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14.9: Relativistic Momentum

&b Learning Objectives

By the end of this section, you will be able to:

o Define relativistic momentum in terms of mass and velocity
e Show how relativistic momentum relates to classical momentum
e Show how conservation of relativistic momentum limits objects with mass to speeds less than ¢

Momentum is a central concept in physics. The broadest form of Newton’s second law is stated in terms of momentum. Momentum
is conserved whenever the net external force on a system is zero. This makes momentum conservation a fundamental tool for
analyzing collisions (Figure 14.9.1). Much of what we know about subatomic structure comes from the analysis of collisions of
accelerator-produced relativistic particles, and momentum conservation plays a crucial role in this analysis.

Figure 14.9.1: Momentum is an important concept for these football players from the University of California at Berkeley and the
University of California at Davis. A player with the same velocity but greater mass collides with greater impact because his
momentum is greater. For objects moving at relativistic speeds, the effect is even greater.

The first postulate of relativity states that the laws of physics are the same in all inertial frames. Does the law of conservation of
momentum survive this requirement at high velocities? It can be shown that the momentum calculated as merely p = m% , even if
it is conserved in one frame of reference, may not be conserved in another after applying the Lorentz transformation to the
velocities. The correct equation for momentum can be shown, instead, to be the classical expression in terms of the increment dt of
proper time of the particle, observed in the particle’s rest frame:
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# Definition: Relativistic Momentum and Rest Mass

Relativistic momentum p is classical momentum multiplied by the relativistic factor ~:
P =ymu (14.9.1)

where m is the rest mass of the object, 4 is its velocity relative to an observer, and - is the relativistic factor:

e —— (14.9.2)

Note that we use u for velocity here to distinguish it from relative velocity v between observers. The factor  that occurs here has
the same form as the previous relativistic factor v except that it is now in terms of the velocity of the particle u instead of the
relative velocity v of two frames of reference.

With p expressed in this way, total momentumpy,; is conserved whenever the net external force is zero, just as in classical physics.
Again we see that the relativistic quantity becomes virtually the same as the classical quantity at low velocities, where u/cis small
and -y is very nearly equal to 1. Relativistic momentum has the same intuitive role as classical momentum. It is greatest for large
masses moving at high velocities, but because of the factor -, relativistic momentum approaches infinity as « approaches ¢ (Figure
14.9.2). This is another indication that an object with mass cannot reach the speed of light. If it did, its momentum would become
infinite—an unreasonable value.
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Figure 14.9.2: Relativistic momentum approaches infinity as the velocity of an object approaches the speed of light.

X Mass vs. Rest mass

The relativistically correct definition of momentum (Equation 14.9.1) is sometimes taken to imply that mass varies with
velocity: m,,, = ym, particularly in older textbooks. However, note that m is the mass of the object as measured by a person
at rest relative to the object. Thus, m is defined to be the rest mass, which could be measured at rest, perhaps using gravity.
When a mass is moving relative to an observer, the only way that its mass can be determined is through collisions or other
means involving momentum. Because the mass of a moving object cannot be determined independently of momentum, the
only meaningful mass is rest mass. Therefore, when we use the term “mass,” assume it to be identical to “rest mass.”

Relativistic momentum is defined in such a way that conservation of momentum holds in all inertial frames. Whenever the net
external force on a system is zero, relativistic momentum is conserved, just as is the case for classical momentum. This has been
verified in numerous experiments.

? Exercise 14.9.1
What is the momentum of an electron traveling at a speed 0.985¢ The rest mass of the electron is 9.11 x 10_31kg.

Answer

Substitute the data into Equation 14.9. %
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=1.56 x 10" kg—m/s.
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