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Universal Gravitation

ANSWERS TO QUESTIONS

Q131 Because g is the same for all objects near the Earth’s surface.
The larger mass needs a larger force to give it just the same
acceleration.

Q13.2  Toa 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.

Kepler's second law states that the angular momentum of the Earth is constant as the Earth orbits
the sun. Since L =mar, as the orbital radius decreases from June to December, then the orbital speed
must increase accordingly.

Because both the Earth and Moon are moving in orbit about the Sun. As described by

Fyravitational = 14 the gravitational force of the Sun merely keeps the Moon (and Earth) in a

centripetal /
nearly circular orbit of radius 150 million kilometers. Because of its velocity, the Moon is kept in its
orbit about the Earth by the gravitational force of the Earth. There is no imbalance of these forces, at

new moon or full moon.

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!

Kepler's third law, which applies to all planets, tells us that the period of a planet is proportional to
r¥/% . Because Saturn and Jupiter are farther from the Sun than Earth, they have longer periods. The
Sun’s gravitational field is much weaker at a distant Jovian planet. Thus, an outer planet experiences
much smaller centripetal acceleration than Earth and has a correspondingly longer period.
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Universal Gravitation

Ten terms are needed in the potential energy:
U=Up +Upz +Upyy +Ups + Uz + Uy +Uos +Ugy +Uzs +U 5.

Y N?-N
With N particles, you need > (i—-1)= 5 terms.
i-1

No, the escape speed does not depend on the mass of the rocket. If a rocket is launched at escape

speed, then the total energy of the rocket-Earth system will be zero. When the separation distance

becomes infinite (U =0) the rocket will stop (K =0). In the expression %mv2 _GMgm _ 0, the mass
r

m of the rocket divides out.

It takes 100 times more energy for the 10° kg spacecraft to reach the moon than the 10° kg
spacecraft. Ideally, each spacecraft can reach the moon with zero velocity, so the only term that need
be analyzed is the change in gravitational potential energy. U is proportional to the mass of the
spacecraft.

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 satellites used for TV broadcast are in geosynchronous orbits. The centers of their orbits are the
center of the Earth, and their orbital planes are the Earth’s equatorial plane extended. This is the
plane of the celestial equator. The communication satellites are so far away that they appear quite
close to the celestial equator, from any location on the Earth’s surface.

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.

The absolute value of the gravitational potential energy of the Earth-Moon system is twice the
kinetic energy of the moon relative to the Earth.

In a circular orbit each increment of displacement is perpendicular to the force applied. The dot
product of force and displacement is zero. The work done by the gravitational force on a planet in an
elliptical orbit speeds up the planet at closest approach, but negative work is done by gravity and
the planet slows as it sweeps out to its farthest distance from the Sun. Therefore, net work in one
complete orbit is zero.

Every point g on the sphere that does not lie q

along the axis connecting the center of the

sphere and the particle will have companion

point g for which the components of the Fpq
gravitational force perpendicular to the axis
will cancel. Point q” 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 FIG. Q13.15
the axis.

q’ (behind the sphere)
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Speed is maximum at closest approach. Speed is minimum at farthest distance.

GMym
R%
where My and Ry are the mass and radius of planet X, respectively, and m is the

Set the universal description of the gravitational force, F, = , equal to the local description,

F ¢ = MAgravitational

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 = %' one may determine the mass of the Earth.

The gravitational force is conservative. An encounter with a stationary mass cannot permanently
speed up a spacecraft. 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.

Method one: Take measurements from an old kinescope of Apollo astronauts on the moon. From the
motion of a freely falling object or from the period of a swinging pendulum you can find the
acceleration of gravity on the moon’s surface and calculate its mass. Method two: One could
determine the approximate mass of the moon using an object hanging from an extremely sensitive
balance, with knowledge of the position and distance of the moon and the radius of the Earth. First
weigh the object when the moon is directly overhead. Then weigh of the object when the moon is
just rising or setting. The slight difference between the measured weights reveals the cause of tides
in the Earth’s oceans, which is a difference in the strength of the moon’s gravity between different
points on the Earth. Method three: Much more precisely, from the motion of a spacecraft in orbit
around the moon, its mass can be determined from Kepler’s third law.

The spacecraft did not have enough fuel to stop dead in its high-speed course for the Moon.

SOLUTIONS TO PROBLEMS

Section 13.1 Newton’s Law of Universal Gravitation

P13.1

P13.2

For two 70-kg persons, modeled as spheres,

o Gmmy _ (6.67x107" N-m?/kg?)(70 kg)(70 kg)

~107 N |.
& rz (2 m)z

Gmym,

1’2

F=mg=

) GVZZ ) (6.67><10_11 N.mZ/ng)(;L,OO><104 x103 kg) :| 267 x10~7 m/sz |
r (100 m)
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P13.3 (@) At the midpoint between the two objects, the forces exerted by the 200-kg and 500-kg objects
are oppositely directed,

Gmym,
and from  F =42
G(50.0 kg)(500 kg —200 k
we have > F= ( 8l 8 8) =] 2.50x10™ N | toward the 500-kg object.

(0.200 m)?

(b) At a point between the two objects at a distance 4 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?
or d=|0.245m

P13.4 my +m, =5.00 kg m, =5.00 kg —m,

my(5.00 kg —m;)
(0.200 m)*

F=GT2 = 100x10® N=(667x10™" N -m?*/kg?)

1’2

- ) (1.00 x1078 N)(0.040 0 mz) 00 ke
5, —m? = —6.
(500 kg my =y == o N-m?/kg? 8

Thus, m{ —(5.00 kg)m; +6.00 kg =0
or  (m;—3.00kg)(m; —2.00 kg)=0

giving | my =3.00 kg, som, =2.00 kg | The answer m; =2.00 kg and m, =3.00 kg is physically

equivalent.
P13.5 The force exerted on the 4.00-kg mass by the 2.00-kg mass is S| 4
directed upward and given by R
Ptttk 200kg ()3
(400 kg)(2.00 kg) oot (0,300 mE
By =GP 2= (6.67x107 Nem?/kg? i —Soo 80 by
24 (3.00 m) S S S S I
14 Fodod ot bt b bos By g
=593x10"""jN }-L.%(%-UO,O)IH%__%_% F64+'+' 0

The force exerted on the 4.00-kg mass by the 6.00-kg mass is ;_6J:r -5- 6.00kg _?’ . +_2 + _‘1 '4%06 kz‘g

directed to the left s s S s e S [

N N I

F, =G i FIG. P13.5

M () (67107 N-m? i) H0 K8 )O00 ke)
Yea (400 m)

—-10.0x10iN

Therefore, the resultant force on the 4.00-kg mass is F; =F,, + F;, = (—10.0§ + 5.933) x107 N |.
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Section 13.2

P13.7

@)

(b)

(©

F

_ GMm

7’2
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The Sun-Earth distance is 1.496 x 10'! m and the Earth-Moon distance is 3.84 x10® m, so the
distance from the Sun to the Moon during a solar eclipse is

1.496 x 10" m-3.84x10% m=1.492x 10" m

The mass of the Sun, Earth, and Moon are Mg =1.99 x 103 kg
Mg =598 x10* kg
and M, =7.36x10% kg

Gmym, (667x1071)(199x10™)(7.36 x10%)

We have Fg =——
;

=1439x10®° N

(1492 10“)2

(6:67x107" N-m?/kg?)(5.98x10**)(7.36 x 107

FEM:

=11.99x10® N

(3:84x 108)2

. (6:67x10™" N-m*/kg?)(1.99x10%)(5.98 x10**)
SE =

=1 355x10% N

(1.496 x 10" )2

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.

Measuring the Gravitational Constant

(150 kg)(15.0x10~° kg)

(450x10°2 m)2
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P13.8 Let Orepresent the angle each cable makes with the vertical, L the T
cable length, x the distance each ball scrunches in, and d =1 m the
original distance between them. Then r =d — 2x is the separation of F,
the balls. We have

Y. F,=0: Tcos@-mg=0

mg
Gmm
F.=0: Tsind- -0
2 e FIG. P13.8
Then tan9=G2mm x . Gm 3 x(d—2x)2:G—m\/L2—x2.
g T gd-20 g

The factor G—mis numerically small. There are two possibilities: either x is small or else d — 2x is
g

small.

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

6.67 x10™1 N-m?/kg? (100 k
x(lm)2=( - m’/ kg )( g)45m x=3.06x10"% m.
(9.8 m/sz)

The separation distance is 7 =1 m— 2(3.06 x107® m) =/1.000 m-61.3 nm |.

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

(6:67x10™" N-m*/kg?)(100 kg)

(0.5 m)r? = 55N (45 m)? - (0.5 m)* r=[274x10% m]|.

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

Section 13.3 Free-Fall Acceleration and the Gravitational Force

2
P13.9 a= MG _9.8(;61.1(;/8 =| 0.613 m/s* | toward the Earth.

(4Rp)*
G 47R? )
GM p( 3 4
P13.10 e S e

SRRz 37

472Gpy R
o Sm_1_ 5
gr 6 47zG§ERE
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Chapter 13
(@) At the zero-total field point, GmZZVIE = GmJZVIM
TE ™
o ro—r My _, [736x102 1,
M7 M FV598x10%  9.01
T,
g +71y =3.84x10° m=rp +—E—
BT = oo F 901
8
p =280 M 0 m
1.11
(b)

At this distance the acceleration due to the Earth’s gravity is

oM, (667x107" N-m?/kg?)(598 x 10* kg)
T (346 x10° m)2

SE =| 3.34x107° m/s? directed toward the Earth |

Section 13.4  Kepler’s Laws and the Motion of Planets
27(384400)x10° m
P12 () 0=2F- 4l ) —[1.02x10° mys .
T 27.3x(86 400 s)
(b)

In one second, the Moon falls a distance

x:lgtz :lvz 2
r

(102 103)2
2 27

1 2 -3

— 1.00)" =1.35x10 =|1.35 .
2(3‘844“08)“ ) x m -m
path.

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

GMM Mv?

220 km/s
40%r /
(2r)2 . or M= .

We can write r in terms of the period, T, by considering the time and
distance of one complete cycle. The distance traveled in one orbit is the
circumference of the stars’ common orbit, so 2zr = vT. Therefore

]\& ——————
220km/s
B 4%y B 49> (vTj

TG G \2r

FIG. P13.13
so, M =

20°T  2(220x10° m/s)3(14.4 d)(86 400 s/d)
° -

7(6.67x10™" N-m?/kg?)

= | 1.26 x10* kg = 63.3 solar masses

The Moon only moves inward 1.35 mm for every 1020 meters it moves along a straight-line

387
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P13.14  Since speed is constant, the distance traveled between ¢; and ¢, is equal to the distance traveled
between t; and f,. The area of a triangle is equal to one-half its (base) width across one side times its
(height) dimension perpendicular to that side.

1 1

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

23
P13.15 T?= 421\; (Kepler’s third law with m << M)
3
PRy 47%(4.22x10% m)

M= e =[1.90x10% kg

(667 x107" N-m?/kg?)(1.77 x 86 400 s)*

(Approximately 316 Earth masses)

P13.16 By conservation of angular momentum for the satellite,

&

2289km+6.37x10° km 8659 km

"pOp =Ta? == = =[127].
e v, 1, 459km+637x10° km  6829km

We do not need to know the period.

P13.17 By Kepler's Third Law, T? = ka’ (a= semi-major axis) <>
x

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

fe——Yy——*
3
0.570
(75.6)% = (1.00)(—+y)
2 «—2a=x+y—>
The farthest distance the comet gets from the Sun is FIG. P13.17
y=2(75.6)"> 0570 =[ 35.2 A.U. | (out around the orbit of Pluto)
P13.18 ZF —ma: GmplanetMstar _ Wlplanetv2 @ // g h ~ N
: ' r? r / < ON \
r/ o¥e)
GMstar .22 2 \ \ /
; =0 =r o \\ N . / /
/
GMstar:r3a)3:rX3w§:r;w§ N~ -
3/2
.0° 468° (b) ~ ~
R e X0
r, 5.00 yr 5.00 yr VPN
{/ // N
Vo
So | planet Y has turned through 1.30 revolutions | LY b@// /
\ /
N
~ ~ — -

FIG. P13.18
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GM;  47’(R;+d)
(R] +d)2 T?

P13.19

GM,T? = 47*(R; +d)’
(667 x107" N-m?/kg?)(1.90 x 107 kg)(9.84x3600)" =47%(699 x 10 + d)3

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

P13.20  The gravitational force on a small parcel of material at the star’s equator supplies the necessary
centripetal force:

GM;m mo?

=mR,w*
R R «

S

\/m (667 x107™ N-mz/kgz)[2(1.99x1030 kg)]
SO = £ =

CNER T (10.0x10° m)3

w=|1.63x10* rad/s
| /s

*P13.21  The speed of a planet in a circular orbit is given by

GMom _ mo? GM,,,

F=ma: =
> F=ma 3 ; v -

(6.67 x1071 )(1.99 x 1030) m?

For Mercury the speed is = =479%x10* m/s
e M (579x10) 2 /

(6.67 x1071 )(1.99 X 1030) m?
(5.91 x 1012) 52

and for Pluto, Up = =4.74x10° m/s.

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

after time t where

\/rg +Ulzat2 = \/r]\z/I +vlzwif2

2_ 2 2 2),2
P — Ty =(UM —vp)t

(5:91x10 m)’ ~(5.79x10" m)’ 349 % 10% m2
— _ . _ 8 o _
t= \/2.27“09 e 124x10° s=[393 yr |

(479x10* m/s)z—(4.74><103 m/s)2
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2 2
For the Earth, > F=ma: GMzsm _Ine_ E(Z_m’) .
T r r\T

Then GM,T? = 47%r°.
Also the angular momentum L=mvr=m szr is a constant for the Earth.

- LT .
We eliminate r =.|—— between the equations:

27mm
32 3/2
GM,T? = 4ﬂ2(£j GM,TY?* = 4;;2(L) :
27m 27mm

Now the rate of change is described by
GM( T de G( aM, Tl/z) o AL__dMf, T ) AT

2 dt dt dt dt M, T

7
aT~-at Pl 2 L) 5000 yof 210N | 564510% kg s 2
dat | M, 1yr 1.991x10™ kg

AT=]182x107s

Section 13.5 The Gravitational Field

P13.23

P13.24

Gm, Gm, Gm 0t . A
g:l_21+ 2 ]+21 (cos45.0 1+sm45.0])

S0 g:G—M 1+L (i+;) or
12 242

g= %(ﬁ + %) toward the opposite corner

FIG. P13.23

G (6 67x10™" N-m”/kg”)[100(1.99 x 10 kg)(10° kg)]

(@) F= =|131x107 N
r? (100><104m+500m)
black hole
GMm GMm G
(b) AF = 222 SV =
rf%ont rbzack LT NGRRE =
AF GM (rbzack - rf%ont) l«—100 m le——10 km—!
T T R
rontback FIG. P13.24
2 2
(6.67x10’“)[100(1.99 ><1030)]|:(l.01 x10* m)” ~ (100 x 10* m) }
Ag=

(1.00x10* m)z(l.Ol «10* m)2

Ag=| 2.62x10" N/kg |
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MG
P1325 g =g,=— M
r°+a T
81y =82y 8y =81y T &2y a g
’
81x = 82, =82 €080 COS@:( 5 2)1/2 i - i>p
a+r
- &2
8=282.(-i) N
or g= 2MG1’3 7 toward the center of mass
(rz +a2)
FIG. P13.25

Section 13.6  Gravitational Potential Energy

GMym  (667x107" N-m?/kg?)(5.98 x10* kg)(100 kg)

P13.26 (a) U= - =| -4.77x10° T |.
r (6.37+2.00)x 10° m

(b), (c) Planet and satellite exert forces of equal magnitude on each other, directed downward on
the satellite and upward on the planet.

_GMgm _ (6:67x107" N-m?/kg?)(5.98 x10 kg)(100 kg)

F=—j - =[569 N
r (8.37x10° m)
P1327  U--GM™ and g:GNZIE
r Ri
so that AU =-GMm 11 =%ngE
3R, R;) 3

AU=§(1 000 kg)(9.80 m/s?)(6.37x10° m)=[417x10" J |.

P13.28  The height attained is not small compared to the radius of the Earth, so U =mgy does not apply;
U= _CMM, does. From launch to apogee at height /,

.
GM M GM;M
K; +U;+ AE, =K +U,: O B I O Bl s
2 7 Rp Rp+h
1 3 2 T 5 o[ 5.98x10* kg
=(10.0x10% m/s) —(6.67x107" N-m?/kg?) ————2
z( /s [k )[ 6.37x10° m

6.37x10° m+h

14 __3/.2
(500107 m?/s?) (626 x107 m?/s?)= ol /s
6.37 x10° m+h

24
=—(667x107" N,mZ/kgz)[ 598 x10% kg j

) 1 14 3/.2
_ 39910 mz/sz =316x10" m
1.26x107 m?/s

h=252x10" m
| |

6.37x10° m+h
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30
P1329 (a) o= 4M52 = {19910 kgl =|1.84x10° kg/m’ |
37E 47(637x10° m)

6.67x10"" N-m?/kg?)(1.99 x10% k.
® g:Gj?S:( X (63r7nxi()§n)1()2 - g)=|3-27xl06 /s |

6.67x10™ N-m?/kg?)(1.99 x 10*° kg )(1.00 k
R e ET
6.37 x10° m

e

P13.30 W:_Au:_(_cmlmz _0)
r

(+667x10™" N-m?*/kg*)(7.36 x 10 kg)(1.00x 10° kg)

_ _ 9
W= 174x10° m -[282a07]]

P13.31 (a) Uy =Uyy +Uys + Uy =3Uj, = 3(_ Gmqym, )
"2

3(667 10" N-m?/kg?)(5.00x10°° kg)’

Up, =— =| -1.67x107
Tot 0.300 m <107]
(b) of the equilateral triangle

*P13.32  (a) Energy conservation of the object-Earth system from release to radius r:

(K + Ug )altitude ho (K g )radius r
0 GMpm _ 1 0% GMpm

Rp+h 2 r

1 1 2 dr
r Rp+h dt

f f i
(b) dt = _dr = ﬂ The time of fall is
v v
i i f

Ry +h 1 1 -1/2
At= | (ZGME(—— D dr
r Rp+h

R

6.87x10° m

1 1 -1/2
At= | [z x 6.67 x 107 x 5.98 x 1024(———6)} dr
6.37x10° 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

12687 -1/2 6 687 -1/2
At=(7.977x1014) / j( 1 1 ) 106ulu=3.541x10-8Lj(l 1 ) du

;4\ 10% 687 x10° (10) 7 o\ 687

A mathematics program returns the value 9.596 for this integral, giving for the time of

fall At =3.541x107° x10° x 9.596 = 339.8 = .
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Section 13.7  Energy Considerations in Planetary and Satellite Motion

P13.33

P13.34

P13.35

P13.36

lmviZ+GMEm L1 =lmv; lv,-2+GME 0—L :lz)j%
2 reon 2 2 Rg 2
or 0o 2GM;
Rg
12
and 0, :(Ulz ~ ZGMEJ
E

2 1/2
Uf:[(2.00><104) —1.25x108} ~[1.66x10% m/s
2‘]VISunG
(a) Usolar escape — —>H0— =421 krn/s

RE Sun

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

2Mg, G 421
v= |[—=2an - —
Rpsx Jx
0o 125000 km - 147 AU.<[220x10% m
3600 s

(at or beyond the orbit of Mars, 125 000 km/h is sufficient for escape).

2
To obtain the orbital velocity, we use ZF = m}gG = m;}

[MG
or v= |72

R
We can obtain the escape velocity from %mv?sc = %
2MG
. o= P [T
v? GM,

2 _ 10
2 (637 x10° m)+(0.500 x 10° m) 145107

1, 1[GMEmj 1] (6:67x107™" N-m?/kg?)(5.98 x10* kg)(500 kg)

The change in gravitational potential energy of the satellite-Earth system is

sy GMem_GMgm_ o (1 1
R, R; R, R,

1

=(6.67x107" N-m?/kg?)(5.98 x10** kg)(500 kg)(-1.14x10* m™)=-2.27x10° |

1 1 2
Also, Ky =—mvf =—(500 kg)(200x10> m/s)" =1.00x10° .

The energy transformed due to friction is

AE., =K, —-K, - AU =(145-1.00+2.27)x10° J=| 1.58 x10'° J |.
int i f
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2
P1337 F,=F gives "0 - G"Me
r r

r

and period = 2m 27 |—— ..
v GM¢

(@) r =R +200 km =6 370 km+ 200 km = 6 570 km

which reduces to v =

Thus,

(657x10° m)
(6:67x10™" N-m*/kg?)(5.98x10** kg)

T=530x10 s=883 min=[1.47 h

(oM, |(667x107" N-m*/kg?)(5.98x10% kg)
N - [775 Ko

(6.57>< 10° m)

period = 2.7z(6.57 x10° m)

© K; +U; =K; +U; + energy input, gives

input :%m; _%mviz +[—GMEm]_[—GMEmJ o

r f r;

7, =Rp =637x10° m

v; __2Re 4634102 m/s
86400 s

Substituting the appropriate values into (1) yields the

minimum energy input =| 6.43 x10° J



P13.38

P13.39

P13.40

Chapter 13
The gravitational force supplies the needed centripetal acceleration.
2
Thus, GMEmZ . or o2 = GMe
(R +h)*  (Rg+h) Rp+h
27(Rg +h Rg +1)’
(a) T2 _ M T=| 2, u
(Rg+h)
) e J GM;
Rp+h
(c) Minimum energy input is AE i, = (K 5 Uy ) - (Kl- -u gi).

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

This choice has the object starting with energy K;= %mv,2
Wlth Ui = ZﬂRE = ZﬂRE and U i = —W—Em.
1.00 day 86400 s 8 Rg
252
2 \Rg+h) Rpg+h 2 (86 400 s) Rg
2712
or AE,. =| GMym Rg+2h | 2z REm2
2Rp(Rg +h) | (86400 s)
GMm
Eiot =— 2
;
6.67x107")(5.98 x10**) 103
apo G (1 1) (7050 100 kg( 1
2 (o7 2 10° m | 6370+100 6370+ 200
AE=4.69x10% T=[ 469 M]
Gm Gm
8E = ZE Su = zu
rg "u

395

2 2
Su _myrg 1 B _ 2\ 2
(@  SL="UL _14.0(3%) ~1.02 gu =(1.02)(9.80 m/s?)=| 10.0 m/s

8 Mgl

2Gm 2Gm Usc E m,r 14.0
(b) Uesc,E = E; Uesc 1 = € S = ok :‘ =195
g gy Vese I Mgty 3.70

For the Earth, from the text’s table of escape speeds, v, p =112 km/s

Ve =(1.95)(11.2 km/s) =
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P13.41  The rocket is in a potential well at Ganymede’s surface with energy

Gmym,  667x10™" N-m’m, (1495 <107 kg
r kg2(2.64x 10° m)

U1:

U, =-3.78x10°m, m?/s*
The potential well from Jupiter at the distance of Ganymede is
Gmym,  6:67x107" N-m?m,(190x107 kg)

r kg?(1.071x10° m)

U, =-118x10%m, mz/s2
To escape from both requires

uZ:

%mzvgsc =+{(3.78x10° + 118 x10° m, m?/s”

Dewe =9/2%122x10° m?/s? =[15.6 knys |

P13.42  We interpret “lunar escape speed” to be the escape speed from the surface of a stationary moon
alone in the Universe:

1 GM, m
mvesc = R
m
’ZGM
Uese = R =
m
2GM

Now for the flight from moon to Earth

(K+U)i=(K+U)f
1 5, GmM,, GmMgp 1 , GmM,, GmMg

—mo - —mu; -
” launch Rm ry ” impact rmz RE
4GM,, GM, GM; 1 , GM,, GM;
- - :_Uimpact T T T
Rm Rm Tel 2 rmz RE

- 1/2
R 7, R 7

m my el

1/2
_ zc(g x736x10% kg 7.36x10% kg 598x10% kg 598 <10 kgﬂ /

1.74x10° m 384x108 m  637x10°m  3.84x10® m

r 1/2
2G(1.27x10'7 +1.92x10™ +9.39 10" ~1.56 x 10'°) kg/m] /

2(667x10" N-m?/kg?)105x107 kg /m]l/ ‘o




*P13.43  (a)
(b)
(©
(d)
P13.44

GM,
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Energy conservation for the object-Earth system from firing to apex:

(K+Ug)i=(K+Ug)f

1 o, GmMg _O_GmME
Rp+h

Ui
2 Rg

2 GmMg

esc

. Then

where l mo
2 E

6.37 x10° m (8.76) .
h= 27676 1.00x107 m

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

2 7
S UL S G (11.2510° nys) 251310 m
Rp+h Rp+h 6.37x10° m+251x10" m

=1.00x10% m?/s?

v; =| .00 x10* m/s

R.v2  R.v%R 2
escr B= Ezvl = E%TE Byt g= GAEE , SO hzv—’, in agreement with
2GMg Rg 2g

zJQSC

02 =07 +2(~g)(h-0).

With v; <<v

For a satellite in an orbit of radius r around the Earth, the total energy of the satellite-Earth system is

E=-—

. Thus, in changing from a circular orbit of radius = 2R to one of radius » =3Rg, the
;

required work is

W=AE=

_GMgm  GMgm_ oy, [ 1 1) [CMem
2r, 2r, 4R, 6R; | | 12R;

1
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*P13.45 (a) The major axis of the orbit is 2a=505 AU SO a=2525AU
Further, in Figure 13.5, a+c=50AU ) c=2475 AU
c 2475
Th =—=—-—=|0980
o “ a5
(b) In T? =K a® for objects in solar orbit, the Earth gives us
2
1yr
(1yr)” =K, (1 AUY’ K, =%
(Lyr)’
Then T2="2"2 (2525 AU)’ T=[127yr
o
6.67 x10™ N-m?/kg?)(1.991x10* kg)(1.2x 10" kg
© u=-SMm__ ( 7] _ X ) 2 J
r 50(1.496 x 10" m)

2
GmM¢ _ mup

2

*P13.46 (a) For the satellite D F =ma
r r

172
- :(GMEJ

7

(b) Conservation of momentum in the forward direction for the exploding satellite:
(X mo), =(Xmo),
Smuvy = 4mv; + m0

5 S(GMEJI/Z
Ui:—vo =| —
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 4mrov; = 4mr;v; and

4 4 .

l4mvi2 —GM—Em:lélmvj% —GM—Em. Substituting v = T we have
2 r 2 T T
1, GMp 10r* 25 GM
- —E-Z Ui Z ——"E Further, substituting v} == —"—E gives
2 2 Tf rf 16

25GMg  GMp _ 25 GMgr GMg

32 r r 32 rfz rs

-7 25r 1

32r 3uf 1

2
r r

Clearing of fractions, —7er =25r% - 32rry or 7(—f] - 32[—fj +25=0 giving
r r

rp 43244327 -4(7)(25) 50 14

- 7 2" The latter root describes the starting point. The outer

r
end of the orbit has —f=2—75,' rfzy .
r
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Additional Problems

P13.47 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.

GM
The Sun exerts on the spacecraft a radial inward force of F = ﬁ
while the Earth exerts on it a radial outward force of F = GMZE T
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 F._F. = GMgm__ GMgm _ mo®  m {Zﬂ(rE—x)T
’ S E (rE _x)Z xZ (rE _x) (VE _x) T
4% (rp -
which reduces to GMs GMp _4x (7 x)‘ @
2 2 2
(rg — x) 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 x10° m by substituting both of these as trial solutions, along with the following data:

Mg =1.991x10% kg, M, =5.983 x10** kg, r; =1.496 x 10" m, and T =1.000 yr=3.156x10" s.

With x =1.47 x10° m substituted into equation (1), we obtain
6.052x107° m/s? -1.85x107 m/s? ~5.871x10~° m/s?

or  5868x107° m/s* ~5.871x10 m/s?

With x =1.48 x10° m substituted into the same equation, the result is
6.053x107° m/s? -1.82x107° m/s? ~5.8708x 107> m/s>

or  58709x107° 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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P13.48  The acceleration of an object at the center of the Earth due Earth Moon
to the gravitational force of the Moon is given by r\
My R
a=G —d ;on B @A O
At the point A nearest the Moon, a, =G My 3 ‘ ‘
(d-r) e d !
. Mum
At the point B farthest from the Moon, a_ =G der)? FIG. P13.48
+r
1 1
MA=a, -a=CGMy|————-—
+ M [(d _ 1’)2 d2 }
Ford>>r, Atzz%:l.llxw_6 m/s?
Ag 2A1 2.22x107° m/s? —~
Across the planet, — = = =|2.26x10
p g g 9.80 m/ g2
*P13.49  Energy conservation for the two-sphere system from release to contact:
Gmm Gmm 1 , 1 5
—-—=- +—mv° +—mv
R 2r 2 2
1/2
Gm(i—l)zvz v= Gm[i—l}
2r R 2r R
(@) The injected impulse is the final momentum of each sphere,
1 1T\ 1 1\
mo =m*? Gm[———} = Gm3(———j .
2r R 2r R
(b) If they now collide elastically each sphere reverses its velocity to receive impulse
12
mo—(—mv)=2mov =| 2 Gm3(i—1j
2r R
P13.50 Momentum is conserved:
MV + My Vo =M Vg +1M5 Vo
0 :lef +2MV2f
1

Vor =~ 5 Viy

Energy is conserved:
(K+U)i+AE:(K+U)f
0- GM1mz +0= lmlvlzf +lmzv§f - Gm1m2
r; 2 2 T’f
GM(2M) 1 M(2M)

1 1 2 G
=—Mvi +=(2M) = -
R 2 M5l )(zvlfj AR

2 |GM 1 1 |GM
BV R | TR BV R
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6 2
) (125x10° m/s

o _ ) _ 2
PI351 (@)  a.= 8= ii

v

GM
2

(b) diff =10.2-9.90=0.312 m/s” =

(0312 m/s?)(153x 10" m)’

M= =[110x10* k
6.67x107"" N-m?/kg? 5

FIG. P13.51

P13.52 (a) The free-fall acceleration produced by the Earthis g= CMg _ GMr~2 (directed downward)

2
Its rate of change is Z—g =GM(-2)r =-2GMr>.
r
The minus sign indicates that ¢ decreases with increasing height.
d
At the Earth’s surface, a8 __ ZGA;IE
dr Rg
(b) For small differences,
A A
ﬁ = ﬁ = —ZG];/IE Thus, |Ag| = ZGAgEh
Ar h Rp R

2(667x10™"" N-m?/kg?)(598 x10* kg)(6.00 m

) =|1.85x10° m/s? |

©  |ag=

(637 x10° m)3

*P13.53  (a) Each bit of mass dm in the ring is at the same distance from the object at A. The separate
mdm

G GmMring
contributions — to the system energy add up to ——————=. When the object is at A,

r
this is

B 11 N2 20
6.67x10"" N-m 1200 kg2-36><12 K8 _[704x107]].
kg [110 )"+ (2510 m)

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

6.67 x107'1 N-m? 1000 kg 2.36 x 10%° k
B o 8o PrT B[ 1s7x10° 7.
kg“1x10° m

() Total energy of the object-ring system is conserved:
(K+Uy) =(K+Uy),

0-7.04x10* ]:%1 000 kgog —1.57x10° J

1/2
2x870x10*J
=222 2 =[132
Y ( 1000 kg ]
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P13.54  To approximate the height of the sulfur, set
mo* GM

S = MSh h=70000 m 8§ =—75 =179 m/s?
r

0=2gh v=/2(1.79)(70 000) ~500 m/s (over 1000 mi/h)

A more precise answer is given by
1 UZ_GMm __GMm

41 )

%vz = (6.67x107")(8.90 x 1022)(1.821 o 1.891106 ) v=[492 m/s]

25000 m

P13.55  From the walk, 27r = 25000 m. Thus, the radius of the planetis r = — =398x10° m
T
From the drop: Ay :%gt2 = %g(29.2 s)* =140 m
2(1.40
s0, g=(—”;):3.28x10-3 m/s’ :M—ZG ~M=[779x10" kg
(29.25) r
*P13.56 The distance between the orbiting stars is d = 2r cos 30°= \/gr since
cos30°= ﬁ The net inward force on one orbiting star is
2
szm cos 30°+ GNZIm + szm cos30°= "2
d r d r
Gm2cos30° GM 4r*r?
2 to = 2
3r r rT e
m 473
Gl—=+M |=—5—
V3 T
T 2 _ 472'27’ 3 .
G-y
12 O
3
T=2r G—m FIG. P13.56
(M+2%)

P13.57  For a 6.00 km diameter cylinder, » =3 000 m and to simulate 1g =9.80 m/ s?

gzv—za)zr
r
a):\/gz 0.057 2 rad/s
7
1 rev

The required rotation rate of the cylinder is

110 s

(For a description of proposed cities in space, see Gerard K. O’Neill in Physics Today, Sept. 1974.)



P13.58

P13.59

@)

(b)
1
Emov

esc

2
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2 2 3
G has units N nz1 :kgzm n; = 21’11
kg s*-kg s*-kg
L3
and dimensions [G] = ——.
T°-M

The speed of light has dimensions of [c] = %, and Planck’s constant has the same dimensions

M-L?
as angular momentum or [h]= .

We require [G¥¢'h"| =L, or P TPM PLIT M L T~ =L'M"T°.

Thus, 3p+q+2r=1
—2p—q-1r=0
—-p+r=0

which reduces (using r =p) to 3p+q+2p=1
—2p-q-p=0
These equations simplify to Sp+g=1land g=-3p.

Then, 5p—3p =1, yielding p = % g- _%, and 7 — %

Therefore, Planck length = .
(6.67x 107" )1/ *(3x10° )73/ *(6.63 % 10*34)1/ "= (164x10° )1/ 2 _405x107 m[~10 ¥ m]

Gm,m,

esc
R

2Gmp

R

4
With m, = pgiZ'Ra, we have

Q!

_ [26p4 83
esc R

S0, Vg € R.
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*P13.60

For both circular orbits,

> F=ma:

(@)

(b)

(©)

(d)

(©)

(®)

v
//’,‘Q*E
GMpm muv* / /’\4 N
2 / AN

7 r E \
/ \ \

[ . \
| \ / J

FIG. P13.60

(6:67x10™" N-m?/kg?})(5.98 x10** kg)

The original speed is v, = =1 7.79x10% m/s |.
smatep (6:37x10° m+2x10° m) /

(6:67x10™" N-m?/kg?})(5.98 x10** kg)

The final speed is v; = =|7.85%x10% m/s |.
P : (6.47 x10° m) /

The energy of the satellite-Earth system is

K+l :lmvz_GMEm:lmGME _GME :_GMEm
$ 2 r 2 r r 2r

667x10™"" N-m*/kg”)(598x10* kg)(100 kg

Orgnsty £, uLLs S S ETTg)
)

6.67 107 N-m?/kg?)(5.98 x10%* kg)(100 k
Finally Ef:—( - m’/kg )( - g)( & -3.08x10° J |.
2(6.47><1o6 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;=-304x10" J- (—3.08 x10° ]) = 469%x107 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.



P13.61

P13.62

(@)

(b)

(@)

(b)

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

» Gmym,

1

0=—m v} +—m,vs - 1
5 MU T 5 M0, J M

The initial momentum of the system is zero and momentum is conserved.
Therefore, 0=myv; —myv, 2)

2 2
Combine equations (1) and (2): | vy =m, 6 and vy =My 6
d(my +m,) d(my +m,)
2G(my+m
Relative velocity v, =v; —(-0,)= J %

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

v; =1.03x10* m/s and v, =258x10° m/s

Therefore, K; :%mlvl2 =|1.07x10%*J and K, :%mzvg = 267x10% J

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

r 1.471
- _ Pl 4 _ 1
mr,v, =mr,v, and v, = vp[r ) = (3.027 x10 m/s)( 1.521) = | 2.93x10% m/s |

a

K, = %mvﬁ - %(5.98 x10%)(3.027 x 104)Z -

GmM  (6:673x107")(5.98 x10%)(1.99 x 10%)

_ 33
r 1.471 x 101! =[ 540107 ]

p

Using the same form as in part (b), K, =| 2.57x10% J | and U, =| -5.22x10% J |.
Compare to find that K, + U, =| —2.66 x 10% J| and K, +U, =| -2.65x10% J |. They agree.

u, =
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P13.63 (a) The work must provide the increase in gravitational energy
W:Aug :ugf —Ugi

~ GMM,, . GMM,,

rf 1;
_ GMM,, . GMM,,
R +y R
_ GMEMP(L_ ! j
Rg Rp+y
11 2
_[6.67x10 i N-m (5.9810% kg)(100 kg)( 1 . 1 : )
kg 6.37x10° m 7.37x10° m
W =| 850 MJ
(b) In a circular orbit, gravity supplies the centripetal force:

2
GMiM, Mo

(Rg +y)2 (Re +)
GMM
Then, lM v? =l#
2 7 2 (Rg+y)
So, additional work = kinetic energy required

(6.67x107" N-m*)(5.98 x10** kg)(100 kg)
(kg)(7.37x10° m)

_1
2

AW =| 2.71x10° ]

P13.64  Centripetal acceleration comes from gravitational acceleration.

0? MG 47%r?

r 2 T
GM,T? = 47%r°

(6.67x1071)(20)(1.99 x 10* )(5.00 x 10 = 4%

Torbit =

2w 27z(30 000 x 9.46 x 101 m)

15 8
v 250105 mps 0 STl

3
23 472(30000 x 9.46 x 10" m
b M= ( ) = 2.66x10% kg

GT*  (667x10" N-m?/kg?)(7.13x10% s’

P13.65 (a) T

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

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




P13.66

@)

(b)

(©

(d

()

Chapter 13
From the data about perigee, the energy of the satellite-Earth system is
(6:67x107")(5.98 x 107 )(1.60)
7.02x10°

2
E:lmvz—GM—Em:l(1.60)(8.23><103) -
27 r 2

or E=|-367x10"]

L =morsin@=mo,r, sin90.0°= (1.60 kg)(8.23 x 10> mys)(7.02x10° m)

=9.24x10" kg m?/s |

407

Since both the energy of the satellite-Earth system and the angular momentum of the Earth

are conserved,

at apogee we must have lmv,f - CMim =E
2 7,
and mo,r, sin90.0°=L.
6.67 x1071)(5.98 x 10%*)(1.60)
Thus, l(1.60)0,3 - ( )( ) =-367x107 J
2 T
and (1.60 kg)v,r, =9.24x10" kg-m?/s.
1 (6.67x107")(5.98 x10*)(1.60)(1.60)o, .
Solving simultaneously, —(1.60)v; — o =-3.67x10
2 9.24x10
which reduces to 0.80002 — 110460, +3.6723x 107 =0

11046 % /(11 046)° ~ 4(0.800)(3.6723 <107
SO V.=

“ 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.

10 1o 2
Thus, = L _ 9.24x10" kg-m /S :.
mo, (160 kg)(5.58x10° mys)

The major axis is 22 = 1y +7,, 50 the semi-major axis is

u=%(7.02><106 m+1.04x107 m): 8.69x10° m

[z 47°(8.69x10° m)’
VOMe | (667x10 " N-m?/kg?)(598x10% kg)

T:80605:
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*P13.67

*P13.68

P13.69

Let m represent the mass of the meteoroid and v; its speed when far away. J; e
No 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 perpendicular to the radius:

FIG. P13.67
Li=L: M, X V; = Mry XV
m(3Rgv;) =mRgv,
vy =3v;
Now energy of the meteoroid-Earth system is also conserved:
(K+uy) =(k+uy) - L +0=lmv]% _GMpm
8i 8y 2 2 R
Loz :l(gvg)_%
2 2 Rg
GMg - 407 v = GM
R 4Ry

From Kepler's third law, minimum period means minimum orbit size. The “treetop satellite” in
Figure P13.35 has minimum period. The radius of the satellite’s circular orbit is essentially equal to
the radius R of the planet.

D> F=ma: GMm _ mo® m(ZﬂR)Z

R* R R\T
R?(47°R?)
GpV=—-"——-"~
p RT?
4 5\ 4r°R?
Gp| =7R? |=
& (3” ) T2
. P 2 3z
The radius divides out: T°Gp=3x T= o
0

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

My, —mr
0= u and Mr, =mr;
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

MGm MGm
5 2
mnoi=—z;— and  Mno;=—y; FIG. P13.69
M+m)G

Combining these two equations and using d =7, +1, gives (r; + Vz)wz = '( dzm )
Wlth D1 =Wy =0
and T = 2

w

23

we find | T? = drd

GM+m) |
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P13.70 (a) The gravitational force exerted on m, by the Earth (mass m,) accelerates m, according to:
My, = Gy, . The equal magnitude force exerted on the Earth by m, produces negligible
acceleration of the Earth. The acceleration of relative approach is then

-11 2 /102 2%
Gm. (667x10™" N-m?/kg?)(5.98 x10* kg
g = 21:( . )(2 ): 2.77m/s2 .
r (120x107 m)
(b) 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
Gmym
mi&1 = 12 2
B
Gm, (667107 N-m’/kg?)(2.00x10* kg) ,
g1=—7%"= 5 =0.926 m/s
r (120x107 m)
The distance between the masses closes with relative acceleration of
$rel =1 + 82 =0.926 m/s* +2.77 m/s* =| 3.70 m/s* |.
P13.71  Initial Conditions and Constants:
Mass of planet: 5.98 x10* kg y (1oin})vv R
Radius of planet: 6.37 x10° m }g RIS NG
Initial x: 0.0 planet radii 5f-+-4- £§§}+
Initial y: 2.0 planet radii _g ++\\§§§/+ B
Initial v, : +5 000 m/s e
Initial v, 0.0 m/s e B R
Y EE R )
Time interval: 10.9s r
FIG. P13.71
Dy Uy Ay u]/
£(s) x (m) y (m) r(m) ms) () (m/s?) (m/s?)
0.0 0.0 12740000.0 12740 000.0 5 000.0 0.0 0.0000 -2.4575
10.9 543153  12740000.0 12740115.8 4999.9 -26.7 -0.0100 -2.4574
21.7 1086294 12739710.0 12740173.1 4999.7 -534 -0.0210 -24573
32.6 162941.1 12739130.0 12740172.1 4999.3 -80.1 -0.0310 -2.4572
54316 1128438 -84668160 84675679  -75230 399 00740 55625
54424 311214 -8467249.7 8 467 306.9 —-7523.2 20.5 -0.0200 5.563 3
5453.3 -50603.4 -8467026.9 84671782  -7522.8 80.9 0.0330 5.563 4
5464.1 -132324.3 -8466147.7 8 467 181.7 -7 521.9 141.4 0.087 0 5.562 8
108413 1086290 127391344 127395975 49999 533 00210 -24575
10 852.2 -543149 127397134  12739829.2 5 000.0 26.6 0.0100 -2.4575
10 863.1 04 12740002.4 12740 002.4 5 000.0 -0.1 0.0000 -2.4575

The | object does not hit the Earth

; its minimum radius is | 1.33R; |.

Its period is | 1.09x 10* s |. A circular orbit would require a speed of | 5.60 km/s |.
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ANSWERS TO EVEN PROBLEMS

P13.2

P13.4

P13.6

P13.8

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

2.67x107 m/s?
3.00 kg and 2.00 kg

a) 4.39x10%° N toward the Sun;
(a)

(b) 1.99 x10% N toward the Earth;
(c) 3.55x10% N toward the Sun

see the solution; either 1 m-61.3 nm or
2.74x10* m

2

3

(a) 1.02 km/s; (b) 1.35 mm
see the solution

1.27

Planet Y has turned through
1.30 revolutions

1.63x10* rad/s
18.2 ms

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

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

2.52x107 m

2.82x107 |

(a) see the solution; (b) 340 s
(a) 42.1 km/s; (b) 2.20x 10" m

158 x101 ]

(a) 27(R; +h)V*(GM) V2
() (GM)"* (R +h)"%;

Rg +2h }_ 272R2m
2Rg(Rg+h) | (86400 s)°
The satellite should be launched from the
Earth’s equator toward the east.

(c) GMEm{

P13.40

P13.42

P13.44

P13.46

P13.48

P13.50

P13.52

P13.54

P13.56

P13.58

P13.60

P13.62

P13.64

P13.66

P13.68

P13.70

(a) 10.0 m/s2 ; (b) 21.8 km/s

11.8 km/s

GMpm

12R;

oM 1/2

GM; )" 5(“)

@) vo=( Ej ) 0=
25r

(C) rf —7

2.26x1077

2 [GM 1 [GM

3V R "3V R

(@), (b) see the solution;

(€) 1.85x107° m/s?

492 m/s

see the solution

() GY2c"¥24Y2; (b) ~10* m

(@) 7.79 km/s; (b) 7.85 km/s;(c) -3.04 GJ;
(d) -3.08 GJ; (e) loss = 46.9 MJ;

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

() 29.3 km/s; (b) K, = 2.74x10% J;
U, =-5.40x10% J;(c) K, =257 x10% J;
U, =-5.22x10% J; yes

119 km

(@) -36.7 MJ; (b) 9.24x 10" kg-m?/s;
(c) 5.58 km/s; 10.4 Mm; (d) 8.69 Mm;
(e) 134 min

see the solution

(@) 277 m/s?; (b) 3.70 m/s?



