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ike all other sciences, physics is based on experimental observations and quan-
titative measurements. The main objective of physics is to find the limited num-

ber of fundamental laws that govern natural phenomena and to use them to
develop theories that can predict the results of future experiments. The funda-
mental laws used in developing theories are expressed in the language of mathe-
matics, the tool that provides a bridge between theory and experiment.

When a discrepancy between theory and experiment arises, new theories must
be formulated to remove the discrepancy. Many times a theory is satisfactory only
under limited conditions; a more general theory might be satisfactory without
such limitations. For example, the laws of motion discovered by Isaac Newton
(1642–1727) in the 17th century accurately describe the motion of bodies at nor-
mal speeds but do not apply to objects moving at speeds comparable with the
speed of light. In contrast, the special theory of relativity developed by Albert Ein-
stein (1879–1955) in the early 1900s gives the same results as Newton’s laws at low
speeds but also correctly describes motion at speeds approaching the speed of
light. Hence, Einstein’s is a more general theory of motion.

Classical physics, which means all of the physics developed before 1900, in-
cludes the theories, concepts, laws, and experiments in classical mechanics, ther-
modynamics, and electromagnetism. 

Important contributions to classical physics were provided by Newton, who de-
veloped classical mechanics as a systematic theory and was one of the originators
of calculus as a mathematical tool. Major developments in mechanics continued in
the 18th century, but the fields of thermodynamics and electricity and magnetism
were not developed until the latter part of the 19th century, principally because
before that time the apparatus for controlled experiments was either too crude or
unavailable.

A new era in physics, usually referred to as modern physics, began near the end
of the 19th century. Modern physics developed mainly because of the discovery
that many physical phenomena could not be explained by classical physics. The
two most important developments in modern physics were the theories of relativity
and quantum mechanics. Einstein’s theory of relativity revolutionized the tradi-
tional concepts of space, time, and energy; quantum mechanics, which applies to
both the microscopic and macroscopic worlds, was originally formulated by a num-
ber of distinguished scientists to provide descriptions of physical phenomena at
the atomic level.

Scientists constantly work at improving our understanding of phenomena and
fundamental laws, and new discoveries are made every day. In many research
areas, a great deal of overlap exists between physics, chemistry, geology, and
biology, as well as engineering. Some of the most notable developments are 
(1) numerous space missions and the landing of astronauts on the Moon, 
(2) microcircuitry and high-speed computers, and (3) sophisticated imaging tech-
niques used in scientific research and medicine. The impact such developments
and discoveries have had on our society has indeed been great, and it is very likely
that future discoveries and developments will be just as exciting and challenging
and of great benefit to humanity.

STANDARDS OF LENGTH, MASS, AND TIME
The laws of physics are expressed in terms of basic quantities that require a clear def-
inition. In mechanics, the three basic quantities are length (L), mass (M), and time
(T). All other quantities in mechanics can be expressed in terms of these three.
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If we are to report the results of a measurement to someone who wishes to re-
produce this measurement, a standard must be defined. It would be meaningless if
a visitor from another planet were to talk to us about a length of 8 “glitches” if we
do not know the meaning of the unit glitch. On the other hand, if someone famil-
iar with our system of measurement reports that a wall is 2 meters high and our
unit of length is defined to be 1 meter, we know that the height of the wall is twice
our basic length unit. Likewise, if we are told that a person has a mass of 75 kilo-
grams and our unit of mass is defined to be 1 kilogram, then that person is 75
times as massive as our basic unit.1 Whatever is chosen as a standard must be read-
ily accessible and possess some property that can be measured reliably—measure-
ments taken by different people in different places must yield the same result.

In 1960, an international committee established a set of standards for length,
mass, and other basic quantities. The system established is an adaptation of the
metric system, and it is called the SI system of units. (The abbreviation SI comes
from the system’s French name “Système International.”) In this system, the units
of length, mass, and time are the meter, kilogram, and second, respectively. Other
SI standards established by the committee are those for temperature (the kelvin),
electric current (the ampere), luminous intensity (the candela), and the amount of
substance (the mole). In our study of mechanics we shall be concerned only with
the units of length, mass, and time. 

Length

In A.D. 1120 the king of England decreed that the standard of length in his coun-
try would be named the yard and would be precisely equal to the distance from the
tip of his nose to the end of his outstretched arm. Similarly, the original standard
for the foot adopted by the French was the length of the royal foot of King Louis
XIV. This standard prevailed until 1799, when the legal standard of length in
France became the meter, defined as one ten-millionth the distance from the equa-
tor to the North Pole along one particular longitudinal line that passes through
Paris.

Many other systems for measuring length have been developed over the years,
but the advantages of the French system have caused it to prevail in almost all
countries and in scientific circles everywhere. As recently as 1960, the length of the
meter was defined as the distance between two lines on a specific platinum–
iridium bar stored under controlled conditions in France. This standard was aban-
doned for several reasons, a principal one being that the limited accuracy with
which the separation between the lines on the bar can be determined does not
meet the current requirements of science and technology. In the 1960s and 1970s,
the meter was defined as 1 650 763.73 wavelengths of orange-red light emitted
from a krypton-86 lamp. However, in October 1983, the meter (m) was redefined
as the distance traveled by light in vacuum during a time of 1/299 792 458
second. In effect, this latest definition establishes that the speed of light in vac-
uum is precisely 299 792 458 m per second.

Table 1.1 lists approximate values of some measured lengths.

1 The need for assigning numerical values to various measured physical quantities was expressed by
Lord Kelvin (William Thomson) as follows: “I often say that when you can measure what you are speak-
ing about, and express it in numbers, you should know something about it, but when you cannot ex-
press it in numbers, your knowledge is of a meagre and unsatisfactory kind. It may be the beginning of
knowledge but you have scarcely in your thoughts advanced to the state of science.”
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Mass

The basic SI unit of mass, the kilogram (kg), is defined as the mass of a spe-
cific platinum–iridium alloy cylinder kept at the International Bureau of
Weights and Measures at Sèvres, France. This mass standard was established in
1887 and has not been changed since that time because platinum–iridium is an
unusually stable alloy (Fig. 1.1a). A duplicate of the Sèvres cylinder is kept at the
National Institute of Standards and Technology (NIST) in Gaithersburg, Maryland.

Table 1.2 lists approximate values of the masses of various objects.

Time

Before 1960, the standard of time was defined in terms of the mean solar day for the
year 1900.2 The mean solar second was originally defined as of a mean
solar day. The rotation of the Earth is now known to vary slightly with time, how-
ever, and therefore this motion is not a good one to use for defining a standard.

In 1967, consequently, the second was redefined to take advantage of the high
precision obtainable in a device known as an atomic clock (Fig. 1.1b). In this device,
the frequencies associated with certain atomic transitions can be measured to a
precision of one part in 1012. This is equivalent to an uncertainty of less than one
second every 30 000 years. Thus, in 1967 the SI unit of time, the second, was rede-
fined using the characteristic frequency of a particular kind of cesium atom as the
“reference clock.” The basic SI unit of time, the second (s), is defined as 9 192
631 770 times the period of vibration of radiation from the cesium-133
atom.3 To keep these atomic clocks—and therefore all common clocks and
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TABLE 1.1 Approximate Values of Some Measured Lengths

Length (m)

Distance from the Earth to most remote known quasar 1.4 � 1026

Distance from the Earth to most remote known normal galaxies 9 � 1025

Distance from the Earth to nearest large galaxy 
(M 31, the Andromeda galaxy) 2 � 1022

Distance from the Sun to nearest star (Proxima Centauri) 4 � 1016

One lightyear 9.46 � 1015

Mean orbit radius of the Earth about the Sun 1.50 � 1011

Mean distance from the Earth to the Moon 3.84 � 108

Distance from the equator to the North Pole 1.00 � 107

Mean radius of the Earth 6.37 � 106

Typical altitude (above the surface) of a satellite orbiting the Earth 2 � 105

Length of a football field 9.1 � 101

Length of a housefly 5 � 10�3

Size of smallest dust particles � 10�4

Size of cells of most living organisms � 10�5

Diameter of a hydrogen atom � 10�10

Diameter of an atomic nucleus � 10�14

Diameter of a proton � 10�15

web
Visit the Bureau at www.bipm.fr or the
National Institute of Standards at
www.NIST.gov

2 One solar day is the time interval between successive appearances of the Sun at the highest point it
reaches in the sky each day.
3 Period is defined as the time interval needed for one complete vibration.

TABLE 1.2
Masses of Various Bodies
(Approximate Values)

Body Mass (kg)

Visible � 1052

Universe
Milky Way 7 � 1041

galaxy
Sun 1.99 � 1030

Earth 5.98 � 1024

Moon 7.36 � 1022

Horse � 103

Human � 102

Frog � 10�1

Mosquito � 10�5

Bacterium � 10�15

Hydrogen 1.67 � 10�27

atom
Electron 9.11 � 10�31
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watches that are set to them—synchronized, it has sometimes been necessary to
add leap seconds to our clocks. This is not a new idea. In 46 B.C. Julius Caesar be-
gan the practice of adding extra days to the calendar during leap years so that the
seasons occurred at about the same date each year.

Since Einstein’s discovery of the linkage between space and time, precise mea-
surement of time intervals requires that we know both the state of motion of the
clock used to measure the interval and, in some cases, the location of the clock as
well. Otherwise, for example, global positioning system satellites might be unable
to pinpoint your location with sufficient accuracy, should you need rescuing.

Approximate values of time intervals are presented in Table 1.3.
In addition to SI, another system of units, the British engineering system (some-

times called the conventional system), is still used in the United States despite accep-
tance of SI by the rest of the world. In this system, the units of length, mass, and

Figure 1.1 (Top) The National Standard Kilogram No.
20, an accurate copy of the International Standard Kilo-
gram kept at Sèvres, France, is housed under a double bell
jar in a vault at the National Institute of Standards and
Technology (NIST). (Bottom) The primary frequency stan-
dard (an atomic clock) at the NIST. This device keeps
time with an accuracy of about 3 millionths of a second
per year. (Courtesy of National Institute of Standards and Technology,
U.S. Department of Commerce)




