FIGURE 33-12 A freely falling
elevator. The released book hovers
next to the owner’s hand: (b) is a
few moments after (a).
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General Relativity:
Gravity and the Curvature of Space

We have seen that the force of gravity plays an important role in the processes
that occur in stars. Gravity too is important for the evolution of the universe as
a whole. The reasons gravity plays the dominant role in the universe, and not
one of the other of the four forces in nature, are (1) it is long-range and (2) it
is always attractive. The strong and weak nuclear forces act over very short
distances only, on the order of the size ol a nucleus; hence they do not act
over astronomical distances (they do act between nuclei and nucleons in
stars to produce nuclear reactions). The electromagnetic force, like gravity,
acts over great distances. But it can be either attractive or repulsive. And
since the universe does not seem to contain large areas of net electric charge, a
large net force does not occur. But gravity acts as an attractive force between
all masses, and there are large accumulations in the universe of only the one “sign”
of mass (not + and — as with electric charge). However, the force of gravity as
Newton described it in his law of universal gravitation shows discrepancies on a
cosmological scale. Einstein, in his general theory of relativity, developed a
theory of gravity that now forms the basis of cosmological dynamics.

In the special theory of relativity (Chapter 26), Einstein concluded that there
is no way for an observer to determine whether a given frame of reference is at
rest or is moving at constant velocity in a straight line. Thus the laws of physics
must be the same in different inertial reference frames. But what about the more
general case of motion where reference frames can be accelerating?

Einstein tackled the problem of accelerating reference frames in his general
theory of relativity and in it also developed a theory of gravity. The mathematics
of General Relativity is complex, so our discussion will be mainly qualitative,

We begin with Einstein’s principle of equivalence, which states that

no experiment can be performed that could distinguish between a uniform
gravitational field and an equivalent uniform acceleration.

If observers sensed that they were accelerating (as in a vehicle speeding around
a sharp curve), they could not prove by any experiment that in fact they weren’t
simply experiencing the pull of a gravitational field. Conversely, we might think
we are being pulled by gravity when in fact we are undergoing an “inertial”
acceleration having nothing to do with gravity.

As a thought experiment, consider a person in a freely falling elevator near
the Earth’s surface. If our observer held out a book and let go of it, what would
happen? Gravity would pull it downward toward the Earth, but at the same
rate (g = 9.8 m/s*) at which the person and elevator were falling. So the book
would hover right next to the person’s hand (Fig. 33-12). The effect is exactly
the same as if this reference frame was at rest and no forces were acting. On
the other hand, if the elevator was out in space where the gravitational field is essen-
tially zero, the released book would float, just as it does in Fig. 33-12. Next, if the
elevator (out in space) is accelerating upward at an acceleration of 9.8 m/s’, the
book as seen by our observer would fall to the floor with an acceleration of 9.8 m/sz,
just as if it were falling due to gravity at the surface of the Earth. According to the
principle of equivalence, the observer could not determine whether the book fell
because the elevator was accelerating upward, or because a gravitational field was
acting downward and the elevator was at rest. The two descriptions are equivalent.

The principle of equivalence is related to the concept that there are two
types of mass. Newton's second law, F = ma, uscs inertial mass. We might say
that inertial mass represents “resistance” to any type of force. The second type
of mass is gravitational mass. When one body attracts another by the
gravitational force (Newton’s law of universal gravitation, F = Gm,m,/r’,
Chapter 5), the strength of the force is proportional to the product of the
gravitational masses of the two bodies. This is much like the electric force

CHAPTER 33 Astrophysics and Cosmology



