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of Re a‘uvnty

Nature and Nature's laws lay hid in night:
God said, “Let Newton be” and all was light.

Alexander Pope

It did not last: the Devil, shoutlng “Ho:-
Let Einstein be" restored the status quo

Sir John Collings Squire

e

hysics changed around 1900. Physicists began mvestlgatlng phenomena far-
removed.from the notrial range of human experience, things like the structure of
- atoms and-the precise speed of a light beam. They.found that Newtonian physics’
(Chapters 3—5) and nineteenth-century- electricity and magnetism (Chapters 8 and 9)
" were far.off the. snark in phenomena involving very high. Sspeeds, very strong gravita-
"~ tional for es,’ large astronomical regions, and the microscopic world. To deal with
3 ;{'-these'new tealms they invented new theories. called spec1a1 relat1v1ty (thls chapter),

" slower—movmg obJects such as cars and speedlng bullets.

. But'despite this similarity within the normal range of human percepuon, the con-
cepts behind these new theories are quite- unhke the .concepts behind Newtonian
phys1cs For example, you learned in Chapter 5 that Newtoman phys1cs describes the

-

universe as a kind of giant predmtable clockwork mechamsm ‘But you’ll find in

Chapter 13 that, according to quantum physics, the universe. is nothing like a clock,
quite. non-mechénical, and far from predictable. The new theories tepresent the most
accurate: owledge known about the real physical universe, and they desctibe a dif-
ferent universe from what you would have expected on the basis of Newtonian or pre-
'Newtoman concepts So expect your preconceptions about. space, tlme, motion,
gravity, matter, energy, and phys1ca1 reality to be assaulted in the next four chapters.

Each of these new theories has a non-intuitive oddness about it, as'might be expected -

since they deal with phenomena beyond your ; normal range of perception.
In this chapter you'll learn aboiit some unexpected effects that happen when objects
move at high speeds, speeds comparable to lightspeed. You’ll also learn that space and

~_time aren’t quite what you thought they were, and you’ll learn something new and, for

* most people, amazing about energy. Einstein’s “special theory of relativity™ is based on



~

confidence that the known “grand unifying principles”

SECTION -10.1 + Einstein: Rebel with a Cause

two simple ideas.and all of its odd conclusmns are off-shoots of these. . This theory has
a reputation for. bemg difficult, but this comes really from its strangeness rather than

any inherent dlfficulty Its conclusions violate comimon sense. The main requlrementr

for understanding this theory is not intelligence. but mental flexibility.

Einstein created two related theories of relativity. The. “special” theory of relativity,
dlscussed in th.ls chapter revolutionizes thé way we think about space-and time, and
this leads to a further revolution in our concepts of mass and energy. The ¢ ‘general”
theory of relat1v1ty, discussed in the next chaptet, revolutionizes our concepts of space
and time even further, and radically reformulates the way we look at gravity:

Followmg some historical context in Section 10.1, Séction10.2 d1scusSes the older
“Galilean”. way of viewing the phenomena with ‘which Einstein was . concerned.
Sections: 10 3 and 10.4 cover the theory’s two key laws: the pnnmple of relativity and
the prlnc1p1e of the constancy of lightspeed. Sections 10.5' and 10.6 present Einstein’s
prediction of the relativity of time. Section.10.7 presents two more predlcuons ‘the rel-
ativity of space and the relativity of mass. Section 10.8 presents Einstein’s famous pre-
diction of the equivalence of energy and mass, the aspect of special relativity that
Einstein himself thought was most important, and d;lscusses 1ts profound s1gmflcance

10.1 EINSTEIN: REBEL WITH A CAUSE

The Scottish mathematician and physicist Lord William Thomson Kelvin stated in
an address to physicists at the British Association for the Advancement of Science in
1900 that “There is nothmg new to be discavered in phys1cs now, All that remains is
more. and more precise measurement.” Many sc:tentlsts of that day shared Kelvin’s

of thermodynam1cs and electromagnet1sm—were complete. and permanent.
But the world soon changed. In 1900, Max Planck introduced a revolutionary new

prm01p1e, the quantum of energy (Chapters 12 and 13). And a scant five years later, in -
- 1905, a quite dlfferent but equally revolutlonary theory was hatched i in the brain ofan

obscure patent clerk in Bern, Switzerland; Albert Emstem (Flgures 10.1 and 10.2).
Einstein was a rebel in more ways than one. In his midteens he got fed up with
high school and dropped out. This surprised no one, for he had been a mediocre stu-
dent and a daydreamer since beginning elementary:school. ‘Before that he had been
a slow child, learning to speak only at 3 years of age. His high school teachers were
glad to see him go, one of them informing Einstein that he would “never amount to

anything”: and another suggesting that -he -leave school because his presence .

destroyed -student discipline. Einstein was: delighted to comply. He spent the next

‘few-months as a model dropout, hiking-and loafing around the Ttalian Alps.

After deciding to:study engineering, he. applied for admission to the Swiss
Federal Polytechnic University in Zurich, but he failed his entrance exams. It seems
he had problems with biology and French. To prepare for another try, he spent.a year
at-a Swiss high school, where he flourished in this particular school’s progressive
and democratic atmosphere. He recalled laterthat it was here that he had his first
ideas leading to the theory: of relativity. The university now admitted Einstein. He
was known as a charming but indifferent university student who attended cafes reg-
ularly (where he enjoyed discussing philosephy and science) and lectures sporadi-

* cally (because he preferred to spend time in physics laboratorie_s). He managed to

.

! But perhaps not most sciéntists. Many physmsts were dissatisfied with the theoretical foundations of
physics and rejected Newtoman mechanics s the basis for physics in favor of électromagnetism.

Newton s laws and the laws’
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1 thought of that while riding
my bicycle.
Einstein, on the Theory of Relativity, in
the Quotable Cyclist.

Common sense is nothing more
than a deposit of prejudices laid
down by the mind before you .
reach eighteen. =~

Einstein

My intellectual development was

retarded, as a result of which |

began to wonder about space

and time (things which a normal

adult has thought of as a child)

only when | had grown up.
Einstein

if | were a young man again and
had to decide how to make a liv-
ing, 1 would not try to become a
scientist or scholar or teacher. |
would rather choose to be a
plumber or a peddler, in the hope
of finding that modest degree of
independence still available
under present circumstances.

Einstein, in a remark made near the end
of his life.
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Were | wrong, ane professor
wauld hava been quite anough.
Einstein, when asked about a book in

which 100 Nazi professors charged him
with scientific error.

Piguve 10 Figire 102

Never one to take hlmself too seri~ Albert Einstein during his student
ously, Einstein stuck his tongue out days in Zurich, a few years before
when asked to smile on his seventy- he created his special theory
second birthday. of relativity.

pass the necessary exams and eventually graduate with the help of friends who
shared their systematic class notes with the nonconforming Einstein.

Following his graduation in 1900, Einstein applied for an assistantship to do
graduate study, but it went to soméone else. After looking unsuccessfully for a
teaching position, in 1902 a friend helped him land a job as a patent examiner.
Einstein often referred to his seven years at this job as “a kind of salvation” that
paid the rent and occupied only 8 hours a day, leaving him the rest of the day to pon-
der nature. And ponder he did. One of the many remarkable aspects of the theory of
relat1v1ty is that it was irivented nearly s1ng1e-handed1y

10.2 GALILEAN RELATIVITY; RELA‘T!\IIT\’ A(ZC:OR[DING TC)
NEWTONIAN PHYSIES |

Here i8 a typical relativity question: Suppose that a train passenger, call her Velma,
throws a baseball toward the front of'the train. Both she and Mortimer, who is
standing on the ground watching the passing train, measure the baseball’s speed
(Figure 10.3). Will: they get the same answer? If not, how will the1r answers differ?
Think about it.

This question concerns two observers who are moving: dlff'erently. We sdy that
Velma and Mort are in relative motion whenever théy are moving at different speeds
or in different ditections. A theory of relativity is any theory that works out answers
to questions concerning observers who are in relative motion. You can think of the
train as-being Velma’s laboratory, or her reference framie, within which Velma
measures things like the speed of the ball: You can think of the ground beside the
tracks as a second reference frame, Mort’s reference frame, for his measurements.
The standard question that any theory of relativity asks is how measurements made
in one reference frame compare with those made in another. Scientists have thought
about questions like this since at least the time of Galileo.
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Figure 10.3
Velma throwing a ball, observed by Mort.

To.be more specific, suppose that the train moves at 70 meters per second (150 miles
per hour, a typical modern train speed). Suppose:that Velma throws the baseball toward
the front of the train at 20 m/s “relative to Velma” (as measured on the train, using meter

sticks and clocks that are on the train). How fast does the baseball move “relative to

Mort” (as‘measured on the ground)?
..Think about that. ‘

Well during each second, the baseball moves 20 meters toward the front of the
train as measured by Velma. But as observed by Mort, the baseball moves an addi-
tional 70 meters during that same second, because the train itself moves 70 meters.
So the ball must move at 90 m/s relative to. Mort. Right? Because -Galileo would
have given the same answer four centuries ago, this straightforward and falrly intu-

itive form of relat1v1ty is called Gahlean relativity.

u CONCEPT CHECK 1 Velma ] normal ball-throwmg speed is 20 m/s. Sheisina
train moving eastward at 70 m/s and throws a ball toward the rear of the train. The
velocity of the ball relative to Velma is (a) 50 m/s eastward; (b) 50 m/s westward,
(c) 20 m/s eastward; (d) 20 m/s westward; (e)70 m/s eastward; (£) 70 m/s westward;

ﬂ CONCEPT CHECK 2 In the preceding question, the veloc1ty of the ball relative to
Mort, who is standing beside the tracks, is (8) 50 m/s- eastward; (b) 50 m/s westward;
(c) 20 m/s eastward; (d) 20 m/s Westward (e) 70 m/s eastward )70 m/s westward

Let’s turn to a similar example involving light beams mstead of baseballs You

learned in Chapter 9 that light is an electromagnetic wave moving at 300,000 km/s,

a speed that I will symbolize by the letter ¢. It’s difficult to imagine such a high
speed. A light beam travels from New York to Los Angeles in a hundredth of a sec-
ond. Trains, jet planes, and even Earth satellites movmg at 8 km/s are slowpokes
by comparison.

Imagine that Velma pilots a really fast tocket ship past Earth at 75,000 km/s, or

0.25¢ (25% of lightspeed), and that she holds a source of light—a flashlight or a -

laser—pointed forward. Mort stands on Earth. What would be the speed of the light

229
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Velma s spaceship
moves past Mort
at a speed of 0.25¢

Ve]ma s light beam
moves away from
Velma at speed ¢

Figure 10.4
How fast is Velma’s light beam moving, as observed by Mort?

beam—the moving tip of the beam—relative to Velma and relative to Mort? It
seems plausible that Velma measures the light beam to move at speed ¢, since she’s
holding the light source. In fact, experiments with light beams emitted by moving
sources show this to.be true Any light beam from a moving source moves at speed
¢ relative to the source.? What speed would Mort measure for the same light beam
(Figure 10.4)? Following the logic of the baseball example, the sensible answer
would seem to be 1.25¢. After all, the light beam travels 300,000 km in each second

as measured by Velma, and Velma travels 75,000 km in each second as measured by ~

Mort, so it seems sensible that the light beam would travel 300,000 km + 75,000 km
in each second, or'375,000 km/s, as measured by Mort.

This is the answer Galileo would have.given, the answer given by Gahlean rela—
tivity. It is the answer that all scientists would have given up through the end of the
nineteenth century. It is indeed a most sensible answer. Nevertheless, it’s experi-
mentally wrong. Nature does not always comply with our notion of what is sensible!
To see why there might be something wrong with this answer and to learn nature’s
answer, let’s turn in the next two sections-to Einstein’s thoughts.

10.3 THE PRINCIPLE OF RELATIVITY

You r1de ina smoothly moving unaccelerated jet airplane in level flight at unchang-
ing velomty The flight attendant pours you a cup of coffee. Where should you hold
your cup: directly under the spout, or someplace else to take into account the motion
of the airplane? In other words, does the coffee pour straight downward relative to
the airplane? Try it sometime and see. Or try. dropping a coin from one hand to the
other in a moving vehicle (but not when you are driving): Is the catching hand
directly beneath the dropping hand?

The answer is that the coffee pours straight downward rela’uve to the plane.

You could experiment with many things, all within a smoothly moving reference
frame: a falling ball, frictionless air coasters (Figure 3.6), electric currents, magnets,

2 Provided the source is not accelerating; see Section 10.4.
.
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and more. Just as for the poured coffee, you would find that the results are the same
as when the experiments are performed in a reference frame at rest on Earth.

.. Suppose you-ate a passenger on an aitplane with no windows in the passenger
compartment. You fall asleep and awaken later to find yourself alone in the com-
partment.. Can:you tell, without receiving information from the. outside world,?
whether your airplane is in level flight at unchanging velocity or parked on.the

ground? The answer is no. You could throw a ball, do handstands, pick up nails with

magnets, and the like, and everything would be the same, regardless of whether
your plane was in flight or parked. = .

_This is another example-of a symmetry principle (Chapters 1 and 9).-It says that,
no matter from what nonaccelerating reference frame. you view the universe, the
laws of physics are the same. I’ll summarize this as:

Unless you look outs1de, youcan’t tell how fast you’re going. It’s a plaus1b1e idea
and was the key to Einstein’s thinking about relativity. It’s called the “principle of
relativity” because it says that all motion is just relative motion. When you say “the
car moves at 25 km/hr westward,” you really mean that “the car moves westward at

25 km/hr relative to the ground” or that “the car and the ground are in relative

“motion at 25 km/hr.” You could just as well say that the car is standing still and the

© ground is moving eastward at 25 km/hr. You could even say that the ground is mov-

(\.

ing eastward at 1600 km/hr (which it is, relative to Earth’s center, due to Earth’s
spin) and that the car is moving eastward at only 1575 km/hr. It is only the relative
speed, the 25 km/hr that really counts

M CONCEPT CHECK 3 What about acceleratlon—can this be detected without

.looking outside? (a) Yes, you can do simple experiments to tell you whether you are
_'acceleratmg (b) Yes, but the expenments must 1nvolve 11ght beams (c) No.

'lO 4 THE CONSTANCY OF LIGHTSPEED STRANGE

BUT TRUE

Have you ever asked yourself what it would be like if y you could keep up with a light
beam? Some people do. The 16-year-old Einstein did, and his reflections on this
question helped lead him to his theory of relativity. To Einstein, the pbssibility of
moving along with a light beamn seemed paradoxical, contradictory. The reason is
that, to an observer moving along with a light beam, the light beam itself would be
at rest. To this observer, the light beam would appear as an electromagnetic “wave”
that was standmg stlll' To Emstem, thls seemed absurd Here'’s why '

3 Information from the pilot would be from the outside world, because the pilot’s information enters through
the cockpit window and through radio receivers.

The Lord is subtle, but He is not
malicious.
Einstein
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You could see that Einstein was
motivatad not by lagic in the nar
row sense of the ward bui by a
senge of beauty, Ha was always
looking for beauty in his werk,
Equally he was moved b}r 4 fara-
fourd religious sense fulfilled in
fineing wondarful las, simple
lawis ini the universe, It was really
a religious experience for him, of
the most profaund sort, even
though ha did not helieve fn a
personal god.

Banesh Hoffmann, Mathematician and

Author, in Some Strangeness in the
Proportion

| dan't try to imaging a personal
God; it suffiess to stand in awe at
the st s of the world, insofar
as it allows our inadaquate
gensed to appreciats it.

Einstein

it
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Our understanding of eleciromagnetic waves, such as light, is based on
Maxwell’s theory of electromagnetic fields (Chapter 9). Recall that Maxwell’s the-
ory predicts that any disturbance in an electromagnetic field, such as a disturbance
caused by the motion of an electrically charged object, must propagate as a wave
moving outward through the field at speed c. This particular speed, 300,000 km/s,

1is built into Maxwell’s theory. o

EBinstein believed thatMaxwell’s theory should, like all other laws of nature, obey
the principle of relativity: So Maxwell’s predictions should be correct within every
moving reference frame. Since speed c is built into Maxwell’s theory, Einstein con-
cluded that. every observer ought to observe every light beam to move at speed c,
regardless of the observer’s motion. No matter how fast you move, a light beam
should always pass you at speed ¢, relative to you. If every observer sees every light
beam move at speed c, then nobody can even begin to catch up with a light beam,
much less move along with a light beam. , . ,

It’sa simple idea. But it’s also pretty crazy, which is why it took Einstein to think of
it. After all, if you run after a departing light beam, common sense tells you that from
your perspective the speed of the departing light must be less than 300,000 km/s. And
if you run toward an approaching light beam, common sense says that the speed of the
approaching light must be greater than 300,000 km/s. Einstein’s idea is so odd that
other turn-of-the-century physicists who might have discovered it did not. It’s the sec-
ond important principle underlying Einstein’s theory. I'll summarize it as:

Like the principle of relativity, this principle is valid only for nonaccelerated
obsetvers. The reason is that Maxwell’s theory, like most laws of physics, is valid
only for nonaccelerated observers. ’ N
To get a feel for it, we’ll apply this principle to several “thought experiments,”
impractical expetiments that could in principle be performed. Each experiment
involves a light beam, which we take to be a laser beam but which could just as well
be a flashlight beam. - -
Suppose Velma moves away from Mort at a quarter of lightspeed and holds a

 laser pointed forward, as in Figure 10.4. As noted in Section 10.2, she observes the

beam to move,away from her at speed c. What speed does Mort observe for the laser
beam? Galilean relativity and our intuitions answer 1.25¢, or 375,000 km/s. But
Einstein’s relativity predicts that the answer is c, or 300,000 km/s! R

Another example: Mort has the laser and he shines it in the direction of Velma
who is departing from him.at a quarter of lightspeed (Figuie 10,8). Mort observes
the beam to move away from him at speed ¢, but what does Velma observe? Galileo,
and common sense, now predict 0.75¢, but Einstein predicts c. .

To dramatize the oddness of this, imagine that Velma is moving away from Mort
at a speed of 0.999 999c, just a hair slower than lightspeed (Plgure 10,8). Mort
switches on his laser and sees the light beam depart from him at speed c. As
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Velma s spaceship
moves away from Mort
at aspeed 0f0.25¢

i Mort’s light beam moves
‘Lo~ away from Mort at speedc

Figure 105 ,
What i is the speed of Mort s light beam reIatwe to Velma? '

"Velma’s spaceship '
moves past Mort

-:at aspeed of

0.999,999¢ .

" Mort’s light beam moves away -

from Mort at speedc. = - R
. According to Mort, Velmais ..., =

- moving only 0.000,001¢, or 300

%5 m/s, slower than his light beam

Figure m-@
Now how fast 1s Mort ] llght beam movmg, as observed by Velma? _

observed by Mort, Velma moves only slightly slower than the. light beam—he says
that she nearly keeps up with-the light beam. Galilean relativity predicts-that Velma
observes the light beam passing her at only 0.000 001¢. This is just 300 m/s—the
speed of fast jet airplanes. But Einstein’s relativity says that she sees the light beam
pass her at-precisely 300,000 km/s, desplte the fact that she is. movmg away from
the light source-at nearly lightspeed!. - - E

Maybe you’ve noticed that we don’t allow Velma 1o have precisely speed c. If we
imagined that she moves right at speed ¢, we'd get into the difficulty that Einstein
noted: She:would observe the light beam to-be-at rest. So an observer can move at
nearly, but not precisely, speed c relative to another observer. Later; we’ll see why.

‘How do we know that light goes the same speed for all observers? Stranige
| though the constancy of lightspeed may seem;it's verified daily. However, most experi-
ments involve fast-moving microscopic.particles rather than spaceships. In one especially
striking experiment.in 1964, a subatomic particle moving at nearly lightspeed emitted
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electromagnetlc radiation both forward and backward. Galilean relativity predicts that the
forward-moving radiation should move ruch faster than ¢ while the backward-moving
radiation should move much slower than c, as measured in the laboratory. But measure-
ment showed that both radiation beams move at speed c relative to the laboratory.

Maxwell and other nineteenth-century scientists had a more conventional view of
light beams. As explained in Chapter 9, they believed that light was a wave in a mate-
rial medium, just as water waves are waves in water. They called this medium ether.
Nobody had observed ether. It couldn’t be made of ordinary atoms, because light
waves travel through outer space where there are essentially no atoms. Instead, ether
was thought to be a continuous material substance filling the entire universe and
made of some unknown nonatomic form of matter. The ether theory assumes that the
“patural” speed of light, 300,000 km/s, is light’s speed relative to the ether. Observers
moving through the ether should then measure other speeds for light beams, speeds
that should depend on the observer’s speed through the ether. But as the principle of
the constancy of lightspeed states, and as experiment shows, all observers measure
the same speed for all lightbeams, so the ether theory must be wrong. Since Einstein,
electromagnetic waves have been viewed as the vibrations of an electromagnetic
field, which itself is not made of any material substance. As discussed in Chapter 9,
this contrasts sharply with the materialist worldview of Newtonian physics.

The constancy of lightspeed is the key principle that gives the theory of relativ-
ity its odd quality. It’s natural to question this principle. How do we know it’s true?
The answer is simple but profound: It’s true because nature says so. Numerous
experiments show that every light beam moves at speed ¢, regardless of the motion

of the source or observer. Although this odd notion violates our preconceived .

beliefs, it is observation of nature, rather than preconceived beliefs, that determines
truth in science. Our preconceived beliefs about motion are based on observations
of objects moving far slower than lightspeed and are very nearly correct at such
speeds. But at higher speeds, our preconceptions are radically incorrect.

The foundations of Einstein’s theory are the principle of relativity and the constancy
of lightspeed. Their role in the theory of relativity is identical to the role of Newton’s
laws in Newton’s theory of force and motion: They form the logical basis of the theory,
from which everything else is derived and which are themselves justified directly by
observation. Physicists call this theory the special theory of relativity. The word
special distinguishes this theory from another, related theory of Einstein’ called the
general theory of relativity (Chapter 11). The distinguishing feature of the general
theory of relativity is that it allows accelerated observers, while the special theory
allows only non-accelerated observers, so.the general theory is a'more general—
broader—theory than the special theory. Strictly speaking, Earth itself is an acceler-
ated reference frame, because it spins on its.axis and because. it rotates around the sun.
But these accelerations are so small that the predictions of the spe01al theory are excel-
lent approximations for any Earth-based observer.

The remainder of this chapter explores five of special relat1v1ty s most 1mportant

predictions: the relativity of time, the relativity of space, the- relat1v1ty of mass, cas
the speed limit, and £ = mc?. : .

M CONCEPT CHECK 4 .. Velma moves away from Mort at-0.75¢. She turns on two
lasers, one pointed forward and the other backward. According to Galilean relativ-
ity, how fast should the forward and backward beams move, as observed by Mort?
(2) 0.25¢ and 1.75¢. (b).1.75¢ and 0.25¢. (c) 0.25¢ and 0.75c¢. (d) 0.75¢ and 0.25c¢.
(e)candec.

N
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> | CONCEPT CHECK 5 Inthe preceding question, Mort actually observes (a) 0.25¢

and 1.75¢; (b) 1.75¢ and 0. 250, () 0.25¢ and 0. 75c, (d) 0.75¢ and 0.25¢; (e) ¢ and c.

10.5 TH:E“RELATIVITY OF TIME

The constancy of lightspeed suggests. something is amiss in our intuitive concep-
tions of space and time. After all, speed measures how far an object moves through
space divided by the time to move, so speed.is intimately tied to space and time.
We feel that we understand what “time” is, but its meaning fades when we pon-
der it. Being enmeshed in time, we cannot study it from a distance, so our attempts
to define it are usually circular, implicitly using the concept of time in order to
define time. Einstein’s insight into time was that it’s physical—part of the physical
universe. Just as one can measure the properties of a stone or of a light beam, one
can measure the properties of time. And how should we measure the properties of
time? With clocks! This reply is more profound than it appears. The only way we
can measure time is with real, physical “clocks,” by which we mean any phenome-
non—a swinging pendulum, Earth’s rotation around -the sun—ihat goes through

identical repetitions: Physically, the concept of a clock really defines time. So to

investigate the properties of time, we must investigate clocks. How do clocks really

behave? Einstein managed to predict the propetties of clocks using as h1s startmg'

point only the two principles of the special theory of relativity.
An ordinary spring-wound or battery-driven clock would be hard to study based
only on Einstein’s two principles because these clocks are so complex, involving

- springs, electric current, gears, and so forth. So Einstein invented a simple kind of

clock, a s1mple thought experrment really. His light clock (Figure 10.7) involves no
mechamcally moving parts; its only motion i§ the motion of a light beam. Two par-
allel mirrors face each other, one above the other, and a light beam bounces up and
down (reﬂects) between them. Although it’s not terribly practical for thé clock
maker, it’s convenient to imagine that thé ‘mirrors are separated by 150, 000 kilo-
metets, because then the time for oné complete round trip of the’ hght beam is just
1 second. You know it’s 1 second because the constancy of hghtspeed says all light
beams travel 300,000 kilometers i in1 second We’ll assume this hght clock tlcks at
the end of each round-trip.

‘We' begin 1nvest1gat1ng the propertles of tirne by 1nsta111ng one 11ght clock i in.

Velma’s spaceshlp ‘moving eastward past Earth, and another in Moft’s 1aboratory on
Earth. Let think about Velma’s light clock, She sees her light beam bouncmg
straight up and down, covermg 300,000 km per tick [Figure 10. a(a)] Simple enough

But from Mort’s point of view, the tip of Velma’s 11ght beam is not only moving up
and down, it’s also moving eastward because of Velma’s eastward motion, So the tip

of Velina’s llght beam, as seen by Mort, move's along d1agona1 paths Frgure 10.8b -

shows Mort’s observations of Velma’s spaceshlp at three instants: when the tip of
her light beam is at the bottom mirror, ‘when it has moved up to the top mirror, and
when it is back at the bottor mirror.

Smce the distance between the mirrors is 150, 000 km, you can see from the fig-
ure that the distance along one of the two diagonals is greater than 150, 000 k. This
means that the total round-trip distance traveled by Velma’s hght beam, a§ measured
by Mort, is greater than 300,000 km. Thete is nothing’ surprising or subtle about this;
Galileo would have said the same thing. Now comes the part that Galileo (and our
intuitions) wouldn’t agree with: The constancy of lightspeed say's that Mott observes

WWWWW ‘
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Figure 10.7
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A light clock. A light beam
bounces up and down between two
mirrors. If the distance between
mirrors is 150,000 km, then 1 sec-
ond:-will elapse during one com-
plete round-trip up and back down.
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1

Mort’s light clock

Figlue ll)aﬂ
(a) Velma in her spaceship, observmg her l1ght clock. (b) Velma s spaceship and the light
beam on Velma'’s light clock as observed by Mort using his own light clock. Accordmg to

Mort’s observations, the tip of Velma’s light beam moves along the diagonal path shown by
the dashed arrows. . .

Velmas light beam to move at just 300,000 km/s (Galileo would’ say that Mort

observes Velma’s light beam to move faster than 300,000 km/s, because of Velma’s __
motion). Since Moxt observes the round-tnp distance to be greater than 300,000 km,

it follows that according to Mort it takes more than 1 second for Velma’s llght beam
to make the round-trip! So, as measured by Mort using his clock, mote than 1 second
elapses between Velma’s ticks. According to Mort, Velma’s clock runs slow.

" Velma’s second is different from Mort’s second. The two observers measure dif-
ferent time, intervals for the same event (one round-trip of Velma’s light beam).
Time is relatzve to the observer. It's simple, but hard to believe.

Let’s turn thmgs around. How does Mort’s clock appeat to the two obsetvers? To
Mort, his own clock’s light beam travels 300,000 km in one round-tnp and requires
1 second to do so. But from Velma’s v1ewpomt Mott’s clock is moving westward,
so the tip of Mort’s light beam is moving along a diagonal and therefore the total
round-trip distance traveled by Mort’s light beam as observed by Velma is gteater
than 300,000 km. But because Velma observes Mort’s light beam to move at
300,000 km/s, she must observe that mote than 1-second elapses. between Mort’s
ticks. According to Velma, it’s Mort’s clock that runs slow.

The rule is moving clocks run slow: Mort and Velina both observe that the ‘other
person’s clock runs slow. This is not your normal situation caused by an inacourate
clock, in which if my clock runs slow accordmg to your clock, then your clock must
run fast according to my clock. This raises an interesting quesnon Whose clock is
really running slow, and whose is teally accurate? The answer is that Velma and
Mort are both right! Velma observes that Mort’s clock is slow, and Mort observes
that Velma’s clock is slow, and both observations are correct. This situation is not
‘caused by inaccurate clocks; it is instead a property of time itself, There is no single
“real” time in the universe, no. “universal time”; there is only Mort’s time and
Velma’s time and all the othe1 possible observers times,

]
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As you might expect, there is a formula that quantitatively desctibes the relativity
of time.* Table 18,1 gives a few of the numerical results that can be calculated from
this formula, and Figure 108 is a graph based on the same formula. As you can see
from the table, the effect is negligible even at orbiting satellite speeds (10 to 20 km/s).
It’s not until speeds of 0.1c—a speed that would get you around the world in 1 sec-
ond—that the effect amounts to even a half of 1%. But at large fractions of lightspeed,
the effect becomes quite large: At 99.9% of lightspeed (not shown on the graph),
Mort and Velma’s seconds will be more than 22 seconds long as measured by the
other observer, The relativity of time is also called time dilation, because a time
interval of 1 second on a moving clock is expanded, or dilated, to more than 1 second
as measured by an observer past whom the clock is moving.

Although we investigated the relativity of time by studying light clocks, the con-
clusion holds for every type of clock—every regularly repeating phenomenon. [ requires a very unusual mind to
Einstein thought about light clocks only. in order to learn what the two principles of YNE€rtake the analysls of the
his theory implied about time. Every clock must behave the way a light clock ebviaus. ] ]
behaves because they all measure the same thing: time. And every phenomenon that éE:if‘,,ﬁ' ?,';novs\'::ﬁ:f ad, Twentleth-
occurs during an interval of time must also behave in this way. Think, for example,
of an ice-cream cone melting. Suppose you can make ice-cream cones that melt in
exactly 10 minutes and that both Velma and Mort have one of these cones. These
cones are a kind of clock, a clock that ticks in 10 minutes.

P CONCEPT CHECK 6 Mort and Velma have identical 10-minute ice-cream

cones. Velma passes Mort at 75% of lightspeed. Use Table 10.1 to predict the times

measured by Mort for his and Velma’s cone to melt. (a) 10 minutes for Mort’s cone,
+~10 minutes for Velma’s cone. (b) 10.5 minutes and 10 minutes. (¢) 10 minutes and
* 10.5 minutes. (d) 15 minutes and 10 minutes. (¢) 10 minutes and 15 minutes.

Figare 108
The relativity of time. The graph
* shows the duration of one clock
tick (representing 1 second in the
I i S : : clock’s reference frame) on a mov-
0 0lc 02 03c 04c 05c’ 0.6c -07c 08¢ 09¢ ¢ L . ingclock, for various speeds of the
: Speed - .. : clock relative to the observer.

# This formula can be detived from Figure 10.8 by using the Pythagorean theotem, which states that a right
triangle’s short side lengths a and b are felated to its diagonal length ¢ by ¢? = a* + 5% The formula is
T=T,/V(l — v*/c?, where v is the relative speed, T, is the time between two of Velma’s ticks as

("“ obsetved by Velma (7, = 1 second), and T'is the time between two of Velma's ticks as observed by Mort.
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Table 10.1

To give you a feel for these speeds: 0.3 km/s is a typical subsonic jet plane speed, 3 km/s is
twice the speed of a high-powered rifle bullet, at 3000 km/s you could cross the United States
in 1 second, and at 30,000 km/s you could circle the globe in 1 second. Clearly, relativistic
effects are small until the speed becarnes very large!

Relative . Relative speed ' Duration of one “tick” on a moving clock,
speed as a fraction : as measured by an observer past whom
(km/s) - of lightspeed (¢) : the clock is moving. (s)
0.3 108 - 1.000 000 000 000 5
R 10° _ 11.000 000 000 5
30 o .10 1.000 000 005
3000 © © 0,001 ' ' 1.000 000 5
3000 001 1.000 05
30,000 . 01 , 1.005
75,000 - 0.25° 1.03
150,000 0.5 1.15
225,000 075 : 15
270,000 0.9 2.3
297,000 099 : 71
299,700 0.999 . . 224

Instead of ice-cream cones, they could have frogs. Suppose your local biology
department hatches guaranteed 10-day frogs, having a 10-day lifetime. Biological
life occurs in time, too, so these frogs can be thought of as a kind of clock. So if
Velma passes Mort at 75% of lightspeed, he says that her frog lives 15 days but that
his frog lives only 10 days (see Concept Check 6). And she says that his frog lives
15 days but that her frog lives only 10 days. So each observes their own frog to die
first. And both observations are correct! Fantastic. A

“But,” you may ask, “whose frog really dies first?” If you are tempted to ask this,
your unspoken belief is that there is one single, universal, “real” time. But there.
isn’t. There is only Mort’s time, and Velma’ time, and every other individual
observer’s time, '

How do we know that time flows differently for different observers? The relativity
of time has been verified repeatedly in laboratories, by observing fast-moving subatomic par-
ticles. One experiment, similar to the frog example, involved a type of subatomic particle
known as a “muon.” Muons, unlike most ordinary matter, are not permanent objects. Instead,
they have a “lifetime” after which they disintegrate spontaneously into other particles. The
lifetime of a muon is only 2.2 microseconds (2.2 millionths of a second), as measured by
you if the muon is at rest relative fo you. But a muon moving rapidly past you lives much
longer as measured by you, because of time dilation. For example, at 99% of lightspeed
(muons often move this fast in high-energy physics labs), Table 10.1 says that its lifetime will
be lengthened by a factor of 7.1, so it will not disintegrate until 7.1 X 2.2 = 15.6 microsec-
onds have passed. This experiment has been done, and the moving muons were observed
to have lifetimes that were lengthened by just the predicted amount.
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10.6 TIME TRAVEL: YOU CAN'T GO HOZIVIE AGAIN

As you might have $suspected, the next step is to mvestlgate the life spans of Velma and
Mort themselves. Suppose they are born at the same time® and that they have 80-year
lifetimes. In other words, Velma observes her lifetime to be 80 years and Mort
observes his lifetime to be 80 years: If Velma and Mort spend their’ lives mioving at

75% of lightspeed relative to each other, then Table 10.1 informs us that Mort’s descen-
dants observe ‘that Velma lives for 120 years, as measuted by Mort’s ‘clocks. And
Velma’s descendants observe that Mort lives for 120 years, as measured by Velma’s
clocks. From Mort’s viewpoint, Velnia ages slowly; she ages by just a year during éach
of Mort’s 1.5 years; he dies after 80 of his yeats; and she dies after 120 of Mort’s years
but having the physical appearance of a person who is only 80. Accordmg to Velma, all
of thlS is reversed. And both of them are correct Incredlble

}’ CONCEPT CHECK 7~ When Velma observes herself to be 60 years old she W111_

observe Mort to be (a) 30; (b) 40; (¢) 60 (d) 80; (e) 90.

This suggests a perplexing quest1on Suppose that Velma and Mort are born at

the same time on Earth, as'twins perhaps, arid Velma then boards a spaceship, takes’
a fast trip to a far star, and returns to Earth. This scenario is different from the sce-

nario in the preceding paragraph, because now Velma and Mort begin and end in the
same reference frame. Once they afe back together they must agree on who is older,
because thete is only a single time in any s1ng1e reference frame. Wh1ch twm will
be older; or will they be the same age?

Let’s think about that. Recall that the spec1a1 theory of relativity app11es only to
-nonaccelerated observers. But'in the scenario for the‘two twins, Velma leaves Earth,

speeds up enormously; turns around o get back to Earth, and thén comes to rest on’

Earth. Since this trip necessarily involves three enormous accelerations, the special
theoty of relativity does not apply to Velima’s:obsérvations. But the speclal theory does
apply to Mort’s observations, since he didn’t accelerate. As you have seén, the theory
pred1cts that he observes Velma to age slowly during her entire trip, because she is

moving relative to him. For example, if she moves at 0.75¢, he should observe that 1.5

of his years elapse for every 1 of hers (Table 10.1). If Velma’s trip takes 60 years as
measured by Mort, he observes that only 40 of her years elapse. So he observes that
when they get back together on Earth, he is 60 and she is 40! Her observations must
agree with this, since the two are now in the same reference frame. This is how you can
get to be 20 years younger than your twin brother.

How Ho we know that time tréirel'le p’osstble" This conclusion has been experimen-

commercial jet flights and compared to clocks that remained at rest on Earth, Although the
predlcted time difference was only a fraction of a second, it was measurable using high-
accuracy clocks. As predlcted the clock that went on the trip came back’ younger (it hadn't
ticked as many times) thari the dlock that stayed home. And the quantitative difference in

demonstrate that time travel is possnble but only into the future

5 You might wonder what “at the same time” means, since we are assumlng ‘that Mort and Velma are in dlf—.
ferent reference frames. To simplify matters, suppose that Mort and Velma are just passing each other. -
Then “at the same time™ means that as either one comes into the wotld, he or she observes that the other is
coming into the world too. .

tally verified, but in a less dramatic,fashion. Atomic clocks were flown around the world on

‘élapsed time was precisely as predicted. As you will see in a moment, such expenments'

The testimony of our common
sense is suspect at high velocities.
Carl Sagan, Astronomer and Author
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This suggests some astonishing possibilities. Suppose your mother leaves Earth
for the star Vega, a sunlike star lying relatively close to our sun and a possible can-
didate for a planetary system. The distance to Vega is 26 light-years meaning that it
takes light 26 years to reach Vega from here. A light-year is the distance light trav-
elsin 1 year. _

Suppose mom’s spaceship averages a colossal 0.999¢. She spends 3 yeats on a
planet that is orbiting Vega and returns home. Since she travels at nearly lightspeed,
each one-way trip takes slightly more than 26 years, as measured on Earth. So she is
gone for slightly more than 26 + 3 + 26 = 55 years, as measured on Earth, If you
were 5 and mom was 30 when she departed, you would be 60 when she returned. But

mom would no longer be 25 years oldet than you! Table 10.1 informs us that during the’
52 “Barth-years” of space travel at 0.999¢, she aged by only 1 year for every 22.4 years -

of “Earth time.” So she aged by only 52/22.4 = 2.3 years during the 52 Earth-years.
Including the 3 years spent on Vega, she aged by only 5.3 years during the entire trip.
So mom is 35.3 years old when she returns, and you are 60! This is how you can get to
be older than your mothet.

It’s a form of time travel. Your mother took a trip to Earth’s future She could
travel much further into the future, hundreds or thousands of years into the future,
by moving faster, say at 0.9999¢. But it’s a one-way trip. You can’t go home again to
the past from which you departed. :

Time dilation suggests that humans might travel to d1stant stars within a human
lifetime. Suppose you travel to a star 200 light-years away, at 0.999¢ relative to Earth.
Even though the trip takes a little over 200 years as measured on Earth clocks, it takes
you only 200/22.4 = 9 years as measured in your spaceship. When you arrive at the

star, two centuries have elapsed on Earth. Even if you immediately hurry back to

Earth, you time-travel four Earth centuries into the future during the round-trip but
you age by only 18 years. On Earth, you will be a relic from four centuries carher

B CONCEPT CHECK® Teis phys1ca11y possible for yout mother to leave Earth after
you were born and return (a) before you were born; (b) before she was born; (c) younger

than you; (d) older than you; () younger than she was when she left; (f) older than she
was when she left. '

10.7 THE,EELAWlV!W OF SPACE AND MASS

What is space? Just as time means “what is measured by clocks” (Sect1on 10.5),
space means “what is measured by rulers.”

What operations should Mort perform to measure, say, the width of a window?
For a window at rest relative to Mort, the prescription is to place a measuring rod
along the window and compare the ends of the window with the marks on the rod.
If the window is moving past Mort, he should continue using a measuring rod that
is fixed in his own reference frame, because he wants to know the width of the mov-
ing window as measured in his own reference frame If the width being measured
lies along the direction of motion, Mort must measure the pos1t1ons of the two ends
simultaneously because otherwise the window will shift positions during the lag
between measutements and Mort won’t measure the true width.

In order to ensure that the front-end and back-end measurements are simultaneous,
Mort must use two clocks—one at each end. This means that the measurement of the
width of a moving object is mixed up with the measurement of time; time and space

are tangled up with each other! Since time is relative, it then comes as no surprise to -
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learn that space is relative too. I won’t go through the argument that proves this result;
it's similat-to the argument in-Section 10.5 showing that-moving clocks run slowly
More specifically, Einstein’s theory predicts that Mort observes the window’s width
along its ditection of motion to be shorter than does-Velma who is traveling along with
the window (Flguté 1818, This effect is called length contraction. There is no. length
contraction along directions perpendlcular to the window’s direction of motion..
- As with time dilation, length contraction works both ways: Just as Mort finds
that Velma’s window is contracted, Velma finds that Mort’s window is contracted
A quantitative analysis leads to.a formula, graphed in Flgiire 10:11.5 The figure
graphs the predicted length of a 1-meter-long object such as a meter stick, held paral-
lel to its motion, for various speeds of the object. Like time dilation, length contraction
is barely detectable for speeds below about.0.1¢ but-becomes latge at higher:speeds.
Length contraction is not simply something that happens to meter sticks. Since
space is defined by meter sticks, it is space itgelf that is contracted. Just as Velma’s
time flow is different from Mort’s time flow, we must speak of “Velma’s space” and
“Mort’s space” rather than a single, universal space. Space is d1fferent for different
observers. Space is relative.

) | CONCEPT GHECK 9 Velma measures her spaceship to be 100 m long and 10'm
high. Is it possible for her spaceship to move fast enough past Mort.for its length to
be equal to its height, as observed by Mort? (a) Yes, by moving at about-0.9c¢.
(b) Yes, by moving at about 0.99¢. (c) Yes, by:moving at about 0.1c. (d) No, because
she would have to move at precisely hghtspeed fo accomphsh th1s (e) No because
objects do not change their shapes : o

Elnsteln S new prlnclple, the constancy of 11ghtspeed, aﬁ‘ects nearly everythmg in
physics: time, space, and more, including Newton’s law of motion (Chapter 4). This
law states that an object’s acceleration is equal to the net force. exerted on the object
divided by the object S mass, or in symbols -

" a=F/m o _
* This implies that if you exert an unchanging force on an object, the object maintains an
unchianging acceleration. Eventually, the object will be going at lightspeed &iid still-accel-
erating. An observer riding on such-an object could catch up with and pass a light beam.

0 01c 03¢ 03¢ Udc 05c 06 07c 08 056 ¢
Speed

6 The formulais L = Ly V(1 — v*/c%) where Lo is the object’s rest length (the length as measured byan
observer for whom the. obJect is at rest), and L is the length of the ob] ect when it is moving at speed v.

Higuie 10.10
The window in Velma’s space-
ship as measured by (a) Velma
and (b) Mort.

- Figuwre 10,11
- The relativity of space. The pre-

dicted length of a meter stick for
various speeds of the meter stick

. relative to the observet.
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So Newton’s law of motion is not consistent with the theory of relativity!
Apparently, relativity alters Newton’s law in such a way as to prevent objects from
accelerating up to lightspeed. To describe this alteration of Newton’s law of motion,
let’s imagine that Mort-and Velma (who is moving past Mort) have identical 1 kilo-
gram objects, 1 kilogram melons perhaps. If Mort pushes on his melon with, say, a
1 newton force, he will find that it accelerates at 1 m/s?, just as Newton’s law of
motion predicts. If he now pushes on Velma’s melon (whlch is moving past him)
with a 1 newton force, Newton’s law of motion predicts that Velma’s melon acceler-
ates at 1 m/s?, but relativity theory predicts’that Velma's melon accelerates at less
than 1 m/s?. As was the case for other relativistic effects, this effect is negligibly
small at normal speeds but large at speeds comparable to lightspeed.

From Mort’s point of view, a 1 newton force applied to both melons produces a
smaller acceleration in Velma’s melon than in his'own melon. From Mott’s point of
view, Velma’s melon has mote inertia than does his own melon (recall that a body’s
inertia is its resistance to acceleration). But this is the same as saying that Velma’s
melon has more mass, because the fundamental meaning of mass is “amount -of
inertia” (Chapter 4). In other words, Mort measures Velma’s melon to have a larger
mass than his own melon, even though they are identical melons. As usual, the
effect works the other way around: Relative to Velma, her melon has a mass of 1 kg,
but Mort’s melon has a mass of more than 1 kg.

Thus, mass is relative: An object’s mass increases with its speed, so different
observers measure different masses for the same object. A quantitative analysis
leads to a formula that predicts an object’s mass for various speeds.® Figure 10.12 is
a graph of this formula, along with the previous graphs for time dilation and length
contraction. The formulas for mass increase and time d11at1on have identical forms,
so their graphs have identical shapes.

In Newtonian physics, “mass” (or inertia) means the same thmg as “quanuty of mat-
tet”” But in relativity; an-object’s mass increases with its speed while its quantity of matter
does not increase because it still contains the same atoms. So mass no longer means
“quantity of matter”” But we need a word for an object’s quantity of matter. That word is
rest-mass, the mass of an object as measured by an observer in a frame of reference in
which the object is at rest. For example, Velma’s and Mort’s melons both have rest-masses
of 1 kg, regardless of who observes them. This number, 1 kg, is a measure of its quantity
of matter. An object’s mass, however, is the amount of inertia it possesses and is different
for different obsetvers. The mass and test-mass of a slow-moving object are essentially the
same, but the mass of a high-speed object is significantly greater than its rest-mass.

How do we know that mass increases with speed? Relativistic mass increase is an
everyday fact of life in high-energy physics labs. A subatomic particle can be accelerated to
speeds so close o lightspeed that its mass is thousands of times greater than its rest-mass.
One way to check this prediction is fo bend a high-speed particle’s path by applying electric
or magnetic forces and measure the curvature of the resulting path. If high-speed particles
really do have larger masses, their paths should curve less than they otherwise would,
because their larger inertia tends to keep them moving straight ahead. Measurements
show that such paths are less curved than they would be in the absence of relativistic mass

increase and that the amount of curvature agrees with Einstein's predictions.

7 The reason is that accelerations of Velma’s melon, as viewed by Mort, are reduced because distances are
contracted and time intervals are expanded.

8 The formula is m = mo/ V(1 — v*/c?), where mj is the object’s rest-mass (the mass as measured by an
observer for whom the object is at rest), and m is the mass of the object when it is'meving at speed v.

——
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2.1 Time dilation
2.0 ) i ] and mass ;gq%_ase
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. ~— ; - - Relativistic mass increase, length
09 : —— L 1 .. .... .contraction, and time dilation. The
08 i _ | ~ graph shows the duration of one

- 4 - — clock tick (representing 1 second in
0.6 : : e ’ the clock’s reference frame) on a
T N contraction \\' i moving clock, the length of a mov-
03 T ‘ T ] TIN ‘  ing meter stick, and the mass of a
02 : : ool ol N s - moving standard kilogram, for vari-
0.1 : \ ous speeds of the clock, meter

.0 Olc. 02¢ 03¢ 04c 05c 06c. 07¢c 08 09 ¢ stick, and kilogram relative to
. . . Speed the observer.

Timein seconds, length in.mefers-,‘or mass in kilograms
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Time, space, and mass are relatlve ‘but not everythlng is relative. In fact, the two
basic principles of Einstein’s theory tell us that the speed of any light beam i is the
same for every observer; and the same goes for the laws of physics.

- Relativistic ‘mass incréase explains why you cannot’ accelerate objects up to- hght-
speed. At high speeds, an object’s mass becomes very large, increasing without limit as
the speed approaches ¢ (Figure 10.12). Eventually; the force needed for further accel-
eration becomes so large that the object’s surroundings cannot prov1de it. But there is
something that moves-as fast as’ hghtspeed light itself. In fact, light never moves
slower-than 300,000 km/s.® Wheri you turn on a-lightbulb, the light does not accelerate
from zero-up to lightspeed; instead; it moves at precisely lightspeed frohi the instant it
is created. Light is quite different from any material object: When you put a material
object'down in front of you, it has rest-mass. Light beams ‘must hot‘have rest-mass,
because if they did, then relativistic mass increase would make their‘mass infinite
while moving at lightspeed. Anything that has no rest-mass and always moves at light-
speed, sucti as light and other forms of ¢lectromagnetic radiation, is classified as radi-
ation. It’s-a useful distinction: Matter has rest-mass and. always moves slower than
lightspeed, while radiation has no rest-mass and always moves at lightspeed. -~ '+

9 However, light travels through material substances such as water or glass at an average speed that is some-
times far less than lightspeed. When moving through matter, light momentarily vanishes when absorbed by
an atom and is re-created when emitted by the atom. Whenever the light actually exists as light, it moves at

o 300,000 km/s.
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(b) More energy

Flgure 10,73

The separated magnets of (b) have
more energy, and hence more
mass, than do the two joined mag-
nets of (a). The excess energy and
mass in (b) reside in the invisible
and nonmaterial magnetic field,
indicated by dashed lines.

M CONCEPT CHECK 10 Which is a form of matter? (a) Red light. (b) The
invisible waves drawn in Figire 8.3, (c) The invisible carbon dioxide gas emitted
by automobiles. (d) The electron beam that creates the picture on a TV tube.
(e) A gamma ray. :

10.8 £ = me?: ENERGY HAS MASS, AND MASS HAS ENERGY

As an object speeds up, its kinetic energy increases and, as you have just learned, its
mass increases. So, at least in the case of kinetic energy, energy increase and mass
increase go hand in hand. Working from the theory of relativity and the law of con-
servation of energy, Einstein found that mass is connected to every form of energy
in this fashion. You can increase a system’s mass by simply lifting it (giving it grav-
itational energy), warming it (giving it thermal energy), stretching it (giving it elas-
tic energy), or giving it any other form of energy. :

Does that surprise you? It surprises me. If you stretch a rubber band, you don’t

- expect its mass to increase. It’s still the same rubber band, after all. This is a new

and surprising prediction: Any increase in a system’s energy increases its mass,
regardless of what form that energy increase might take. :

Einstein’s analysis yields a simple formula that quantitatively relates the change
in mass to the change in energy. The formula states that the change in mass equals
the change in energy divided by the square of lightspeed:

change in energy

change in mass = square of lightspeed

In the standard metric units, mass and energy are in kilograms and joules, and
c=3x 108 m/s, so ¢ = 9 X 1016 mz/s2. Note that, since the standard metric unit
for use in physics formulas is meters rather than kilometers, you need to use
3.X 10® m/s for “c” rather than 300,000 km/s. - - a

Here’s an example. Suppose yog:.étretch a large, strong rubber band by exerting an
average force of 300 N through a distance of 0.6 m. Since work equals force times dis-
tance, you’ve done.300 N X 0.6 m = 180 J of work on the band. So the work—energy
principle (Chapter 6) says you’ve added 180 J of energy to the band. This increases the
band’s mass by 180/ 9 X 10'S'= 2 X 107 kg = 0.000 000 000 000 002 kg. Not
much. The increase is small because c? is so large. This is why.relativistic mass
increase wasn’t noticed before Einstein: In ordinary situations, it’s too small to notice.

As a second example, suppose you have two bar magnets and that the north pole of
one is joined to the south pole of the other so that they cling together [Figure 10.13(a)].
Since it takes work to pull them apart, the separated magnets of Figure 10.13b must
have more energy than do the joined magnets. But more energy means more mass. So
the total mass of the two combined magnets increases simply by pulling them apart!
The separation process creates a magnetic field in the space-between the two magnets
[Figure 10.13(b)]. The excess energy in the separated magnets resides in this invisible
and nonmaterial magnetic field. You encountered such “field energy” before, in the
energy of electromagnetic radiation. But now you can see that fields also have mass.
This mass is in the “empty” space between the magnets. The work done in separating
the two ‘magnets is only a few joules, so the mass difference is again tiny.
Nevertheless, it’s extraordinary that nonmaterial fields in empty space have mass:
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Turning to more dramatic examples, nuclear reactions’ entail nature’s strongest
forces, the forces acting within the atomic nucleus (Chapters 14 and 15). For-now,
all you need fo know about nuclear reactions is that they are analogous to chemi-
cal reactions but they involve changes in nuclear structute rather than changes in
electron orbits. For example; in nuclear power reactors and nuclear weapons, the
element uranium undergoes a nucleat reac‘uon known &s nuclear fission in which

the nucleus of each uranium atom is altered.'? Fission is a little like combustion, but

the forces involved are so strong that the thermal energy created is far larger than in
any chemical reaction. So the rest-mass loss, after removing the thermal ‘energy, is
far larger. Ifa kxlogram of urattium is fissioned, the rest-mass loss is about 0.001 kg
(1 g), which is a 0.1% mass decrease and easily detected. This can be checked
experimentally, and the results agree with Einstein’s predictions.

Nineteenth-century scientists believed matter was indestructible, in other words, that
rest-mass was conserved in every-physical process. This is certainly plausible. Since the
days of the early Greek materialists (Chapter 2), most scientists have felt that matter is
indestructible—that although its formi might change, its total amount cannot change.
Nmeteenth—century chemists performmg high-precision mass measurements concluded
that rest-mass is conserved even in highly energetic chemical reactions. But Einstein’s
relativity contradicts the conservation of matter. Matter—that is, rest-mass—is not con-
served in’chemical reactions, in stretching a fubber band, and so forth. But these
changes in rest-mass are so small that they are experimentally undetectable. In high-
energy processes such as nuclear fission, however, the changes are easily detected, and
the results show clearly that matter is not conserved.

Now take this reasoning one step further: Einstein believed that this result extended
not just to changes in mass but to all 'of the mass.of any-system..I_n other words,

tctal energy of that system

CZ

total mass of any system =
ot, in symbols,
Ny S | E
This implies Emstem s famous formula,

total energy of any system = (system’s total mass) >< (02)
E = me

So all energy has mass, and all mass has energy Since energy means the capacity
to do work, and mass means inertia, the practical meaning of E = mc? is that any
system of mass m should be able to do mc2 units of work, and any system of energy
E has an inertia E/c?.. . .

| Httw do wg igngw that E...=: mcié If Einstein is riéht,- there should be some physicel

| process by which mc? units of work can.be obtained from any- object of mass m. Such

processes, known as matter-antimatter. anmhllatlon, have been discovered. Here's
how they work.

In addition to the protons, neutrons and electrons that form ordinary matter, physncsts
have dlscovered three other material particles, known as “antiprotons,” “antinéutions,” and

10 Each uranium nucleus splits to form two nuclei of various lighter-weight elements.

When | think of matter, | lika to
think mgstly of flelds. We are
fields rathar than particles,

Freeman Dyson, Physicist

if matier turns aut in the end to

be altogether ephemeral; what dif-

ference ean that make In the pain

you feal when you Kiek a rock?
John A. Wheeler, Physicist
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The visible world is neither matter
nor spirit but the invisible organi-
zation of energy.

Heinz Pagels, Physicist

Science has found no “things,”
only events. The universe has no
nouns, only verbs.

R. Buckminster Fuller, Architect and
Futurist

There are no things, only
processes.
David Bohm, Physicist

“antielectrons!” If one of these “antiparticles” is brought close to its corresponding particle, the
two particles vanish. entirely, and high-energy radiation is created. It's an extreme example of
the nonconservation of matter: Matter entirely vanishes, to be replaced by radiation. So any
material object can be turned into radiation by annihilating all its protons, neutrons, and elec-
trons—although it would be difficult to collect enough antiparticles to annihilate a macroscopic
‘object. The energy of this radiation can then be used to do work. Furthermore, when the radi-
ation’s energy is measured, it is found to equal the total mass of the particles times 2.

E = mc? is simple but subtle, and easy to misinterpret. Most;of the confusion
arises from confusion between mass (inertia) and rest-mass (matter). Following are
two common misconceptions about E = mc?. . : o

It is sometimes said, incorrectly, that Einstein’s relation means that “mass is not
always conserved.” It is true that matter (rest-mass) is not always conserved. But
mass (inertia) is always conserved, because mass equals energy divided by ¢?, and
energy is always conserved. . ‘ : _

It is sometimes said, incorrectly, that Einstein’s relation means that “mass can be
converted to energy.” Itls true that rest-mass—matter—can be converted to nonma-
terial forms of energy such as radiation. But you just saw that mass is always con-
served, so mass can never be .converted to anything else! In proton-antiproton
annihilation, for example, the mass of the pair is precisely equal to the mass of the
created radiation. But rest-mass, or matter, is destroyed, and is converted to radia-
tion. One must be careful with the word mass.

To summarize:

Mass—energy equivalence represents another sharp break with the Newtonian

worldview, which follows the Greek materialists in believing that interactions
between indestructible atoms moving in empty space determine everything that hap-
pens in the physical universe. Let’s think about the mass—energy relationship at the
atomic level. Since all energy has mass, some of an atom’s mass must be due simply
to the kinetic energy of its patts (electrons, protons, and neutrons) and to the energy
of its various electromagnetic and nuclear force fields. This suggests an intriguing
question: Is that all there is? Are atoms made only of fields and motion? If so, atoms
are not only mostly empty space, they are entirely empty space, made only of fields
similar to the magnetic fields in Figure 10.13, and the motion of those fields!
' High-energy physics (Chapter 17) hias already provided part of the answer. It is now
known that protons and neutrons are made of three smaller particles called “quarks.”
Because quarks exert enormous forces on each other, the energy in their force fields is
enormous. In fact, calculations show that the energy of these fields is sufficient to
explain 90% of the mass of the proton‘(or neutron)! Since essentially all of the mass of
ordinary matter comes from protons and neutrons, this result implies that some 90% of
the mass of ordinary matter comes from the nonmaterial energy of fields and motion!

The remaining 10% might arise in a similar way, although this is not yet confirmed.
Our most accurate theory of physics (the “standard model,” Chapter 17) suggests the
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existence throughout the universe of a field called the “Higgs field.” If verified, the
Higgs field will explain the still-unexplained 10%.

The fundamental theories of contemporary physics known as “quantum field the-

ories” (Chapter 17) also suggest that all mass arises solely from nonmaterial fields.
_For example, Steven Weinberg, a leading hlgh-energy theorist, states the following:

- [Accord.mg to the physical theories developed during the 1920s] there was supposed to
be one field for each type of elementary particle. The inhabitants of the universe were
conceived to be a set of fields—an electron field, a proton field, an electromagnetic . .
field—and partlcles were reduced to mere eplphenomena In its essentials, this point of
view has survived to the present day, and forms the central dogma of quantum field
theory: the essential reality is.a set of fields [Weinberg’s emphasis] subject to the rules
of special relativity and quantum mechanics; all else is derived as a consequence of the
quantum dynam1cs of these fields. :

In this field view of reallty, there is no “there’” there (to quote the poet Gertrude Stein), I

no “things” at all. Electrons and other material particles are only non-material fields in )
space, similar to the magnetic field-in the space between the poles of a magnet. All mass

is due only to the’ enetgy of fields. Since fields are “possible forces” (Chapter 8), and
forces are interactions, this view implies that- every “thing,” everything, is interactions and
motion. It’s the interactions and motion themselves that are fundamental rather than the
material particles that we had always supposed were doing the interacting and the moving.
It’s a view that stands Newtoman materialism on its head.

M CONCEPT CHECK 11 In which of the following processes does the system’s

mass change? (a) A bullet that speeds up while moving down a gun barrel. (b) A -

rubber band that is being stretched around a ‘package. (c) Two positively- charged
- objects that are moved closer to each other and placed at rest. (d) An electron and an
- antielectron, at rest, that spontaneously a.nmhllate each other.

M CONCEPT CHECK 12 In the precedmg questlon in whlch processes does the
system’s rest-mass change? "

| Brpvent Zr"i&euu&

y
‘x'mva\. WR YEARS TO
THE OUTER PLANETS-

We are such stuff
As dreams are made on
Shakespeare, The Tempest
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: Answers to Concept Checks and odd-numbered Conceptual Exerclses and Problems can be |
: found in the back of the. book : :

| R@VIEW ,uastlens

‘GI\LILEAN REI ATWITY Do L St ety s

1. - What is meant by relatrve motron, reference frame, a theory R T 1l -hlch qf t-hese are vrelatlve
. of relat1v1ty? e v R

"2, A train moves at 70’ m/s A ball is. thrown toward the front ot‘ L
- - the train-at 20 m/s relative to the train. How fast does theball . ¢ : ;
move relative to the tracks? What if the ba11 had ins ad been N 23  Mort e)terts al newton t%f‘oe'ort his standard kﬂogram What
S __thrown toward the rear of the train? ; . ‘acceleration does this give to the kilogram? What will he find
S A spaceshlp moves at 0.25¢ relative o Earth A hght beam - if he.exerts thie Same force on elma’s standard kllogram
f.‘whrleVelm ing him a '

tior of motion. What does o
s meter strck? What does each

eed, Both'obsérvers carry a
_ Mort say about the mass of

- Héw does: 'cravel ina Jet arrplane 111ustrate the prrnclple of :

- ‘relativity? How must the arrplane be movrng m order to 111us- B
" trate this principle?

.5, State the principle of relativity in your own word ""Does it

) 'apply to every observer? Explam -

ergy always conserved?
rest—mass prectsely con- -

.- why no observer can move at preclsely speed ¢ relatlve to any o
. - other observer. .

~ . 8. "What is the ether theory, and why d1d phys1c1sts ultrmately

C o i reject it?. o

© 9. In'Galilean relat1v1ty, space and tlme are absolute and hght— SR

. speed is relative. What is'the situation in Binstein’s relatmty? e

10.. What d1st1ngutshes the spec1a1 from the general theory 6
" ofrelativity? . -

-1 1._ List the basrc “1aws” of the spec1a1 theory of relat1v1ty

. THE Rﬁl ATI\IITY QF Tl B
12. How is time defined in physrcs?
13.7 Descrrbe the light « clock. R i T
- 14 “Velma: ‘passes Mort-at-a high speed Both observers have ‘
- clocks."What does each obsetver: say about Ve 2%
.+ AWhat do they each s out: Mort’s.clock!
- 15.:One twin goes ona:fast tr1p and returns.
- oryof relativity- apply fo the observauo 15.0
. Why, or why not? . . ;
. 16: -One twin goes.on a fast trip andreturns Have the i twm &
. aged differently during the trip? If so, how. do their.
17 E_xplam how: y‘ou- can travel to-the futur

of hghtspeed Mort shmes
'does Galilean relat1v1ty

Mort standmg by the 51de
d at’ 10 m/s. ' Whatisthe .
n; rélativeto Veima? What

1 outhward at 10 m/s?-

bullet relatlve to the"
: '}40 m/s What is the;._

18 What do we. meanby, ace” or “distance”?.
19:. What does “space is relatrve” mean? e

N






' 2520:'_. CHAPTER 10 -}The Specaal Theory of Relatlwty AT T S ‘ '

R

: o : Cithe (1= v%/c?), which
who is; standmg be51 Loo oL WO R > anyen-nto - ifr turh i cz. Evaluate the fractlon
v_the ground along_ cks. How does o g 5 - .

! ‘cfoss the' Un1ted States in .
N e tnne dllahon a"very s1gn1flcant not1ce- o
el able eﬁect at these- speeds?: -
2 Time: dilation- depénds on the. factor \/ (1 — v / %), Evaluate )
f “+ . this'factor for each of the followmg speeds 30 000 km/s (fast
C . enough to circle th globe in cond), 150,000 km/s: "
' s What-fraction of light--

the duratlon of one of Velma s seconds

4.1_-.;

‘ 4’2_.'ﬁ

L and the length of her. spaceshlp?
43, '-"How fast must Velma m t

ma P fort’a :'h1g sp d HIS clock as observedby
'errun" half of it normal T8

SR (1 = v,/cz)‘7 Find Velma’s speed felative to Mort.
6. 'Velma passes Mort. ata hlgh-‘speed Her clock; as obsetved
~-by hit i 25 i al speed~—for example her .
ites durmg a time of 1 hour as -

2/ c2)9 Fmd Velma’s speed relatlve to Mort.
- Youi give 90 Jof Kinetic energy to a 1 kg stone when you '_ .

/{\'
» throw-1t By how much do. yo mcrease 1ts mass?.

)

shoe and an ant1shoe” o
ihilated them: together by
pulat10n‘7r Assume that -each

could’ be heated from freez—
& uraniurm s rest-massis -
47 of thermal energy is

T 1 gram of water by 1°C 5
s'(a tonne is 1000 kg)? How
'h "'_aded to' about 30 tonnes

- EVery s ] ctly facing: tlle sun. Usmg the formula
'n-R2 for th_e 'ea of a c1rele of radius R, find the amount of
i atmosphere every seeond

in footnote 4) to answer'q 'tlons 1—6 _' 3




