
Causality The laws formulated by Newton are referred to as causal laws. By causality
we mean the idea that one occurrence can cause another. When a rock strikes a
window, we infer that the rock causes the window to break. This idea of "cause
and effect" relates to Newton's laws: the acceleration of an object was seen to
be caused by the net force acting on it.

5-10 Types of Forces in Nature

Electroweak and GUT

Everyday forces
are gravity and
electromagnetic

We have already discussed that Newton's law of universal gravitation, Eq. 5-4,
describes how a particular type of force—gravity—depends on the masses of the
objects involved and the distance between them. Newton's second law, SF = ma,
on the other hand, tells how an object will accelerate due to any type of force.
But what are the types of forces that occur in nature besides gravity?

In the twentieth century, physicists came to recognize four fundamental
forces in nature: (1) the gravitational force; (2) the electromagnetic force (we
shall see later that electric and magnetic forces are intimately related); (3) the
strong nuclear force; and (4) the weak nuclear force. In this Chapter, we
discussed the gravitational force in detail. The nature of the electromagnetic
force will be discussed in Chapters 16 to 22. The strong and weak nuclear forces,
which are discussed in Chapters 30 to 32, operate at the level of the atomic
nucleus; although they manifest themselves in such phenomena as radioactivity
and nuclear energy, they are much less obvious in our daily lives.

Physicists have been working on theories that would unify these four
forces—that is, to consider some or all of these forces as different manifesta
tions of the same basic force. So far, the electromagnetic and weak nuclear
forces have been theoretically united to form electroweak theory, in which the
electromagnetic and weak forces are seen as two different manifestations of a
single electroweak force. Attempts to further unify the forces, such as in grand
unified theories (GUT), are hot research topics today.

But where do everyday forces fit into this scheme? Ordinary forces, other
than gravity, such as pushes, pulls, and other contact forces like the normal force
and friction, are today considered to be due to the electromagnetic force acting
at the atomic level. For example, the force your fingers exert on a pencil is the
result of electrical repulsion between the outer electrons of the atoms of your
finger and those of the pencil.

| Summary
An object moving in a circle of radius r with constant speed v
is said to be in uniform circular motion. It has a centripetal
acceleration aR that is directed radially toward the center of
the circle (also called radial acceleration), and has magnitude

v2
a R = — ( 5 - 1 )

The direction of the velocity vector and that of the accelera
tion aR are continually changing in direction, but are perpen
dicular to each other at each moment.

A force is needed to keep a particle revolving in a circle,
and the direction of this force is toward the center of the
circle. This force may be due to gravity, to tension in a cord, to
a component of the normal force, to another type of force, or
to a combination of forces.

[*When the speed of circular motion is not constant, the
acceleration has two components, tangential as well as
centripetal.]

Newton's law of universal gravitation states that every
particle in the universe attracts every other particle with a force

proportional to the product of their masses and inversely
proportional to the square of the distance between them:

wt] m2 (5-4)

The direction of this force is along the line joining the two
particles. It is this gravitational force that keeps the Moon
revolving around the Earth, and the planets revolving around
the Sun.

Satellites revolving around the Earth are acted on by
gravity, but "stay up" because of their high tangential speed.

[*Newton's three laws of motion, plus his law of universal
gravitation, constituted a wide-ranging theory of the universe.
With them, motion of objects on Earth and in the heavens
could be accurately described. And they provided a theoret
ical base for Kepler's laws of planetary motion.]

The four fundamental forces in nature are (1) the gravi
tational force, (2) electromagnetic force, (3) strong nuclear
force, and (4) weak nuclear force. The first two fundamental
forces are responsible for nearly all "everyday" forces.
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I Questions
1. Sometimes people say that water is removed from clothes

in a spin dryer by centrifugal force throwing the water
outward. What is wrong with this statement?

2. Will the acceleration of a car be the same when the car
travels around a sharp curve at a constant 60 km/h as
when it travels around a gentle curve at the same speed?
Explain.

3. Suppose a car moves at constant speed along a hilly road.
Where does the car exert the greatest and least forces on
the road: (a) at the top of a hill, (b) at a dip between two
hills, (c) on a level stretch near the bottom of a hill?

4. Describe all the forces acting on a child riding a horse on
a merry-go-round. Which of these forces provides the
centripetal acceleration of the child?

5. A bucket of water can be whirled in a vertical circle
without the water spilling out, even at the top of the circle
when the bucket is upside down. Explain.

6. How many "accelerators" do you have in your car? There
are at least three controls in the car which can be used to
cause the car to accelerate. What are they? What acceler
ations do they produce?

7. A child on a sled comes flying over the crest of a small
hill, as shown in Fig. 5-31. His sled does not leave the
ground (he does not achieve "air"), but he feels the
normal force between his chest and the sled decrease as
he goes over the hill. Explain this decrease using
Newton's second law.

FIGURE 5-31 Question 7.

8. Why do bicycle riders lean inward when rounding a curve
at high speed?

9. Why do airplanes bank when they turn? How would you
compute the banking angle given its speed and radius
of the turn?

10. A girl is whirling a ball on a string around her head in a
horizontal plane. She wants to let go at precisely the right
time so that the ball will hit a target on the other side of
the yard. When should she let go of the string?

11. Does an apple exert a gravitational force on the Earth? If
so, how large a force? Consider an apple (a) attached to a
tree, and (b) falling.

12. If the Earth's mass were double what it is, in what ways
would the Moon's orbit be different?

13. Which pulls harder gravitationally, the Earth on the Moon,
or the Moon on the Earth? Which accelerates more?

14. The Sun's gravitational pull on the Earth is much larger
than the Moon's. Yet the Moon's is mainly responsible for
the tides. Explain. [Hint: Consider the difference in gravi
tational pull from one side of the Earth to the other.]

15. Will an object weigh more at the equator or at the poles?
What two effects are at work? Do they oppose each other?

16. The gravitational force on the Moon due to the Earth is
only about half the force on the Moon due to the Sun.
Why isn't the Moon pulled away from the Earth?

17. Is the centripetal acceleration of Mars in its orbit around
the Sun larger or smaller than the centripetal acceleration
of the Earth?

18. Would it require less speed to launch a satellite
(a) toward the east or (b) toward the west? Consider the
Earth's rotation direction.

19. When will your apparent weight be the greatest, as
measured by a scale in a moving elevator: when the
elevator (a) accelerates downward, (£>) accelerates upward,
(c) is in free fall, (d) moves upward at constant speed? In
which case would your weight be the least? When would it
be the same as when you are on the ground?

20. What keeps a satellite up in its orbit around the Earth?
21. Astronauts who spend long periods in outer space could

be adversely affected by weightlessness. One way to simu
late gravity is to shape the spaceship like a cylindrical
shell that rotates, with the astronauts walking on the
inside surface (Fig. 5-32). Explain how this simulates
gravity. Consider (a) how objects fall, (b) the force we feel
on our feet, and (c) any other aspects of gravity you can
think of.

FIGURE 5-32 Question 21 and Problem 45.
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22.

*23.

Explain how a runner experiences "free fall" or "apparent
weightlessness" between steps.
The Earth moves faster in its orbit around the Sun in
January than in July. Is the Earth closer to the Sun in
January, or in July? Explain. [Note: This is not much of a
factor in producing the seasons—the main factor is the
tilt of the Earth's axis relative to the plane of its orbit.]

: 24. The mass of Pluto was not known until it was discovered
to have a moon. Explain how this discovery enabled an
estimate of Pluto's mass.

Problems
5-1 to 5-3 Uniform Circular Motion; Highway Curves
1. (I) A child sitting 1.10 m from the center of a merry-go-

round moves with a speed of 1.25 m/s. Calculate (a) the
centripetal acceleration of the child, and (b) the net hori
zontal force exerted on the child (mass = 25.0 kg).

2. (I) A jet plane traveling 1890 km/h (525 m/s) pulls out of
a dive by moving in an arc of radius 6.00 km. What is the
plane's acceleration in g's?

3. (I) Calculate the centripetal acceleration of the Earth in
its orbit around the Sun, and the net force exerted on the
Earth. What exerts this force on the Earth? Assume that
the Earth's orbit is a circle of radius 1.50 X 1011 m. [Hint:
see the Tables inside the front cover of this book.]

4. (I) A horizontal force of 210 N is exerted on a 2.0-kg
discus as it rotates uniformly in a horizontal circle (at
arm's length) of radius 0.90 m. Calculate the speed of the
discus.

5. (II) Suppose the space shuttle is in orbit 400 km from the
Earth's surface, and circles the Earth about once every
90 minutes. Find the centripetal acceleration of the space
shuttle in its orbit. Express your answer in terms of g, the
gravitational acceleration at the Earth's surface.

6. (II) What is the magnitude of the acceleration of a speck
of clay on the edge of a potter's wheel turning at 45 rpm
(revolutions per minute) if the wheel's diameter is 32 cm?

7. (II) A ball on the end of a string is revolved at a uniform
rate in a vertical circle of radius 72.0 cm, as shown in
Fig. 5-33. If its speed is 4.00 m/s and its mass is 0.300 kg,
calculate the tension in the string when the ball is (a) at
the top of its path, and (b) at the bottom of its path.

/
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8. (II) A 0.45-kg ball, attached to the end of a horizontal
cord, is rotated in a circle of radius 1.3 m on a frictionless
horizontal surface. If the cord will break when the tension
in it exceeds 75 N, what is the maximum speed the ball
can have?

9. (II) What is the maximum speed with which a 1050-kg car
can round a turn of radius 77 m on a flat road if the coef
ficient of static friction between tires and road is 0.80? Is
this result independent of the mass of the car?

10. (II) How large must the coefficient of static friction be
between the tires and the road if a car is to round a level
curve of radius 85 m at a speed of 95 km/h?

11. (II) A device for training astronauts and jet fighter pilots
is designed to rotate a trainee in a horizontal circle of
radius 12.0 m. If the force felt by the trainee on her back
is 7.85 times her own weight, how fast is she rotating?
Express your answer in both m/s and rev/s.

12. (II) A coin is placed 11.0 cm from the axis of a rotating
turntable of variable speed. When the speed of the
turntable is slowly increased, the coin remains fixed on
the turntable until a rate of 36 rpm is reached and the
coin slides off. What is the coefficient of static friction
between the coin and the turntable?

13. (II) At what minimum speed must a roller coaster be
traveling when upside down at the top of a circle
(Fig. 5-34) so that the passengers will not fall out?
Assume a radius of curvature of 7.4 m.

14.

FIGURE 5-33 Problem 7.

FIGURE 5-34 Problem 13.

(II) A sports car of mass 950 kg (including the driver)
crosses the rounded top of a hill (radius = 95 m) at 22 m/s.
Determine (a) the normal force exerted by the road on
the car, (b) the normal force exerted by the car on the
72-kg driver, and (c) the car speed at which the normal
force on the driver equals zero.
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15. (II) How many revolutions per minute would a
15-m-diameter Ferris wheel need to make for the passen
gers to feel "weightless" at the topmost point?

16. (II) A bucket of mass 2.00 kg is whirled in a vertical circle
of radius 1.10 m. At the lowest point of its motion the
tension in the rope supporting the bucket is 25.0 N. (a) Find
the speed of the bucket, (b) How fast must the bucket
move at the top of the circle so that the rope does not go
slack?

17. (II) How fast (in rpm) must a centrifuge rotate if a
particle 9.00 cm from the axis of rotation is to experience
an acceleration of 115,000 g's?

18. (II) In a "Rotor-ride" at a carnival, people are rotated in a
cylindrically walled "room." (See Fig. 5-35.) The room
radius is 4.6 m, and the rotation frequency is 0.50 revolu
tions per second when the floor drops out. What is the
minimum coefficient of static friction so that the people
will not slip down? People on this ride say they were
"pressed against the wall." Is there really an outward
force pressing them against the wall? If so, what is its
source? If not, what is the proper description of their situ
ation (besides "scary")? [Hint: First draw the free-body
diagram for a person.]

19.
FIGURE 5-35 Problem 18.

(II) A flat puck (mass M) is rotated in a circle on a fric
tionless air-hockey tabletop, and is held in this orbit by a
light cord connected to a dangling block (mass m)
through a central hole as shown in Fig. 5-36. Show that
the speed of the puck is given by

mgR
M

FIGURE 5-36 Problem 19.
20. (II) Redo Example 5-3, precisely this time, by not

ignoring the weight of the ball which revolves on a string
0.600 m long. In particular, find the magnitude of FT, and
the angle it makes with the horizontal. [Hint: Set the hori
zontal component of FT equal to «?aR; also, since there is
no vertical motion, what can you say about the vertical
component of FT ?]

21. (Ill) If a curve with a radius of 88 m is perfectly banked
for a car traveling 75 km/h, what must be the coefficient
of static friction for a car not to skid when traveling at
95 km/h?

22. (Ill) A 1200-kg car rounds a curve of radius 67 m banked
at an angle of 12°. If the car is traveling at 95 km/h, will a
friction force be required? If so, how much and in what
direction?

23. (Ill) Two blocks, of masses m.\ and m2, are connected to
each other and to a central post by cords as shown in
Fig. 5-37. They rotate about the post at a frequency /
(revolutions per second) on a frictionless horizontal surface
at distances r\ and r2 from the post. Derive an algebraic
expression for the tension in each segment of the cord.
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FIGURE 5-37 Problem 23.

24. (Ill) A pilot performs an evasive maneuver by diving verti
cally at 310 m/s. If he can withstand an acceleration of
9.0 g's without blacking out, at what altitude must he begin
to pull out of the dive to avoid crashing into the sea?

* 5-4 Nonuniform Circular Motion
* 25. (I) Determine the tangential and centripetal components

of the net force exerted on the car (by the ground) in
Example 5-8 when its speed is 15 m/s. The car's mass is
1100 kg.

* 26. (II) A car at the Indianapolis 500 accelerates uniformly
from the pit area, going from rest to 320 km/h in a semi
circular arc with a radius of 220 m. Determine the tangen
tial and radial acceleration of the car when it is halfway
through the turn, assuming constant tangential accelera
tion. If the curve were flat, what would the coefficient of
static friction have to be between the tires and the road to
provide this acceleration with no slipping or skidding?

* 27. (Ill) A particle revolves in a horizontal circle of radius
2.90 m. At a particular instant, its acceleration is 1.05 m/s2,
in a direction that makes an angle of 32.0° to its direction
of motion. Determine its speed (a) at this moment, and
(b) 2.00 s later, assuming constant tangential acceleration.

5-6 and 5-7 Law of Universal Gravitation
28. (I) Calculate the force of Earth's gravity on a spacecraft

12,800 km (2 Earth radii) above the Earth's surface if its
mass is 1350 kg.

29. (I) At the surface of a certain planet, the gravitational accel
eration g has a magnitude of 12.0 m/s2. A 21.0-kg brass ball
is transported to this planet. What is (a) the mass of the
brass ball on the Earth and on the planet, and (b) the
weight of the brass ball on the Earth and on the planet?

30. (II) Calculate the acceleration due to gravity on the
Moon. The Moon's radius is 1.74 X 106m and its mass is
7.35 X 1022 kg.
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31. (II) A hypothetical planet has a radius 1.5 times that of
Earth, but has the same mass. What is the acceleration
due to gravity near its surface?

32. (II) A hypothetical planet has a mass 1.66 times that of
Earth, but the same radius. What is g near its surface?

33. (II) Two objects attract each other gravitationally with a
force of 2.5 x 10~'°N when they are 0.25 m apart. Their
total mass is 4.0 kg. Find their individual masses.

34. (II) Calculate the effective value of g, the acceleration of
gravity, at (a) 3200 m, and (b) 3200 km, above the Earth's
surface.

35. (II) What is the distance from the Earth's center to a point
outside the Earth where the gravitational acceleration due
to the Earth is jg of its value at the Earth's surface?

36. (II) A certain neutron star has five times the mass of our
Sun packed into a sphere about 10 km in radius. Estimate
the surface gravity on this monster.

37. (II) A typical white-dwarf star, which once was an
average star like our Sun but is now in the last stage of its
evolution, is the size of our Moon but has the mass of our
Sun. What is the surface gravity on this star?

38. (II) You are explaining why astronauts feel weightless
while orbiting in the space shuttle. Your friends respond
that they thought gravity was just a lot weaker up there.
Convince them and yourself that it isn't so by calculating
the acceleration of gravity 250 km above the Earth's
surface in terms of g.

39. (II) Four 9.5-kg spheres are located at the corners of a
square of side 0.60 m. Calculate the magnitude and direc
tion of the total gravitational force exerted on one sphere
by the other three.

40. (II) Every few hundred years most of the planets line up
on the same side of the Sun. Calculate the total force on
the Earth due to Venus, Jupiter, and Saturn, assuming all
four planets are in a line (Fig. 5-38). The masses are
Mv = 0.815ME, Mj = 318ME, Ms = 95.1ME, and their
mean distances from the Sun are 108, 150, 778, and
1430 million km, respectively. What fraction of the Sun's
force on the Earth is this?
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FIGURE 5-38 Problem 40. (Not to scale.)

41. (II) Given that the acceleration of gravity at the surface
of Mars is 0.38 of what it is on Earth, and that Mars'
radius is 3400 km, determine the mass of Mars.

42. (Ill) Determine the mass of the Sun using the known
value for the period of the Earth and its distance from the
Sun. [Note: Compare your answer to that obtained using
Kepler's laws, Example 5-16.]

5-8 Satellites; Weightlessness
43. (I) Calculate the speed of a satellite moving in a stable

circular orbit about the Earth at a height of 3600 km.
44. (I) The space shuttle releases a satellite into a circular

orbit 650 km above the Earth. How fast must the shuttle
be moving (relative to Earth) when the release occurs?

45. (II) At what rate must a cylindrical spaceship rotate if
occupants are to experience simulated gravity of 0.60 g?
Assume the spaceship's diameter is 32 m, and give your
answer as the time needed for one revolution. (See Ques
tion 21, Fig 5-32.)

46. (II) Determine the time it takes for a satellite to orbit the
Earth in a circular "near-Earth" orbit. A "near-Earth"
orbit is one at a height above the surface of the Earth
which is very small compared to the radius of the Earth.
Does your result depend on the mass of the satellite?

47. (II) At what horizontal velocity would a satellite have to
be launched from the top of Mt. Everest to be placed in a
circular orbit around the Earth?

48. (II) During an Apollo lunar landing mission, the
command module continued to orbit the Moon at an alti
tude of about 100 km. How long did it take to go around
the Moon once?

49. (II) The rings of Saturn are composed of chunks of ice
that orbit the planet. The inner radius of the rings is
73,000 km, while the outer radius is 170,000 km. Find the
period of an orbiting chunk of ice at the inner radius and
the period of a chunk at the outer radius. Compare your
numbers with Saturn's mean rotation period of 10 hours
and 39 minutes. The mass of Saturn is 5.7 x 1026 kg.

50. (II) A Ferris wheel 24.0 m in diameter rotates once every
15.5 s (see Fig. 5-9). What is the ratio of a person's
apparent weight to her real weight (a) at the top, and
(b) at the bottom?

51. (II) What is the apparent weight of a 75-kg astronaut
4200 km from the center of the Earth's Moon in a
space vehicle (a) moving at constant velocity, and
(b) accelerating toward the Moon at 2.9 m/s2? State the
"direction" in each case.

52. (II) Suppose that a binary-star system consists of two
stars of equal mass. They are observed to be separated by
360 million km and take 5.7 Earth years to orbit about a
point midway between them. What is the mass of each?

53. (II) What will a spring scale read for the weight of a 55-kg
woman in an elevator that moves (a) upward with constant
speed of 6.0 m/s, (b) downward with constant speed of
6.0 m/s, (c) upward with acceleration of 0.33 g,
(d) downward with acceleration 0.33 g, and (e) in free fall?

54. (II) A 17.0-kg monkey hangs from a cord suspended from
the ceiling of an elevator. The cord can withstand a
tension of 220 N and breaks as the elevator accelerates.
What was the elevator's minimum acceleration (magni
tude and direction)?

55. (Ill) (a) Show that if a satellite orbits very near the surface
of a planet with period T, the density (mass/volume) of the
planet is p = m/V = 3>tt/GT2. (b) Estimate the density of
the Earth, given that a satellite near the surface orbits with
a period of about 85 min.

* 5-9 Kepler's Laws
* 56. (I) Use Kepler's laws and the period of the Moon (27.4 d)

to determine the period of an artificial satellite orbiting
very near the Earth's surface.

* 57. (I) The asteroid Icarus, though only a few hundred meters
across, orbits the Sun like the planets. Its period is 410 d.
What is its mean distance from the Sun?
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* 58. (I) Neptune is an average distance of 4.5 X 109 km from the
Sun. Estimate the length of the Neptunian year given that
the Earth is 1.50 X 10x km from the Sun on the average.

* 59. (II) Halley's comet orbits the Sun roughly once every
76 years. It comes very close to the surface of the Sun
on its closest approach (Fig. 5-39). Estimate the greatest
distance of the comet from the Sun. Is it still "in" the
Solar System? What planet's orbit is nearest when it is out
there? [Hint: The mean distance 5 in Kepler's third law
is half the sum of the nearest and farthest distance from
the Sun.]

Halley's comet
Sun

FIGURE 5-39
Problem 59.

61.

* 60. (II) Our Sun rotates about the center of the Galaxy
(MG ~ 4 X 1041 kg) at a distance of about 3 x 104 light-
years (1 ly = 3 X 108m/s X 3.16 x 107s/y x 1 y). What
is the period of our orbital motion about the center of
the Galaxy?
(II) Table 5-3 gives the mass, period, and mean distance
for the four largest moons of Jupiter (those discovered by
Galileo in 1609). (a) Determine the mass of Jupiter using
the data for Io. (b) Determine the mass of Jupiter
using data for each of the other three moons. Are the
results consistent?

TABLE 5-3 Principal Moons of Jupiter

Moon
Mass
(kg)

Period
(Earth days)

Mean distance
from Jupiter

(km)
Io 8.9 X IO22 1.77 422 X IO3
Europa 4.9 x IO22 3.55 671 x IO3
Ganymede 15 X IO22 7.16 1070 X 103
Callisto 11 x IO22 16.7 1883 x 103

* 62. (II) Determine the mass of the Earth from the known
period and distance of the Moon.

* 63. (II) Determine the mean distance from Jupiter for each of
Jupiter's moons, using Kepler's third law. Use the distance
of Io and the periods given in Table 5-3. Compare to the
values in the Table.

* 64. (II) The asteroid belt between Mars and Jupiter consists
of many fragments (which some space scientists think
came from a planet that once orbited the Sun but was
destroyed), (a) If the center of mass of the asteroid belt
(where the planet would have been) is about three times
farther from the Sun than the Earth is, how long would it
have taken this hypothetical planet to orbit the Sun?
(£>) Can we use these data to deduce the mass of this
planet?

* 65. (Ill) A science-fiction tale describes an artificial "planet"
in the form of a band completely encircling a sun
(Fig. 5-40). The inhabitants live on the inside surface
(where it is always noon). Imagine that this sun is exactly
like our own, that the distance to the band is the same as
the Earth-Sun distance (to make the climate temperate),
and that the ring rotates quickly enough to produce an
apparent gravity of g as on Earth. What will be the period
of revolution, this planet's year, in Earth days?

FIGURE 5-40
Problem 65.

| General Problems
66. Tarzan plans to cross a gorge by swinging in an arc

from a hanging vine
(Fig. 5-41). If his
arms are capable of
exerting a force of
1400 N on the vine,
what is the maximum
speed he can tolerate
at the lowest point of
his swing? His mass
is 80 kg, and the vine
is 5.5 m long.

FIGURE 5-41
Problem 66.

67. How far above the Earth's surface will the acceleration of
gravity be half what it is on the surface?

68. On an ice rink, two skaters of equal mass grab hands and
spin in a mutual circle once every 2.5 s. If we assume their
arms are each 0.80 m long and their individual masses are
60.0 kg, how hard are they pulling on one another?

69. Because the Earth rotates once per day, the apparent
acceleration of gravity at the equator is slightly less than
it would be if the Earth didn't rotate. Estimate the magni
tude of this effect. What fraction of g is this?

70.

71.

At what distance from the Earth will a spacecraft trav
eling directly from the Earth to the Moon experience
zero net force because the Earth and Moon pull with
equal and opposite forces?
You know your mass is 65 kg, but when you stand on a
bathroom scale in an elevator, it says your mass is 82 kg.
What is the acceleration of the elevator, and in which
direction?
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72. A projected space station consists of a circular tube that
will rotate about its center (like a tubular bicycle tire)
(Fig. 5-42). The circle formed by the tube has a diameter
of about 1.1 km. What must be the rotation speed (revolu
tions per day) if an effect equal to gravity at the surface
of the Earth (1.0 g) is to be felt?

73.

74.

75.

FIGURE 5-42
Problem 72.

A jet pilot takes his aircraft in a vertical loop (Fig. 5-43).
(a) If the jet is moving at a speed of 1300 km/h at the
lowest point of the loop, determine the minimum radius
of the circle so that the centripetal acceleration at the
lowest point does not exceed 6.0 g's. (b) Calculate the 78-kg
pilot's effective weight (the force with which the seat
pushes up on him) at the bottom of the circle, and (c) at
the top of the circle (assume the same speed).

FIGURE 5-43
Problem 73.

Derive a formula for the mass of a planet in terms of its
radius r, the acceleration due to gravity at its surface gP,
and the gravitational constant G.
A plumb bob (a mass m hanging on a string) is deflected
from the vertical by an angle 8 due to a massive mountain
nearby (Fig. 5-44). (a) Find an approximate formula for 9
in terms of the mass of the mountain, mM, the distance to
its center, Dm, and the radius and mass of the Earth.
(b) Make a rough estimate of the mass of Mt. Everest,
assuming it has the shape of a cone 4000 m high and base
of diameter 4000 m. Assume its mass per unit volume is
3000 kg per m3. (c) Estimate the angle 8 of the plumb bob
if it is 5 km from the center of Mt. Everest.

76. A curve of radius 67 m is banked for a design speed of
95 km/h. If the coefficient of static friction is 0.30 (wet
pavement), at what range of speeds can a car safely
handle the curve?

77. How long would a day be if the Earth were rotating so fast
that objects at the equator were apparently weightless?

78. Two equal-mass stars maintain a constant distance apart
of 8.0 X 1010 m and rotate about a point midway between
them at a rate of one revolution every 12.6 yr. (a) Why
don't the two stars crash into one another due to the
gravitational force between them? (b) What must be the
mass of each star?

79. A train traveling at a constant speed rounds a curve of
radius 235 m. A lamp suspended from the ceiling swings
out to an angle of 17.5° throughout the curve. What is the
speed of the train?

80. Jupiter is about 320 times as massive as the Earth. Thus, it
has been claimed that a person would be crushed by the
force of gravity on a planet the size of Jupiter since
people can't survive more than a few g's. Calculate the
number of g's a person would experience at the equator
of such a planet. Use the following data for Jupiter:
mass = 1.9 X 1027kg, equatorial radius = 7.1 X 104km,
rotation period = 9 hr 55 min. Take the centripetal accel
eration into account.

81. Astronomers using the Hubble Space Telescope deduced
the presence of an extremely massive core in the distant
galaxy M87, so dense that it could be a black hole (from
which no light escapes). They did this by measuring the
speed of gas clouds orbiting the core to be 780 km/s at a
distance of 60 light-years (5.7 X IO17 m) from the core.
Deduce the mass of the core, and compare it to the mass
of our Sun.

82. A car maintains a constant speed v as it traverses the hill
and valley shown in Fig. 5-45. Both the hill and valley
have a radius of curvature R. (a) How do the normal
forces acting on the car at A, B, and C compare? (Which
is largest? Smallest?) Explain, (b) Where would the driver
feel heaviest? Lightest? Explain, (c) How fast can the car
go without losing contact with the road at A?

FIGURE 5-44 Problem 75.

FIGURE 5-45 Problem 82.

83. The Navstar Global Positioning System (GPS) utilizes
a group of 24 satellites orbiting the Earth. Using "trian-
gulation" and signals transmitted by these satellites, the
position of a receiver on the Earth can be determined
to within an accuracy of a few centimeters. The satellite
orbits are distributed evenly around the Earth, with
four satellites in each of six orbits, allowing continuous
navigational "fixes." The satellites orbit at an altitude
of approximately 11,000 nautical miles [1 nautical mile =
1.852 km = 6076 ft]. (a) Determine the speed of each
satellite, (b) Determine the period of each satellite.
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84. The Near Earth Asteroid Rendezvous (NEAR), after
traveling 2.1 billion km, is meant to orbit the asteroid
Eros at a height of about 15 km. Eros is roughly
40 km X 6 km X 6 km. Assume Eros has a density
(mass/volume) of about 2.3 X IO3 kg/m3. (a) What will
be the period of NEAR as it orbits Eros? (b) If Eros
were a sphere with the same mass and density, what
would its radius be? (c) What would g be at the surface
of this spherical Eros?

85. You are an astronaut in the space shuttle pursuing a satel
lite in need of repair. You are in a circular orbit of the
same radius as the satellite (400 km above the Earth), but
25 km behind it. (a) How long will it take to overtake the
satellite if you reduce your orbital radius by 1.0 km?
(b) By how much must you reduce your orbital radius to
catch up in 7.0 hours?

: 86. The comet Hale-Bopp has a period of 3000 years,
(a) What is its mean distance from the Sun? (b) At its
closest approach, the comet is about 1 A.U. from the Sun
(1 A.U. = distance from Earth to the Sun). What is the
farthest distance? (c) What is the ratio of the speed at the
closest point to the speed at the farthest point? [Hint: Use
Kepler's second law and estimate areas by a triangle (as
in Fig. 5-29, but smaller distance travelled; see also Hint
for Problem 59.]

87. Estimate what the value of G would need to be if you
could actually "feel" yourself gravitationally attracted to
someone near you. Make reasonable assumptions, like
F « 1N.

: 88. The Sun rotates around the center of the Milky Way Galaxy

(Fig. 5-46) at a distance of about 30,000 light-years from the
center (l ly = 9.5 X 10lsm). If it takes about 200 million
years to make one rotation, estimate the mass of our
Galaxy. Assume that the mass distribution of our Galaxy is
concentrated mostly in a central uniform sphere. If all the
stars had about the mass of our Sun (2 x 1030kg), how
many stars would there be in our Galaxy?

89. Four 1.0-kg masses are located at the corners of a square
0.50 m on each side. Find the magnitude and direction of
the gravitational force on a fifth 1.0-kg mass placed at the
midpoint of the bottom side of the square.

90. A satellite of mass 5500 kg orbits the Earth (mass =
6.0 X 1024kg) and has a period of 6200 s. Find (a) the
magnitude of the Earth's gravitational force on the satel
lite, (b) the altitude of the satellite.

91. What is the acceleration experienced by the tip of the
1.5-cm-long sweep second hand on your wrist watch?

92. While fishing, you get bored and start to swing a sinker
weight around in a circle below you on a 0.25-m piece of
fishing line. The weight makes a complete circle every
0.50 s. What is the angle that the fishing line makes with
the vertical? [Hint: See Fig. 5-10.]

93. A circular curve of radius R in a new highway is designed
so that a car traveling at speed Vq can negotiate the turn
safely on glare ice (zero friction). If a car travels too
slowly, then it will slip toward the center of the circle. If it
travels too fast, then it will slip away from the center of
the circle. If the coefficient of static friction increases, a
car can stay on the road while traveling at any speed
within a range from vm\n to vmax. Derive formulas for
vm{„ and vma% as functions of ps, vn, and R.

94. Amtrak's high speed train, the Acela, utilizes tilt of the
cars when negotiating curves. The angle of tilt is adjusted
so that the main force exerted on the passengers, to
provide the centripetal acceleration, is the normal force.
The passengers experience less friction force against the
seat, thus feeling more comfortable. Consider an Acela
train that rounds a curve with a radius of 620 m at a speed
of 160 km/h (approximately lOOmi/h). (a) Calculate the
friction force needed on a train passenger of mass 75 kg if
the track is not banked and the train does not tilt.
(b) Calculate the friction force on the passenger if the
train tilts to its maximum tilt of 8.0° toward the center of
the curve.
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FIGURE 5-46 Problem 88. Edge-on view of our Galaxy.

Answers to Exercises
A: A factor of two (doubles).
B: Speed is independent of the mass of the clothes.
C: (a).
D: No.

E: Yes.
F: (a) No change; (b) four times larger.
G: (b).
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