velocity (y ). In dt time, it moves by a distance vdt, during this dt time, area swept by the
radius vector will be OAB which can be assumed to be a triangle

vdt

A
()

dA = 1/2 (Base) (Perpendicular height)
dA =1/2 (r) (vdtsin®)

dA 1 .
so rate of area swept FriaciA sing

we can writ dA _ 1mvrsin6
eca € a4t T 2 m
where mvr sind = angular momentum of the planet about the sun, which remains conserved (constant)

dA _ I-planet/sun

= constan
dt om constant

=

so Rate of area swept by the radius vector is constant
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Solved Exvample

Example 22.
2 2

Suppose a planet is revolving around the sun in an elliptical path given by a—2+ b2 =1

Find time period of revolution. Angular momentum of the planet about the sunis L.

/
Solution :
Rate of td—A—L- tant
ate of area swep at - 2m = constan
L
= dA = —dt
2m
A=nab t=T
L
IdA = I%dt
A=0 t=0
L 2rmab
= mab=—T = T=
2m L

A8

12.3 Kepler's law of time period :
Suppose a planet is revolving around the sun in circular orbit

2
muVv GM.m
then —2>——=—23"2
r r2

GM,
r

V=
Time period of revolution is

T—ﬂ—z L
=V mr GMS

T2= ré
GM,

= T?ard

For all the planet of a sun, T2 oc 13

- / Resonance GRAVITATION - 20
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Solved Exvample

Example 23.
The Earth and Jupiter are two planets of the sun. The orbital radius of the earth is 10 m and that of Jupiter is

4 x 10" m. If the time period of revolution of earth is T = 365 days, find time period of revolution of the Jupiter.

Solution :
For both the planets
T2ecr?

2 3
(Tjupiter ] _ [Tjupiter ]
Tearth learth

=8 x 365 days

2 3
Tjupiter _ 4x 107
365days 10’

T

jupiter

Graphof Tvsr:-

AT

Graph oflog T v/s log R :-

2 4 3
T :( R Nlog T

GM,

472
= 2log T =log oM. |t 3log R
S

lIog 4—712 +§IogR
log T="75"% &M, | 2

> log R
S

* |If planets are moving in elliptical orbit, then T2 «c a® where a = semi major axis of the elliptical path.
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Solved Exvample

Example 24.

Solution: The orbiting period of a satellite at a height h from earth's surfaceis T =

13.

- Y

A satellite is launched into a circular orbit 1600 km above the surface of the earth. Find the period of
revolution if the radius of the earth is R = 6400 km and the acceleration due to gravity is 9.8 m/sec?. At what
height from the ground should it be launched so that it may appear stationary over a point on the earth's
equator?

2nr3/?
ng wherer=R+h

2n(R+h) |[R+h
then, T= R 9

Here, R = 6400 km, h = 1600 km = R/4.

R R
hen T = 2n(R+Z) R+Z ) (5/4)3,2\/E

6.4x10°m
9.8m/s?

Putting the given values : T =2 x 3.14 x ( J (1.25)%2 =7092 sec =1.97 hours

Now, a satellite will appear stationary in the sky over a point on the earth's equator if its period of revolution
round the earth is equal to the period of revolution of the earth round its own axis which is 24 hours. Let us
find the height h of such a satellite above the earth's surface in terms of the earth's radius. Let it be nR. then

2n(R+nR) [[R+nR o [R » 6.4x10° meter/sec "
T= R g - g (1+n)p#=2x314 9.8 meter/sec? ) L+

= (5075 sec) (1 +n)®? =(1.41hours) (1 + n)*?
For T = 24 hours, we have
(24 hours) = (1.41) hours) (1 + n)*?

+ 32 = — =
o (@FmE=T

or 1+n=(17)2*=6.61 or n=5.61
The height of the geo-stationary satellite above the earth's surface is nR =5.61 x 6400 km = 3.59 x 10* km.

17

CIRCULAR MOTION OF A SATELLITE AROUND A PLANET

Suppose at satellite of mass mg, is at a distance r from a planet. If the satellite does not revolve, then due to
the gravitational attraction, it may collide to the planet.

Resonance GRAVITATION - 22
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To avoid the collision, the satellite revolve around the planet, for circular motion of satellite.

GMm, mgyv?
= r; == ..(1)

e
r

this velocity is called orbital velocity (v)

GM,
V0: r

13.1 Total energy of the satellite moving in circular orbit :

1
0) KE = Py m0v2 and from equation D
2
——— = DS mpvt= ———— KE= -mgv® =———
r 2 = MoY r = 2 0 2r
(i) Potential energy
U=_ GM,m,

r

GMemoj [—GMemoj
+

Total energy = KE + PE = [ or ;

GMgmq
2r

Total energy is —ve. It shows that the satellite is still bounded with the planet.

TE =

14. GEO - STATIONARY SATELLITE

We know that the earth rotates about its axis with
angular velocity o_ . and time period T__ . =24 hours.
Suppose a satellite is set in an orbit which is in the plane
of the equator, whose wis equal to o_, ., (or its T is equal
to T_, .. = 24 hours) and direction is also same as that of
earth. Then as seen from earth, it will appear to be
stationery. This type of satellite is called geo- stationary
satellite. For a geo-stationary satellite,

Wearelite — Weartn

= T =T __=24hr

satellite earth

So time period of a geo-stationery satellite must be 24 hours. To achieve T = 24 hour, the orbital radius geo-
stationary satellite :

T?2= ré
GM,

Putting the values, we get orbital radius of geo stationary satellite r = 6.6 R_ (here Re =radius of the earth)
height from the surface h=5.6 R_.
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15.

- Y

PATH OF A SATELLITE ACCORDING TO DIFFERENT SPEED OF PROJECTION

V>V,
(hyperbolic escape)

)

(circle)

Suppose a satellite is at a distance r from the centre of the earth. If we give different velocities (v) to the
satellite, its path will be different

0] If v <vy [or V< GM. J then the satellite will move is an elliptical path and strike the earth's
r
surface.
But if size of earth were small, the satellite would complete the elliptical orbit, and the centre of the
earth will be at is farther focus.
GM,
(i) Ifv=vq orvs= - | then the satellite will revolve in a circular orbit.
2GM, GM,
(iii) lfvg > v > vo |9y 7V>y7 |, thenthe satellite will revolve in a elliptical orbital,
and the centre of the earth will be at its nearer focus.
2GM,
(iv) lfv=vg OF V= " , then the satellite will just escape with parabolic path.
Resonance
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dolved Miscellaneous Problems

Calculate the force exerted by point mass m on rod of
uniformly distributed mass M and length 7 (Placed as
shown in figure).

<—Rod of mass M and length ¢
12

2

Solution : B
- Direction of force is changing at every element. We have to make M —lox Je &
components of force and then integrate. T ol A
Net vertical force = 0. X “JF
G.dMm RS 87 m
dF =forceonelement= 7 5 5. a :
(X +a ) '
G.dMm :
dF, = dF cos 0 = force on element in horizontal direction :m cos 6 M
012 012 N
J~G.M.m cos 6 dx GMm J‘ c0s0 - dx GMm cos0 - dx
F = 2 .2 = — 2 .2 = 2 _[ 2
h £(x*+a%) ¢, +a%) ra® J  sec®®
where x = atan 0 then dx =a sec?6 . do
GMm . /2 X i X
= sinO|_ tan0 = —  then sin = ———
M0 fine] 1, x yecow
(12
_ GMm { X ] ~ GMm¢  GMm
ta \/Xz +a’ 112 \/42 2 \/éz 2
la,[—+a a,—+a
4 4

Problem 2.

Three identical bodies of mass M are located at the vertices of an equilateral triangle with side L. At what
speed must they move if they all revolve under the influence of one another's gravity in a circular orbit

circumscribing the triangle while still preserving the equilateral triangle ?

Solution :

LetA, B and C be the three masses and O the centre of the circumscribing circle. The radius of this circle is

L

NeE

L L. 2
R—Esec30 =5 «/§_

Let v be the speed of each mass M along the circle. Let us consider the motion of the mass at A. The force

of gravitational attraction on it due to the masses at B and C are

2 2

2 along AB and 2

The resultant force is therefore

2 2

along AC

GM 3GM
2——— c0s30° = ———— along AD.
L L

This, for preserving the triangle, must be equal to the necessary centripetal force.
That is,
J3emM?  mv? J3mv2 GM

= = ~R=L/ or v= ,—

L2 R L [ V3] L
=N Resonance




Problem 3.

In a double star, two stars (one of mass m and the other of 2m) distant d apart rotate about their common
centre of mass. Deduce an expression of the period of revolution. Show that the ratio of their angular momentum
about the centre of mass is the same as the ratio of their kinetic energies.

Solution :

The centre of mass C will be at distances d/3 and 2d/3 from the masses 2m and m respectively. Both the
stars rotate round C in their respective orbits with the same angular velocity o. The gravitational force acting
on each star due to the other supplies the necessary centripetal force.

G(2m)m
The gravitational force on either star is d—2 . If we consider the rotation of the smaller star, the centripetal
2d) , 2mde?
force (mrw?) is |M 3 @ | and for bigger star 3 i.e. same PUTEY
// \\
G(2m)m 2d) , 3Gm / “3* \
d—zzm?w or W= d3 |2 ,m
\\\m v // 10)
. . . . 27 d3 \\\ -~—- -
Therefore, the period of revolution is given by T = o 2n 3Gm

d 2
2m)| —
_ _ o) Thig ( )(3] 1
The ratio of the angular momentum is = I =— = —,

(I (D)small small (Zd)z 2
)

1.2
(5 10)pig _ Lhig 1

since o is same for both. The ratio of their kinetic energiesis 71, 2 I =5
(ilm )small small 2

which is the same as the ratio of their angular momentum.

Problem 4.

Sol.

- Y

For a particle projected in a transverse direction from a height h above Earth’s surface, find the minimum
initial velocity so that it just grazes the surface of earth path of this particle would be an ellipse with center of
earth as the farther focus, point of projection as the apogee and a diametrically opposite point on earth’s
surface as perigee.

Suppose velocity of projection at point Ais v, & at point B,

. . . A
the velocity of the particle is v,. Va re
then applying Newton’s 2" law at point A & B, we get,
2 2 orbit of the body
Mmva — GM.m & mvg — GMem @ just grazing earth's surface
l’A (R + n)2 rB R2 B VB

Where r, & r, are radius of curvature of the orbit at points A & B of the ellipse,
butr, =r, =r(say).
Now applying conservation of energy at points A& B

-GMgm 1, -GM;m 1 2
—————+—-MVy =———+—-Mvg
R+h 2 R 2
1 1 1 1 1 1
—— - = 2_ = | —pGM M| ——-———
= GM,m (R (R+h)j'2(mvs mv,?) (ZP e (RZ (R+h)?
or _2RR+h) _ 2Rr Voo réM, —2GM
’ T 2R+h T R+r AT (R+h)? ~ e r(r+R)

where r = distance of point of projection from earth’s centre =R + h.
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Problem 5.

Sol.

- Y

A rocket starts vertically upward with speed v,. Shown that its speed v at height h is given by

2hg

22—

Vo-Vi =T h
R

where R is the radius of the earth and g is acceleration due to gravity at earth's surface. Hence deduce an
expression for maximum height reached by a rocket fired with speed 0.9 times the escape velocity.
The gravitational potential energy of a mass m on earth's surface and that a height h is given by

GMm GMm
U(R)=- and U (R+h)=— =
1 1 GMmh mhg
UR+h)-UR)=-GMm | o~ ¢ = R+hR = 1+% [-- GM =gR?

This increase in potential energy occurs at the cost of kinetic energy which correspondingly decreases. If v

is the velocity of the rocket at height h, then the decrease in kinetic energy is %mv% —%mv2 .
mhg 2gh
10,2 10,2 g9
= —-—= = h 2 _y2 =
Thus, 5MVo—5mv 1+§ , or  vi-v 1+ Ig

Leth__ be the maximum height reached by the rocket, at which its velocity has been reduced to zero. Thus,

max

substitutingv=0and h=h__ in the last expression, we have

£90max. h
14 e or Vé(“%} =2gh,,,

Vv v
or vZ=h__ [29 ——0] or h..= 0 5

%
20--9
g R
Now, it is given that v, = 0.9 x escape velocity =0.9x /(2gR)
‘h = (09x0.9)2gR
T max 29_(09x0.9)29R
R
1.62gR 1.62R
= =426 R

T 29-162R _ 038
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I £xercise /1

PART - | : SUBJECTIVE QUESTIONS

SECTION (A) : UNIVERSAL LAW OF GRAVITATION

Al

A2

A 3.

The typical adult human brain has a mass of about 1.4 kg. What force does a full moon exert on such a brain
when it is directly above with its centre 378000 km away ? (Mass of the moon = 7.34 x 1022 kg)

Two uniform solid spheres of same material and same radius ‘r’ are touching each other. If the density is ‘p’
then find out gravitational force between them.

Two uniform spheres, each of mass 0.260 kg are fixed at points ‘A’ and p~0.010 kg

‘B’ as shown in the figure. Find the magnitude and direction of the ’

initial acceleration of a sphere with mass 0.010 kg if it is released from 0260kg -

rest at point ‘P’ and acted only by forces of gravitational attraction of 0.260 kg
NG

sphere at ‘A’ and ‘B’( give your answer in terms of G)

SECTION (B) : GRAVITATIONAL FIELD AND POTENTIAL

B 1.

B 2.

The gravitational potential in a region is given by V = (20x + 40y) J/kg. Find out the gravitational field (in
newton / kg) at a point having co-ordinates (2, 4). Also find out the magnitude of the gravitational force on a
particle of 0.250 kg placed at the point (2, 4).

Radius of the earth is 6.4 x 10°® m and the mean density is 5.5 x 10° kg/m?®. Find out the gravitational
potential at the earth’s surface.

SECTION (C) : GRAVITATIONAL POTENTIAL ENERGY AND SELF ENERGY

C1

c2.

A body which is initially at rest at a height R above the surface of the earth of radius R, falls freely
towards the earth. Find out its velocity on reaching the surface of earth. Take g = acceleration due to
gravity on the surface of the Earth.

Two planets A and B are fixed at a distance d from each other as shown in
the figure. If the mass of Ais M, and that of B is M, then find out the
minimum velocity of a satellite of mass M, projected from the mid point of
two planets to infinity. F

P

A ®

SECTION (D) : KEPLER’S LAW FOR SATELLITES, ORBITAL SPEED AND ESCAPE SPEED

D 1.
D 2.

D 3.

D 4.

- Y

If the radius of earth is R and height of a geostationary satellite above earth's surface is h then find the
minimum co-latitude which can directly receive a signal from geostationary satellite.

Asatellite is established in a circular orbit of radius r and another in a circular orbit of radius 1.01 r. How much
nearly percentage the time period of second-satellite will be larger than the first satellite .

Two identical stars of mass M, orbit around their centre of mass. Each orbit is circular and has radius
R, so that the two stars are always on opposite sides on a diameter.

(a) Find the gravitational force of one star on the other.

(b) Find the orbital speed of each star and the period of the orbit.

(c) Find their common angular speed.

(d) Find the minimum energy that would be required to separate the two stars to infinity.

(e) If a meteorite passes through this centre of mass perpendicular to the orbital plane of the
stars. What value must its speed exceed at that point if it escapes to infinity from the star
system.

Two earth satellites Aand B each of equal mass are to be launched into circular orbits about earth’s centre.
Satellite ‘A’ is to orbit at an altiude of 6400 km and B at 19200 km. The radius of the earth is 6400 km.
Determine-

€) the ratio of the potential energy
(b) the ratio of kinetic energy
(©) which one has the greater total energy
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D 5.

The Saturn is about six times farther from the Sun than The Mars. Which planet has :
(a) the greater period of revolution ?

(b) the greater orbital speed and

(c) the greater angular speed ?

SECTION (E) : THE EARTH AND OTHER PLANETS GRAVITY

E 1

E 2.

The acceleration due to gravity at a height (1/20)th the radius of the earth above earth’s surface is
9 m/s?. Find out its approximate value at a point at an equal distance below the surface of the earth.

If a pendulum has a period of exactly 1.00 sec. at the equator, what would be its period at the south
pole ? Assume the earth to be spherical and rotational effect of the Earth is to be taken.

PART - Il : OBJECTIVE QUESTIONS

*Marked questions are More than one choice type

SECTION (A) : UNIVERSAL LAW OF GRAVITATION

Al

A 2.

A 3.

A-4.

- Y

Four similar particles of mass m are orbiting in a circle of radius r in the same m
direction and same speed because of their mutual gravitational attractive force
as shown in the figure. Speed of a particle is given by

1 m m
Gm(1+242)|? Gm
A | — B) 38—
Gm
© b 242) (D) zero
Two blocks of masses m each are hung from a balance as shown in 2 [|] 2
the figure. The scale pan A is at height H, whereas scale pan B is at A C B
height H,. Net torque of weights acting on the system about point 'C', T@ é
will be (length of the rod is £ and H, & H, are << R) (H, > H,) H, ?-I:
v v
1-2H; mg
(A) mg ( R jf (B) ?(Hl_HZ)f
2mg H,H;
(©) 5 (Hi+Hy) ¢ (D) 2mg "y !
Three particles P, Q and R are placed as per given figure. Masses of 71— _____ 5‘1”1) _____ u
P,QandR are ﬁ m, ﬁ m and m respectively. The gravitational /// \\
force on a fourth particle ‘S’ of mass m is equal to J \\
\
M2 AV I
(A) gz N ST direction only S \
/
, \
J3Gm? J3Gm? / » \
(B) ot in SQ direction and ot in SU direction v ——rp—
= 3m) (/§Qm) (m)
3Gm?
© T in SQ direction only

J3Gm? J3Gm?

D in SQ direction and ————in ST direction
(®) —pz  inSQ e

Three identical stars of mass M are located at the vertices of an equilateral triangle with side L. The
speed at which they will move if they all revolve under the influence of one another’s gravitational force
in a circular orbit circumscribing the triangle while still preserving the equilateral triangle :

2GM M M
(A) % (B) GT (©) 21{% (D) not possible at all
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SECTION (B) : GRAVITATIONAL FIELD AND POTENTIAL

B-1.

B 2.

B-3.

B 4.

B-6.

Let gravitation field in a space be given as E = — (k/r). If the reference point is at distance d, where
potential is V, then relation for potential is :

1 r r r
(A)V:kfnv+0 (B)V:kfnd—+vi (C)V:fnd—+kvi (D)V:an—+
[ i [ i

Gravitational field at the centre of a semicircle formed by a thin wire AB Y
of mass m and length ¢ as shown in the figure. is :

Gm Gm
(A) /2 along +x axis (B) 2 along +y axis
27Gm ] 2nGm )
(©) /2 along +x axis (D) /2 along +y axis

A very large number of particles of same mass m are kept at horizontal distances of 1m, 2m, 4m, 8m
and so on from (0,0) point. The total gravitational potential at this point is :
(A)—8Gm (B)-3Gm (C)-4Gm (D)-2Gm

Two concentric shells of uniform density of mass M, and M,
are situated as shown in the figure. The forces experienced by
a particle of mass m when placed at positions A, B and C
respectively are (given OA=p, OB=qgand OC =r).

M;m (M; +m,)m o
(A) zero, G and G ————
q° p’ A
M; +M,)m M; + M,)m M;m
(B)G(1+22) ,G( 1+22) andG%
p q r
Mm  G(M; +M,)m M;m
(C) G —5—, ( 1+2 M o L~ and zero
q p q
G(M;+M,)m M;m
(D) ( l+2 2) , G—5— and zero
p q
Figure show a hemispherical shell having uniform mass density. The direction D
of gravitational field intensity at point P will be along: ‘;W
d
(A)a (B)b C)c (D)d

Mass M is uniformly distributed only on curved surface of a thin
hemispherical shell. A, B and C are three points on the circular base of
hemisphere, such that A is the centre. Let the gravitational potential at
points A, Band C be V,, V, V_respectively. Then

(A) V>V >V, (B) V> V>V,

(C) V>V, and V>V, (D) V,= V=V,

SECTION (C) : GRAVITATIONAL POTENTIAL ENERGY AND SELF ENERGY

C1

- Y

A body starts from rest at a point, distance R, from the centre of the earth of mass M, radius R. The
velocity acquired by the body when it reaches the surface of the earth will be

1 1 1 1 1 1 1 1
(A) GM (E_R_oJ (B) 2 GM(E—EJ (C) ,ZGM(E_EJ (D) 2GM /(E_KJ
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Cc2.

Three equal masses each of mass ‘m’ are placed at the three-corners of an equilateral triangle of side ‘a’.

@ If a fourth particle of equal mass is placed at the centre of triangle, then net force acting on it, is
equal to:
A Gm? 5 4Gm? c 3Gm? 5
zero
(" (B) .2 © =2 (D)
(b) In above problem, if fourth particle is at the mid-point of a side, then net force acting on it, is equal to:
A Gm? 5 4Gm? c 3Gm? 5
— zero
" 3 (B) 3.2 © ()
(c) If above given three particles system of equilateral triangle side a is to be changed to side of 2a, then
work done on the system is equal to :
A 3Gm? 5 3Gm? c 4Gm? 5 Gm?
w — (8) —, ©) 3a (D) =
d) In the above given three particle system, if two particles are kept fixed and third particle is released.

Then speed of the particle when it reaches to the mid-point of the side connecting other two masses:

2Gm Gm Gm Gm
A ® 2y ©y— D) %a

SECTION : (D) KEPLER’S LAW FOR SATELLITES, ORBITAL VELOCITY AND ESCAPE VELOCITY

D-1.

D-3*.

D-4.

D-5*.

- Y

Periodic-time of satellite revolving around the earth is - (p is density of earth)

1 1
A) Proportional to — B) Proportionalto "
(A) Prop o (B) Prop Jo
(C) Proportional p (D) does not depend on p.

An artificial satellite of the earth releases a package. If air resistance is neglected the point where the
package will hit (with respect to the position at the time of release) will be

(A) ahead (B) exactly below

(C) behind (D) it will never reach the earth

An orbiting satellite will escape if :
(A) its speed is increased by (\/5—1)100%

(B) its speed in the orbit is made /1.5 times of its initial value
(C) its KE is doubled
(D) it stops moving in the orbit

The figure shows the variation of energy with the orbit radius of
a body in circular planetary motion. Find the correct statement
about the curves A, Band C

ENERGY

K

C —_
B

(A) A shows the kinetic energy, B the total energy and C the potential energy of the system

(B) C shows the total energy, B the kinetic energy and A the potential energy of the system

(C) C and A are kinetic and potential energies respectively and B is the total energy of the system
(D) A and B are the kinetic and potential energies and C is the total energy of the system.

In case of an orbiting satellite if the radius of orbit is decreased :
(A) its Kinetic Energy decreases

(B) its Potential Energy decreases

(C) its Mechanical Energy decreases

(D) its speed decreases
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D-6.

A planet of mass m revolves around the sun of mass M in an elliptical orbit. The minimum and maximum
distance of the planet from the sun are r, & r, respectively. If the minimum velocity of the planet is

JjEML h | Il b
then it's maximum velocity will be :
(rp+12)r, y

2GMr, g 2GMry 2Gmr, 2GM
(A) (rp+1)n (B) (rp +15)r, © (rp+1)n ©) f+r;

SECTION (E) : EARTH AND OTHER PLANETS GRAVITY g'=5ms™

E 1

E 2*.

If acceleration due to gravity on the surface of earth is 10 ms=2 then let N
acceleration due to gravitational acceleration at surface of another planet of

our solar system be 5 ms=2. An astronaut weighing 50 kg on earth goes to this t
planet in a spaceship with a constant velocity. The weight of the astronaut with

time of flight is roughly given by g' = 10ms™

500N- T S00N+4—
1
\ £ z :
(B) £ 250Nwernnd () g 250N (D) 3 250N  b—
=

Time —> Time —> Time — Time —>

500N

N
[$)]
o
=z

(A)

Weight —
Weight —>

In case of earth :

(A) gravitational field is zero, both at centre and infinity

(B) gravitational potential is zero, both at centre and infinity

© gravitational potential is same, both at centre and infinity but not zero
(D) gravitational potential is minimum at the centre

I £ xercise + 2 N

- Y

PART - | : SUBJECTIVE QUESTIONS

The gravitational field in a region is given by E = (3? - 4]) N/kg. Find out the work done (in joule) in displacing
a particle of mass 1 kg by 1 m along the line 4y = 3x + 9.

A solid sphere of mass m and radius r is placed inside a hollow spherical shell of Ay
mass 4 m and radius 4r find gravitational field intensity at :

@r<y<2r (b) 2r<y<8r (c)y>8r

here y coordinate is measured from the point of contact of the sphere and the shell. a
X

A sphere of density p and radius a has a concentric cavity of radius b,
as shown in the figure.

@) Sketch the gravitational force F exerted by the sphere on the
particle of mass m, located at a distance r from the centre of \
the sphere as a function of rinthe range 0 <r< . \'

(b) Sketch the corresponding curve for the potential energy u (r) of m
the system.
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Two stars of mass M, & M, are in circular orbits around their centre of mass. The star of mass M, has
an orbit of radius R,, the star of mass M, has an orbit of radius R,. (assume that their centre of mass
is not accelerating and distance between stars is fixed)
(a) Show that the ratio of the orbital radii of the two stars equals the reciprocal of the ratio of their
masses, thatis R,/R, = M,/M,.
R,/R, =M, /M,
(b) Explain why the two stars have the same orbital period and show that the period,

(R1+R 2)3/2

\/G(M1+M2) .

(c) The two stars in a certain binary star system move in circular orbits. The first star, & moves in
an orbit of radius 1.00 x 10° km. The other star,  moves in an orbit of radius 5.00 x 108 km. The
orbital period is 44.5 year. What are the masses of each of the two stars ?

T=2mn

In a solid sphere of radius ‘R’ and density ‘p’ there is a spherical cavity of
radius R/4 as shown in figure. A particle of mass ‘m’ is released from rest

from point ‘B’ (inside the cavity). Find out - R . N
o) B
RZ

@) The position where this particle strikes the cavity.
(b) Velocity of the particle at this instant.

(a) What is the escape speed for an object in the same orbit as that of Earth around sun (Take
orbital radius R) but far from the earth ? (mass of the sun=M,)
(b) If an object already has a speed equal to the earth’s orbital speed, what minimum additional

speed must it be given to escape asin (a) ?

Acosmic body Amoves towards the Sun with velocity v, (when far from the
Sun) and aiming parameter /, the direction of the vector v, relative to the
centre of the Sun as shown in the figure. Find the minimum distance by
which this body will get to the Sun. (Mass of Sun = M,)

PART - Il : OBJECTIVE QUESTIONS

Single Choice type :

1.

- Y

A spherical hollow cavity is made in a lead sphere of radius R, such that its surface touches the
outside surface of the lead sphere and passes through its centre. The mass of the sphere before
hollowing was M. With what gravitational force will the hollowed-out lead sphere attract a small sphere
of mass ‘m*, which lies at a distance d from the centre of the lead sphere on the straight line connecting
the centres of the spheres and that of the hollow, if d = 2R :

7GMm 7GMm a d "
(A) "18R? (B) "36Rr? e
——————— °
7GMm 7GMm ’ m
(©) "gRr? (D) 72R?

A straight rod of length ¢ extends from x = a to X = ¢ + a. as shown in the figure. If the mass per unit
length is (a + bx?). The gravitational force it exerts on a point mass m placed at x = 0 is given by

y
1 1 Gm(a+bx?
) Gm(a(a_wfjmé) ®) (f: = m . X
oL (>l
1 1 1 1
(C) Gm[a(g—a+£j+bﬁj (D) Gm£a[a+/@_aj+b(j

Resonance
Educating for better tomorrow GRAVITATION - 33



A uniform ring of mass M is lying at a distance ﬁ R from the centre of

a uniform sphere of mass m just below the sphere as shown in the m sphere
figure where R is the radius of the ring as well as that of the sphere.
Then gravitational force exerted by the ring on the sphere is :

| V3R
GMm GMm I
(A) 8R2 (B) 3R2 M
Ring
GMm GMm
3
OREE CREw

The gravitational potential of two homogeneous spherical shells A and B (separated by large distance) of
same surface mass density at their respective centres are in the ratio 3 : 4. If the two shells coalesce into
single one such that surface mass density remains same, then the ratio of potential at an internal point of the
new shell to shell A is equal to :

(A) 3:2 B)4:3 (C)5:3 (D)3:5

A projectile is fired from the surface of earth of radius R with a speed kv, in radially outward direction
(where v, is the escape velocity and k < 1). Neglecting air resistance, the maximum hight from centre
of earth is

R B) k?R Cc R
7 (®) © -

(A) (D) kR

More than one choice type

6.

- Y

For a satellite to appear stationary to an observer on earth
(A) It must be rotating about the earth’s axis.

(B) It must be rotating in the equatorial plane.

(C) Its angular velocity must be from west to east.

(D) Its time period must be 24 hours.

Inside an isolated uniform spherical shell :
(A) The gravitation potential is not zero (B) The gravitational field is not zero
(C) The gravitational potential is same everywhere (D) The gravitational field is same everywhere.

Which of the following statements are correct about a planet rotating around the sun in an elliptic orbit:
(A) its mechanical energy is constant

(B) its angular momentum about the sun is constant

(C) its areal velocity about the sun is constant

(D) its time period is proportional to r

Atunnelis dug along a chord of the earth at a perpendicular distance R/2 from the earth’s centre. The
wall of the tunnel may be assumed to be frictionless. A particle is released from one end of the tunnel.
The pressing force by the particle on the wall and the acceleration of the particle varies with x (distance
of the particle from the centre) according to :

Pressing Pressing
Force Force
(A) (B) '
x=R2_x=R * x=R2 _x=R %
acceleration acceleration
© (D)
x=R12__x=R X X=RI2_x=R \
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10.

11.

A planet revolving around sun in an elliptical orbit has a constant
(A) kinetic energy (B) angular momentum bout the sun
(C) potential energy (D) Total energy

A satellite close to the earth is in orbit above the equator with a period of revolution of 1.5 hours. If itis
above a point P on the equator at some time, it will be above P again after time

(A) 1.5 hours

(B) 1.6 hours if it is rotating from west to east

(C) 24/17 hours if it is rotating from east to west

(D) 24/17 hours if it is rotating from west to east

I £ xercise 3 I

PART -1 : MATCH THE COLUMN

A particle is taken to a distance r (> R) from centre of the earth. R is radius of the earth. It is given

velocity V which is perpendicular to r . With the given values of V in column | you have to match the
values of total energy of particle in column Il and the resultant path of particle in column Ill. Here 'G’
is the universal gravitational constant and 'M' is the mass of the earth.

Column | (Velocity) Column Il (Total energy) Column 111 (Path)
(A) V= .Jem/r (p) Negative (t) Elliptical
(B) V= .\2GM/r (q) Positive (u) Parabolic
(C) V> J26M/r (r) Zero (v) Hyperbolic
(D) JGM/r <V < 2GM/r (s) Infinite (w) Circular

Let V and E denote the gravitational potential and gravitational field respectively at a point due to
certain uniform mass distribution described in four different situations of column-l. Assume the
gravitational potential at infinity to be zero.The value of E and V are given in column-11. Match the
statement in column-I with results in column-II.

Column-I Column-I|
(A) At centre of thin spherical shell (PE=0
(B) At centre of solid sphere (Q9E=0
(C)A solid sphere has a non-concentric spherical cavity.
At the centre of the spherical cavity (NVv=0
(D) At centre of line joining two point masses of equal magnitude (s)v=0

PART - Il : COMPREHENSION

Comprehensiion # 1

- Y

Many planets are revolving around the fixed sun, in circular orbits of different radius (R) and different
time period (T). To estimate the mass of the sun, the orbital radius (R) and time period (T) of planets
were noted. Then log,, T v/s log,, R curve was plotted.

The curve was found to be approximately straight line (as shown in figure) having y intercept = 6.0

20 _
(Neglect the gravitational interaction among the planets [Take G = ?xlo in MKS, n2=10]

log(R metre)

log(T sec.)
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The slope of the line should be :

3 2 19
()1 ®) 3 © 3 ©
Estimate the mass of the sun :
(A) 6 x 10?° kg (B) 5 x 102° kg (C) 8 x 10 kg (D) 3 x 10%° kg

Two planets A and B, having orbital radius R and 4R are initially at the closest position and rotating in
the same direction. If angular velocity of planet B is o, then after how much time will both the planets
be again in the closest position?(Neglect the interaction between planets).

2n 2n 2n 2n
A 7on ®) 9oy © o ©) 5oy

COMPREHENSION -2

An artificial satellite is moving in a circular orbit around the earth with a speed equal to half the magnitude of
escape velocity from the surface of earth. R is the radius of earth and g is acceleration due to gravity at the
surface of earth. (R = 6400 km)

Then the distance of satellite from the surface of earth is
(A) 3200 km (B) 6400 km (C) 12800 km (D) 4800 km

The time period of revolution of satellite in the given orbit is

(A) 2n 9 (B) 2n 9 (C) 2n g (D) 2n 9

If the satellite is stopped suddenly in its orbit and allowed to fall freely onto the earth, the speed with which
it hits the surface of the earth.

gR
(A) YorR (B) 1.50R © J@ (D) \/%

COMPREHENSION # 3

10.

11.

- Y

A pair of stars rotates about their center of mass. One of the stars has a mass M and the other has
mass m such that M = 2m. The distance between the centres of the stars is d (d being large compared
to the size of either star).

The period of rotation of the stars about their common centre of mass (in terms of d, m, G.) is
4T52 3 8752 3 27'52 3 4TE2 3
1f—d 1f—d 1{ d 1{ d
A Gm ®) Gm © 3Gm ©) 3Gm

The ratio of the angular momentum of the two stars about their common centre of mass (L _/L,) is

A1 ® 2 © 4 (D)9

The ratio of kinetic energies of the two stars (K /K| .) is

A 1 B 2 © 4 (D)9
Resonance




PART - lll : ASSERTION / REASON
12. STATEMENT-1: In free space a uniform spherical planet of mass M has a
smooth narrow tunnel along its diameter as shown in the figure. This planet
and another superdense small particle of mass M start approaching towards L0240 °
each other from rest under action of their gravitational forces . When the
particle passes through the centre of the planet, sum of kinetic energies of
both the bodies is maximum.
STATEMENT-2 : When the resultant of all forces acting on a particle or a particle like object (initially at rest)
is constant in direction, the kinetic energy of the particle keeps on increasing.
(A) Statement-1 is True, Statement-2 is True; Statement-2 is a correct explanation for Statement-1.
(B) Statement-1is True, Statement-2 is True; Statement-2 is NOT a correct explanation for Statement-1

(C) Statement-1 is True, Statement-2 is False
(D) Statement-1 is False, Statement-2 is True

PART - IV : TRUE / FALSE

13._ (i) The gravitation potential due to a uniform solid sphere is maximum at its centre.

(i) A communication satellite must have orbit in the equatorial plane of the earth and the angular
velocity and direction of rotation must be the same as those of the rotating earth.

(iii) Select True/False
For an elliptical path of a planet around the sun, the total energy of the system is positive. False

PART -V : FILL IN THE BLANKS
14. Fill in the blanks :

0] The numerical value of the angular velocity of rotation of the earth about its own axis should be.............. rad/
s in order to make the apparent acceleration due to gravity at equator equal to zero. (1984 ; 2M )
(i) According to Kepler’s second law, the radius vector to a planet from the sun sweeps out equal areas in equal

intervals of time.This law is a consequence of the conservation of................ .

(iii) A geostationary satellite is orbiting the earth at a height of 6 R above the surface of the earth where R is the
radius of earth. The time period of another satellite at a height of 2.5 R from the surface of the earth is

............... hours. (1987 ; 2M)
PART - | : IT-JEE PROBLEMS (LAST 10 YEARS)

1. A geostationary satellite orbits around the earth in a circular orbit of radius 36000 km. Then, the time period
of a spy satellite orbiting a few hundred kilometers above the earth’s surface (R, = 6400 km) will approximately
be : [JEE(Scr) - 2002, 3/84]
(A) 1/2 hr (B) 1hr (C) 2hr (D) 4 hr

J
2. A particle of mass m is taken through the gravitational field produced by a B

source S, from Ato B, along the three paths as shown in figure. If the work
done along the paths I, Il and Il is W,, W and W respectively, then :
[JEE (Scr.) - 2003, 3/84] i

(A) WI = WII = WIII (B) Wll > WlII: WII A
(C) WIII = WII > WI (D) Wl > Wu > Wlll
3. A projectile is fired vertically up from the bottom of a crater (big hole) on the moon. The depth of the crater is

R/100, where R is the radius of the moon. If the initial velocity of the projectile is the same as the escape
velocity from the moon surface, determine in terms of R, the maximum aproximate height attained by the

projectile above the lunar (moon) surface. [JEE 2003(Main), 4/60]
4. Adouble star system consists of two stars Aand B which have time period T, and T,.. Radius R, and R, and
mass M, and M_. Choose the correct option. [JEE 2006, +3,-1/184]
(A)IfT,>T thenR, >R, (B)IfT,>T_ thenM,>M,
T 2 R 3
C)|2| =|=2 D)T, =T
()(TB] [RBJ OIT,=Te
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Column I describes some situations in which a small object moves. Column II describes some character-
istics of these motions. Match the situations in Column I with the characteristics in Column II
[IT-JEE 2007, 6/162]

Columnl ColumnIi
A) The object moves on the x—axis under a conservative P The object executes a simple
force in such a way that its "speed" and "position" harmonic motion.

i — 2
satisfy v = ¢,4/c, —x“ , where c, and c,

are positive constants.

B) The object moves on the x—axis in such a way that (@ The object does not change its
its velocity and its displacement from the origin satisfy direction,
v = —kx, where k is a positive constant.

© The object is attached to one end of a massless spring  (r) The kinetic energy of the
of a given spring constant. The other end of the spring is object keeps on decreasing.

attached to the ceiling of an elevator. Initially everything is
at rest. The elevator starts going upwards with a constant
acceleration a. The motion of the object is observed from
the elevator during the period it maintains this acceleration.

D) The object is projected from the earth's surface vertically (s) The object can change its
upwards with a speed 2,/GM, /R, , where M, is the mass direction only once.

of the earth and R_ is the radius of the earth. Neglect forces
from objects other than the earth.

A spherically symmetric gravitational system of particles has a mass density [JEE 2008, +3,-1/82]
_|po for r<R
P= 0 for r>R

where p,, is a constant. Atest mass can undergo circular motion under the influence of the gravitational field
of particles. Its speed V as a function of distance r (0 <r <) from the centre of the system is represented

by

QV

(B) ©

STATEMENT -1 [JEE 2008,+3, -1/82]
An astronaut in an orbiting space station above the Earth experiences weightlessness.
and
STATEMENT -2
An object moving around the Earth under the influence of Earth's gravitational force is in a state of 'free-fall.
A) STATEMENT -1is True, STATEMENT -2 is True; STATEMENT -2 is a correct explanation
for STATEMENT -1
(B) STATEMENT -1 is True, STATEMENT -2 is True; STATEMENT -2 is NOT a correct explanation for
STATEMENT -1
© STATEMENT -1 is True, STATEMENT -2 is False
D) STATEMENT -1is False, STATEMENT -2 is True.
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10.

11.

12.

- Y

A thin uniform annular disc (see figure) of mass M has outer radius 4R and inner radius 3R. The work required

to take a unit mass from point P on its axis to infinity is : [JEE 2010, 3/163,-1]
P /
) 22z -5) ®) - 22 a2 -5) 4R
GM 2GM R 4R
©) 47 D) —- (J_ -4

A binary star consists of two stars A (mass 2.2 M) and B ( mass 11 M) where M is the mass of the sun.
They are separated by distance d and are rotating about their centre of mass, which is stationary. The ratio
of the total angular momentum of the binary star to the angular momentum of star B about the centre of mass
is : [JEE 2010, 3/163]

Gravitational acceleration on the surface of a planetis % g, where g is the gravitational acceleration on the

2
surface of the earth. The average mass density of the planet is 3 times that of the earth. If the escape speed

on the surface of the earth is taken to be 11 kms~', the escape speed on the surface of the planet in kms~"
will be : [JEE 2010, 3/163]

A satellite is moving with a constant speed 'V’ in a circular orbit about the earth. An object of mass ‘m’is
ejected from the satellite such that it just escapes from the gravitational pull of the earth. At the time of its
ejection, the kinetic energy of the object is [JEE 2011, 3/160, -1]

(A) = mv2 (B) mV2 © 5 3mv? (D) 2m\?

Two spherical planets P and Q have the same unfirom density p, masses M, and My, an surface areas Aand
4A, respectively. A spherical planet R also has unfirom density p and its mass is (M, + MQ) . The escape
velocities from the planets P, Q and R, are V,, V, and V respectivley. Then: [lIT-JEE-2012, Paper-2; 4/66]

(A) V>V, >V, (B) V>V, >V, (C)V/V, =3 D)V, V= =

PART - 1l : AIEEE PROBLEMS (PREVIOUS YEARS)

If g. and g_ are the accelerations due to gravity on the surfaces of the earth and the moon respectively and
if Millikan's oil drop expriment could be performed on the two surfaces, one will find the ratio

Electronic charge on the moon

electronic charge on the earth to be [AIEEE-2007, 3/120]

11 (2)0 (3) 9¢/9,, (4) 9,/9:

Aplanetin a distant solar system is 10 times more massive than the earth and its radius is 10 times smaller.
Given that the escape velocity from the earth is 11 km s, the escape velocity from the surface of the planet
would be [AIEEE-2008, 3/105]
(1) 11 kms™ (2) 110 km s (3)0.11 km s (4)1.1kms™

The height at which the acceleration due to gravity becomes % (where g =the acceleration due to gravity on

the surface of the earth) in terms of R, the radius of the earth, is [AIEEE-2009, 4/144]
R R
@) 7 @ (3) V2 R (4)2R
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Two bodies of masses m and 4 m are placed at a distance r. The gravitational potential at a point on the line

joining them where the gravitational field is zero is : [AIEEE - 2011, 4/120, -1]
4Gm 6Gm 9Gm
(1) zero @ -— @) -— @) -=

Two particles of equal mass ‘m’ go around a circle of radius R under the action of their mutual gravitational
attraction. The speed of each partial with respect to their centre of mass is :[AIEEE 2011, 11 May; 4/120 -1]

, Jem , [em 5 [Cm N
GRS @ \3r ®) e OB

The mass of a spaceship is 1000 kg. It is to be launched from the earth's surface out into free space. The
value of 'g' and 'R’ (radius of earth) are 10 m/s2 and 6400 km respectively. The required energy for this work

will be : [AIEEE 2012 ; 4/120, -1]
(1) 6.4 x 10" Joules (2) 6.4 x 108 Joules
(3) 6.4 x 10° Joules (4) 6.4 x 10° Joules
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EXERCISE - 1
PART - |
SECTION (A)
_omm, . 14x7.34x10%
ALl F=G 5= =667 107 x = 0 6
=4.8x10°N
A2. gnzszr“

A 3. 31.2G m/sec? =2.1 x 10° m/s?, down

SECTION (B) :

B1 -20i-40] , |[F| =5V5 N, F=-5{-10j

4
B2 ~57G 55x10°x (6.4 x 10°° J/Kg=6.3 x 10"

J/IKg
SECTION (C) :
C1. 4gR c2. 2,/%
SECTION (D) :

Foq R
D1. sin R+h

=2 DR T om

D2 1.5%

D3. (aF=
GM? 4GM
d —_—
©\rd @ S @R
Uy, 25600 Ky My I
D4. (@) — = =2 b) —=——+—=
(@) Ug 12800 () Kg Mg Iy
(c) B is having more energy. B
D5. (a) The Saturn (b) The Mars (c) The Mars
SECTION (E) :
19
E 1. > m/s? = 9.5 m/s?
2 3
E2. T=1-1_ 2"  .6400x—> =0.998s
2 (86400) 9.8

- Y

PART - Il
SECTION (A) :
Al. (A) A2. B) A3 (C A4 (B
SECTION (B) :
B-1. B) B2 (D) B-3. (D) B4. (D
B-5. (C) B-6. (D)
SECTION (C) :
Cl (6 c2. (a(D) (b) (B) (c) (B)

(d) (B)
SECTION (D) :
D-1. (B) D-2. (D) D-3. (A)C)
D-4. (D) D-5. (B)(C) D-6. (A)
SECTION (E) :
E1. (A E2. (AD)
EXERCISE - 2

PART - |

1. Zero

— - G -
2. (@) [%(-J)} (b) [ o _n:)z (—J)]

[ 4Gm___Gm J(_D
© y-an? "y

F(r)
3 (a)
(Attractive) | Zero
0
0
(b) u(r)
47°[1.5x10*%]3
4. M =3.376 x 102 kg,

o~ 3G[44.5 x 365 x 864002
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Resonance
Educating for better tomorrow GRAVITATION - 41



5. (a) Since force is always acting towards centre of EXERCISE - 4
solid sphere. Hence it will strike at ‘A’. PART - |
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7. ©) s @ 9. D) 10. (B)
1. B) 12. A
13. (i) False (ii) False (iii) False
14. () 1.24 x 102 rad/s

(i)  angular momentum

(iii) 8.48h
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PART - | : OBJECTIVE QUESTIONS

Single Choice type :

1.

- Y

Two small balls of mass m each are suspended side by side by two

equal threads of length L as shown in the figure. If the distance between
the upper ends of the threads be a, the angle 6 that the threads will _‘-)e O’i
make with the vertical due to attraction between the balls is L "‘.‘ .." L
(A) tan @-Xg (B) tan™' m—GZ
mG (a-X)°g ' '
m m
O C.() 5) O
(a-X)’g (@%-X*)g -
-1 > 7 < D e B
(C) tan G (D) tan G

A block of mass mis lying at a distance r from a spherical shell of mass m and radius r as shown in the
figure. Then

(A) only gravitational field inside the shell is zero
(B) gravitational field and gravitational potential both are zero inside the shell
(C) gravitational potential as well as gravitational field inside the shell are not zero

(D) can’t be ascertained.

In a spherical region, the density varies inversely with the distance from the centre. Gravitational field at a
distance r from the centre is :

1
(A) proportional to r (B) proportional to T (C) proportional to r2 (D) same everywhere

In above problem, the gravitational potential is -

1
(A) linearly dependentonr (B) proportional to .

(C) proportional to r? (D) same every where.

A point P lies on the axis of a fixed ring of mass M and radius R, at a distance 2R from its centre O. A
small particle starts from P and reaches O under gravitational attraction only. Its speed at O will be

[2GM,. 1
(B) @ (©) %(x/g—l) (D) T(l_ﬁ)

A body of mass m is lifted up from the surface of earth to a height three times the radius of the earth.
The change in potential energy of the body is (g = gravity field at the surface of the earth)

(A) zero

3 1 2
(A) mgR (B) 7 mgR (C) 3 mgR (D) 3 mgR
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Assuming that the moon is a sphere of the same mean density as that of the earth and one quarter of
its radius, the length of a seconds pendulum on the moon (its length on the earth’s surface is 99.2 cm)
is:

99.2
(A) 24.8cm (B) 49.6 cm (C)99.2 (D) fcm

A satellite can be in a geostationary orbit around a planet at a distance r from the centre of the planet. If the
angular velocity of the planet about its axis doubles, a satellite can now be in a geostationary orbit around the
planet if its distance from the centre of the planet is

r r r r
(A) E (B) 2\/5 © (4)1/3 (D) (2)1/3

More than one choice type :

9.

10.

11.

- Y

An object is weighed at the equator by a beam balance and a spring balance, giving readings W, and
W_respectively. Itis again weighed in the same manner at the north pole, giving readings of W,'and W
respectively. Assume that the acceleration due to gravity is the same every where on the earth’s
surface and that the balances are quite sensitive.

AW, =W,/ B)YW, =W, Cyw, =w D)W, >W,_

If a body is projected with speed lesser than escape velocity :

(A) the body can reach a certain height and may fall down following a straight line path
(B) the body can reach a certain height and may fall down following a parabolic path
(C) the body may orbit the earth in a circular orbit

(D) the body may orbit the earth in an elliptic orbit

A double star is a system of two stars of masses m and 2m, rotating about their centre of mass only
under their mutual gravitational attraction. If r is the separation between these two stars then their time
period of rotation about their centre of mass will be proportional to

(A) r3l2 (B) r (C) m1/2 (D) m—1/2

PART - Il : SUBJECTIVE QUESTIONS

Let a star be much brighter than our sun but its mass is same as that of sun. If our earth has average
life span of a man as 70 years. In the earth like planet of this star system having double the distance
from our star find the average life span of a man on this planet in terms of our year.

r 2r

O O

Earth Planet

sun Star

Arring of radius R = 8m is made of a highly dense-material. Mass of the ring is m_ = 2.7 x 10° kg distributed
uniformly over its circumference. A particle of mass (dense) m,=3x 108 kg is placed on the axis of the ring
at a distance x, = 6m from the centre. Neglect all other forces except gravitational interaction. Determine :

@ closest distance of their approach (from centre).
(b) displacement of ring by this moment.
(c) speed of the particle at this instant.
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Consider a spacecraft in an elliptical orbit around the earth. At the lowest point or perigee, of its orbit
it is 300 km above the earth’s surface at the highest point or apogee, it is 3000 km above the earth’s
surface.

(a) What is the period of the spacecraft’s orbit ?

(b) Using conservation of angular momentum, find the ratio of the spacecraft’s speed at perigee to
its speed at apogee.

(c) Using conservation of energy, find the speed at perigee and the speed at apogee.

(d) Itis derised to have the spacecraft escape from the earth completely. If the spacecraft's rockets

are fired at perigee, by how much would the speed have to be increased to achieve this ? What
if the rockets were fired at apogee ? Which point in the orbit is the most efficient to use ?
T2 = ka3, a=semimajoraxis. [ k=1 x 1022 sec?/m?]

Aplanet Amoves along an elliptical orbit around the Sun. Atthe moment when it was at the distance r, from
the Sun its velocity was equal to v, and the angle between the radius vector r, and the velocity vector v, was
equal to a. Find the maximum and minimum distance that will separate this planet from the Sun during its
orbital motion. (Mass of Sun = M,)

A satellite is put into a circular orbit with the intention that it hover over a certain spot on the earth’s
surface. However, the satellite’s orbital radius is erroneously made 1.0 km too large for this to happen.
At what rate and in what direction does the point directly below the satellite move across the earth’s
surface ?

R = Radius of earth = 6400 km

r = radius of orbit of geostationary satellite = 42000 km

T = Time period of earth about its axis = 24 hr.

What are : (a) the speed and (b) the period of a 220 kg satellite in an approximately circular orbit 640
km above the surface of the earth ? Suppose the satellite loses mechanical energy at the average rate
of 1.4 x 10% J per orbital revolution. Adopting the reasonable approximation that due to atmospheric
resistance force, the trajectory is a “circle of slowly diminishing radius”. Determine the satellite’s

(c) altitude (d) speed & (e) period at the end of its 1500™ revolution.(f) Is angular momentum
around the earth’s centre conserved for the satellite or the satellite-earth system.

A planet of mass m moves along an ellipse around the Sun so that its maximum and minimum distance from
the Sun are equalto r, and r, respectively. Find the angular momentum J of this planet relative to the centre
of the Sun. (Mass of Sun = M,)

Our sun, with mass 2 x 1030 kg revolves on the edge of our milky way galaxy, which can be assumed
to be spherical, having radius 102°m. Also assume that many stars, identical to our sun are uniformly
distributed in the spherical milky way galaxy. If the time period of the sun is 101® second and number

20
of star in the galaxy are nearly 3 x 10®), find value of ‘X’ (take n2 =10, G 3 X 10-"1in MKS)

What will be the corresponding expression for the energy needed to completely disassemble the
planet earth against the gravitational pull amongst its constituent particles. Assume earth to be a
sphere of uniform mass density. Calculate this energy, given the product of mass of earth and radius

of earth to be 2.5x103 kg-m and g = 10 m/s2. [JEE '92, 10 Part (b)]
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PART - |
1. (B) 2. ©) 3. (D) 4, A) 5. (D)
6. (B) 7. (A) 8. © 9. (A),(C), (D)
10.  (A).(B).(C),(D) 11. (A) (D)
PART - Il
70
1. (Z)W ~ 25 years 2. (a) zero; (b) 0.6 m; (c) 9cm/s
3. (a) 7.16 x 10% sec. (b) 1.4 (c) V,=8.35x 10°m/s, V, = 5.95x 10°m/s

(d) AV =14x 10% /g7 — V, =3.09 x 10°* m/s , perigee

r
4, ro= ﬁ 1+ x/1—(2—n)nsin2a ], where n=ryv2/GM,.
3ArRn T
5. Vi, = T = 189 m/sec ~ 1.66 cm/sec., to the east along equator
3ArRn T
V, = ¥t = 189 m/sec ~ 1.66 cm/sec.,
448 220m
T = V3520 ~
6. (a) 3520 km/s = 7.527 km/s (b) 7 sec. ~ 1.63 hour
22x14x647x7040 g0\ o 92km  (d) “mme ki 7.67 km/
(©) | 32514642 + 70406 m x41l.92km - (d) “j3aqg km/sec. ~7.67 km/s
1703
(e) T/3406 sec.~1.55hour  (f) No
7. J = my2GMgryr, /(1 +1) 8. n 9. 15x10%J
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