GRAVITATION

13.1.

13.2.

13.3.

IDENTIFY and SET UP: Use the law of gravitation, Eq. (13.1), to determine Fg.
mqm
52 M (S =sun, M =moon); F oM =G mEzmM
'sm "EM

2 2
Fsonm _| gMsmm || _"EM =mS[VEMJ
2
Fgonm rom )\ Gmemy | mg v

M, the radius of the moon’s orbit around the earth is given in Appendix F as 3.84x10% m. The moon is

(E =earth)

EXECUTE: Fg, =G

much closer to the earth than it is to the sun, so take the distance ry,; of the moon from the sun to be g,

the radius of the earth’s orbit around the sun.

30 g \?
FSOHM:(1.99><10 ng[3.84><10 m] s

Foonm | 5.98x10%* kg | 1.50%10" m

EVALUATE: The force exerted by the sun is larger than the force exerted by the earth. The moon’s motion
is a combination of orbiting the sun and orbiting the earth.

. . . . Gmym .
IDENTIFY: The gravity force between spherically symmetric spheres is F, = 12 2 where r is the
r

separation between their centers.
SETUP: G=6.67x10""" N-m?/kg”. The moment arm for the torque due to each force is 0.150 m.

(6.67x107"" N-m?%/kg?)(1.10 kg)(25.0 kg)
(0.120 m)?

From Figure 13.4 in the textbook we see that the forces for each pair are in opposite directions, so
E. =0.

net
(b) The net torque is 7, =2F,/ =2(1.27x1077 N)(0.150 m) =3.81x10™° N-m.

(c) The torque is very small and the apparatus must be very sensitive. The torque could be increased by
increasing the mass of the spheres or by decreasing their separation.

EVALUATE: The quartz fiber must twist through a measurable angle when a small torque is applied to it.
IDENTIFY: The gravitational attraction of the astronauts on each other causes them to accelerate toward
each other, so Newton’s second law of motion applies to their motion.

SET UP: The net force on each astronaut is the gravity force exerted by the other astronaut. Call the

=1.27x1077 N.

EXECUTE: (a) For each pair of spheres, Fj, =

astronauts 4 and B, where m, =65 kg and mp =72kg. Fyp,, = Gmlmz/r2 and XF =ma.

EXECUTE: (a) The free-body diagram for astronaut A4 is given in Figure 13.3a and for astronaut B in
Figure 13.3b.
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(a)
Figure 13.3
i £y Fy
YF, =ma, for A gives Fy,=mya, and a,=—4%. Andfor B, ay=—L.
my mg
Fy=Fy=GT 48 — (6.673x107"! N.mz/kgz)M: 7807x10° N so

2 (20.0 m)>

~10 -10
_TR7X10TON aB:7.807><10 N
65 kg 72 kg

a, =1.1x107"" mss?.

—1

(b) Using constant-acceleration kinematics, we have x = xy + vy, ¢+ %axtz, which gives x, = X /% and

xB——aBtz. x4 +x5=20.0m, so 20.0 m=%(aA +aB)t2 and

t=\/ e =1.32x10% s =15 days.

12x107" m/s? +1.1x107H my/s?

(¢) Their accelerations would increase as they moved closer and the gravitational attraction between them
increased.
EVALUATE: Even though the gravitational attraction of the astronauts is much weaker than ordinary
forces on earth, if it were the only force acting on the astronauts, it would produce noticeable effects.
13.4. IDENTIFY: Apply Eq. (13.2), generalized to any pair of spherically symmetric objects.
SET UP: The separation of the centers of the spheres is 2R.
EXECUTE: The magnitude of the gravitational attraction is GM 2/(2R)* = GM*/4R*.
EVALUATE: Eq. (13.2) applies to any pair of spherically symmetric objects; one of the objects doesn’t
have to be the earth.
13.5. IDENTIFY: Use Eq. (13.1) to find the force exerted by each large sphere. Add these forces as vectors to
get the net force and then use Newton’s 2nd law to calculate the acceleration.
SET UP: The forces are shown in Figure 13.5.

" p F sin@ =0.80
A By x cosd=0.60
: AIIDYA Take the origin of coordinate at point P.
ol ] ' F
_ Y- -
2 FA_\; PB\ ~ 3
[ — O

Figure 13.5
EXECUTE: F,=G 4% =G (026 kg)(0.0lg k&) 1 735%107 N
r (0.100 m)
Fy=GTBR =1.735%x107' N
r

F, =—F,sinf=—(1.735x10""" N)(0.80) = -1.39x10"' N
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Fq, =+F cos6=+(1.735x10""" N)(0.60)=+1.04x10™"" N
Fy. =+Fysin@=+139x10""' N

Fp, =+Fgcos@=+1.04x10"""' N

XF, =ma, gives F, +Fp =ma,

O=ma, so a,=0

IF, =ma, gives Fy, +Fp, =ma,

2(1.04x107"" N)=(0.010 kg)a,,

a, =2.1x 10~ m/s?, directed downward midway between 4 and B

EVALUATE: For ordinary size objects the gravitational force is very small, so the initial acceleration is
very small. By symmetry there is no x-component of net force and the y-component is in the direction of
the two large spheres, since they attract the small sphere.

13.6. IDENTIFY: The net force on 4 is the vector sum of the force due to B and the force due to C. In part (a),
the two forces are in the same direction, but in (b) they are in opposite directions.
SET UP: Use coordinates where +x is to the right. Each gravitational force is attractive, so is toward the
mass exerting it. Treat the masses as uniform spheres, so the gravitational force is the same as for point
masses with the same center-to-center distances. The free-body diagrams for (a) and (b) are given in

Figures 13.6a and 13.6b. The gravitational force is Fy,, = Gmlmz/r2 .

Ly Fe Fp

Figure 13.6

EXECUTE: (a) Calling Fj the force due to mass B and likewise for C, we have

Fy =GTAE = (6.673x107" N-m?/kg )M—l 069%10° N and
r4g (0.50 m)

Fo=GT47C = (6.673x107"" N-m?/kg )M 2.669%x107® N. The net force is
T4c (.

Foet,x = Fpe + Fo, =1.069x107° N+2.669x107* N =2.8x10"* N to the right.

(b) Following the same procedure as in (a), we have

Fy=GT4TE = (6.673x107' ' N 2/1<g2)M 1.668x107° N
rag (0.40 m)>

Fe =G4 (6.673x10™ N-m%/kg )M ~2.669%10° N
rAC (

Foot.« = Fpe + F, =1.668x107% N=2.669x10" N=-2.5x10° N

The net force on 4 is 2.5x107° N, to the left.
EVALUATE: As with any force, the gravitational force is a vector and must be treated like all other

vectors. The formula £, = Gmlmz/r2 only gives the magnitude of this force.
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Gmym

r2

. The force exerted on

13.7. IDENTIFY: The force exerted by the moon is the gravitational force, F, =

the person by the earth is w=mg.
SET UP: The mass of the moon is my; =7.35x 10% kg. G= 6.67x107' N- mz/kgz.

22
EXECUTE: () Fyoon = F =(6.67x107' 1 N-m%/kg?) (7.35x10 kgg)(ﬂ; k8 _54x107 N,
(3.78x10° m)

(b) Fyq =w=(70kg)(9.80 m/s>) =690 N. F,  /F. o =3.5x107°.

EVALUATE: The force exerted by the earth is much greater than the force exerted by the moon. The mass
of the moon is less than the mass of the earth and the center of the earth is much closer to the person than is
the center of the moon.

13.8. IDENTIFY: Use Eq. (13.2) to find the force each point mass exerts on the particle, find the net force, and
use Newton’s second law to calculate the acceleration.
SET Up: Each force is attractive. The particle (mass m) is a distance 7 =0.200 m from m; =8.00 kg

and therefore a distance », =0.300 m from m, =15.0 kg. Let +x be toward the 15.0 kg mass.

EXECUTE: F, = szl’" =(6.67x107" N~m2/kg2)m =(1.334x1078 N/kg)m, in the
" (0.200 m)
Gmym (15.0 kg)m

=(6.67x107" N-m?/kg?) =(1.112x10® N/kg)m, in the
3 (0.300 m)?
+x-direction. The net force is

F.=F_+F, =(-1334x10" N/kg+1.112x10"® N/kg)m = (-2.2x10™° N/kg)m.

a,= L ~2.2x107" m/s?. The acceleration is 2.2x10™% m/s?, toward the 8.00 kg mass.
m
EVALUATE: The smaller mass exerts the greater force, because the particle is closer to the smaller mass.
13.9. IpENTIFY: Use Eq. (13.2) to calculate the gravitational force each particle exerts on the third mass. The
equilibrium is stable when for a displacement from equilibrium the net force is directed toward the
equilibrium position and it is unstable when the net force is directed away from the equilibrium position.
SET UpP: For the net force to be zero, the two forces on M must be in opposite directions. This is the case
only when M is on the line connecting the two particles and between them. The free-body diagram for M

is given in Figure 13.9. m; =3m and m, =m. If M is a distance x from m, itis a distance 1.00 m—x

—x-direction. F, =

from m,.
3mM M
EXECUTE: (a) F,=F +F, =-G m2 +G ” 5=0.3(1.00 m-x)* = x?.
X (1.00 m —x)

1.00 m—x= J_rx/x/g. Since M is between the two particles, x must be less than 1.00 m and
1.00 m

x_
1413

0.366 m from the particle of mass m.

(b) (i) If M is displaced slightly to the right in Figure 13.9, the attractive force from m is larger than the
force from 3m and the net force is to the right. If M is displaced slightly to the left in Figure 13.9, the
attractive force from 3m is larger than the force from m and the net force is to the left. In each case the
net force is away from equilibrium and the equilibrium is unstable.

(ii) If M is displaced a very small distance along the y axis in Figure 13.9, the net force is directed opposite
to the direction of the displacement and therefore the equilibrium is stable.

EVALUATE: The point where the net force on M is zero is closer to the smaller mass.

=0.634 m. M must be placed at a point that is 0.634 m from the particle of mass 3m and
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fe—1.00m — x—>|
3m
B M n :
F, " i - ®
x >
S 1.00m >

Figure 13.9

13.10.  IDENTIFY: The force 17"1 exerted by m on M and the force 17"2 exerted by 2m on M are each given by

Eq. (13.2) and the net force is the vector sum of these two forces.
SET Up: Each force is attractive. The forces on M in each region are sketched in Figure 13.10a. Let M be
at coordinate x on the x-axis.

EXECUTE: (a) For the net force to be zero, F’l and Fz must be in opposite directions and this is the case
GmM _ G(2m)M

= . 2x2=(L-x)* and
x? (L- x)2

only for 0<x<L. F,+F, =0 then requires F; = F,.

L—x=12x. x must be less than L,so x= =0.414L.

L
™53
(b) For x<0, F,>0. F, >0 as x = —c and F, = +e as x=0. For x>L, F,<0. F, >0 as
x—oo and F, = — as x = L. For 0<x<0.414L, F, <0 and F, increases from —co to 0 as x goes
from 0 to 0.414L. For 0.414L<x<L, F, >0 and F, increases from 0 to +eo as x goes from 0.414L to L.
The graph of F, versus x is sketched in Figure 13.10b.

EVALUATE: Any real object is not exactly a point so it is not possible to have both m and M exactly at
x=0 or 2m and M both exactly at x = L. But the magnitude of the gravitational force between two objects
approaches infinity as the objects get very close together.

0.414L

e A e R

(b)
Figure 13.10
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mmg
r2

, 5o a, = G—, where r is the distance of the object from the center of the earth.

13.11. IDENTIFY: Fg =G g 2

SET UP: 7 =h+ R, where / is the distance of the object above the surface of the earth and

Rg = 6.38x10° m s the radius of the earth.

EXECUTE: To decrease the acceleration due to gravity by one-tenth, the distance from the center of the
earth must be increased by a factor of \/ﬁ, and so the distance above the surface of the earth is

(10 =R, =1.38x10"m.

EVALUATE: This height is about twice the radius of the earth.
13.12.  IDENTIFY: Apply Eq. (13.4) to the earth and to Venus. w=mg.

SETUP: ¢ =G—n;E =9.80 m/s”. my =0.815mp and Ry =0.949R;. wg =mgg =75.0 N.
Rg
G G(0.815 G
my _ GO8me) _ o 95 e
Ry (0.949Rg) Rg
(b) wy =mgy =0.905mg =(0.905)(75.0 N)=67.9 N.
EVALUATE: The mass of the rock is independent of its location but its weight equals the gravitational

force on it and that depends on its location.
13.13.  (a) IDENTIFY and SET UP: Apply Eq. (13.4) to the earth and to Titania. The acceleration due to gravity at

EXECUTE: (a) gy = 0.905g%.

the surface of Titania is given by gt = GmT/R%, where my is its mass and Ry is its radius.
For the earth, gp = GmE/Ré.
EXECUTE: For Titania, mp =mg/1700 and Ry =Rg/8, so
Gmyp _ G(mg/1700) 64 \Gmyg
R (RB (1700} RE
Since gg =9.80 m/s%, gr =(0.0377)(9.80 m/s*)=0.37 m/s’.

EVALUATE: g on Titania is much smaller than on earth. The smaller mass reduces g and is a greater effect
than the smaller radius, which increases g.
(b) IDENTIFY and SET UP: Use density = mass/volume. Assume Titania is a sphere.

EXECUTE: From Section 13.2 we know that the average density of the earth is 5500 kg/m3‘ For Titania
mp  mg/1700 512 512

- = = 5500 kg/m®) =1700 kg/m”.
2R3 Aa(Rg/sy 17007 1700 200 ke ¢

EVALUATE: The average density of Titania is about a factor of 3 smaller than for earth. We can write
Eq. (13.4) for Titania as gp = %EGRT/)T. g1 < gg both because pr < pgp and Ry <Rg.

13.14. IDENTIFY: Apply Eq. (13.4) to Rhea.
SETUP: p=m/V. The volume of a sphere is V' = %JZ'R3.

g’ M
-G (47/3)R
EVALUATE: The average density of Rhea is about one-fourth that of the earth.
13.15. IDENTIFY: Apply Eq. (13.2) to the astronaut.
SETUP: my =5.97x10** kg and Ry =6.38x10° m.

EXECUTE: M =2.44x10* kg and p= =1.30x10° kg/m3.

EXECUTE: F, = Gm—nzlE. r=600x10°m + Rg so Fy =610 N. At the surface of the earth,
r

w=mg =735 N. The gravity force is not zero in orbit. The satellite and the astronaut have the same

acceleration so the astronaut’s apparent weight is zero.
EVALUATE: In Eq. (13.2), r is the distance of the object from the center of the earth.
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13.16. IDENTIFY: The gravity of Io limits the height to which volcanic material will rise. The acceleration due to
gravity at the surface of Io depends on its mass and radius.

SET UP: The radius of Io is R =1.815x10° m. Use coordinates where +y is upward. At the maximum

height, vy, =0, a, =—g;,, which is assumed to be constant. Therefore the constant-acceleration

y

kinematics formulas apply. The acceleration due to gravity at Io’s surface is given by gy, = Gm/R®.

11 2.2 2
SOLVE: At the surface of o, gy, :G_rzn: (6.673x10" N-m /kg6 )(82-94><10 kg) —181 m/s. For
R (1.815%10° m)

constant acceleration (assumed), the equation v)z, = vgy +2a,(y—,) applies, so

Vo, =+-2a,(y = ¥) = \/—2(—1.81 m/s?)(5.00x10° m) =1.345x10* m/s. Now solve for y —y, when

Vo, =1.345x10° m/s and a, =—9.80 m/s>. The equation v} =v, +2a,(y—y,) gives

vy —voy  —(1.345x10° m/s)?
2a, 2(-9.80 m/s?)

EVALUATE: Even though the mass of Io is around 100 times smaller than that of the earth, the
acceleration due to gravity at its surface is only about 1/6 of that of the earth because Io’s radius is much
smaller than earth’s radius.

13.17. IDENTIFY: The escape speed, from the results of Example 13.5, is vV2GM/R.
SET UP: For Mars, M =6.42x10% kg and R =3.40x10° m. For Jupiter, M =1.90x10% kg and

R=6.91x10" m.
EXECUTE: (a) v=\/2(6.673><10’” N-m%/kg?)(6.42x10% kg)/(3.40x10° m) =5.02x10° my/s.

=92 km.

Y=Yo=

(b) v= \/2(6.673><10‘” N-m%/kg?(1.90x10%7 kg)/(6.91x107 m) =6.06x10* m/s.

(¢) Both the kinetic energy and the gravitational potential energy are proportional to the mass of the
spacecraft.

EVALUATE: Example 13.5 calculates the escape speed for earth to be 1.12x10% m/s. This is larger than
our result for Mars and less than our result for Jupiter.

13.18.  IDENTIFY: The kinetic energy is K = %mv2 and the potential energy is U = —Gﬂ.
r
SET UP: The mass of the earth is M =5.97x 10%* kg.
EXECUTE: (a) K =1(629kg)(3.33x10° m/s)” =3.49%10° J
-11 2042 24
(b) U= GMgm _ _(6.673x10"" N-m“/kg )(59.97><10 kg)(629 kg) =3 73%107 1.
r 2.87%x10" m

EVALUATE: The total energy K + U is positive.

13.19. IDENTIFY: Apply Newton’s second law to the motion of the satellite and obtain an equation that relates
the orbital speed v to the orbital radius r.

SET Up: The distances are shown in Figure 13.19a.
mO h The radius of the orbitis » =h+ Ry

#=7.80x10° m+6.38x10® m=7.16x10° m.

Figure 13.19a
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The free-body diagram for the satellite is given in Figure 13.19b.
(a) EXECUTE: XF) =ma,
Fg =My
2
mmg v
G—==m—
r r
¥
Figure 13.19b
~11 2042 24
e Gmg _ [(6.673x10"" N-m /kg6 )(5.97x107" kg) _ 7 46%10° m/s
r 7.16x10° m
2zr _ 272(7.16x10°
(b) T:ﬂ:wzmgoszlﬁgh,
v 7.46x10° m/s
EVALUATE: Note that » =&+ Ry is the radius of the orbit, measured from the center of the earth. For this
satellite » is greater than for the satellite in Example 13.6, so its orbital speed is less.
13.20. IDENTIFY: The time to complete one orbit is the period 7, given by Eq. (13.12). The speed v of the
o 2zr

satellite is given by v= -
SET Up: If & is the height of the orbit above the earth’s surface, the radius of the orbitis »=h+ Ry.
R =6.38x10° m and my =5.97x10** kg.

232 270(7.05%10° 38%10° m)*2 .
EXECUTE: (a) 7= - 27(7.05x10° m+638x10" m) —5.94x10% s =99.0 min

JGme  [(6.67x107 N-m2kg?)(5.97x10* kg)

272(7.05%10° 38x10°
(b) v=2F705x10 m+63 38x107M) _ 5 49%10° m/s = 7.49 kmvs
5.94x10° s

EVALUATE: The satellite in Example 13.6 is at a lower altitude and therefore has a smaller orbit radius
than the satellite in this problem. Therefore, the satellite in this problem has a larger period and a smaller
orbital speed. But a large percentage change in / corresponds to a small percentage change in r and the
values of T"and v for the two satellites do not differ very much.

13.21. IDENTIFY: We know orbital data (speed and orbital radius) for one satellite and want to use it to find the
orbital speed of another satellite having a known orbital radius. Newton’s second law and the law of
universal gravitation apply to both satellites.

. . 2 . . . . mmp V2
SET UP:  For circular motion, Fp =ma=mv"/r, which in this case is G——=m—

r r

. mm, v? 2 2 2

EXECUTE: Using G——=m—, we get Gm,, =rv" =constant. 7y =7V;.
r r
7
vy = 2L = 4800 mis), | 220 _ 6200 s,
r 3.00x10" m

EVALUATE: The more distant satellite moves slower than the closer satellite, which is reasonable since
the planet’s gravity decreases with distance. The masses of the satellites do not affect their orbits.

13.22. IDENTIFY: We can calculate the orbital period 7 from the number of revolutions per day. Then the period

and the orbit radius are related by Eq. (13.12).
SETUP: mp = 5.97x10** kg and Rg = 6.38x10° m. The height 4 of the orbit above the surface of the

earth is related to the orbit radius 7 by » =h+ Rg. 1day= 8.64x10%s.
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EXECUTE: The satellite moves 15.65 revolutions in 8.64x10% s, so the time for 1.00 revolution is

4 3/2
p=864X107s 5 5r10%s, 722"
15.65 JGmy,
1/3 1/3
) _[GmETz] _[[6.67><10” N-m2/kg?][5.97x10** kg][5.52x10° s]2]
- 2 - 2
4r

gives

. r=6.75%x10° m and
4r

h=r—Rg =3.7x10° m =370 km.

EVALUATE: The period of this satellite is slightly larger than the period for the satellite in Example 13.6

and the altitude of this satellite is therefore somewhat greater.

13.23.  IDENTIFY: Apply ZF =ma to the motion of the baseball. v = %

SETUP: 7 =6x10° m.

EXECUTE: (a) F, =may, gives G szm =m
VD rD
G 6.673x107"! N-m?/kg?)(2.0x10" k
po [Gmp _ [(6.673X m3g)( X107 Ke) _ 4 7 s
D 6x10° m
4.7 m/s =11 mph, which is easy to achieve.
2ar  2m(6x10° . .
(b) T= i % =8020s =134 min =2.23 h. The game would last a long time.
v 7 m/s

EVALUATE: The speed v is relative to the center of Deimos. The baseball would already have some speed
before we throw it, because of the rotational motion of Deimos.

13.24. IDENTIFY:T = 2—1” and Fy, =may,,.

SET UpP: The sun has mass mg = 1.99x10%° kg. The radius of Mercury’s orbit is 5.79%10' m, so the

radius of Vulcan’s orbit is 3.86x10'" m.

2
. mgm v Gm
EXECUTE:  F, =mag, gives G——=m— and v> ==,
r r r
ro 2wt 272(3.86x10'% m)*?

T=2nr =4.13x10% s = 47.8 days

Gmg  \[Gmg \/(6.673><10_“ N-m?/kg?)(1.99x10*° kg)
EVALUATE: The orbital period of Mercury is 88.0 d, so we could calculate 7 for Vulcan as
T =(88.0 d)(2/3)*% =47.9 days.

13.25. IDENTIFY: The orbital speed is given by v =+/Gm/r, where m is the mass of the star. The orbital period is
givenby T = ﬂ
v

SET UpP: The sun has mass mg = 1.99x10% kg. The orbit radius of the earth is 1.50x10'" m.
EXECUTE: (a) v=~/Gm/r.
v= \/(6.673><10‘“ N-m%/kg?)(0.85x1.99x10* kg)/((1.50x10'" m)(0.11)) =8.27x10* mys.

(b) 2zriv=1.25 x10®s=14.5 days (about two weeks).

EVALUATE: The orbital period is less than the 88-day orbital period of Mercury; this planet is orbiting
very close to its star, compared to the orbital radius of Mercury.
13.26. IDENTIFY: The period of each satellite is given by Eq. (13.12). Set up a ratio involving 7 and r.

232 T b
SET Up: T:L gives W=—”=constant, S0 4D
‘/Gmp r \om,

r13/2 1’23/2
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48,000 km

32
=24.5 days. For the other satellite,
19,600 km

3/2
EXECUTE: T, =T, [”_2] =(6.39 days)(
Ul
64,000 km
19,600 km

EVALUATE: T increases when 7 increases.
13.27. IDENTIFY: In part (b) apply the results from part (a).

SET UP: For Pluto, e=0.248 and a =5.92x10'> m. For Neptune, e=0.010 and a =4.50x10'?> m. The
orbital period for Pluto is 7 =247.9y.

EXECUTE: (a) The result follows directly from Figure 13.18 in the textbook.

(b) The closest distance for Pluto is (1—0.248)(5.92 x10"2 m)=4.45% 102 m. The greatest distance for

Neptune is (1+0.010)(4.50x10'? m) =4.55x10'? m.
(¢) The time is the orbital period of Pluto, 7' =248 y.

3/2
T, =(6.39 days){ J =37.7 days.

EVALUATE: Pluto’s closest distance calculated in part (a) is 0.10x10"> m=1.0x10® km, so Pluto is

about 100 million km closer to the sun than Neptune, as is stated in the problem. The eccentricity of
Neptune’s orbit is small, so its distance from the sun is approximately constant.

232
13.28.  IDENTIFY: T=L where m

> star
RV, Gmstar

SET UP: 3.09 days = 2.67x10° s. The orbit radius of Mercury is 5.79%10'° m. The mass of our sun is
1.99%10° kg.

. 27
is the mass of the star. v= Tr

) r3/2

——— gives
V Gmstar

EXECUTE: (a) T=2.67x10%s. r=(5.79x10'" m)/9=6.43x10° m. T =

2.3 2 9 3
=2 OV M) 5 51x100 kg s 111, so
7’6 (2.67x10° 5)*(6.67x10™" N-m?/kg?) Mg
mstar = 11 lmsun'
27 2m(643x10° m)

M) v =1.51x10° m/s =151 km/s

T 2.67x10° s
EVALUATE: The orbital period of Mercury is 88.0 d. The period for this planet is much less primarily
because the orbit radius is much less and also because the mass of the star is greater than the mass of our
sun.

13.29. IDENTIFY: Knowing the orbital radius and orbital period of a satellite, we can calculate the mass of the
object about which it is revolving.

SET UP: The radius of the orbit is »=10.5x10° m and its period is 7 =6.3 days = 5.443x10° s. The

2732

\Gmyp .

mass of the sun is mg = 1.99x10%° kg. The orbital period is given by T =

3/2
EXECUTE: Solving T = 27 for the mass of the star gives
GmHD
% 47%(10.5x10° m)®

Myp =2.3x10% kg, which is myp =1.2mg.

T°G  (5.443x10° 5)*(6.673x107"! N-m%/kg?)
EVALUATE: The mass of the star is only 20% greater than that of our sun, yet the orbital period of the
planet is much shorter than that of the earth, so the planet must be much closer to the star than the earth is.

13.30. IDENTIFY: Section 13.6 states that for a point mass outside a spherical shell the gravitational force is the
same as if all the mass of the shell were concentrated at its center. It also states that for a point inside a
spherical shell the force is zero.
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SET UpP: For r=5.01 m the point mass is outside the shell and for »=4.99 m and r=2.72 m the point
mass is inside the shell.
(1000.0 kg)(2.00 kg)

(5.01m)?

Gmlm2 _

L =531x10° N.
P

EXECUTE: (a) (i) F, = (6.67x107"' N-m%/kg?)

(ii) £y =0. (iii) F, =0.
(b) For » <5.00 m the force is zero and for »>5.00 m the force is proportional to 1/72. The graph of F,

versus 7 is sketched in Figure 13.30.
EVALUATE: Inside the shell the gravitational potential energy is constant and the force on a point mass
inside the shell is zero.

Figure 13.30

13.31. IDENTIFY: Section 13.6 states that for a point mass outside a uniform sphere the gravitational force is the
same as if all the mass of the sphere were concentrated at its center. It also states that for a point mass a
distance » from the center of a uniform sphere, where r is less than the radius of the sphere, the
gravitational force on the point mass is the same as though we removed all the mass at points farther than r
from the center and concentrated all the remaining mass at the center.

. . M
SET UP: The density of the sphere is p = T3

5> Where M is the mass of the sphere and R is its radius.

3

3
The mass inside a volume of radius » <R is M, = pV, = M 3 (%mﬁ) =M[Lj . r=501lm is
37R R
outside the sphere and » =2.50 m is inside the sphere.

GMm (1000.0 kg)(2.00 kg)

EXECUTE: (a) (i) F, = =(6.67x107"" N-m%/kg? =5.31x10" N.

YO r? ( ¢) (5.01 m)*

’ 3 3

GM'm , r 2.50m
i) F, = .M’ =M|=| =(1000.0k =125kg.
W) == (Rj ( g){S.OOmJ £
Fy=(6.67x107" N~m2/kg2)%2'02@ =2.67x107 N.
(2.50 m)
3

(b) Fy= GM(r/ZR) m :(G]ngjr for <R and F, = GA/ZIm for > R. The graph of F, versus ris

r R r

sketched in Figure 13.31.
EVALUATE: At points outside the sphere the force on a point mass is the same as for a shell of the same
mass and radius. For » < R the force is different in the two cases of uniform sphere versus hollow shell.

e

| r
5.00m

Figure 13.31
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13.32. IDENTIFY: The gravitational potential energy of a pair of point masses is U = 6™ Divide the rod
r

into infinitesimal pieces and integrate to find U.
SET Up: Divide the rod into differential masses dm at position /, measured from the right end of the rod.
dm=dl(M/L).

EXECUTE: (a) Uz_Mz_G’"_Mi_

I +x L I+x

L
Integrating, U _GmM L dl = —Mln[l +£ . For x> L, the natural logarithm is ~(L/x), and

L 0 [+x L X
U - -GmM/x.
(b) The x-component of the gravitational force on the sphere is
)

F. = ol = GmM (LX) ___GmM , with the minus sign indicating an attractive force. As

x L (I+(Lk) (2 +Ly)
x>> L, the denominator in the above expression approaches x?, and F.— —-GmMJx*, as expected.

EVALUATE: When x is much larger than L the rod can be treated as a point mass, and our results for
Uand F, do reduce to the correct expression when x> L.

13.33. IDENTIFY: Find the potential due to a small segment of the ring and integrate over the entire ring to find
the total U.
(a) SET UP:

Divide the ring up into small segments dM,
as indicated in Figure 13.33.

dM

Figure 13.33

EXECUTE: The gravitational potential energy of dM and m is dU =—-GmdM]r.
The total gravitational potential energy of the ring and particle is U = J.dU =—-Gm J. dMir.

But r= \/x2 +a’ is the same for all segments of the ring, so

=_@de=_GmM=_ GmM '
r \/x2+a2

”
(b) EVALUATE: When x> a, Vx*>+a®> —>Vx? =x and U =—GmM/x. This is the gravitational potential
energy of two point masses separated by a distance x. This is the expected result.

(c) IDENTIFY and SET UP: Use F, =—dU/dx with U(x) from part (a) to calculate F,.

EXECUTE: F, __Au__d|__GmM
Y e dx Vi + a2

- 1 B

Fo=+GmM L (% +a?) V2 = GmM(——(2x)(x2 +a?) 2)
dx 2

F. = —~GmMx/(x* +a® )3/ 2. the minus sign means the force is attractive.

EVALUATE: (d) For x> a, (x2 +a2)3/2 - (x2)3/2 =x

Then F, = —GmMx/x> =—GmMix*. This is the force between two point masses separated by a distance x

and is the expected result.
(e) For x=0, U =-GMm/a. Each small segment of the ring is the same distance from the center and the

potential is the same as that due to a point charge of mass M located at a distance a.
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For x=0, F,=0. When the particle is at the center of the ring, symmetrically placed segments of the ring
exert equal and opposite forces and the total force exerted by the ring is zero.

13.34. IDENTIFY: At the north pole, Sneezy has no circular motion and therefore no acceleration. But at the
equator he has acceleration toward the center of the earth due to the earth’s rotation.

SET Up: The earth has mass my =5.97 x10** kg, radius Ry = 6.38%10° m and rotational period

T =24hr =8.64x10* s. Use coordinates for which the + y direction is toward the center of the earth. The

free-body diagram for Sneezy at the equator is given in Figure 13.34. The radial acceleration due to
2

Sneezy’s circular motion at the equator is a4 = , and Newton’s second law applies to Sneezy.

T2

T
‘ 'UI'.KI
: 4 X

1
&

L W= mg

Figure 13.34

EXECUTE: At the north pole Sneezy has a =0 and 7 =w=475.0 N (the gravitational force exerted by

the earth). Sneezy has mass w/g =48.47 kg. At the equator Sneezy is traveling in a circular path and has

47°R _ 47%(6.38x10° m)
T2 (8.64x10%s)?

gives w—T =ma,y. Solving for T gives

T =w—ma,y =m(g—ag,y) = (48.47 kg)(9.80 m/s> —0.0337 m/s?) =473.4 N.

EVALUATE: At the equator Sneezy has an inward acceleration and the outward tension is less than the
true weight, since there is a net inward force.
13.35.  IDENTIFY and SET UP: At the north pole, Fy =wy =mgy, where g, is given by Eq. (13.4) applied to

radial acceleration a4 = =0.0337 m/s>. Newton’s second law IF, =ma

y

Neptune. At the equator, the apparent weight is given by Eq. (13.28). The orbital speed v is obtained from
the rotational period using Eq. (13.12).

EXECUTE: (a) g, =Gm/R* =(6.673x107"" N-m?%/kg?)(1.0x10%® kg)/(2.5x10” m)? =10.7 m/s?. This
agrees with the value of g given in the problem.
F=wy=mg,=(5.0kg)(10.7 m/sz) =53 N; this is the true weight of the object.

(b) From Eq. (13.28), w=w, —mv*/R
2. 27r  2m(2.5%107 m)
T="— gives y=——=—"—"—"_——~_
v T (16 h)(3600 s/1h)
V2R = (2.727 x10° m/s)*/2.5%10” m = 0.297 m/s>

Then w=>53 N—(5.0kg)(0.297 m/s’) =52 N.

EVALUATE: The apparent weight is less than the true weight. This effect is larger on Neptune than on
earth.

=2.727x10°> m/s

2GM

13.36.  IDENTIFY: The radius of a black hole and its mass are related by Ry =—
c

SETUP: Ry =0.50x10""" m, G=6.67x10""" N-m?/kg? and ¢=3.00x10® my/s.
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2Ry (3.00x10° m/s)?(0.50x107"5 m)

EXECUTE: M = T > =3.4x10! kg
2G 2(6.67x107"" N-m</kg”)
EVALUATE: The average density of the black hole would be
M 4x10M k . M 2GM
p= 3= 34x10 l;‘; 3 =6.49x10°® kg/m®. We can combine p=7—7 and Ry = G2 to
47R;  47(0.50x107"° m) 47R c
37TS 3 370S
. 3¢8 . . .
give p= 32G—3]\/12 The average density of a black hole increases when its mass decreases. The average
Vd

density of this mini black hole is much greater than the average density of the much more massive black
hole in Example 13.11.

13.37. IDENTIFY: The orbital speed for an object a distance  from an object of mass M is v=, / % The mass
r

M of a black hole and its Schwarzschild radius Rg are related by Eq. (13.30).
SETUP: ¢=3.00x10% m/s. 11y=9.461x10"° m.
EXECUTE: (a)

n? _(1.51y)(9.461x10" m/ly)(200x10° m/s)*

M= = — =43%x10%7 kg=2.1x10" M.
G (6.673x107 " N-m“/kg”)
(b) No, the object has a mass very much greater than 50 solar masses.
2
(¢) Rg= ﬂ = 2V—2r =6.32x10'" m, which does fit.
c c

EVALUATE: The Schwarzschild radius of a black hole is approximately the same as the radius of
Mercury’s orbit around the sun.

13.38. IDENTIFY: Apply Eq. (13.1) to calculate the gravitational force. For a black hole, the mass M and
Schwarzschild radius Rg are related by Eq. (13.30).

SET UP: The speed of light is ¢ = 3.00x10® mys.

GMm (Rscz/Z)m _ mczRS
r? r? 2%

EXECUTE: (a)

(5.00 kg)(3.00x10® m/s)*(1.4x1072 m)

=350 N.
2(3.00%10° m)?

(b)

Rse?  (14.00x107° m) (3.00x10° m/s)?
2G 2(6.673x1071 N-m?/kg?)

EVALUATE: The mass of the black hole is about twice the mass of the earth.

13.39. IDENTIFY: The clumps orbit the black hole. Their speed, orbit radius and orbital period are related by

3/2
v= ﬂ Their orbit radius and period are related to the mass M of the black hole by 7 = 27zr . The
T NGM

(¢) Solving Eq. (13.30) for M, M = =9.44x10* kg.

2GM

radius of the black hole’s event horizon is related to the mass of the black hole by Rg=——.
c

SETUP: v=3.00x10" m/s. T=27h=9.72x10*s. ¢=3.00x10° nvs.
VI (3.00x107 m/s)(9.72x10% s)

- 2_ - 2

2% 4t 47%(4.64%x10'" m)?

Jour & M= = (6.67x10"" N-m2/kg?)(9.72 x10* 5)>

EXECUTE: (a) r =4.64x10"" m.

(b) T = =6.26 x10°° kg.

=3.15x%x 106MS, where M is the mass of our sun
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© Re= 2GM _ 2(6. 67x1071" N - m?/kg?)(6.26x10°® kg)
ST 2 (3.00x10% m/s)?

EVALUATE: The black hole has a mass that is about 3x10° solar masses.

13.40. IpENTIFY: Apply Eq. (13.1) to calculate the magnitude of each gravitational force. Each force is
attractive.
SET UpP: The forces on one of the masses are sketched in Figure 13.40. The figure shows that the vector
sum of the three forces is toward the center of the square.

Gmpmg cos 45° N Gmmp

=9.28%10° m

EXECUTE: F

onA — 2FBCOS 450 + FD = 2

”KB ”KD
-1 2 0 11 2
Eo- 2(6.67x107" N-m?/kg?)(800 kg)? cos45 L (6.67x107'N-m /kg )(800 kg)* _82x10° N
(0.10 m)* 2(0.10 m)*

toward the center of the square.
EVALUATE: We have assumed each mass can be treated as a uniform sphere. Each mass must have an
unusually large density in order to have mass 800 kg and still fit into a square of side length 10.0 cm.

A Fs B

Fe Fp

Figure 13.40

m .
13.41. IDENTIFY: g, = G—‘zl, where the subscript n refers to the neutron star. w=mg.
Rn

675N

SETUP: R, =10.0x10° m. m, =1.99x10** kg. Your mass is m=--=—"—
g 9.80m/s

=68.9 kg.

1.99%10°° kg

(10.0x10° m)?
Your weight on the neutron star would be w, =mg, =(68.9 kg)(1.33 x10"2 m/sz) =9.16x10"° N
EVALUATE: Since R, is much less than the radius of the sun, the gravitational force exerted by the

EXECUTE: g, =(6.673x107"! N-m%/kg?) =1.33x10"? m/s?

neutron star on an object at its surface is immense.
13.42. IDENTIFY: Use Eq. (13.4) to calculate g for Europa. The acceleration of a particle moving in a circular

pathis a4 = rer.
SETUP: In g 4= r@’, ® must be in rad/s. For Europa, R = 1.569x10% m

@ (6.67x107'' N mz/kgz)(4 8x10%2 kg)
(1.569x10° m)?

\f 1.30 m/s” 130 _ (<53 rads) 60s )( lrev — 528 mpm.
4.25m 1 min 27rrad

EVALUATE: The radius of Europa is about one-fourth that of the earth and its mass is about one-
hundredth that of earth, so g on Europa is much less than g on earth. The lander would have some spatial
extent so different points on it would be different distances from the rotation axis and a,,4 would have

EXECUTE: g= =130m/s%. g =dg,g gives

different values. For the @ we calculated, a,,4 = g at a point that is precisely 4.25 m from the rotation axis.
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13.43. IDENTIFY: Use Eq. (13.1) to find each gravitational force. Each force is attractive. In part (b) apply

conservation of energy.
SET UP: For a pair of masses m; and m, with separation r, U =—G——2.
r
EXECUTE: (a) From symmetry, the net gravitational force will be in the direction 45° from the x-axis

(bisecting the x and y axes), with magnitude

F =(6.673x107"'N-m?/kg?)(0.0150 kg) (2.0ke) —+2 (1.0 kg)2 sin 45° | =9.67x1072 N
(2(0.50m)*)  (0.50 m)

(b) The initial displacement is so large that the initial potential energy may be taken to be zero. From the

(2.0kg) (1.0kg)
+2

V2 (0.50m) ~ (0.50m)

work-energy theorem, %mv2 = Gm{ } Canceling the factor of m and solving

for v, and using the numerical values gives v=3.02x107> m/s.

EVALUATE: The result in part (b) is independent of the mass of the particle. It would take the particle a
long time to reach point P.

13.44. IDpENTIFY: Use Eq. (13.1) to calculate each gravitational force and add the forces as vectors.
(a) SET UP: The locations of the masses are sketched in Figure 13.44a.

Section 13.6 proves that any two spherically
symmetric masses interact as though they were
point masses with all the mass concentrated at
3.00m their centers.

Figure 13.44a

The force diagram for m; is given in Figure 13.44b.

cosd=10.800
sin@ = 0.600

Figure 13.44b
-11 2p .2
EXECUTE: F, =Gm1;n3 _ (6.673x107 " N-m“/kg )(260.0 kg)(0.500 kg) —1251x10-10 N
13 (4.00 m)
~11 27142
F=G m22m3 _ (6.673x107 " N-m~/kg )(280‘0 kg)(0.500 kg) —1.068x10~° N
r23 (5.00 m)

R, =-1251x107""N, £, =0

Fy =—F,cos6 =—(1.068x107'" N)(0.800) = —8.544x107'' N

Fy, =+F,sin0 =+(1.068x10™'"" N)(0.600) = +6.408x10™'' N
Fo=F, +F, =-1251x10"" N-8.544x10""' N=-2.105x10""" N
F,=F,+F,=0+6408x10""" N=+6.408x10""" N
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F and its components are sketched in Figure 13.44c.
F=\F2+F?

i F =(=2.105x107° N)2 + (+6.408x10™' N)?
F=220x10"""N

F —11
Iy _ +6.408x10 _ N; 0=163°
F, —2.105x107N

tan@ =

Figure 13.44c¢

EVALUATE: Both spheres attract the third sphere and the net force is in the second quadrant.
(b) SET UP: For the net force to be zero the forces from the two spheres must be equal in magnitude and
opposite in direction. For the forces on it to be opposite in direction the third sphere must be on the y-axis
and between the other two spheres. The forces on the third sphere are shown in Figure 13.44d.

v

EXECUTE: F, =0 if F{=F,

B I_“‘thln — ¥ Gm1m3 -G mymy
my y? (3.00 m — y)?
K [_\- 60.0 80.0

y2 (3.00 m-y)?

Figure 13.44d

/80.0y =/60.0(3.00 m— y)
(+/30.0 +/60.0)y = (3.00 m}/60.0 and y=1.39 m

Thus the sphere would have to be placed at the point x=0, y=1.39 m.
EVALUATE: For the forces to have the same magnitude the third sphere must be closer to the sphere that
has smaller mass.

13.45. IDENTIFY: The mass and radius of the moon determine the acceleration due to gravity at its surface. This
in turn determines the normal force on the hip, which then determines the kinetic friction force while
walking.

SETUP: my; = 7.35x10% kg, Ry = 1.74x10° m. The mass supported by the hip is

(0.65)(65 kg) +43 kg =85.25 kg. The acceleration due to gravity on the moon is gy = imM and

S = tyen.

EXECUTE: (a) The acceleration due to gravity on the moon is
_ Gmy  (6.673x107" N-m?/kg?)(7.35x10%* kg)
Ry (1.74x10° m)>

(b) n=(85.25kg)gy =138 N and f, = 4n=(0.0050)(138 N)=0.69 N.
(¢) n=(85.25kg)gy =835N and f, = n=42N.

EVALUATE: Walking on the moon should produce much less wear on the hip joints than on the earth.
13.46. IDENTIFY: The gravitational pulls of Titan and Saturn on the Huygens probe should be in opposite
directions and of equal magnitudes to cancel.

2u =1.62 m/s”.

SET Up: The mass of Saturn is mg =5.68% 10% kg. When the probe is a distance d from the center of
Titan it is a distance 1.22x10° m—d from the center of Saturn. The magnitude of the gravitational force is

given by Fy,, = GmMIr?.
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EXECUTE: Equal gravity forces means the two gravitational pulls on the probe must balance, so

il e s . Simplifying, this becomes d = /ﬂ(1.22><109 m—d). Using the masses
mg

d? (1.22x10° m—d)*

. 1.35x10% kg 9 9
from the text and solving for d we get d =, |[—————=(1.22x10° m—d) =(0.0154)(1.22x10° m—d),
s £ 5.68x10%° kg

s0 d =1.85x10" m=1.85x10* km.

EVALUATE: For the forces to balance, the probe must be much closer to Titan than to Saturn since Titan’s
mass is much smaller than that of Saturn.

13.47. IDENTIFY: Knowing the density and radius of Toro, we can calculate its mass and then the acceleration
due to gravity at its surface. We can then use orbital mechanics to determine its orbital speed knowing the
radius of its orbit.

SET UP: Density is p=m/V, and the volume of a sphere is %ﬂ'R3 . Use the assumption that the density

of Toro is the same as that of earth to calculate the mass of Toro. Then gr = G%. Apply ZF =ma to
T
the object to find its speed when it is in a circular orbit around Toro.

EXECUTE: (a) Toro and the earth are assumed to have the same densities, so 7 E_—_—T  gives

4 _p 3
37TRg”  37Rp

5.0x10° m

3
mj = 2.9)(1015 kg

3
my = mg (i—TJ =(5.97x10* kg)[
E

my _ (6.673x107"" N-m?/kg”)(2.9x10" kg) _

gr =G 7.7%107 m/s?.
TR (5.0¢10° m)>
(b) The force of gravity on the object is mgy. In a circular orbit just above the surface of Toro, its
2 2
acceleration is —. Then F = ma gives mgr =m~— and
Ry Ry

v=[grR; = \/(7.7><10‘3 m/s?)(5.0x10° m) = 6.2 m/s.
EVALUATE: A speed of 6.2 m/s corresponds to running 100 m in 16.1 s, which is barely possible for the
average person, but a well-conditioned athlete might do it.

13.48. IDENTIFY: The gravity force for each pair of objects is given by Eq. (13.1). The work done is W =-AU.
SET UP: The simplest way to approach this problem is to find the force between the spacecraft and the

center of mass of the earth-moon system, which is 4.67 x10® m from the center of the earth. The distance
from the spacecraft to the center of mass of the earth-moon system is 3.82x10% m (Figure 13.48).
mg =5.97x10** kg, my; =7.35x10** kg.

EXECUTE: (a) Using the Law of Gravitation, the force on the spacecraft is 3.4 N, an angle of 0.61° from
the earth-spacecraft line.

b) U=-G mA:”B . Uy;=0and 5= 3.84x10% m for the spacecraft and the earth, and the spacecraft and
the moon.

WU, U =+ Gzr\14m _, (6.673x 107 N- mz/kgz)(53..9874><x1 lo:: r1:; +7.35x10% kg)(1250 kg) _

W =131x10° J.
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13.49.

13.50.

Spacecraft

333 %X 10%m

1.87 X 10°m A

1.92 % 108 m

Earth c.m. Moon

Figure 13.48

EVALUATE: The work done by the attractive gravity forces is negative. The work you do is positive.
IDENTIFY: Apply conservation of energy and conservation of linear momentum to the motion of the two
spheres.

SET Up: Denote the 50.0-kg sphere by a subscript 1 and the 100-kg sphere by a subscript 2.

EXECUTE: (a) Linear momentum is conserved because we are ignoring all other forces, that is, the net
external force on the system is zero. Hence, myv; = myv,.

(b) (i) From the work-energy theorem in the form K; +U; = Ky + U, with the initial kinetic energy

mm I 1 1 . .
K;=0 and U =-G—1-2%, Gmym, {— ——} = —(mlvl2 + mzvg ). Using the conservation of momentum
r o4
. . . 5, 26m3 1 1|
relation myv; =m,v, to eliminate v, in favor of v; and simplifying yields vy =——=—| ———|, witha
mytmy | fof

similar expression for v,. Substitution of numerical values gives v, = 1.49%x107° m/s, vy = 7.46x107% mys.

(ii) The magnitude of the relative velocity is the sum of the speeds, 2.24x10™> m/s.
(¢) The distance the centers of the spheres travel (x; and x,) is proportional to their acceleration, and

R ﬂ, or x; = 2x,. When the spheres finally make contact, their centers will be a distance of

Xp Gy My

2r apart, or x; +x, +2r =40 m, or 2x, +x, +2r =40 m. Thus, x, =40/3 m—2#/3, and x; =80/3 m —4#/3.
The point of contact of the surfaces is 80/3 m—7/3=26.6 m from the initial position of the center of the
50.0-kg sphere.

EVALUATE: The result x;/x, =2 can also be obtained from the conservation of momentum result that

Vl mz . . .

— =—=, at every point in the motion.

Vo m
IDENTIFY: The information about Europa allows us to evaluate g at the surface of Europa. Since there is

no atmosphere, p, =0 at the surface. The pressure at depth 2 is p = pgh. The inward force on the

window is F| = pA.

SETUpP: g= Gm where G =6.67x107"! N-m?/kg?. R=1.569x10° m. Assume the ocean water has

R’

density p= 1.00x10° kg/m3.
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_(6.67x107" N-m%/kg?)(4.8x10% kg)

EXECUTE: 3 5
(1.569x10° m)

=1.30 m/s. The maximum pressure at the

1.56x10° P
&Nz:uwm Pa. p=pgh so h= 356x 03 L =1
(0.250 m) (1.00x10° kg/m”)(1.30 m/s”)
EVALUATE: 9750 N is the inward force exerted by the surrounding water. This will also be the net force
on the window if the pressure inside the submarine is essentially zero.
13.51. IDENTIFY and SET UP: (a) To stay above the same point on the surface of the earth the orbital period of
the satellite must equal the orbital period of the earth:
T =1d(24 1/1d)(3600s/1 h)=8.64x10% s

Eq. (13.14) gives the relation between the orbit radius and the period:

3/2 23
2rr Arcr
and T? =

A Gmg Gmg

3 1/3
= (72Gmy )~ [ (8.64x10* $)*(6.673x107" N-m?/kg?)(5.97x10* kg)) 423x10" m
a2 ) 4x’ )

This is the radius of the orbit; it is related to the height 4 above the earth’s surface and the radius Ry of the

earth by r=h+Rg. Thus h=r—R; =4.23x10’ m-6.38x10° m =3.59x10" m.

EVALUATE: The orbital speed of the geosynchronous satellite is 27z7/T =3080 m/s. The altitude is much

larger and the speed is much less than for the satellite in Example 13.6.
(b) Consider Figure 13.51.

window is p = 20 m.

EXECUTE: T =

6
cosg_ Re _638x10°m

r 423x107 m
6=813°

Figure 13.51

A line from the satellite is tangent to a point on the earth that is at an angle of 81.3° above the equator.
The sketch shows that points at higher latitudes are blocked by the earth from viewing the satellite.

13.52. IDENTIFY: Apply Eq. (13.12) to relate the orbital period 7and My, the planet’s mass, and then use
Eq. (13.2) applied to the planet to calculate the astronaut’s weight.

SET UP: The radius of the orbit of the lander is 5.75%10° m +4.80x10° m.

4%’

EXECUTE: From Eq. (13.14), T2 = and

P

_4x* 47%(5.75%10° m+4.80x10° m)°?
CGT? (6.673x107" N-m2/kg?)(5.8x103 5)2
or about half the earth’s mass. Now we can find the astronaut’s weight on the surface from Eq. (13.2).
(The landing on the north pole removes any need to account for centripetal acceleration.)

_ GMym, (6.673x107"" N-m?/kg?)(2.731x10** kg)(85.6 kg)

o2 (4.80x10° m)>
EVALUATE: At the surface of the earth the weight of the astronaut would be 839 N.

Mp =2.731x10** kg,

=677 N.

. 2GM . . .
13.53. IDENTIFY: From Example 13.5, the escape speed is v= /GT Use p=M/V to write this expression

in terms of p.
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SET Up: For a sphere V' = %ﬂRS.

EXECUTE: In terms of the density p, the ratio M/R is (471'/3),0R2 , and so the escape speed is

v= \/ (87/3)(6.673x107! N-m?/kg?)(2500 kg/m*)(150%10° m)? =177 mys.
EVALUATE: This is much less than the escape speed for the earth, 11,200 m/s.

. f 2GM . . .
13.54. IDENTIFY: From Example 13.5, the escape speed is v= GT Use p=M/V to write this expression

in terms of p. On earth, the height /# you can jump is related to your jump speed by v =./2gh. For part
(b), apply Eq. (13.4) to Europa.
SET UP: For a sphere V' = %JZ'R3

4 3 . 87GpR* .
EXECUTE: (a) p=M/ (gﬁR ), so the escape speed can be written as v = — Equating the two

. L 8 3 gh .
expressions for v and squaring gives 2gh = Tﬂ- pGRz, orR? =" g—, where g =9.80 m/s? is for the

4z pG
surface of the earth, not the asteroid. Estimate 2 =1 m (variable for different people, of course), R =3.7 km.
GM  4mpRG
b) For Europa, g =———= .
(b) Pa, &= 3
3g 3(1.33 m/s?)

=3.03x10° kg/m’.

P=4nrG ~ 47(1.57%10° m)(6.673x1071! N-m?/kg?)

EVALUATE: The earth has average density 5500 kg/m3. The average density of Europa is about half that
of the earth but a little larger than the average density of most asteroids.

13.55. IDENTIFY and SET UP: The observed period allows you to calculate the angular velocity of the satellite
relative to you. You know your angular velocity as you rotate with the earth, so you can find the angular
velocity of the satellite in a space-fixed reference frame. v =r@ gives the orbital speed of the satellite and
Newton’s second law relates this to the orbit radius of the satellite.

EXECUTE: (a) The satellite is revolving west to east, in the same direction the earth is rotating. If the
angular speed of the satellite is @, and the angular speed of the earth is @y, the angular speed @, of the

satellite relative to you is @,y =@, — &.
W) = (Irev)/(12 h)= (%) rev/h

g = (21—4) rev/h

0y = 0y + 0 = (1) revh =2.18x107™* rad/s

mmg v
2 M
r r

IF =mi says G

2= Gmg
B

This is the radius of the satellite’s orbit. Its height 4 above the surface of the earth is

h=r—Rg =1.39x10" m.

(b) Now the satellite is revolving opposite to the rotation of the earth. If west to east is positive, then

By :(—%) rev/h

WDy = Wy + W = (—2—14) rev/h =—7.27x107 rad/s

and with v=rm this gives r =G—n;E; r=2.03x10" m
10

3 Gm

£ gives r=4.22x10" m and h=3.59x10" m
[0

EVALUATE: In part (a) the satellite is revolving faster than the earth’s rotation and in part (b) it is
revolving slower. Slower v and @ means larger orbit radius r.
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13.56. IDENTIFY: Apply the law of gravitation to the astronaut at the north pole to calculate the mass of planet.
2
- - ) R
Then apply XF =ma to the astronaut, with a4 = ;—2, toward the center of the planet, to calculate the

period T. Apply Eq. (13.12) to the satellite in order to calculate its orbital period.
SET UP: Get radius of X: %(ZJZ'R) =18,850 km and R=1.20x10" m. Astronaut mass:

w 943 N

m=—=—""_-962 kg.
g 9.80 m/s’ £

EXECUTE: Gn;ﬁz/lx =w, where w=915.0 N.

_mgR? (915 N)(1.20%x 107 m)?

My = = =2.05x10% kg
X7 Gm (6.67x1071T N-m?/kg?)(96.2 ke)
Apply Newton’s second law to astronaut on a scale at the equator of X. Fyray = Fycale = Mapyq, SO
47 mR 47%(96.2 kg)(1.20x 107 m)
Foray = Ficale = 7 915.0 N-850.0 N = and

TZ

T =2.65x10%s Lh
3600

j =736 h.
S

=8.90x10° s =2.47 hours.

(b) For the satellie, 7 — \/471'21’3 _ \/ 472(1.20%107 m+2.0x10° m)®

Gmy  \(6.67x107"! N-m?/kg?)(2.05x10% kg)
. . . 915.0N 2 .
EVALUATE: The acceleration of gravity at the surface of the planetis gx = 962 & =9.51 m/s”, similar
2 Kg

to the value on earth. The radius of the planet is about twice that of earth. The planet rotates more rapidly

than earth and the length of a day is about one-third what it is on earth.
GmE

Rg
SETUP: R =6.38x10°m

13.57. IDENTIFY: Use g= and follow the procedure specified in the problem.

EXECUTE: The fractional error is 1— mgh =1--£ (R +h)(Rp).

Using Eq. (13.4) for g the fractional difference is 1—(Rg + h)/Rg =—h/Rg, so if the fractional difference
is 1%, h=(0.01)R; =6.4x10* m.
EVALUATE: For 2 =1km, the fractional error is only 0.016%. Eq. (7.2) is very accurate for the motion of

objects near the earth’s surface.
13.58. IDENTIFY: Use the measurements of the motion of the rock to calculate g, the value of g on Mongo.

Then use this to calculate the mass of Mongo. For the ship, F, =ma,,q and T = ﬂ

v
SET UP: Take +y upward. When the stone returns to the ground its velocity is 12.0 m/s, downward.
. . 2.00x10° , , ,
v = Gm—g/l. The radius of Mongo is Ry = ¢ _200x107m _ 3.18x10” m. The ship moves in an orbit
Ryt 2r 2r
of radius 7=3.18x10" m+3.00x10" m=6.18x10" m.
EXECUTE: (a) v, =+12.0 m/s, v, =—12.0m/s, a,=—gy and 1=6.00s. v, =vy, +a, gives

v, =V, —12.0 m/s—12.0 m/s

and g =4.00 m/s?.

—EM T 6.00 s
guRy  (4.00 m/s?)(3.18x107 m)? 55
myy =2MM - — >———=6.06x10" kg
G 6.673x107'' N-m?/kg

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



Gravitation 13-23

13.59.

13.60.

13.61.

2
mym % Gm
Né =m— and v’ =—M

r r r

27r r 2 272(6.18x107 m)*'?
T=—=2nr = =
v Gmy \Gmy\[(6.673%107" N-m%/kg?)(6.06x10% kg)

T=4.80x10* s=133h

(b) Fy =mayy gives G

EVALUATE: Ry =5.0Rg and my; =10.2mg, so gy = (10—22 gg =0.408gy, which agrees with the value
5.

calculated in part (a).

IDENTIFY: The free-fall time of the rock will give us the acceleration due to gravity at the surface of the
planet. Applying Newton’s second law and the law of universal gravitation will give us the mass of the
planet since we know its radius.

. 1
SET UP: For constant acceleration, y —y, = vy, + antz. At the surface of the planet, Newton’s second

. Gmrockmp
law gives m, & =———>—.
Ry

_2(r—=yy) _ 20190 m)
7 1 (0.480 s)°

R} (1649 m/s)(8.60x107 m)’
PG 6674x107"" N-m?/kg?
EVALUATE: The planet’s mass is over 100 times that of the earth, which is reasonable since it is larger (in
size) than the earth yet has a greater acceleration due to gravity at its surface.
IDENTIFY: Apply Eq. (13.9) to the particle-earth and particle-moon systems.
SET UP: When the particle is a distance » from the center of the earth, it is a distance Rgy; —7 from the

=16.49 m/s’ = g.

. 1 >
EXECUTE: First find a, =g. y—y, =v0yt+§ayl . a

2=1649 m/s>. m =1.83%x10%7 kg.

center of the moon.

EXECUTE: (a) The total gravitational potential energy in this model is U =—-Gm {@ + Rm—M} .
r EM — r

(b) The point where the net gravitational force vanishes is r = ———2M___ = 3.46x10° m. Using this
1+ \/myy/mg
value for » in the expression in part (a) and the work-energy theorem, including the initial potential energy
of —Gm(mg/Rg +my/(Rgy — Rg)) gives 11.1km/s.
(¢) The final distance from the earth is the Earth-moon distance minus the radius of the moon, or

3.823x10° m. From the work-energy theorem, the rocket impacts the moon with a speed of 2.9 km/s.
EVALUATE: The spacecraft has a greater gravitational potential energy at the surface of the moon than at
the surface of the earth, so it reaches the surface of the moon with a speed that is less than its launch speed
on earth.

IDENTIFY and SET Up: Use Eq. (13.2) to calculate the gravity force at each location. For the top of Mount
Everest write » =+ Ry and use the fact that 4 << R to obtain an expression for the difference in the two

forces.
. . mmg
EXECUTE: At Sacramento, the gravity force on you is fj =G——=.
R
E

At the top of Mount Everest, a height of 72 =8800 m above sea level, the gravity force on you is
mmg mmpg
7 =0 2
(Rg +h) Ry (1+M/Rg)

(1+h/RE)‘2z1—%, F=F -
Rg Ry
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13.62.

13.63.

13.64.

EVALUATE: The change in the gravitational force is very small, so for objects near the surface of the earth
it is a good approximation to treat it as a constant.

IDENTIFY: The 0.100 kg sphere has gravitational potential energy due to the other two spheres. Its
mechanical energy is conserved.

SET UP: From energy conservation, K; +U; =K, +U,, where K = % mv?, and U = —Gmym,/r.
EXEcuTE: Using K, +U, =K, +U,, we have K; =0, m, =5.00 kg, mg=10.0 kg and m=0.100 kg.

5.00kg | 10.0 kg j
0400 m  0.600 m

U, =-Smma_Gmms __ 6 674x1071 N -m/kg?)(0.100 kg)(

TA1 Bl
U, =—1.9466x107'0 J.

U, =-9mma G _ 6 674%1071 N- m2/kg?)(0.100 kg)( 500kg | 10.0 kg j
Ta2 B2 0.800 m 0.200 m

U, =-3.7541x107"0 J. K, =U, -U, =—1.9466x107"% J —(=3.7541x107'° J)=1.8075x107'% J.

=6.01x10" m/s.

2K, _ [2(1.8075x107'0 )
0.100 kg
EVALUATE: The kinetic energy gained by the sphere is equal to the loss in its potential energy.

IDENTIFY and SET UP: First use the radius of the orbit to find the initial orbital speed, from Eq. (13.10)
applied to the moon.

EXECUTE: v=~/Gm/r and r=Ry +h=1.74x10° m+50.0x10° m =1.79x10° m

lmv2 =K, and v=
2 m

=1.655x10° m/s

1.79x10° m

After the speed decreases by 20.0 m/s it becomes 1.655x10% m/s —20.0 m/s =1.635x10°m/s.
IDENTIFY and SET UP: Use conservation of energy to find the speed when the spacecraft reaches the
lunar surface.

K +U + W =K, +U,

Gravity is the only force that does work so W .. =0 and K, =K; +U;-U,

Thus v_\/(6.673><10“ N~m2/kg2)(7.35><1022 kg)

EXECUTE: U, =-Gmgm/r; U, =-Gmam/R,

%mv% = %mvl2 + Gmm,, (1/R,, —1/r)

And the mass m divides out to give v, = \/v12 +2Gmy, (1/R, —1/r)

v, =1.682x10> m/s(1 km/1000 m)(3600 s/1 h) = 6060 km/h

EVALUATE: After the thruster fires the spacecraft is moving too slowly to be in a stable orbit; the
gravitational force is larger than what is needed to maintain a circular orbit. The spacecraft gains energy as
it is accelerated toward the surface.

IDENTIFY: In part (a) use the expression for the escape speed that is derived in Example 13.5. In part (b)
apply conservation of energy.

SETUP: R=4.5x10°m. In part (b) let point 1 be at the surface of the comet.
. /2 M
EXECUTE: (a) The escape speed is v= (11 SO

2 3 2
_ R (45x10 rlri)(l.O n;/s)z 337x10° ke,
2G  2(6.67x107" N-m“/kg”)
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13.65.

13.66.

. M M _
®) () K, =Lm}. K, =0.100K,. UI:—GR’"; Uy=-SMM g LU =K, +U, gives
r

Lmvf - G% = (0.100)(L mvi)— GMm. Solving for r gives
r

1_1 045007 _ 1 0.450(1.0 m/s)?

r R GM  45x10°m (6.67x107"" N-m%/kg?)(3.37x10" kg)

never loses all of its initial kinetic energy, but K, — 0 as » — co. The farther the debris are from the

and r =45 km. (ii) The debris

comet’s center, the smaller is their kinetic energy.

EVALUATE: The debris will have lost 90.0% of their initial kinetic energy when they are at a distance
from the comet’s center of about ten times the radius of the comet.

IDENTIFY and SET UP: Apply conservation of energy. Must use Eq. (13.9) for the gravitational potential
energy since / is not small compared to Ry.

4 L1 0 As indicated in Figure 13.65, take point 1 to be
where the hammer is released and point 2 to be
h just above the surface of the earth, so ; =Rg + 4
_ 9 and r, = Rg.
Figure 13.65
EXECUTE: K| +U;+ Wy =K, +U,
Only gravity does work, so Wy, =0.
Ky =0, Ky =1mv
U, =—gMme _ _Gmme -y _gmmg __ Gmmg
Thus, -G g :lmvg —G%
h+Rg 2 Rg
V2 = 2Gmy AU | _2Gmg (RE+h_RE):LMEh
R Rg+h) Rg(Rg+h) Reg(Rg +h)

2Gmgh
15 i ee—
Rp(Rg + 1)
EVALUATE: If h— oo, v, — \/2Gmg/Rg, which equals the escape speed. In this limit this event is the

reverse of an object being projected upward from the surface with the escape speed. If 4 <« Ry, then

vy =+/2Gmph/RE = \[2gh, the same result if Eq. (7.2) used for U.

. . o G
IDENTIFY: In orbit the total mechanical energy of the satellite is £ = _ e

—_gMemn
Rg r
SETUP: U —0 as r —> oo,
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. . . -GmM
EXECUTE: (a) The energy the satellite has as it sits on the surface of the Earth is £| = % The
E
. o . . . -GmM g . ..
energy it has when it is in orbit at a radius R = R is E, = SR The work needed to put it in orbit is
E

. GmM

the difference between these: W =E, — E| = ;HR E
E

(b) The total energy of the satellite far away from the earth is zero, so the additional work needed is

0— -GmMg =GmME'
2Ry 2Ry

EVALUATE: (c) The work needed to put the satellite into orbit was the same as the work needed to put the

satellite from orbit to the edge of the universe.
13.67. IDENTIFY: At the escape speed, £E=K +U =0.

SET Up: At the surface of the earth the satellite is a distance Ry = 6.38x10° m from the center of the

earth and a distance Ry =1.50x10'" m from the sun. The orbital speed of the earth is 2E§ES , where

T =3.156x10" s is the orbital period. The speed of a point on the surface of the earth at an angle ¢ from

. 27 Ry cos
the equator is v= 27Rg cosd

EXECUTE: (a) The escape speed will be v= /2G{% + 1;"—5} =4.35x10" m/s. Making the simplifying
E ES

assumption that the direction of launch is the direction of the earth’s motion in its orbit, the speed relative
_ 27(1.50x10'" m)
(3.156x107s)

277(6.38%10° m) cos 28.5°
86,400 s

, where T'=86,400 s is the rotational period of the earth.

. 27R
to the center of the earth is v — % =4.35%x10* m/s =1.37x10* m/s.

(b) The rotational speed at Cape Canaveral is =4.09x10? m/s, so the speed

relative to the surface of the earth is 1.33x10% nvs.
(¢) In French Guiana, the rotational speed is 4.63x 10% m/s, so the speed relative to the surface of the earth

is 1.32x10% mys.
EVALUATE: The orbital speed of the earth is a large fraction of the escape speed, but the rotational speed
of a point on the surface of the earth is much less.

13.68. IDENTIFY: From the discussion of Section 13.6, the force on a point mass at a distance » from the center
of a spherically symmetric mass distribution is the same as though we removed all the mass at points
farther than r from the center and concentrated all the remaining mass at the center.

SET UpP: The mass M of a hollow sphere of density p, inner radius R; and outer radius R, is

M = p%ﬂ'(R;’ - Rl3 ). From Figure 13.9 in the textbook, the inner core has outer radius 1.2x10° m, inner

radius zero and density 1.3x10* kg/m>. The outer core has inner radius 1.2x 10% m, outer radius
3.6x10° m and density 1.1x10* kg/m3. The total mass of the earth is mp = 5.97x10% kg and its radius
is Ry =6.38x10° m.

EXECUTE: (a) F, = G";E—Zm =mg = (10.0 kg)(9.80 m/s2)=98.0 N.
E
(b) The mass of the inner core is

Miner = Pinner 27(R3 — RY) = (1.3x10* kg/m®) 2 7(1.2x10° m)’ =9.4x10** kg. The mass of the outer

core is Moy, = (1.1x10* kg/m*)£7(13.6x10° mP’ —[1.2x10° m]*) =2.1x10** kg. Only the inner and

outer

outer cores contribute to the force.
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(9.4x10% kg +2.1x10%* kg)(10.0 kg)

=110 N.
(3.6x10° m)*

Fy=(6.67x10""" N-m%/kg’)

(¢) Only the inner core contributes to the force and

(9.4x10% kg)(10.0 kg)

=44 N.
(1.2x10° m)?

F,=(6.67x10""" N- m*/kg?)

(@) At r=0, F,=0.
EVALUATE: In this model the earth is spherically symmetric but not uniform, so the result of Example
13.10 doesn’t apply. In particular, the force at the surface of the outer core is greater than the force at the
surface of the earth.

13.69. IDENTIFY: Eq. (13.12) relates orbital period and orbital radius for a circular orbit.
SET UP: The mass of the sun is M =1.99x10% kg.

27.[‘13/2

NGM
2.84 y and (ii) 5% 10" m gives a period of 6.11 y.

(b) If the period is 5.93 y, then a =4.90x10''m.

(¢) This happens because 0.4=2/5, another ratio of integers. So once every 5 orbits of the asteroid and 2

EXECUTE: (a) The period of the asteroid is 7T = . Inserting (i) 3x 10" m fora gives

orbits of Jupiter, the asteroid is at its perijove distance. Solving when T =4.74 y, a =4.22% 10" m.

EVALUATE: The orbit radius for Jupiter is 7.78x10'" m and for Mars it is 2.28x10'" m. The asteroid
belt lies between Mars and Jupiter. The mass of Jupiter is about 3000 times that of Mars, so the effect of
Jupiter on the asteroids is much larger.

13.70. IDENTIFY: Apply the work-energy relation in the form W =AE, where £ = K +U. The speed v is related
to the orbit radius by Eq. (13.10).
SETUP: my; =5.97x10** kg

EXECUTE: (a) In moving to a lower orbit by whatever means, gravity does positive work, and so the
speed does increase.

_ —Ar) _ A . .
(b) v= (GmE)l/zr V2 50 Av= (GmE)l/z(——rjr 32 2 (_rj Gimg . Note that a positive Ar is given as

2 2 )\ 3

a decrease in radius. Similarly, the kinetic energy is K = (1/ 2)mv2 =(1/2)Gmgm/r, and so

AK = (1/2)(Gmgm/r®)Ar and AU =—~(Gmgm/r®)Ar.

W =AU + AK =—~(Gmgm/2r*) Ar

(¢) v=+[Gmg/r =7.72x10° m/s, Av=(Ar/2)\|Gmg/r® =28.9 m/s, E=-Gmgm/2r =-8.95x10'" ]
(from Eq. (13.15)), AK =(Gmgm/2r?)(Ar) =6.70x10° J, AU =-2AK =-1.34x10° J, and

W =—AK =—6.70x10% J.

(d) As the term “burns up” suggests, the energy is converted to heat or is dissipated in the collisions of the
debris with the ground.
EVALUATE: When r decreases, K increases and U decreases (becomes more negative).

13.71.  IDENTIFY: Use Eq. (13.2) to calculate Fj,. Apply Newton’s second law to circular motion of each star to

find the orbital speed and period. Apply the conservation of energy expression, Eq. (7.13), to calculate the
energy input (work) required to separate the two stars to infinity.

(a) SET Up: The cm is midway between the two stars since they have equal masses. Let R be the orbit
radius for each star, as sketched in Figure 13.71.
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The two stars are separated by a distance 2R, so
F,=GM*/(2R)* = GM*/4R?
M - M
Figure 13.71

(b) EXECUTE: F, =may,q

GM?/4R* = M (v*/R) so v=~/GM/4R

And T =27R/v = 27R\4R/IGM = 47\ R*/GM

(¢) SETUP: Apply K, +U; +W,por =K, +U, to the system of the two stars. Separate to infinity implies
K2 :0 and U2 :0

EXECUTE:  K; =10 + 100 =2(1M)(GMI4R) = GM /4R

U, =-GM?/2R

Thus the energy required is Wy, =—(K; +U;) = —(GM2/4R - GM2/2R) =GM?/4R.

EVALUATE: The closer the stars are and the greater their mass, the larger their orbital speed, the shorter
their orbital period and the greater the energy required to separate them.
13.72. IDENTIFY: In the center of mass coordinate system, 7., =0. Apply F =ma to each star, where F is the
o 471°R
gravitational force of one star on the other and a=a_ 4 = 7

SETUP: v= ZETR allows R to be calculated from v and 7.

EXECUTE: (a) Theradii R, and R, are measured with respect to the center of mass, and so
MlRl = Msz, and RI/RZ = Mz/M].
(b) The forces on each star are equal in magnitude, so the product of the mass and the radial accelerations
4m*M\R, _ 4m*M,R .
21 1 22 2 From the result of part (a), the numerators of these expressions are
4 5

equal, and so the denominators are equal, and the periods are the same. To find the period in the symmetric
form desired, there are many possible routes. An elegant method, using a bit of hindsight, is to use the

GM M,
2 b

are equal:

above expressions to relate the periods to the force F, = so that equivalent expressions for the

(R +Ry)

47 R (R, + Ry)? 47 Ry (R, + R,)?

UG R) R+ 1G)”
G G

2 3
4r (R1G+ R,) or

period are M,T 2= and M|T 2= . Adding the expressions gives

_27(R + Ry

~JeM, + M)

(c) First we must find the radii of each orbit given the speed and period data. In a circular orbit,

v =27[—R, or R =£. Thus R, = (36X103 m/s)(137 d)(86,400 s/d) =6.78%10" m and
T 2 2r

(12x10° m/s)(137 d)(86,400 s/d)

- 2r

Am* (R, + Rg)’
7’G

(M, +M,)T? = T

=2.26x10'"" m. Now find the sum of the masses.

Ry

(My+Mp)= . Inserting the values of T and the radii gives
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472(6.78%10"m +2.26x10'° m)*
[(137 d)(86,400 s/d)]*(6.673x107"! N-m?/kg?)
Mg =MyR,/Rg=3M,, 4M,=3.12x10°" kg, or M, =7.80x10* kg, and Mz =234x10"" kg.
(d) Let o refer to the star and B refer to the black hole. Use the relationships derived in parts (a) and (b):

(M, +MpT*G .
Rp=(M4/Mg)R, =(0.67/3.8)R;, =(0.176)R,, Ry+Rg= 3 T . For Monocerotis,

inserting the values for M and T gives R, = 1.9%10° m, Vg = 4.4x10% km/s and for the black hole
Ry =34x10° m, vz =77 knvs.

EVALUATE: Since T is the same, v is smaller when R is smaller.
13.73.  IDENTIFY and SET UP: Use conservation of energy, K; +U; + Wy, = K5 +U,. The gravity force exerted

=3.12x10% kg. Since

(Ma+Mﬂ):

by the sun is the only force that does work on the comet, so W .. =0.
EXECUTE: K, =1mf, v =2.0x10* nvs
U, =-Gmgml/n, 1 = 2.5x10'" m
2
K, = %mvz
U, =—-Gmgm/ry, r, = 5.0x10" m
1

7’""12 —Gmgm/n =%mv§ — Gmgml/r,

1 1 -
v% =v12 +2Gms[———J=v12 +2Gms[r1 rzj

n o n nn

v, =6.8x10% m/s

EVALUATE: The comet has greater speed when it is closer to the sun.
13.74.  IDENTIFY and SET UP: Apply Eq. (12.6) and solve for g.

Then use Eq. (13.4) to relate g to the mass of the planet.

EXECUTE: p—p,=pgd.

This expression gives that g =(p— py)/pd =(p — py)V/md.
Butalso g = Gmp/Rz. (Eq. (13.4) applied to the planet rather than to earth.)

Equating these two expressions for g gives Gmp/R2 =(p—po)V/md and my=(p- pO)VRz/Gmd .

EVALUATE: The greater p is at a given depth, the greater g is for the planet and greater g means

greater m,,.

13.75.  IDENTIFY: Follow the procedure outlined in part (b). For a spherically symmetric object, with total mass
m and radius r, at points on the surface of the object, g(r) = Gmlr?.

then d_g =0 for

SET Up: The earth has mass my = 5.97x10% kg. If g(r)is a maximum at r = 7
3

rmax H
7= Fpax-
EXECUTE: (a) At » =0, the model predicts p=A4=12,700 kg/m3 and at » = R, the model
predicts p = A— BR =12,700 kg/m® — (1.50x10~ kg/m*)(6.37x10° m) =3.15x10° kg/m>.

R 3 4 3
(b) and (¢) M = [dm =4z [[A~Brl?dr =4x AR”_BRC =£4”R ]{A—”;R}.
o 3 4 3 4

6 3 -3 4 6
M=[47r(6.37><10 m) J{12,700kg/m3—3(1'50><10 kg/r;l )(6.37x10° m)

}=5.99x1024 kg

which is within 0.36% of the earth’s mass.
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(d) If m(r) is used to denote the mass contained in a sphere of radius 7, then g = Gm(r)/rz. Using the
same integration as that in part (b), with an upper limit of r instead of R gives the result.

() g=0atr=0,andg atr=Ris

g=Gm(R)/R* = (6.673x107"! N-m?/kg?)(5.99 x10%* kg)/(6.37x10° m)* =9.85 m/s>.

2
) g = (ﬁji Ar— 3Br = (ﬁj{A - 2} Setting this equal to zero gives
dr 3 Jdr 4 3 2

2
r=24/3B=5.64x10° m, and at this radius g = (ﬁj(z—/l) A —[EJB[Z—AJ _anGA”
3 )\ 3B 4)°\38 9B

_ 47(6.673x107"! N-m?/kg?)(12,700 kg/m®)?

=10.02 m/s>.
9(1.50x10~ kg/m*)

EVALUATE: If the earth were a uniform sphere of density p, then g(r)= Lz(r) = [#]r, the same as
r

setting B=0 and 4= pin g(r) in part (d). If 7, is the value of r in part (f) where g(r) is a maximum,
then r,,,/R=0.885. For a uniform sphere, g(r) is maximum at the surface.

13.76.  IDENTIFY: Follow the procedure outlined in part (a).
SET UP: The earth has mass M =5.97x10%* kg and radius R = 6.38x10° m. Let g5 =9.80 m/s>.
EXECUTE: (a) Eq. (12.4), with the radius r instead of height y, becomes dp =—pg(r) dr = —pgs(¥/R)dr.
This form shows that the pressure decreases with increasing radius. Integrating, with p =0 atr =R,

__P8s (" _Pgs (R _PEs p2 2
p——Terdr— 2 jrrdr— R (R”—r7).

(b) Using the above expression with » =0 and p=—= 3 3>
V. 4nR

_3(5.97x10%* kg)(9.80 m/s?)
87(6.38%10° m)?

(c) While the same order of magnitude, this is not in very good agreement with the estimated value. In
more realistic density models (see Problem 13.75), the concentration of mass at lower radii leads to a
higher pressure.
EVALUATE: In this model, the pressure at the center of the earth is about 10° times what it is at the
surface.

13.77.  (a) IDENTIFY and SET UP: Use Eq. (13.17), applied to the satellites orbiting the earth rather than the sun.
EXECUTE: Find the value of « for the elliptical orbit:
2a=r, +1,=Rg +h, + Rg +h,, where h, and h, are the heights at apogee and perigee, respectively.

a=Rg +(hy +h,)/2

p(0) =1.71x10"! Pa.

a=6.38x10° m+(400x10° m+4000x10° m)/2=8.58x10° m
e 27a’? _ 272(8.58x10° m)*’?

JGMe  [(6.673x10™" N-m?/kg?)(5.97x10* kg)
(b) Conservation of angular momentum gives 7,v, =7,v,
Vo 1, 6.38x10° m+4.00x10° m

L _Ta_ < —=1.53
Vo 1y 6.38x10° m+4.00x10° m

=7.91x10% s

(¢) Conservation of energy applied to apogee and perigee gives K, +U, =K, +U,,

%mvf —Gmgmlr, = %mvfz, —Gmgm/r,

vg - vf =2Gmg (1/r, =1/r,) = 2Gmg (r, — 1) /1,1,

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



Gravitation 13-31

But v, =1.532v,, so 1.347v; =2Gmyg(r, —1,)/ryr,
v, =5.51x10° m/s, v, =8.43x10° m/s
(d) Need v so that £ =0, where E=K +U.

at perigee: %mvg —Gmgm/r, =0

v, =[2Gmg/r, = \/2(6.673><10’” N-m%/kg?)(5.97x10* kg)/6.78%10° m =1.084x10* m/s

This means an increase of 1.084x10% m/s —8.43x10° m/s =2.41x10° m/s.
at apogee:
v, =2Gmg/r, = \/2(6.673><10’” N-m*/kg?)(5.97x10%* kg)/1.038x10” m =8.761x10> m/s

This means an increase of 8.761x10° m/s —5.51x10° m/s =3.25x10° mvs.
EVALUATE: Perigee is more efficient. At this point » is smaller so v is larger and the satellite has more
kinetic energy and more total energy.

13.78.  IDENTIFY: g= G—Aj, where M and R are the mass and radius of the planet.
R

SET UP: Let myand Ry be the mass and radius of Uranus and let gy; be the acceleration due to gravity at

its poles. The orbit radius of Miranda is » = h+ Ry;, where 7 =1.04x 10% mis the altitude of Miranda

above the surface of Uranus.
EXECUTE: (a) From the value of g at the poles,

_guRE (1.1 m/s?)(2.556x107 m)?
G (6.673x107"' N- m?/kg?)
(b) Gmy/r? = gy (Ry/r)? =0.432 m/s”.
(¢) Gmy /R, =0.080 m/s>.

EVALUATE: (d) No. Both the object and Miranda are in orbit together around Uranus, due to the
gravitational force of Uranus. The object has additional force toward Miranda.
13.79.  IDENTIFY and SET UP: Apply conservation of energy (Eq. (7.13)) and solve for W_y,.,. Only r=h+Rg

=1.09x10° kg.

is given, so use Eq. (13.10) to relate » and v.
EXECUTE: Kl + Ul + Wother = K2 + U2

U, =—-Gmym/r;, where my, is the mass of Mars and 1 = Ry; + A, where Ry is the radius of Mars and

h=2000x10° m.
23
U, =~(6.673x107! N m?/kg?) 210 ke)0000ke) _ 5 g467,1010
3.40x10° m+2000x10° m

U, =—Gmyym/r,, where r, is the new orbit radius.

23
U, =—(6.673x10""" N-m?/kg?) (6.42x107 kg)(5000ke) _ ) ¢950%10!0

3.40x10° m+4000x10* m
For a circular orbit v =,/Gmy/r (Eq. (13.10)), with the mass of Mars rather than the mass of the earth).

Using this gives K = mv? :%m(GmM/r) = %GmMm/r, so K = —%U.

1
2

Ky =—1U;=+1.9833%10"" J and K, =-1U, =+1.4475x10"° ]

Then Kl +U1 + Wother =K2 +U2 giVGS
Woner = (Ky —K)) + (U, —U) = (1.4475x10"° T —1.9833x10'%1) + (+3.9667x 10'° J —2.8950x10'° )
Wyiher =—5.3580x10° J+1.0717x10'° 1=536x10° J.

(9
EVALUATE: When the orbit radius increases the kinetic energy decreases and the gravitational potential
energy increases. K =—U/2 so E=K+U =-U/2 and the total energy also increases (becomes less
negative). Positive work must be done to increase the total energy of the satellite.
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13.80.  IDENTIFY and SET UP: Use Eq. (13.17) to calculate a. T =30,000 y(3.156x10” s/1 y) =9.468x10'! s

27wa”? 72 4rta®

A/ Gmg ’ Gmg

G T2 1/3
a=| 8 —1.4x10" m.
4

EXECUTE: Eq. (13.17): T =

EVALUATE: The average orbit radius of Pluto is 5.9%102 m (Appendix F); the semi-major axis for this
comet is larger by a factor of 24.

4.3 light years = 4.3 light years(9.461x 10" m/1 light year) =4.1x 10'* m

The distance of Alpha Centauri is larger by a factor of 300.
The orbit of the comet extends well past Pluto but is well within the distance to Alpha Centauri.
13.81.  IDENTIFY: Integrate dm = pdV to find the mass of the planet. Outside the planet, the planet behaves like

a point mass, so at the surface g = GMIR?.

SET UP: A thin spherical shell with thickness dr has volume dV = 47zr*dr. The earth has radius
Rp =6.38x10° m.

EXECUTE: Get M:M = jdm = IpdV = jp47rr2dr. The density is p = py —br, where

Po= 15.0x10* kg/m® at the center and at the surface, Ps = 2.0x10° kg/m*, so b= %.

R —

M= j o (Po=0r) 4rrtdr = 47” poR® —7hR* = %ﬂR3p0 - zR* (%j =R? G P+ psj and
GrR3(L

M GrR(3po+py)

R? R?
{15.0><103 kg/m’
3

M =5.71x10** kg. Then g = =;zRGGp0+pSJ.

g =m(6.38x10°m)(6.67x107! N-m?*/kg?) +2.0x10° kg/m3J.

2=9.36 m/s”.
EVALUATE: The average density of the planet is
M _ M 3(5.71x10* kg)

P =y 47R " 47(6.38x10° m)*

13.82.  IDENTIFY and SET UP: Use Eq. (13.1) to calculate the force between the point mass and a small segment
of the semicircle.
EXECUTE: The radius of the semicircle is R = L/7.
Divide the semicircle up into small segments of length R d@, as shown in Figure 13.82.

=5.25x10° kg/m3. Note that this is not (o + p,)/2.

y ¥y

Rd8

Figure 13.82
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13.83.

13.84.

dM =(M/L)RdO=(M/x)d6
dF is the gravity force on m exerted by dM
IdF }, =0; the y-components from the upper half of the semicircle cancel the y-components from the lower

half.
The x-components are all in the +x-direction and all add.

dF =GN
R
dF, =G mdé\/l cosf = GmZM cos@do
R L
/2 /2
Fo=["" dr,= GmaM [* cos6do= GmaM )
-7/2 2 ~7/2 2
Fe 271'G;nM
L

EVALUATE: If the semicircle were replaced by a point mass M at x = R, the gravity force would be

GmM/R? = z°GmM/I?. This is 7/2 times larger than the force exerted by the semicirclar wire. For the
semicircle it is the x-components that add, and the sum is less than if the force magnitudes were added.
IDENTIFY: The direct calculation of the force that the sphere exerts on the ring is slightly more involved
than the calculation of the force that the ring exerts on the sphere. These forces are equal in magnitude but
opposite in direction, so it will suffice to do the latter calculation. By symmetry, the force on the sphere
will be along the axis of the ring in Figure E13.33 in the textbook, toward the ring.

SET UP: Divide the ring into infinitesimal elements with mass dM.

(Gm)dM

EXECUTE: Each mass element dM of the ring exerts a force of magnitude ~———- on the sphere,
a“ +x
. . GmdM X GmdMx
and the x-component of this force is ——— =
a“+x \/a2+x2 (a”+x%)

3/2

Therefore, the force on the sphere is GmMx/ (a2 + xz) , in the —x-direction. The sphere attracts the ring

with a force of the same magnitude.

. GMm
EVALUATE: As x>>a the denominator approaches x> and F — , as expected.

2
X
IDENTIFY: Use Eq. (13.1) for the force between a small segment of the rod and the particle. Integrate over
the length of the rod to find the total force.
SET UP: Use a coordinate system with the origin at the left-hand end of the rod and the x™-axis along the
rod, as shown in Figure 13.84. Divide the rod into small segments of length dx’. (Use x” for the
coordinate so not to confuse with the distance x from the end of the rod to the particle.)

Figure 13.84

EXECUTE: The mass of each segment is dM = dx’(M/L). Each segment is a distance L—x"+x from

. . ‘M Mi ’
mass m, so the force on the particle due to a segment is dF = Gmd 5= GMm dx 5
(L-x"+x) L (L-x+x)

0 GMmIO dx’ _GMm( 1 |0
L(L_x'+x)2 L L—x'+xL
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F=

GMm( 1 j GMm (L+x—-x) _ GMm
L \x L+x L  x(L+x) x(L+x)

EVALUATE: For x> L this result becomes F = GMm/x?, the same as for a pair of point masses.
13.85. IDENTIFY: Compare F to Hooke’s law.

SET Up: The earth has mass my = 5.97x10** kg and radius Rp = 6.38x10° m
EXECUTE: (a)For F,=-kx, U = %kxz. The force here is in the same form, so by analogy

U(r)= GmEm 2

. This is also given by the integral of F, from 0 to » with respect to distance.
E

(b) From part (a), the initial gravitational potential energy is MM Equating initial potential energy and
E
final kinetic energy (initial kinetic energy and final potential energy are both zero) gives

2= 9" G0y =7.90x10° ms.

Ry
EVALUATE: When =0, U(r)=0, as specified in the problem.

13.86.  IDENTIFY: InEqgs. (13.12) and (13.16) replace Tby T + AT and r by r+ Ar. Use the expression in the
hint to simplify the resulting equations.
SET Up: The earth has my = 5.97x10** kg and R=6.38x10° m. r=h+ Rg, where 4 is the altitude

above the surface of the earth.

2732

JGM

3/2 3/2 3/2 1/2
T AT = 27 (r+Ar)3/2=2’” (1 Ar] _2mr ( 3Ar]_T+37rr Ar

——| 1+ .
"GME ﬂGME ﬂGME 2r GME

Since v= GME ,AT = 3z Ar v=,/GMg #~V2 and therefore

EXECUTE: (a) T = therefore

r

A4
-1/2
_ _ A _ A Jom
v—Av=JGM, (r+Ary 2 = JGM, r ”2(1+—rj and v=./GMy r 1/2(1—2—’j=v—2—3/2’3m.
r r r
3/2
Since T:27” ,AV:H.
JoMmy T

(b) Starting with 7' = 2n (Eq. (13.12), T =27z r/v, and v= ,/% (Eq. (13.10)), find the velocit
\/G_M . . > 5 B . . > Yy

(6.673x107"'N - m?/kg?)(5.97x10%*kg)

6.776x10°m
T =27 r/v=5549 s =92.5 min. We then can use the two derived equations to approximate AT and Av:

and period of the initial orbit: v = \/ =7.672x10° m/s, and

AT =3mr_ 37 (1003“‘) =0.1228 s and Av=27 = ZA00M) _ 4 566> s, Before the cable
v 7.672x10° m/s T (55495)

breaks, the shuttle will have traveled a distance d, d = \/ (125 m )— (100 mz) =75 m.

t =(75 m)/(0.05662 m/s) =1324.7 s =22 min. It will take 22 minutes for the cable to break.

(c¢) The ISS is moving faster than the space shuttle, so the total angle it covers in an orbit must be

27 radians more than the angle that the space shuttle covers before they are once again in line.

Mathematically, £~ ((Vr +AAV))t

=2x. Using the binomial theorem and neglecting terms of order
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13.87.

13.88.

2 .
AvAr, V—[ =awt Av)t WAV 4 A )7 Av h‘; =27. Therefore, ¢ = LA— ' . Since
ror [ vAr] T Ar  vAr
Av+— +—
r T r
2
2rr=vTl andAr=VA—T, t= vT =T—, as was to be shown.
3 E[VATJ+27I(VATJ AT
t\ 37 T\ 3z
w =2.5x10% s=2900 d=7.9 y. It is highly doubtful the shuttle crew would survive the
AT (0.1228%)

congressional hearings if they miss!
EVALUATE: When the orbit radius increases, the orbital period increases and the orbital speed decreases.
IDENTIFY: Apply Eq. (13.19) to the transfer orbit.

SET Up: The orbit radius for earth is 7; = 1.50x10'" m and for Mars it is v = 2.28x10"! m. From Figure
13.18 in the textbook, a =1 (r; +riy).

EXECUTE: (a) To get from the circular orbit of the earth to the transfer orbit, the spacecraft’s energy must
increase, and the rockets are fired in the direction opposite that of the motion, that is, in the direction that
increases the speed. Once at the orbit of Mars, the energy needs to be increased again, and so the rockets
need to be fired in the direction opposite that of the motion. From Figure 13.18 in the textbook, the
semimajor axis of the transfer orbit is the arithmetic average of the orbit radii of the earth and Mars, and so
from Eq. (13.13), the energy of the spacecraft while in the transfer orbit is intermediate between the
energies of the circular orbits. Returning from Mars to the earth, the procedure is reversed, and the rockets
are fired against the direction of motion.

(b) The time will be half the period as given in Eq. (13.17), with the semimajor axis equal to

a=1(y +1y)=1.89x10"" m so

11 3/2
t _I_ 7 (1.89x10 m) =2.24x107 s =259 days, which is more than 8%
2 \/(6.673><10_“ N-m?/kg?)(1.99x10*° kg)
months.

(2.24x107 s)
(687 d)(86,400 s/d)
spacecraft passes through an angle of 180°, so the angle between the earth-sun line and the Mars-sun line
must be 44.1°.

EVALUATE: The period T for the transfer orbit is 526 days, the average of the orbital periods for earth
and Mars.

IDENTIFY: Apply ZF =md to each ear.

SET UP: Denote the orbit radius as r and the distance from this radius to either ear as J. Each ear, of
mass m, can be modeled as subject to two forces, the gravitational force from the black hole and the
tension force (actually the force from the body tissues), denoted by F.

(¢) During this time, Mars will pass through an angle of (360°) =135.9°, and the

m2 - F =ma* (r+0), where J can be of either sign.

EXECUTE: The force equation for either ear is
(r+9)

Replace the product ma” with the value for & = 0, ma’ = GMm/r3, and solve for F:

F = (GMm) ”‘5 ! . =GA’3”” [r+5—r(1+(5/r)‘2}
e (r+9) r
Using the binomial theorem to expand the term in square brackets in powers of d/r,

GMm[r+5 #(1=2(5/r)] = GM’”

F =

This tension is much larger than that which could be sustained by human tissue, and the astronaut is in
trouble.
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(b) The center of gravity is not the center of mass. The gravity force on the two ears is not the same.
EVALUATE: The tension between her ears is proportional to their separation.
13.89. IDENTIFY: As suggested in the problem, divide the disk into rings of radius r and thickness dr.

SET UP: Each ring has an area d4 =27zr dr and mass dM = dA = %r dr.
ra’ a’
EXECUTE: The magnitude of the force that this small ring exerts on the mass m is then
2GMmx rdr

(Gm dM)(x/(r* + x*)*'?). The contribution dF to the force is dF = 5 5375
a (x“+7r7)

The total force F is then the integral over the range of 7;

F=de=2Gmej“ r

a’ 0 (x2+72)

79

The integral (either by looking in a table or making the substitution u = P +a?) is
a r 1 1 1 X

_[ PRI Rl vty e Iieel Ry el
O (x"+r%) X at+x?| X Va? +x*

2GMm { x

\/a +x

the ring. The second term in brackets can be written as

1 1(aY
=(1+(ax)?) " =1 ——(—j
2\ x

1+ (a/x)?

if x> a, where the binomial expansion has been used. Substitution of this into the above form gives

Substitution yields the result F' =

}. The force on m is directed toward the center of

F= G—A/zlm, as it should.
x

EVALUATE: As x — 0, the force approaches a constant.

13.90. IDENTIFY: Divide the rod into infinitesimal segments. Calculate the force each segment exerts on m and
integrate over the rod to find the total force.
SET UpP: From symmetry, the component of the gravitational force parallel to the rod is zero. To find the

. . . M ..
perpendicular component, divide the rod into segments of length dx and mass dm = de’ positioned at a

distance x from the center of the rod.
EXECUTE: The magnitude of the gravitational force from each segment is

dF = G;ﬂ dA/2[ _GmM zdx 5 The component of dF perpendicular to the rod is dF — 2 andsothe
x“+a 2L x“+a 2+ a2

GmMa -L[ dx
2L -, (x> +d?)

The integral can be found in a table, or found by making the substitution x =a tané. Then,

L
net gravitational force is F = j dF = TR

dx =a sec’*6 d6 (x2 + az) =a? sec?6, and so

J‘ dx 3/2_Iasec ede ZJ' 9d9——sm0— X )

(x> +d?) a> sec’6 N2+ 42
GmM

a\/az +I7 '

. GmM
EVALUATE: When a > L, the term in the square root approaches a* and F — —
a

and the definite integral is F’ =

, as expected.
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