
Discussion

This is just about 165 km/h, consistent with a very steeply banked and rather sharp curve. Tire friction enables a
vehicle to take the curve at significantly higher speeds.

Calculations similar to those in the preceding examples can be performed for a host of interesting situations in
which centripetal force is involved—a number of these are presented in this chapter’s Problems and Exercises.

PHET EXPLORATIONS

Gravity and Orbits
Move the sun, earth, moon and space station to see how it affects their gravitational forces and orbital paths.
Visualize the sizes and distances between different heavenly bodies, and turn off gravity to see what would happen
without it!

Click to view content (https://openstax.org/books/college-physics-2e/pages/6-3-centripetal-force)

6.4 Fictitious Forces and Non-inertial Frames: The Coriolis Force
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Discuss the inertial frame of reference.
• Discuss the non-inertial frame of reference.
• Describe the effects of the Coriolis force.

What do taking off in a jet airplane, turning a corner in a car, riding a merry-go-round, and the circular motion of a
tropical cyclone have in common? Each exhibits fictitious forces—unreal forces that arise from motion and may
seem real, because the observer’s frame of reference is accelerating or rotating.

When taking off in a jet, most people would agree it feels as if you are being pushed back into the seat as the
airplane accelerates down the runway. Yet a physicist would say that you tend to remain stationary while the seat
pushes forward on you, and there is no real force backward on you. An even more common experience occurs when
you make a tight curve in your car—say, to the right. You feel as if you are thrown (that is, forced) toward the left
relative to the car. Again, a physicist would say that you are going in a straight line but the car moves to the right, and
there is no real force on you to the left. Recall Newton’s first law.

Take-Home Experiment

Ask a friend or relative to swing a golf club or a tennis racquet. Take appropriate measurements to estimate the
centripetal acceleration of the end of the club or racquet. You may choose to do this in slow motion.
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FIGURE 6.12 (a) The car driver feels herself forced to the left relative to the car when she makes a right turn. This is a fictitious force arising
from the use of the car as a frame of reference. (b) In the Earth’s frame of reference, the driver moves in a straight line, obeying Newton’s
first law, and the car moves to the right. There is no real force to the left on the driver relative to Earth. There is a real force to the right on
the car to make it turn.

We can reconcile these points of view by examining the frames of reference used. Let us concentrate on people in a
car. Passengers instinctively use the car as a frame of reference, while a physicist uses Earth. The physicist chooses
Earth because it is very nearly an inertial frame of reference—one in which all forces are real (that is, in which all
forces have an identifiable physical origin). In such a frame of reference, Newton’s laws of motion take the form
given in Dynamics: Newton's Laws of Motion The car is a non-inertial frame of reference because it is accelerated
to the side. The force to the left sensed by car passengers is a fictitious force having no physical origin. There is
nothing real pushing them left—the car, as well as the driver, is actually accelerating to the right.

Let us now take a mental ride on a merry-go-round—specifically, a rapidly rotating playground merry-go-round. You
take the merry-go-round to be your frame of reference because you rotate together. In that non-inertial frame, you
feel a fictitious force, named centrifugal force (not to be confused with centripetal force), trying to throw you off.
You must hang on tightly to counteract the centrifugal force. In Earth’s frame of reference, there is no force trying to
throw you off. Rather you must hang on to make yourself go in a circle because otherwise you would go in a straight
line, right off the merry-go-round.

FIGURE 6.13 (a) A rider on a merry-go-round feels as if he is being thrown off. This fictitious force is called the centrifugal force—it explains
the rider’s motion in the rotating frame of reference. (b) In an inertial frame of reference and according to Newton’s laws, it is his inertia that
carries him off and not a real force (the unshaded rider has and heads in a straight line). A real force, , is needed to
cause a circular path.

This inertial effect, carrying you away from the center of rotation if there is no centripetal force to cause circular
motion, is put to good use in centrifuges (see Figure 6.14). A centrifuge spins a sample very rapidly, as mentioned
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earlier in this chapter. Viewed from the rotating frame of reference, the fictitious centrifugal force throws particles
outward, hastening their sedimentation. The greater the angular velocity, the greater the centrifugal force. But what
really happens is that the inertia of the particles carries them along a line tangent to the circle while the test tube is
forced in a circular path by a centripetal force.

FIGURE 6.14 Centrifuges use inertia to perform their task. Particles in the fluid sediment come out because their inertia carries them away
from the center of rotation. The large angular velocity of the centrifuge quickens the sedimentation. Ultimately, the particles will come into
contact with the test tube walls, which will then supply the centripetal force needed to make them move in a circle of constant radius.

Let us now consider what happens if something moves in a frame of reference that rotates. For example, what if you
slide a ball directly away from the center of the merry-go-round, as shown in Figure 6.15? The ball follows a straight
path relative to Earth (assuming negligible friction) and a path curved to the right on the merry-go-round’s surface. A
person standing next to the merry-go-round sees the ball moving straight and the merry-go-round rotating
underneath it. In the merry-go-round’s frame of reference, we explain the apparent curve to the right by using a
fictitious force, called the Coriolis force, that causes the ball to curve to the right. The fictitious Coriolis force can be
used by anyone in that frame of reference to explain why objects follow curved paths and allows us to apply
Newton’s Laws in non-inertial frames of reference.

242 6 • Uniform Circular Motion and Gravitation

Access for free at openstax.org



FIGURE 6.15 Looking down on the counterclockwise rotation of a merry-go-round, we see that a ball slid straight toward the edge follows a
path curved to the right. The person slides the ball toward point B, starting at point A. Both points rotate to the shaded positions (A’ and B’)
shown in the time that the ball follows the curved path in the rotating frame and a straight path in Earth’s frame.

Up until now, we have considered Earth to be an inertial frame of reference with little or no worry about effects due
to its rotation. Yet such effects do exist—in the rotation of weather systems, for example. Most consequences of
Earth’s rotation can be qualitatively understood by analogy with the merry-go-round. Viewed from above the North
Pole, Earth rotates counterclockwise, as does the merry-go-round in Figure 6.15. As on the merry-go-round, any
motion in Earth’s northern hemisphere experiences a Coriolis force to the right. Just the opposite occurs in the
southern hemisphere; there, the force is to the left. Because Earth’s angular velocity is small, the Coriolis force is
usually negligible, but for large-scale motions, such as wind patterns, it has substantial effects.

The Coriolis force causes hurricanes in the northern hemisphere to rotate in the counterclockwise direction, while
the tropical cyclones (what hurricanes are called below the equator) in the southern hemisphere rotate in the
clockwise direction. The terms hurricane, typhoon, and tropical storm are regionally-specific names for tropical
cyclones, storm systems characterized by low pressure centers, strong winds, and heavy rains. Figure 6.16 helps
show how these rotations take place. Air flows toward any region of low pressure, and tropical cyclones contain
particularly low pressures. Thus winds flow toward the center of a tropical cyclone or a low-pressure weather
system at the surface. In the northern hemisphere, these inward winds are deflected to the right, as shown in the
figure, producing a counterclockwise circulation at the surface for low-pressure zones of any type. Low pressure at
the surface is associated with rising air, which also produces cooling and cloud formation, making low-pressure
patterns quite visible from space. Conversely, wind circulation around high-pressure zones is clockwise in the
northern hemisphere but is less visible because high pressure is associated with sinking air, producing clear skies.

The rotation of tropical cyclones and the path of a ball on a merry-go-round can just as well be explained by inertia
and the rotation of the system underneath. When non-inertial frames are used, fictitious forces, such as the Coriolis
force, must be invented to explain the curved path. There is no identifiable physical source for these fictitious forces.
In an inertial frame, inertia explains the path, and no force is found to be without an identifiable source. Either view
allows us to describe nature, but a view in an inertial frame is the simplest and truest, in the sense that all forces
have real origins and explanations.
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FIGURE 6.16 (a) The counterclockwise rotation of this northern hemisphere hurricane is a major consequence of the Coriolis force. (credit:
NASA) (b) Without the Coriolis force, air would flow straight into a low-pressure zone, such as that found in tropical cyclones. (c) The
Coriolis force deflects the winds to the right, producing a counterclockwise rotation. (d) Wind flowing away from a high-pressure zone is
also deflected to the right, producing a clockwise rotation. (e) The opposite direction of rotation is produced by the Coriolis force in the
southern hemisphere, leading to tropical cyclones. (credit: NASA)

6.5 Newton’s Universal Law of Gravitation
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Explain Earth’s gravitational force.
• Describe the gravitational effect of the Moon on Earth.
• Discuss weightlessness in space.
• Examine the Cavendish experiment

What do aching feet, a falling apple, and the orbit of the Moon have in common? Each is caused by the gravitational
force. Our feet are strained by supporting our weight—the force of Earth’s gravity on us. An apple falls from a tree
because of the same force acting a few meters above Earth’s surface. And the Moon orbits Earth because gravity is
able to supply the necessary centripetal force at a distance of hundreds of millions of meters. In fact, the same force
causes planets to orbit the Sun, stars to orbit the center of the galaxy, and galaxies to cluster together. Gravity is
another example of underlying simplicity in nature. It is the weakest of the four basic forces found in nature, and in
some ways the least understood. It is a force that acts at a distance, without physical contact, and is expressed by a
formula that is valid everywhere in the universe, for masses and distances that vary from the tiny to the immense.

Sir Isaac Newton was the first scientist to precisely define the gravitational force, and to show that it could explain
both falling bodies and astronomical motions. See Figure 6.17. But Newton was not the first to suspect that the
same force caused both our weight and the motion of planets. His forerunner Galileo Galilei had contended that
falling bodies and planetary motions had the same cause. Some of Newton’s contemporaries, such as Robert Hooke,
Christopher Wren, and Edmund Halley, had also made some progress toward understanding gravitation. But Newton
was the first to propose an exact mathematical form and to use that form to show that the motion of heavenly
bodies should be conic sections—circles, ellipses, parabolas, and hyperbolas. This theoretical prediction was a
major triumph—it had been known for some time that moons, planets, and comets follow such paths, but no one
had been able to propose a mechanism that caused them to follow these paths and not others. Other prominent
scientists and mathematicians of the time, particularly those outside of England, were reluctant to accept Newton's
principles. It took the work of another prominent philosopher, writer, and scientist, Émilie du Châtelet, to establish
the Newtonian gravitation as the accurate and overarching law. Du Châtelet, who had earlier laid the foundation for
the understanding of conservation of energy as well as the principle that light had no mass, translated and
augmented Newton's key work. She also utilized calculus to explain gravity, which helped lead to its acceptance.
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