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The shell does not act as a gravitational shield, which means that a particle in-
side a shell may experience forces exerted by bodies outside the shell.

Solid Sphere

Case 1. If a particle of mass m is located outside a homogeneous solid sphere of
mass M (at point P in Fig. 14.22), the sphere attracts the particle as though the
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Figure 14.21 (a) The nonradial components of the gravitational forces exerted on a particle of
mass m located at point P outside a spherical shell of mass M cancel out. (b) The spherical shell
can be broken into rings. Even though point P is closer to the top ring than to the bottom ring,
the bottom ring is larger, and the gravitational forces exerted on the particle at P by the matter
in the two rings cancel each other. Thus, for a particle located at any point P inside the shell,
there is no gravitational force exerted on the particle by the mass M of the shell. (c) The magni-
tude of the gravitational force versus the radial distance r from the center of the shell.
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mass of the sphere were concentrated at its center. We have used this notion at sev-
eral places in this chapter already, and we can argue it from Equation 14.25a. A
solid sphere can be considered to be a collection of concentric spherical shells.
The masses of all of the shells can be interpreted as being concentrated at their
common center, and the gravitational force is equivalent to that due to a particle
of mass M located at that center.

Case 2. If a particle of mass m is located inside a homogeneous solid sphere of
mass M (at point Q in Fig. 14.22), the gravitational force acting on it is due only to
the mass M! contained within the sphere of radius shown in Figure 14.22.
In other words,

(14.26a)

(14.26b)

This also follows from spherical-shell Case 1 because the part of the sphere that is
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Figure 14.22 The gravitational force acting on a particle when it is outside a uniform solid
sphere is GMm/r2 and is directed toward the center of the sphere. The gravitational force acting
on the particle when it is inside such a sphere is proportional to r and goes to zero at the center.
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farther from the center than Q can be treated as a series of concentric spherical
shells that do not exert a net force on the particle because the particle is inside
them. Because the sphere is assumed to have a uniform density, it follows that the
ratio of masses M!/M is equal to the ratio of volumes V !/V, where V is the total vol-
ume of the sphere and V ! is the volume within the sphere of radius r only:

Solving this equation for M! and substituting the value obtained into Equation
14.26b, we have

(14.27)

This equation tells us that at the center of the solid sphere, where the gravi-
tational force goes to zero, as we intuitively expect. The force as a function of r is
plotted in Figure 14.22.

Case 3. If a particle is located inside a solid sphere having a density & that is
spherically symmetric but not uniform, then M! in Equation 14.26b is given by an
integral of the form where the integration is taken over the volume
contained within the sphere of radius r in Figure 14.22. We can evaluate this inte-
gral if the radial variation of & is given. In this case, we take the volume element dV
as the volume of a spherical shell of radius r and thickness dr, and thus

For example, if & where A is a constant, it is left to a problem
(Problem 63) to show that 

Hence, we see from Equation 14.26b that F is proportional to r2 in this case and is
zero at the center.

A particle is projected through a small hole into the interior of a spherical shell. Describe
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A Free Ride, Thanks to GravityEXAMPLE 14.10
The y component of the gravitational force on the object

is balanced by the normal force exerted by the tunnel wall,
and the x component is

Because the x coordinate of the object is we can
write

Applying Newton’s second law to the motion along the x di-
rection gives
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An object of mass m moves in a smooth, straight tunnel dug
between two points on the Earth’s surface (Fig. 14.23). Show
that the object moves with simple harmonic motion, and find
the period of its motion. Assume that the Earth’s density is
uniform.

Solution The gravitational force exerted on the object
acts toward the Earth’s center and is given by Equation 14.27:

We receive our first indication that this force should result in
simple harmonic motion by comparing it to Hooke’s law, first
seen in Section 7.3. Because the gravitational force on the ob-
ject is linearly proportional to the displacement, the object
experiences a Hooke’s law force.
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the motion of the particle inside the shell.

SUMMARY

Newton’s law of universal gravitation states that the gravitational force of at-
traction between any two particles of masses m1 and m2 separated by a distance r
has the magnitude

(14.1)

where is the universal gravitational constant. This
equation enables us to calculate the force of attraction between masses under a
wide variety of circumstances.

An object at a distance h above the Earth’s surface experiences a gravitational
force of magnitude mg!, where g! is the free-fall acceleration at that elevation:
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Figure 14.23 An object moves along a tunnel dug through the
Earth. The component of the gravitational force Fg along the x axis is
the driving force for the motion. Note that this component always
acts toward O.

Solving for ax , we obtain

If we use the symbol ,2 for the coefficient of x —GME /RE
3 "

— we see that

an expression that matches the mathematical form of Equa-
tion 13.9, which gives the acceleration of a particle in simple
harmonic motion: Therefore, Equation (1),ax " #,2x.
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which we have derived for the acceleration of our object in
the tunnel, is the acceleration equation for simple harmonic
motion at angular speed , with

Thus, the object in the tunnel moves in the same way as a
block hanging from a spring! The period of oscillation is

This period is the same as that of a satellite traveling in a cir-
cular orbit just above the Earth’s surface (ignoring any trees,
buildings, or other objects in the way). Note that the result is
independent of the length of the tunnel.

A proposal has been made to operate a mass-transit system
between any two cities, using the principle described in this
example. A one-way trip would take about 42 min. A more
precise calculation of the motion must account for the fact
that the Earth’s density is not uniform. More important,
there are many practical problems to consider. For instance,
it would be impossible to achieve a frictionless tunnel, and so
some auxiliary power source would be required. Can you
think of other problems?
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