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13

Universal Gravitation

CHAPTER OUTLINE ANSWERS TO QUESTIONS

13.1  Newton’s Law of Universal

Gravitation %013.1 The f : :
. rce is proportional to the product of the masses
13.2  Free-Fall Acceleration and the Q 3 e, orce 1s prop . p .
Gravitational Force and inversely proportional to the square of the separation
13.3  Keplers Laws and the Motion of distance, so we compute m m,/r* for each case:
Planets

13.4  The Gravitational Field

(2)2-3/1?=6(b) 18 (c) 18/4=4.5(d) 4.5 (e) 16/4 =4.

13.5  Gravitational Potential Energy The ranking is thenb>a>c=d>e.
13.6  Energy Considerations in

Planetary and Satellite Motion *le 2

Answer (d). The International Space Station orbits just
above the atmosphere, only a few hundred kilometers
above the ground. This distance is small compared to
the radius of the Earth, so the gravitational force on the
astronaut is only slightly less than on the ground. We
think of it as having a very different effect than it does
on the ground, just because the normal force on the
orbiting astronaut is zero.

*Q13.3 Answer (b). Switching off gravity would let the atmosphere evaporate away, but switching off the

Q134

*Q13.5

*Q13.6

atmosphere has no effect on the planet’s gravitational field.

To a good first approximation, your bathroom scale reading is unaffected because you, the Earth,
and the scale are all in free fall in the Sun’s gravitational field, in orbit around the Sun. To a
precise second approximation, you weigh slightly less at noon and at midnight than you do at
sunrise or sunset. The Sun’s gravitational field is a little weaker at the center of the Earth than at
the surface subsolar point, and a little weaker still on the far side of the planet. When the Sun is
high in your sky, its gravity pulls up on you a little more strongly than on the Earth as a whole. At
midnight the Sun pulls down on you a little less strongly than it does on the Earth below you. So
you can have another doughnut with lunch, and your bedsprings will still last a little longer.

Having twice the mass would make the surface gravitational field two times larger. But the
inverse square law says that having twice the radius would make the surface acceleration due to
gravitation four times smaller. Altogether, g at the surface of B becomes (2 m/s?)(2)/4 =1 m/s?,
answer (e).

(i) 47 =16 times smaller: Answer (i), according to the inverse square law.

(i1)  mo¥r= GMm/r* predicts that v is proportional to (1/r)"2, so it becomes (1/4)'? =1/2 as
large: Answer (f).

(iii) (4%)"2 =8 times larger: Answer (b), according to Kepler’s third law.
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*Q13.7 Answer (b). The Earth is farthest from the sun around July 4 every year, when it is summer in
the northern hemisphere and winter in the southern hemisphere. As described by Kepler’s second
law, this is when the planet is moving slowest in its orbit. Thus it takes more time for the planet to

Q138

*Q13.9

Q13.10

*Q13.11

Q13.12

Q13.13

Q13.14

Q13.15

Q13.16

Q13.17

plod around the 180° span containing the minimum-speed point.

Air resistance causes a decrease in the energy of the satellite-Earth system. This reduces the
diameter of the orbit, bringing the satellite closer to the surface of the Earth. A satellite in a smaller
orbit, however, must travel faster. Thus, the effect of air resistance is to speed up the satellite!

Answer (c). Ten terms are needed in the potential energy:

U=U,+U,+U,+U+U,+U,, +Uy+U,, +U,+U,

The escape speed from the Earth is 11.2 km/s and that from the Moon is 2.3 km/s, smaller by a
factor of 5. The energy required—and fuel—would be proportional to v°, or 25 times more fuel is
required to leave the Earth versus leaving the Moon.

The gravitational potential energy of the Earth-Sun system is negative and twice as large in mag-
nitude as the kinetic energy of the Earth relative to the Sun. Then the total energy is negative and

equal in absolute value to the kinetic energy. The ranking isa>b =c.

For a satellite in orbit, one focus of an elliptical orbit, or the center of a circular orbit, must be
located at the center of the Earth. If the satellite is over the northern hemisphere for half of its
orbit, it must be over the southern hemisphere for the other half. We could share with Easter
Island a satellite that would look straight down on Arizona each morning and vertically down on

Easter Island each evening.

Every point ¢ on the sphere that
does not lie along the axis connect-
ing the center of the sphere and the
particle will have companion point
¢’ for which the components of the
gravitational force perpendicular to
the axis will cancel. Point ¢’ can be
found by rotating the sphere through
180° about the axis. The forces will
not necessarily cancel if the mass is
not uniformly distributed, unless the
center of mass of the non-uniform
sphere still lies along the axis.

Speed is maximum at closest approach. Speed is minimum at farthest distance. These two points,
perihelion and aphelion respectively, are 180° apart, at opposite ends of the major axis of the

orbit.

Set the universal description of the gravitational force, F, =

description, F, = ma

gravitational >

g (behind the sphere)

FIG. Q13.13

M m
RZ

, equal to the local

X
where M, and R, are the mass and radius of planet X,

respectively, and m is the mass of a “test particle.” Divide both sides by m.

The gravitational force of the Earth on an extra particle at its center must be zero, not infinite as
one interpretation of Equation 13.1 would suggest. All the bits of matter that make up the Earth
will pull in different outward directions on the extra particle.

Cavendish determined G. Then from g = GR—AZ/I, one may determine the mass of the Earth.
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*Q13.18 The gravitational force is conservative. An encounter with a stationary mass cannot permanently
speed up a spacecraft. But Jupiter is moving. A spacecraft flying across its orbit just behind
the planet will gain kinetic energy as the planet’s gravity does net positive work on it. This is a
collision because the spacecraft and planet exert forces on each other while they are isolated from
outside forces. It is an elastic collision. The planet loses kinetic energy as the spacecraft gains it.

SOLUTIONS TO PROBLEMS

Section 13.1 Newton’s Law of Universal Gravitation

P13.1  For two 70-kg persons, modeled as spheres,
_ Gmym, (6.67x10™" N-m*/kg*)(70 kg)(70 kg)

F =G e

Gm,m
P132 F=mg= rlz 2
6.67x10™"" N-m?/kg?)(4.00x10* x10° k
g:G’lez( / g)(2 g)=|267X1077 m/s2|
r (100 m)

P13.3 (a) At the midpoint between the two objects, the forces exerted by the 200-kg and 500-kg

objects are oppositely directed, and from
Gm,m
Fo=—03"

we have ZF = G(50.0 kg)(500 kg~ 200 ke) =|2.50%107 N | toward the 500-kg object.
(0.200 m)’

(b) Atapoint between the two objects at a distance d from the 500-kg objects, the net force on

the 50.0-kg object will be zero when
G(50.0 kg)(200 kg) ~ G(50.0 kg)(500 kg)

(0.400 m—d)’ d’

To solve, cross-multiply to clear of fractions and take the square root of both sides. The

resultis d = | 0.245 m from the 500-kg object toward the smaller object | .

P134 m, +m,=5.00 kg m, =5.00 kg—m,

5.00 kg —
F=GM 5 1.00x10° N=(6.67x10™" N-mz/kgz)ml(—gm')
r

(0.200 m)’
(5.00 kg)m, —m? = (1'22: iol(s)_w)l(\? :?:20/2;12) = 6.00 kg’
Thus,
m? —(5.00 kg)m, +6.00 kg=0
or

(m, —3.00 kg)(m, —2.00 kg)=0

giving [ m, =3.00 kg, so m, = 2.00 kg | . The answer m, = 2.00 kg and m, =3.00 kg is

physically equivalent.
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P13.5

*P13.6

P13.7

Chapter 13

The force exerted on the 4.00-kg mass by the 2.00-kg mass is

R b T T T R T 1
directed upward and given by N O W O SO A
L mamy s O B 1O
F,=G 42 %) b ook - 4o 4 -(0,3.00) m) -4
SeSRay
_ (4.00 kg)(2.00 kg) » bodododododododododododotod
= (66710 Nom’/kg’ == P Lbobdoboddotobobot Byl g

- ERCTT RS

=5.93x10""jN p i 1 =)
-6+ 5. 6.00kg 3.+2.+-1.470
The force exerted on the 4.00-kg mass by the 6.00-kg mass iS  t.d-4-4-4-t-4-+-+-+-+ L00ks ]

directed to the left bbb it i ia_a a1 log
FIG. P13.5
- . 4.00 kg)(6.00 kg) »
F,, =G 2" ()= (~6.67x 10" N~m2/kg2)( &) ; 8);
1 (4.00 m)
=-10.0x10"iN

Therefore, the resultant force on the 4.00-kg mass is F, = F,, + F‘M = (—I0.0f + 5.933) x10™" N |.

(a) The Sun-Earth distance is 1.496 x 10" m and the Earth-Moon distance is 3.84 x 10* m, so
the distance from the Sun to the Moon during a solar eclipse is

1.496x10" m—3.84x10° m=1.492x10" m

The mass of the Sun, Earth, and Moon are Mg =199 x 10% kg

M, =5.98x10* kg

and M, =7.36x10% kg
_ Gmm, _(6.67x107")(1.99%x10%)(7.36x107)

— _ 20
We have F;,, = R (1492><10”)2 =|4.39x10" N

(6.67x10™" N-m’/kg”)(5.98x10*)(7.36x107)

b) F,, = =[1.99x10" N

(3.84x10°)

(6.67x10™" N-m’/kg?)(1.99x10%)(5.98x10*)

(© Fy= =[3.55x10” N

(1.496x10")’

(d) The force exerted by the Sun on the Moon is much stronger than the force of the Earth on
the Moon. In a sense, the Moon orbits the Sun more than it orbits the Earth. The Moon’s
path is everywhere concave toward the Sun. Only by subtracting out the solar orbital
motion of the Earth-Moon system do we see the Moon orbiting the center of mass of this
system.

(1.50 kg)(15.0x 10~ kg)
(4.50x107 m)’

_ GMm

2
r

F

=(6.67x10"" N-m*/kg’)

=|741x10"" N
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Universal Gravitation 341

P13.8  Let Orepresent the angle each cable makes with the vertical, L the cable length, T
Q x the distance each ball scrunches in, and d =1 m the original distance between
them. Then r = d —2x is the separation of the balls. We have K,
ZF)_zO: T cosO—mg=0
ng
ZFX:0: TsinG—Ganzo
r FIG. P13.8
Then
Gmm x Gm , Gm 5
tan6 = = x(d-2x)" =—AL —x
rzmg \/Lz—x2 g(d—2x)2 8

The factor Gm is numerically small. There are two possibilities: either x is small or else

8
d—2x is small.

Possibility one: We can ignore x in comparison to d and L, obtaining

6.67x10™"" N-m?/kg”)(100 k
x(1 m)2=( /2g I g)45111 x=3.06x10" m
(9.8 m/s )

The separation distance is ¥ =1 m— 2(3.06 x107* m) =| 1.000 m—61.3 nm |. This equilibrium is
stable.

Possibility two: If d —2x is small, x = 0.5 m and the equation becomes

© s sy 05wy r=[27810 )

For this answer to apply, the spheres would have to be compressed to a density like that of the
nucleus of atom. This equilibrium is unstable.

Section 13.2 Free-Fall Acceleration and the Gravitational Force

MG  9.80 m/s’
P139 4= = =|0.613 m/s? | toward the Earth.
o om0

*P13.10 (a) For the gravitational force on an object in the neighborhood of Miranda we have

_ Gmobj mMiranda
my,8 = 2
h Miranda

_ Gty _ 6:67x10™" N-m®(6.68x10"” ke)

=[0.0761 m/s’
ke (242x10° m)’ /

2
rMira.nda

continued on next page

ISMV1_5103_13.indd 341 @

12/5/06 12:09:31 PM



342 Chapter 13

(b) We ignore the difference (of about 4%) in g between the lip and the base of the cliff.
For the vertical motion of the athlete we have Q

1.
Y=y to, t-atl
2
1
-5 000 m=0+0+5(—0.0761 m/s* )¢’
t_(z(s 000 m)s’

1/2
= ———| =]|363
© x,=x +vm.t+%axt2 =0+(8.5 m/s)(363 s)+0={3.08x10° m

We ignore the curvature of the surface (of about 0.7°) over the athlete’s trajectory.
(d wv,=v,=850 m/s

v, =0, +at=0-(0.0761 m/s’)(363 s)=-27.6 m/s

Thus ¥, =(8.50i—27.6j) m/s =+/8.5>+27.6> m/s at tan*% below the x axis.

v, =28.9 m/s at 72.9° below the horizontal |

_GM _Gp(4zR’/3) 4

P13.11 ————=—7nGpR
3 R’ R’ 3 P
If
g_M:l: 4nGp, R, /3 Q
g 6 4nGp.R,/3
then

o CoRORE

Section 13.3  Kepler’s Laws and the Motion of Planets

*P13.12 | The particle does possess angular momentum, because it is not headed straight for the origin.
Its angular momentum is constant because the object is free of outside influences.

Since speed is constant, the distance traveled between ¢, and £, is equal to the distance traveled
between ¢, and ¢,. The area of a triangle is equal to one-half its (base) width across one side times
its (height) dimension perpendicular to that side.

So
1 1
5bv(l2 —t)= Ebv(t“ —t,)

states that the particle’s radius vector sweeps out equal areas in equal times.

ISMV1_5103_13.indd 342 @ 12/5/06 12:09:32 PM



O

ISMV1_5103_13.indd 343

Universal Gravitation 343

P13.13 Applying Newton’s 2nd Law, ZF =ma yields F, = ma, for each

220km/s
star:

GMM Mv* 4v°r
— = or M= /
(2r) r G f
We can write r in terms of the period, 7, by considering the time \
and distance of one complete cycle. The distance traveled in one BN
orbit is the circumference of the stars’ common orbit, so 2zwr =vT. -
Therefore M B

220km/s

2 2
4vr_4v (”T) FIG. P13.13

M = =— | =
G G \2rx

SO,

4y 20T _2(220x10° m/s)’ (14.4 d)(86 400 s/d
-G 7(6.67x10™" N-m?/kg’)

):| 1.26 x10** kg = 63.3 solar masses

P13.14 By Kepler’s Third Law, T?* = ka’ (a = semi-major axis)

For any object orbiting the Sun, with 7 in years and a in A.U.,
k =1.00. Therefore, for Comet Halley

(75.6)" = (1.00)(0-57_;)”)3

The farthest distance the comet gets from the Sun is

y=2(75.6)"* -=0.570 =| 35.2 A.U. | (out around the orbit of Pluto).

«—2a=x+y—>

FIG. P13.14
) 4r*a’ N .
P13.15 T° = (Kepler’s third law with m << M)
GM
3
47*a’ 477 (4.22x10° m)
=2rae _ ( — ) > =[1.90x107 kg
GT*  (6.67x10™" N-m’/kg’)(1.77 x86 400 s)
(approximately 316 Earth masses)
2 o
P13.16 Z F= ma: GmplanetMstar — mplanetv (a) P -~ ~ ~
r2 r / L~ N\
A\
GMsw_vz_r2wz // / @\\Y X
ro f O
3.3 3.2 3.2 \ \ Y /
GMsla:=rw =r;ca)x=’:\a)) \ \\ e /
32 \\ _ /
r, 90.0° )5,  468° ~_
e e N T AT
T, ] . .
¥ (b) _ io ~ .
So | planet Y has turned through 1.30 revolutions | // e -~
N
[ @ o
\Y /
\ O\ _ / /
\ /
~ s
~___ -
FIG. P13.16
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P13.17

P13.18

P13.19

*P13.20

GM,  An’(R,+d)
(R, +d) T

GM,T* =47 (R, +d)’

(6.67x107"" N-m*/kg®)(1.90 x 107 kg)(9.84x3600)” = 47°(6.99 x10” +d)’

d=|8.92x10" m |=| 89200 km | above the planet

The gravitational force on a small parcel of material at the star’s equator supplies the necessary

centripetal acceleration:

GM v’
R;m = R’

SO

\/GT \/(6.67><10“ N-m?/kg?)[2(1.99x10° kg)]
= L=
R;

10.0x10° m)’
( )

®=|1.63x10* rad/s |

The speed of a planet in a circular orbit is given by

ZF_ . Ganm mvz GMsun
=ma. —F— = v —

r r r
- e cooed _ [(6.67x10™")(1.99x10") m’
or Vlercury the speed 18 Oy = (579)(10'0) 82
(6.67x10™)(1.99x10%) m?
and for Pluto, Up = (5.91 % 1012) 2

With greater speed, Mercury will eventually move farther from the Sun than Pluto. With original
distances 7, and r,, perpendicular to their lines of motion, they will be equally far from the Sun

after time ¢ where

Jr+0it = \rk v ol

2 2 (.2 2,2
1o —ry =(v}, —vp)t

| (591x10% m)' ~(5.79x10" m)  [349%10" m? _ .
t_\/(4-79><10“ mys) —(474x10° mis) \2.27x10° m?/s’ =124x10" s=[3.93 yr |

In T?% = 470>/ GM we take a = 3.84 x 10° m.

central
47%(3.84 x10° m)’
Ml‘enmzl = 4ﬂ2a3/GT2 = —11 ( 2 2 ) 2
(6.67x107" N-m~/kg")(27.3x86400 s)
This is a little larger than 5.98 x 10** kg.

=4.79x10* m/s

=4.74%x10° m/s

=[6.02x10* kg

is therefore a bit less than the Earth—Moon distance.

The Earth wobbles a bit as the Moon orbits it, so both objects move nearly in circles
about their center of mass, staying on opposite sides of it. The radius of the Moon’s orbit
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Q Section 13.4  The Gravitational Field
P13.21 g:Gl_zmh%j+%(cos45.00i+sin45.oj)
SO
GM 1 PR
g=——|1+——4|(i+]
8= ( 5 ﬁ)( j)
or
_ | Gm 1 .
g= N x/§+5 toward the opposite corner FIG. P13.21
6.67x107" N-m>/ke?)[100(1.99 x 10% kg)(10° k
P13.22 (a) F= Gﬁf’"=( ) 0o ; 910" ke)| 131x107 N
r (1.00x10* m+50.0 m)
GMm GMm black hole
b) AF=""-2
rfrom rback :
GM (2, —
Ag=£= (zback2 from) ‘4_1001“ | 10 km |
m rfromrback
FIG. P13.22
(6:67x10™")[100(1.99x 10 ) ][ (1.01x10* m)* = (1.00 x10* m)’ |
Ag =
(1.00x10* m)’ (1.01x10* m)’
O Ag=|2.62x10" N/kg |
MG
*P13.23 (a) 8 =8 = m M
81y = 8y 8, =8,18,=0 T
r a g
=g, =g,cos0 cosf=—— 1
8ix =8 =& (a2+r2)]/2 l E>D
¥
g=2g2x (_;) )
or M
2MGr

— v toward the center of mass
(r’+a)

(=8
Il

FIG. P13.23

(b)

As r goes to zero, we approach the point halfway between
the masses. Here the fields of the two are equally strong and
in opposite directions so they add to zero.

(©

As r— 0, 2MGr(r* + a*)*? approaches 2MG(0)/a* =0

(d)

Standing far away from the masses, their separateness makes no difference. They produce
equal fields in the same direction to behave like a single object of mass 2M.

(e

ISMV1_5103_13.indd 345

As r becomes much larger than a, the expression approaches 2MGr(r* + 0%)7* = 2MGr/r} =
2MG/r* as required.
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Section 13.5  Gravitational Potential Energy Q
6.67x10" N-m*/kg”)(5.98 x10* kg)(100 k
P13.24 (a) U=—GME'"=—( m*/keg’)( - 8)(100 k) _ 477x10° J
r (6.37+2.00)x10° m

(b), (c)  Planet and satellite exert forces of equal magnitude on each other, directed

| downward on the satellite and upward on the planet |

—~11 . 2 2 24
o GM,m _(6:67x10™" N-m®/kg®)(5.98x10*" kg)(100 kg):

r’ (8.37x10° m)’

M, 3(1.99x10% kg)

P13.25 = S — =|1.84 109 k 3
@ P 47(6.37x10° m)’ [1:84x10" ke/m’ |
_GM, _(6.67x10™" N-m’/kg’)(1.99%10* kg)

b
® = (6.37x10° m)’

GMgn _ (6.67x10™"" N-m*/kg*)(1.99x 10" kg)(1.00 kg)

< =|-2.08x10" J
Ty 6.37x10° m

P13.26 The height attained is not small compared to the radius of the Earth, so U = mgy does not apply;
GM M

=[327x10° m/s” |

) U, =

8

U = ————2 does. From launch to apogee at height ,
r
1 GM M GM M
K, +U,+AE,, =K, +U,: My ——E L4 0=0-—"LL
27 R, R, +h
1

5.98x10* kg
6.37x10° m

5.98x 10* kg
6.37x10° m+h

3. ]14 3 /.2
(5:00%107 m?/s?)= (626 x107 m?/s?) = 222X 107 m)s
6.37x10° m+h

5(10.0><103 m/s)’ —(6.67x10™" N~m2/kg2)(

=—(6.67x10™" N-mz/kgz)(

_ 3.99x10" m’/s*
©1.26%107 m?/s’

|h=2.52><107 m|

6.37x10° m+h =3.16x10" m

Gm,m, J

ha

3(6.67x10™"" N-m?/kg?)(5.00 x10™ kg)’
Uy =— ( m ke )( g) =] -1.67x10"7J
0.300 m

(b)  Each particle feels a net force of attraction toward the midpoint between the other two.
Each moves toward the center of the triangle with the same acceleration. They collide
simultaneously at the center of the triangle.

#P13.27 (a) Uy, =U, +U,+U,, =3U,, = 3(—

P1328 W =-AU= —(M— o)

r

_ (+6.67x10™"" N-m’/kg’)(7.36 x10” kg)(1.00x 10" kg) _ ;
W= 1.74x10° m =[282x10°1]
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Energy conservation of the object-Earth system from release to radius r:

O P13.29 (a)

(K + Ug )alliludeh = (K + Ug )radius r
_GMm _lmvz_GMEm
R.+h 2 r
12
=|2GM, 1.1 =—£
r R.+h dt
I
(b) Jdt = = J— The time of fall is
Reth 172
A= || 26M, I &
b4 r R.+h
6.87x10° m 1 1 —1/2
a= [2x6.67><10” X 5.98 %10 (———6)] dr
6375105 m r 6.87x10° m

We can enter this expression directly into a mathematical calculation program.

Alternatively, to save typing we can change variables to u = # Then

_1/26,37 1 1 -2
=(7.977x10") j(106 —m) 10° du
u .

6.37

i 10° 6.87 1 1 Y)
=3.541x10" ——— J'(—— ) du
(10°)™ g \u 6.87

O A mathematics program returns the value 9.596 for this integral, giving for the time of fall
Ar=3.541x10" x10° x9.596 =339.8 =

Section 13.6  Energy Considerations in Planetary and Satellite Motion

P13.30 () U e = 2MS““G 42.1 km/s

solar escape
E Sun

(b) Let r=R,¢x represent variable distance from the Sun, with x in astronomical units.

2M G 421

=77 Sun

R.¢x \/;
If po 122000 KM =147 AU.=[220x10" m
3600 s

(at or beyond the orbit of Mars, 125000 km/h is sufficient for escape).

1 1 1 1 1 1 1
P13.31 _ 2 — = —m? 0’ +GM | 0—— |==0v>
2mvl +GMEm(rf ’J 2mvf 5 Ui E R, 2 r

or
and
O [ 26M, )
1/2
[200><104 —1.25><108] ~[1.66x10" m/s

ISMV1_5103_13.indd 347 @
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“P13.32 E,, = MM O
r
A GMm(1 1 _(6.67x10™")(5.98x10™*) 10° kg 1 1
2\ ) 2 10’ m\ 63704100 6370 +200

AE=4.69><108J=

Both in the original orbit and in the final orbit, the total energy is negative, with an absolute
value equal to the positive kinetic energy. The potential energy is negative and twice as large
as the total energy. As the satellite is lifted from the lower to the higher orbit, the gravitational
energy increases, the kinetic energy decreases, and the total energy increases. The value of
each becomes closer to zero. Numerically, the gravitational energy increases by 938 MJ, the
kinetic energy decreases by 469 MJ, and the total energy increases by 469 MJ.

mMG _ mv’
P13.33 To obtain the orbital velocity, we use z F= =

R R
[MG
or V= |——
R
1 MG
We can obtain the escape velocity from 5 mv’, = mT
2MG
*P13.34 | Gravitational screening does not exist. The presence of the satellite has no effect on Q
the force the planet exerts on the rocket.

The rocket is in a potential well at Ganymede’s surface with energy
y - Gmm, _ 6.67% 10" N-m’m, (1.495x10” kg)
1 r kg’ (2.64 x10° m)

U, =-3.78x10°m, m*/s’

The potential well from Jupiter at the distance of Ganymede is
Gmm,  6.67x10"" N-m’m,(1.90x10” kg)
ro kg’ (1.071x10° m)
U,=-1.18x10°m, m>/s>

U,=

To escape from both requires

%mzvz =+(3.78x10°+1.18 x10*)m, m’/s’

esc

Uy =y2x1.22x10° m?/s* =[15.6 kmys |
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2
Q P13.35 F =F, gives ™ _ GmM |,
r r?
GM
which reduces to v=,/—=%&
’
. 2
and period = 2 oy |
v GM,

(@) r=R;+200km=6370 km+200 km =6570 km

Thus,

(6.57x10° m)
(6.67x10™" N-m’/kg’)(5.98x10* kg)

T=530x10' =883 min=[147h |
_[om,  |(6.67x10™"" N-m*/kg*)(5.98x10™ kg) _
A _\/ (6.57%10° m) =[7.79 km/s|

period = 27(6.57x10° m) \/

() K,+U,=K;+U,+ energy input, gives

input :%mv;—%mvf+(_GMEm]—(_GMEm) (1)

r ;

5 =R, =637x10°m

O o =R _ 4 63%10° mys
86400 s

Substituting the appropriate values into (1) yields the
minimum energy input =| 6.43x10° J

P13.36 The gravitational force supplies the needed centripetal acceleration.

Thus,
2
GMEm2 _ mo or vt = GM
(Ry+h)’  (R.+h) R, +h
2mr 2n(R, +h R.+h)
(a) T=_=—(G§4F ) 7 =| o Rt )
v (R,,_AJ:) GME
b ov=| | Me
R.+h
O continued on next page
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(c) Minimum energy input is AE = (Kf + Ugf) - (Kl. - Ug,.) O

It is simplest to | launch the satellite from a location on the equator, and launch it

toward the east.
2

1
This choice has the object starting with energy K, = Emvi

with
o, = 2R, _ 27R, and Uiz—GMEm
1.00 day 86400 s ¢ R,
Thus,
AE o[ OMe ) _GMgm 1 4T°R; L GMm
"™ 2 \R,+h) R,+h 2 |(86400s) | R,
or

min

2 p2
AE - GMEm[ R, +2h }_ 2m*R2m

2R, (R, +h) | (86400 s)’

P13.37 (a) Energy conservation for the object-Earth system from firing to apex:

(K+Ug)i:(K+Ug)f
lmviz—GmME :O_GmME
2 R, R.+h

where %mv2 _GmM, . Then

esc RE O

2 i esc 2 esc RE +h
2
2 _ 2 _ vescRE
vesc Ui R h
r T
1 R +h
2 27 2
vesc Uz‘ vescRE
2 2 2 2
h — vescRE —R = Z]escRE — vescRE + vi RE
-2 2 E ™ 2 2
Uesc - vi vesc - vi
h — RE vi2
-2 2
U..— 0.

esc i

6.37%x10° m (8.76)°
b h= (112)2_‘?8(76)2) =[1.00x10" m

(c) The fall of the meteorite is the time-reversal of the upward flight of the projectile, so it is
described by the same energy equation

7
U?:U:SC I—L =U:SC h =(11-2X103 m/s)2 2.651X10 m _
R, +h R, +h 6.37%x10° m+2.51%x10" m

E
=1.00x10* m?*/s’

v, =[1.00x10" m/s

2 2 2
(d)  Withv, <<v,, h= REzvi = M But g = GM ,S0h= b , in agreement with O
v 2GM , R, 2g

esc

E

0% =0 +2(~g)(h-0)
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P13.38

P13.39

(a)

(b)

(©)

(a)

(b)

()

Universal Gravitation

2
For the satellite 2 F=ma GmM _ v,

2
12
e

r r
r

Conservation of momentum in the forward direction for the exploding satellite:

(Xmo),=(Zmo),

Smv, =4mv, + m0

5 S(GME)”2
U, =—0,=| —
4

4 r

With velocity perpendicular to radius, the orbiting fragment is at perigee. Its apogee
distance and speed are related to r and v, by 4mrv, = 4mr,v, and

1 GM .4 1 GM .4 .
—4mp? -2 —4mv; - 2™ Substituting v, = 97 \we have
2 r 2 rf rf

22 25 GM
lz;.z _GM, = Lo GM, . Further, substituting v ="—2= gives
2 r 2 r 16 r

f

25GM, GM, 25GM,r GM,

E r ro 32 rf2 Fy
—_7_ 25r 1

= -——
32r 32rf r

2
r r
Clearing of fractions, —7rf2 =257 - 32rr; or 7(—f ) - 32(—f )+ 25=0 giving
r r
r, 4324432’ -4(7)(25) 50 . 14

r 14 14 14
outer end of the orbit has 7/ — é; r = 25r
ro 7 |07

The major axis of the orbit is 2a=50.5 AU Ny a=2525AU
Further, in the textbook’s diagram of an ellipse, a+¢c=50 AU so c¢=24.75 AU

Then

InT? = K a’ for objects in solar orbit, the Earth gives us

2 _ 3 _ (1 yr)
(1yr)’ =K, (1 AU) K, = LAU}

Then

2

7 =%(2525 AUY  T=[127y]

(6.67x10™" N-m’/kg*)(1.991x10% kg)(1.2x10" kg)

y=-GMm__ “ =[=2.13x107J
r 50(1.496x10" m)

. The latter root describes the starting point. The

351
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Additional Problems

4 4
*P13.40 (a) Let R represent the radius of the asteroid. Then its volume is —7 R’ and its mass is pgnR3 .

2 3 2
For your orbital motion, ZF =ma, Gmym, _ myv” GparR" _v

R R 3R R
5 1/2 2 2 3 1/2
. Kk
R=[ 22 = 3(87151 m/s)2 £ 1 =[153x10" m
Gpan 6.67x10™" N-m? (1100 kg)4z

(b) p%n’R3 =(1100 kg/m3)%ﬂ(l.53x104 m) =[1.66x10" kg

27 R 2nR_27(1.53x10* m)
0=——— = =

T =[1.13%x10* s |=3.15h
. . 55 ms

(d) For an illustrative model, we take your mass as 90 kg and assume the asteroid is originally
at rest. Angular momentum is conserved for the asteroid-you system:

ZLi :sz
0=m,vR—Iw

0= mzvR—gmle 2n

(©

asteroid

m,o = 4z mR
’ 5 Tasleroid
4 (1.66x10" kg)(1.53x10* m
asteroid = 47[ mlR = ( g)( ) = 837 X 1017 S= 265 bllhon years
Sm,v 5(90 kg)(8.5 m/s)

Thus your running does not produce significant rotation of the asteroid if it is originally
stationary, and does not significantly affect any rotation it does have.

This problem is realistic. Many asteroids, such as Ida and Eros, are roughly 30 km in
diameter. They are typically irregular in shape and not spherical. Satellites such as Phobos
(of Mars), Adrastea (of Jupiter), Calypso (of Saturn), and Ophelia (of Uranus) would allow
a visitor the same experience of easy orbital motion. So would many Kuiper-belt objects.
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Let m represent the mass of the spacecraft, r, the radius of the Earth’s orbit, and x the distance
from Earth to the spacecraft.

M
The Sun exerts on the spacecraft a radial inward force of F = (G—SH;Z
Ty —X
. . . M
while the Earth exerts on it a radial outward force of F, = G £ =
x

The net force on the spacecraft must produce the correct centripetal acceleration for it to have an
orbital period of 1.000 year.

Thus,
GM;n GM,m  mv’ m | 27(r,—x) ’
F—F, = 7 2 = =
(rE—x) X (VE—)C) (rE—x) T
which reduces to
GM, _GM, _4m"(r.—x) (1)

(”E_x)2 X’ T’

Cleared of fractions, this equation would contain powers of x ranging from the fifth to the zeroth. We do
not solve it algebraically. We may test the assertion that x is between 1.47 x 10° m and 1.48 x 10° m
by substituting both of these as trial solutions, along with the following data: M =1.991x10™ kg,
M, =5983x10* kg, r, =1.496x10" m, and T =1.000 yr =3.156 x 10’ s.

With x=1.47x10° m substituted into equation (1), we obtain
6.052x107° m/s*—1.85x107° m/s* =5.871x10~° m/s’
or
5.868x107° m/s* =5.871x107° m/s’
With x =1.48 x10° m substituted into the same equation, the result is
6.053x107 m/s*—1.82x107 m/s* =5.8708 %10~ m/s’

or

5.8709x107 m/s’> =~5.8708x107 m/s’

Since the first trial solution makes the left-hand side of equation (1) slightly less than the right
hand side, and the second trial solution does the opposite, the true solution is determined as
between the trial values. To three-digit precision, it is 1.48 X 10° m.

As an equation of fifth degree, equation (1) has five roots. The Sun-Earth system has five
Lagrange points, all revolving around the Sun synchronously with the Earth. The SOHO and
ACE satellites are at one. Another is beyond the far side of the Sun. Another is beyond the night
side of the Earth. Two more are on the Earth’s orbit, ahead of the planet and behind it by 60°.
Plans are under way to gain perspective on the Sun by placing a spacecraft at one of these two
co-orbital Lagrange points. The Greek and Trojan asteroids are at the co-orbital Lagrange points
of the Jupiter-Sun system.
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P13.42 The acceleration of an object at the center of the Earth due
to the gravitational force of the Moon is given by

P13.43

P13.44

ISMV1_5103_13.indd 354

Chapter 13

At the point A nearest the Moon,

At the point B farthest from the Moon, a_ =G

Ford>>r,

Across the planet,

Moon

O

Earth
a, =G Mu | d ‘
+ (d_r)Z
FIG. P13.42
My
(d+r)
Aa=a,—a=GM 1
+ M (d_r)z d2
Aa=2Mul 1 11%10° m/s*
d\
Ag 2Aa  222x10° m/s’ =
—=—=——-=[226x%10
g g 9.80 m/sz

Energy conservation for the two-sphere system from release to contact:

Gm(L—l)zv2
R

2r E

o)

(a) The injected impulse is the final momentum of each sphere,

mv=m"? Gml:L—l— l/2= Gm3(i—l) :
2r R] 2r R

(b) If they now collide elasti

cally each sphere reverses its velocity to receive impulse

\S)

mv —(—mv)=2mv =

_Gm3 (i_l)]l/z
L 2r R

Momentum is conserved:

My, +m,V,, =myv,, +nm,v,,

0

Energy is conserved:

= M¥,, +2M¥,,
1

sz :_Evlf

(K+U), +AE=(K+U),

0

2 |GM 1 1 |GM
e

1 1
_Gmm, +0= —mlvlzf +—m2U§f _Gmymy
T, 2 2 I
M(2M) 1 1 1 Y GM(eM
w:_vaf+_(2M)(_vlf) _M
12R 2 2 2 4R
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Q P13.45 (a) Each bit of mass dm in the ring is at the same distance from the object at A. The separate
mdm

GmM
contributions — G to the system energy add up to _ " When the object is at A,
r r

this is

B SN 2 0
6.67x10™" N-m 1(2)00 kg 2.36 % 120 kg _ 7 04%x10" 1
ke?\(110° m)’ +(2x10° m)

(b) When the object is at the center of the ring, the potential energy is

_i1 2 20
_6.67><10 N rn2 100(Zkg 2.36x%10 kg= 157x10° 1
kg"1x10° m

(c) Total energy of the object-ring system is conserved:

(k+u,) =(k+U,)

1
0—7.04x10* J==1000 kgv? —1.57x10° J
2 B
2%8.70%10* J\"
Op=|—"7"7"7"7" = 13.21118
,=( 2o

. . GM DI
P13.46 (a) The free-fall acceleration produced by the Earth is g = —%=GM . r * (directed
downward) r

Its rate of change is
% =GM,(-2)r> =-2GM ,.r”
B

The minus sign indicates that g decreases with increasing height.
At the Earth’s surface,
dg _ 2GM,

dr R,

(b)  For small differences,
|Ag| _ |ag|_ 26M,
Arh R,
Thus,

2GM .k
Agl= 22k
|Ag| 3

2(6.67x10™" N-m?/kg*)(5.98 x10* kg)(6.00 m
(6.37x10° m)’

© |Ag= )=| 1.85x10° m/s” |

P13.47 From the walk, 27rr =25 000 m. Thus, the radius of the planet is r = 252& =3.98%x10° m
T

From the drop: ~ Ay= %gt2 = %g(29.2 s)’ =1.40 m

S0,

O g=2(LOH;)=3,28><10’3 m/s’ =M—2G oM =|1779%10" kg
(29.25) r
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P13.48 The distance between the orbiting stars is d = 2r cos30° = J3rsince

V3 : - ,
c0s30° = —. The net inward force on one orbiting star is

[S)

M
szm cos30° + G 2m + G(sz cos30° =
r

r

Gm2cos30° GM 4rm*r?
— %2 t—== 2
3r r T

m 4r*r?
G|l—=+M |=
(ﬁ ) T

4x*r?

- G(M+m/\/§)

TZ

s 12
P
T=2n| ——mMM
[G(M +m/‘/§)] FIG. P13.48

P13.49 For a 6.00 km diameter cylinder, » = 3 000 m and to simulate 1g = 9.80 m/s’

g= T o
r
0= \/g =(0.057 2 rad/s
r
. . . . | lrev
The required rotation rate of the cylinder is
110’ O
(For a description of proposed cities in space, see Gerard K. O’Neill in Physics Today,
Sept. 1974.)
P13.50 For both circular orbits, y'd
GM,.m mv’ - T R
z F=ma: —f = y - .- N
r r e ,\“J\ N\
/ SN\
_ [M, / gj Fg O\
o= [He \
; / . \
(I )
FIG. P13.50

. ' (6.67x107" N-m’/kg”)(5.98 x10* kg) 5
(a) The original speed is v, = < < =|7.79%x10° m/s
(6.37x10° m+2x10° m)

, (6.67x10™" N-m’/kg*)(5.98x10™ kg) .
(b)  The final speed is v, = 3 =|7.85x10" m/s
(6.47x10° m)

The energy of the satellite-Earth system is

K+U, =%mv2 _GMym _1, M, CM,

_GM m
r 2 r r 2r

6.67x10™" N-m?/kg*)(5.98 x10** kg)(100 k
(¢) Originally E, :—( m’/kg )( g)( g =|-3.04x10° J

2(6.57%10° m) O

continued on next page
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P13.51

P13.52

(d)

(e)

()

(a)

(b)

(a)

(b)

(©)

Universal Gravitation 357

6.67x10™" N-m?/kg”)(5.98 x10** kg)(100 k
Finally E, =_( m? kg’ )( g)( g)

=|-3.08x10° J
Y 2(6.47 %10° m)

Thus the object speeds up as it spirals down to the planet. The loss of gravitational energy
is so large that the total energy decreases by

E ~E, =-3.04x10° J-(-3.08x10° J) =[ 4.69x 10 J

The only forces on the object are the backward force of air resistance R, comparatively very
small in magnitude, and the force of gravity. Because the spiral path of the satellite is not

perpendicular to the gravitational force, | one component of the gravitational force

| pulls forward on the satellite | to do positive work and make its speed increase.

At infinite separation U = 0 and at rest K = 0. Since energy of the two-planet system is
conserved we have,

ozémlvﬁ%mzv;—% %))
The initial momentum of the system is zero and momentum is conserved.
Therefore,

0=mpo, —m,v, 2

Combine equations (1) and (2):

2G 2G

v, =m, m and U, =m,

Relative velocity

2G(m1 + mz)

v, =v,—(-v,)= y

r

Substitute given numerical values into the equation found for v, and v, in part (a) to find

0,=1.03x10* m/s  and  0,=258x10° m/s

Therefore,

K =imo? =[T07x10° 7|  and K, =—m0} =[267x10" ]
2 2

The net torque exerted on the Earth is zero. Therefore, the angular momentum of the Earth
is conserved;

r
mr,v, =mr,v, and v, =0, (—”J=(3.027x104 m/s)(%): 2.93x10* m/s
r .

a

K, — L =1(5.98><102“)(3.027><1o“)2 =[2.74x10% J
277 2

GmM  (6.673x107")(5.98x10*)(1.99x10%)

U =- =- - =| -5.40x10% J
’ r 1.471x10

P

Using the same form as in part (b), K, =| 2.57x10* J | and U, =| -5.22x10% J |.

Compare to find that K, +U, =| =2.66x10% J | and K, +U, =| -2.65x10% J |.
They agree.
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2r  27(30000x9.46x10" m)
P13.53 (a) T=""= =7x10" s=| 2x10°
v 2.50%10° m/s ®

243 47(30 000x9.46 x 10" m)’
b M=Ta ( ) _=2.66x10" kg
GT*  (6.67x10™"" N-m’/kg’)(7.13x10" s)

M =1.34x10" solar masses| ~10" solar masses |

The number of stars is | on the order of 10" | .

P13.54 Centripetal acceleration comes from gravitational acceleration.

v MG _4nr

r r T*r

GM T* =4rn*r’

(6.67x107")(20)(1.99x10*)(5.00x 107 )’ = 47*/°

P13.55 Let m represent the mass of the meteoroid and v,its speed when far away. No -~~~ e
torque acts on the meteoroid, so its angular momentum is conserved as it moves
between the distant point and the point where it grazes the Earth, moving perpen-
dicular to the radius: FIG. P13.55

L=L;: MY, XV, =mr; XV,

m(SREvi) =mR;v, O

v, =3y,

Now energy of the meteoroid-Earth system is also conserved:

(K40 =(K40): Gt 0= o) - e
E
L2 = Lop?)- e
2 R,
GM, _, . L _ [GM,
R, t ' 4R,

P13.56 (a) From the data about perigee, the energy of the satellite-Earth system is
1, GM,m > (6.67x107")(5.98x10™)(1.60)
E=—mv,——= - -
27 7.02x10

=%(1.6O)(8.23x103)

P

E=|-3.67x10"J

(b) L =morsin®=mo,r,sin90.0°=(1.60 kg)(8.23x 10" m/s)(7.02x10°m)

or

=19.24x10" kg-m’/s |

continued on next page
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(c) Since both the energy of the satellite-Earth system and the angular momentum of the Earth
are conserved,

, GMm
at apogee we must have S M, = =E
T,

and mo,r,sin90.0°= L

6.67x107")(5.98 x107*)(1.60
Thus, %(1.60)05 - ( ) )(1.60) =-3.67x10"J

T,

and (1.60 kg)v,r, =9.24 x10" kg-m’/s

6.67x107")(5.98 x10*)(1.60)(1.60)v
Solving simultaneously, l(1 60)v° — ( )( 10)( )(1.60)2,

2 9.24 %10
=-3.67x10’

which reduces to 0.800v> —11 0460, +3.6723x10” =0

11046 /(11046)’ —4(0.800)(3.6723%107)
o 2(0.800)

This gives v, =8 230 m/s or | 5580 m/s |. The smaller answer refers to the velocity at the

apogee while the larger refers to perigee.

SO v

Thus,

10 2
pat o 9.24x10 kgrr:/s _[10ax10"m
(1.60 kg)(5.58x10° m/s)

mv,

(d) The major axis is 2a =r, +7,, so the semi-major axis is

a=%(7.02><106 m+1.04x10" m)=|8.69x10° m

R 47*(8.69x10° m)’
S\ GM,  \(6.67x10™" N-m*/kg?)(5.98x10* kg)
T =8060 s =

If we choose the coordinate of the center of mass at the origin, then

(Mr, —mn,)
e — and Mr2=mr1
M+m

(Note: this is equivalent to saying that the net torque must be zero and
the two experience no angular acceleration.) For each mass F = ma so

M
mro; = dG2m and Mr,? = % FIG. P13.57
. . ) ) , (M+m)G
Combining these two equations and using d = r, + 1, gives (r1 + rz)w = 7
with
D =0,=0
and
2
y——
0]
we find
,  4An'd’
G(M +m)
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P13.58 From Kepler’s third law, minimum period means minimum orbit size. The “treetop satellite” in
Problem 33 has minimum period. The radius of the satellite’s circular orbit is essentially equal to

the radius R of the planet.

ZF o GMm  mv* m(ZER)Z
=ma: = _n

R’ R R\T
cov K (47°R?)
PY =R
4 Am’R®
G —717R3)=
(57 )45
. .. ) 3r
The radius divides out: 7°Gp=3rx T= Go
p

*P13.59 The gravitational forces the particles exert on each other are in the x direction. They do not affect
the velocity of the center of mass. Energy is conserved for the pair of particles in a reference
frame coasting along with their center of mass, and momentum conservation means that the

identical particles move toward each other with equal speeds in this frame:

U, +K+K=U,+K+K,

Gmm, Gm,m

+0=— 2+ imo’ ++m,o’
I Ty
_(667x10™"" N-m’/kg’)(1000 ke)’ __ (667x10™" N-m’/kg’)(1000 ke)’
20 m 2m
_5 1/2
(—3'(;?)goli J) —0=173x10" m/s
g

(4)(1000 kg)o’

Then their vector velocities are

(800 + 1.73 x 10#) i m/s and (800 — 1.73 x 10-)i m/s

for the trailing particle and the leading particle, respectively.

*P13.60 (a) The gravitational force exerted on m by the Earth (mass ME) accelerates m according to

GmM

mg, = R The equal magnitude force exerted on the Earth by m produces

acceleration of the Earth given by g, = G—T The acceleration of relative approach is then
r

_Gm  GM, (6.67x10™" N-m’/kg’)(5.98 x10* kg +m)

&+e = =
2 1 r2 r2

1.20%10” m)’
( )

=1 (2.77 m/sz)(1+

_m
5.98x10% kg

(b) and (¢) Here m =5 kg and m = 2000 kg are both negligible compared to the mass of the Earth,

so the acceleration of relative approach is just| 2.77 m/s* |

continued on next page
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PI3.61 Forthe Earth, Y F=ma: MM _ MV _ ﬁ(ﬂ)

Universal Gravitation 361

(d)  Again, m accelerates toward the center of mass with g, = 2.77 m/s”. Now the Earth
accelerates toward m with an acceleration given as

GM .m
MEgl = 2E
p
6.67x10™"" N-m?/kg*)(2.00x10* k
g =—GT=( [k ) - 8)_ 0026 m/s’
r (1.20x107 m)

The distance between the masses closes with relative acceleration of

8 =8 +8 =0.926 m/s’+2.77 m/s* =|3.70 m/s’

()  Any object with mass small compared to the Earth starts to fall with acceleration 2.77 m/s.
As m increases to become comparable to the mass of the Earth, the acceleration increases,
and can become arbitrarily large. It approaches a direct proportionality to m.

2

r r r\ T
Then GM T’ =4r’r’
2rr .

Also the angular momentum L=mor= mT r is a constant for the Earth.

- LT L
‘We eliminate r=,|—— between the equations:

2m
32 372
GM T* =4r’ (i) GM T" =4rn’ (L)
Tm ‘ 2m

Now the rates of change with time ¢ are described by
GMX(lT_]/Zd—T)—i—G(leS TI/Z)ZO d_T__dMS (2LJ~AT

2 dt dt dr \"m ) Ar

s

16x107
AT = —ar M5 T Z 5000 ye| 2:10X107s (-3.64x10° kg/s) o Iy
dt M, 1yr 1.991x 10 kg

AT =|1.82%107 s

ANSWERS TO EVEN PROBLEMS

P13.2

P13.4

P13.6

P13.8

2.67x107 m/s
3.00 kg and 2.00 kg

(a) 4.39x10% N toward the Sun  (b) 1.99 x10*° N toward the Earth (c) 3.55x10% N toward
the Sun (d) Note that the force exerted by the Sun on the Moon is much stronger than the force
of the Earth on the Moon. In a sense, the Moon orbits the Sun more than it orbits the Earth. The
Moon’s path is everywhere concave toward the Sun. Only by subtracting out the solar orbital
motion of the Earth-Moon system do we see the Moon orbiting the center of mass of this system.

There are two possibilities: either 1 m—61.3 nm or 2.74x10™ m
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P13.10

P13.12

P13.14

P13.16

P13.18

P13.20

P13.22

P13.24

P13.26

P13.28

P13.30

P13.32

P13.34

P13.36

P13.38

P13.40

P13.42

P13.44

P13.46

P13.48

P13.50

Chapter 13

(a) 7.61 cm/s> (b)363s (c)3.08 km (d)28.9 m/s at 72.9° below the horizontal

The particle does possess angular momentum, because it is not headed straight for the origin. Its
angular momentum is constant because the object is free of outside influences. See the solution.

352 AU

Planet Y has turned through 1.30 revolutions.

1.63x10* rad/s

6.02 x 10** kg. The Earth wobbles a bit as the Moon orbits it, so both objects move nearly in
circles about their center of mass, staying on opposite sides of it. The radius of the Moon’s orbit
is therefore a bit less than the Earth—-Moon distance.

(a) 1.31x10" N toward the center (b) 2.62x10"> N/kg

(a) —4.77x10° J  (b) 569 N down (c) 569 N up

2.52x10" m

2.82x10° J

(a) 42.1 km/s (b)2.20x10" m

469 MJ. Both in the original orbit and in the final orbit, the total energy is negative, with an abso-
lute value equal to the positive kinetic energy. The potential energy is negative and twice as large
as the total energy. As the satellite is lifted from the lower to the higher orbit, the gravitational
energy increases, the kinetic energy decreases, and the total energy increases. The value of each
becomes closer to zero. Numerically, the gravitational energy increases by 938 MJ, the kinetic

energy decreases by 469 MJ, and the total energy increases by 469 MJ.

Gravitational screening does not exist. The presence of the satellite has no effect on the force the
planet exerts on the rocket. 15.6 km/s

32 ~12 12 -12 R, +2h 2 Rim
(a) 2w (R, +h)  (GM (b) (GM R, +h (c) GM .m £ - £
(Re+h)(GM, ) (GM.)" (Re + ) “U1 2R, (R, +h) | (86400 s)
The satellite should be launched from the Earth’s equator toward the east.
2
GM " 5(GM . /r : 25r
(a) v0=(_r5) (b) vl:% (©) r; ==~

(a) 153 km (b) 1.66 x 10" kg (c) 1.13x 10*s (d) No. Its mass is so large compared with
mine that I would have negligible effect on its rotation.

2.26x107

2 (G 1 [GM

3V R 3V R

(a), (b) see the solution (c)1.85x107° m/s’

see the solution

(a) 7.79 km/s (b) 7.85 km/s (c) —3.04 GJ (d) -3.08 G (e) loss=46.9 MJ

(f) A component of the Earth’s gravity pulls forward on the satellite in its downward banking
trajectory.
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P13.52

P13.54

P13.56

P13.58

P13.60

Universal Gravitation 363

() 29.3 km/s (b) K,=2.74x10" J; U, =-5.40x10" J

(c) K, =2.57x10" J;U, =-5.22x10% J; yes

119 km

(a) =36.7MJ (b) 9.24x10" kg-m’/s (c) 5.58 km/s; 10.4 Mm (d) 8.69 Mm (e) 134 min
see the solution

(a) (2.77 m/sH)(1 + m/5.98 x 10* kg) (b) 2.77 m/s* (c) 2.77 m/s*>  (d) 3.70 m/s?

(e) Any object with mass small compared with the mass of the Earth starts to fall with accelera-
tion 2.77 m/s*. As m increases to become comparable to the mass of the Earth, the acceleration
increases and can become arbitrarily large. It approaches a direct proportionality to m.
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