These are the fundamental
tools with which we learn
about space and time.

Space and time seem like straightforward ideas. You can measure lengths with a
ruler or meter stick. You can time events with a stopwatch. Nothing could be sunpler
So it seemed to everyone until 1905, when an unknown' young ‘scientist had the . .
nerve to suggest that this simple view of space and time was in conflict with other .
principles of physics. In the century since, Einstein’s theory of relativity has’ radlcallyf

altered our understanding of some of the most fundamental ideas in phys1cs
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Relativity, despite its esoteric reputation, has very real lmphcatlons for modern

technology. Global positioning system (GPS) satellites depend on relativity, as do\-wthe- -

navigation systems used by aitliners. Nuclear reactors make tangible use of Einstein’s
famous equation E = mc” to generate 20% of the electricity used in the United States.
The annihilation of matter in positron-emission tomography (PET scanners) has glven :
neuroscientists a new ability to monitor activity within'the brain, - _

The theory of relativity is fascinating, perplexing, and challengmg It is also v1ta1 to'
our contemporary understandmg of the universe in which we live.

37.1 Relativity: What's It AII About"

‘- What do you think of when you hear the phrase “theory of relat1V1ty”‘? Awhlte—halred ' B
Einstein? E = mc?? Black holes? Time travel? Perhaps you’ve heard that the theory =
-of relativity is so complicated and abstract that only & handful of people in the whole' S

world really understand it.
There is, without doubt, a certain mystigue associated w1th relat1v1ty, an aura of the

_ strange and exotic. The good news is that understanding the ideas of relativity 1 iswell
~ within your grasp. Einstein’s special theory of relativity, the portion of relativity we'Il- - -

study, is not mathematically difficult at all. The challenge is- Cdnteptual because rela- |
tivity questions deeply held assumptions about the nature of space aud t1me. In fact '-: 5
that’s what relativity is all about—space and time.’ : -

In one sense, relativity is not anew idea at all. Certain ldeas about relatwlty are part e

of Newtonian mechanics. You had an introduction to these ideas in Chapter 4, where _ '
you learned about reference frames and the Galilean transformations. Einstéin, How-
ever, thought that relativity should apply to all the laws of physics, not just mechanics.
Thé difficulty, as you’ll see, is that some aspects of relativity appear to be incompati-




ble with the laws of electromagnetism, particularly the laws governing the propaga-
tion of light waves.

Lesser scientists might have concluded that relativity simply doesn’t apply to elec-
tromagnetism. Einstein’s genins was to see that the incompatibility arises from
assumptions about space and time, assumptions no one had ever questioned because
they seem so obviously true. Rather than abandon the ideas of relativity, Einstein
changed our understanding of space and time.

Fortunately, you need not be a genius to follow a path that someone else has
blazed. However, we will have to exercise the utmost care with regard to logic and
precision. We will need to state very precisely just how it is that we know things about
the physical world, then ruthlessly follow the logical consequences. The challenge is
to stay on this path, not to let our prior assumptions—assumptions that are deeply
ingrained in all of ns—lead us astray.

What's Spécial About Special Relativity?

Einstein’s first paper on relativity, in 1905, dealt exclusively with inertial reference
frames, reference frames that move relative to each other with constant velocity, Ten
years later, Einstein published a more encompassing theory of relativity that consid-
ered accelerated motion and its connection to gravity. The second theory, because it’s
more general in scope, is called general relativity. General relativity is the theory that
describes black holes, curved spacetime, and the evolution of the universe. It is a fas-
cinating theory but, alas, very mathematical and outside the scope of this textbook,

Motion at constant velocity is a “special case” of motion—namely, motion for
which the acceleration is zero. Hence Einstein’s first theory of relativity has come to
be known as special relativity. It is special in the sense of being a restricted, special
case of his more general theory, not special in the everyday sense meaning distinctive
or exceptional. Special relativity, with its conclusions about time dilation and length
contraction, is what we will study.

37.2 Galilean Relativity

Adfirm grasp of Galilean relativity is necessary if we are to appreciate and understand
what is new in Einstein’s theory. Thus we begin with the ideas of relativity that are
embodied in Newtonian mechanics.

Reference Frames

Suppose you're passing me as.we both drive in the same direction along a freeway.
My car’s speedometer reads 55 mph while your speedometer shows 60 mph. Is
60 mph your “true” speed? That is certainly your speed relative to someone standing
beside the road, but your speed relative to me is only 5 mph. Your speed is 120 mph
relative to a driver approaching from the other direction at 60 mph.

An object does not have a “true” speed or velocity. The very definition of velocity,
v = Ax/At, assumes the existence of a coordinate system in which, during some time
interval At, the displacement Ax is measured. The best we can manage is to specify an
object’s velocity relative to, or with respect to, the coordinate system in which it is
measured.

Let’s define a reference frame to be a coordinate system in which experimenters
equipped with meter sticks, stopwatches, and any other needed equipment make posi-
tion and time measurements on moving objects. Three ideas are implicit in our defini-
tion of a reference frame:

m A reference frame extends infinitely far in all directions.

® The experimenters are at rest in the reference frame.

B The number of experimenters and the quality of their equipment are sufficient to
measure positions and velocities to any level of accuracy needed.

372 - Galilean Relativity ~ 1143

Albert Einsteir (1879-1955) was one of
the most influential thinkers in history.
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FIGURE 37.1 The standard reference
frames S and 8'.

2. Frame §' moves with

1. The axes
of § and §' velocity v relative to
have the same  frame'S. The relative
otientation. motion is entirely along

the x- and x"-axes.

3. The origins of § and §' coincide at ¢ = 0.
This is our definition of ¢ = 0.

r

¥y

4. Alternatively, frame § moves
with velocity —v relative to
frame S§'.

" FIGURE 37.2 The paosition of an exploding
- firecracker is measured in reference
frames S and §'.

At time ¢, the origin of S" has moved
distance vt to the right, Thus x = x* + v,

¥y “"-, ¥

! Firecracker
vt 3 x' /
x %

@ x (8 x’

Distances perpendiciiar to
the motion are not affected.
Thus y" =yandz =z

COrigins coincide
att =40.

The first two ideas are especially important, It is often convenient to say “the labo-
ratory reference frame” or “the reference frame of the rocket.” These are shorthand
expressions for “a reference frame, infinite in all directions, in which the laboratory
(or the rocket) and a set of experimenters happer to be at rest.”

NOTE » A reference frame is not the same thing as a “point of view.” That is, each
person or each experimenter does not have his or her own private reference frame.
All experimenters at rest relative to each other share the same reference
frame. «

FIGURE 37.1 shows two reference frames called S and S'. The coordinate axes in § are
%,y, z and those in §' are x', ', z'. Reference frame S’ moves with velocity v relative
to S or, equivalently, $ moves with velocity —v relative to §”. There’s no implication
that either reference frame is “at rest.” Notice that the zero of time, when experi-
menters start their stopwatches, is the instant that the origins of S and S’ coincide.

We will restrict our attention to inertial reference frames, implying that the relative
velocity v is constant. You should recall from Chapter 5 that an inertial reference
frame is a reference frame in which Newton’s first law, the law of inertia, is valid. In
particular, an inertial reference frame is one in which an isolated particle, one on
which there are no forces, either remains at rest or moves in a straight line at constant
speed.

Any reference frame moving at constant velocity with respect to an‘inertial refer-
ence frame is itself an inertial reference frame. Conversely, a reference frame acceler-
ating with respeci to an inertial reference frame is not an inertial reference frame. Our
restriction to reference frames moving with respect to each other at constant velocity—
with no acceleration—is the “special” part of special relativity.

NOTE » An inertial reference frame is an idealization. A true inertial reference
frame would need to be floating in deep space, far from any gravitational influence.
In practice, an earthbound laboratory is a good approximation of an inertial refer-
ence frame becaunse the accelerations associated with the earth’s rotation and
motion around the sun are too small to influence most experiments. «

. Which of these is an inertial reference frame (or a very good

approximation)?

a. Your bedroom

b. A car rolling down a steep hill

c. A train coasting along a level track

d. A rocket being launched

e. Aroller coaster going over the top of a hill
f. A sky diver falling at terminal speed

The Galilean Transformations

Suppose a firecracker explodes at time 7. The experimenters in reference frame S
determine that the explosion happened at position x. Similarly, the experimenters in S’
find that the firecracker exploded at x" in their reference frame. What is the relation-
ship between x and x'?

FIGURE 37.2 shows the explosion and the two reference frames. You can see from the
figore that x == x* + v, thus -

x=x+ vt "=x -t
: y=y' or Yy =y (37.1)
! Z:z' Z’:z




These equations, which you saw in Chapter 4, are the Galilean transformations of
position. If you know a position measured by the experimenters in one inertial refer-
ence frame, you can calculate the position that would be measured by experimenters
in any other inertial reference frame.

Suppose the experimenters in both reference frames now track the motion of the
object in FIGURE 37.3 by measuring its position at many instants of time. The experi-
menters in S find that the object’s velocity is #. During the same time interval At, the
experimenters in S’ measure the velocity to be 1’

NOTE » In this chapter, we will use v to represent the velocity of one reference
frame relative to another. We will use # and #' to represent the velocities of objects
with respect to reference frames S and S’. This notation differs from the notation of
Chapter 4, where we used V to represent the relative velocity. « :

We can find the relationship between % and &' by taking the time derivatives of
Equation 37.1 and using the definition u, = dx/de:

”ﬁ4dx,+ =u' +v
L
&,

u,=— = =y
Yoodt dt Y

The equation for , is similar. The net result is

, =u, tv Uy =, — v

— ot P ’ 79
iy, = ty or y = H, (37.2)
u, = i, U, = i,

Equations 37.2 are the Galilean transformations of velocity. If you know the velocity
of a particle as measured by the experimenters in one inertial reference frame, you can
use Equations 37.2 to find the velocity that would be measured by experimenters in
any other inertial reference frame.
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FIGURE 37.3 The veélocity of 8 moving
object is measured in reference frames S

and §'.

The object’s velocity in frame 8§ is i
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FIGURE 37.5 Experimenters in both
reference frames test Newton's second
law by measuring the force on a particle
and its acceleration.

Experimenlefs in both frames
measure the same force.
y ¥
W
Force
me - - v
e

Acceleration
L4

r

x x

Experimenters in both frames
measure the same acceleration.

FIGURE 37.6 Total momentum measured
in two reference frames.

(a) Collision seen in frame S

¥ 1.0kg 20kg
/- 9.0 m/s
Q.—.-
LA
=90m/s
-—9Dkgmls
S

(b) Collision seen in frame S’

10 k 20k
—9.0 m/fs / £ £
€ i)
1
= *Qomfs
P’ = _18kgmls
S s

Ocean waves are approaching the beach at 10 m/s. A boat heading
out to sea travels at 6 m/s. How fast are the waves moving in the boat’s reference
frame?

a. 16 m/s b. 10 m/s c. 6mls d. 4 m/s

The Galilean Principle of Relativity

Experimenters in reference frames S and S’ measure different values for position and
velocity. What about the force on and the acceleration of the particle in FIGURE 37.57
The strength of a force can be measured with a spring scale. The experimenters in ref-
erence frames S and S’ both see the same reading on the scale (assume the scale has a
bright digital display easily seen by all experimenters), so both conclude that the force
15 the same. That is, F' = F.

We can compare the accelerations measured in the two reference frames by taking
the time derivative of the velocity transformation equation u’ = u — v. (We'll
assume, for simplicity, that the velocities and accelerations are all in the x-direction.)
The relative velocity v between the two reference frames is constant, with dv/dt = 0,
thus

du’ du

a = 7 :EE:a (37.3)

Experimenters in reference frames S and S’ measure different values for an object’s
position and velocity, but they agree on its acceleration.

If F = ma in reference frame S, then F' = ma’ in reference frame S'. Stated
another way, if Newton’s second law is valid in one inertial reference frame, then it is
valid in all inertial reference frames. Because other laws of mechanics, such as the
conservation laws, follow from Newton's laws of motion, we can state this conclusion
as the Galilean principle of relativity: '

The Galilean principle of relativity is easy to state, but to understand it we must
understand what is and is not “the same.” To take a specific example, consider the law
of conservation of momentum. FIGURE 37.6a shows two particles about to collide. Their
total momentum in frame S, where particle 2 is at rest, is £, = 9.0 kgm/s. This is an
isolated system, hence the law of conservation of momentum tells us that the momen-
tum after the collision will be P; = 9.0 kgm/s.

FIGURE 37.6b has used the velocity transformation to look at the same particles in
frame S’ in which particle 1 is at rest. The initial momentumin 8’ is P{ = —18 kgm/s.
Thus it is not the value of the momentom that is the same in all inertial reference
frames. Instead, the Galilean principle of relativity tells us that the law of momentum
conservation is the same in all inertial reference frames, If 7 = P, in frame S, then it
must be true that P{ = P/ in frame §'. Consequently, we can conclude that P} will be
—18 kgm/s after the collisionin 8",

- Using Galilean Relativity

The principle of relativity is concerned with the laws of mechanics, not with the val-
ues that are needed to satisfy the laws. If momentum is conserved in one inertial refer-
ence frame, it is conserved in all inertial reference frames. Even so, a problem may be
easier to solve in one reference frame than in others.

i




Elastic collisions provide a good example of using reference frames. You learned in
Chapter 10 how to calculate the outcome of a perfectly elastic collision between two
particles in the reference frame in which particle 2 is initially at rest. We can use that
information together with the Galilean transformations to solve elastic-collision prob-
lems in any inertial reference frame, '

37.2 - Galilean Relativity
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FIGURE 37.8 If seems as if the speed of
light should differ from ¢ in a reference
frame moving through the ether,

¥

Prior to Einstein, it was thought that
light travels at speed c in the reference
frame of the ether.

Then surely light travels at some
other speed relative to a reference
frame moving through the ether.

37.3 Einstein’'s Principle of Relativity

The 19th century was an era of optics and electromagnetism. Thomas Young demon-
strated in 1801 that light is a wave, and by midcentury scientists had devised tech-
nigues for measuring the speed of light. Faraday discovered electromagnetic induction
in 1831, setting in motion a train of events leading to Maxwell’s conclusion, in 1864,
that light is an electromagnetic wave.

H light is a wave, what is the medivm in which it travels? This was perhaps the
most important scientific question of the second half of the 19th century. The medium
in which light waves were assumed to travel was called the ether. Experiments to
measure the speed of light were assumed to be measuring its speed through the ether.
But just what is the ether? What are its properties? Can we collect a jar full of ether to
study? Despite the significance of these questions, efforts to detect the ether or mea-
sure its properties kept coming up empty handed.

Maxwell’s theory of electromagnetism didn’t help the situation, The crowning suc-
cess of Maxwell's theory was his prediction that light waves travel with speed

= 3.00 X 10° m/s

1
c =
V Eplbg
This is a very specific prediction with no wiggle room. The difficulty with such a spe-
cific prediction was the implication that Maxwell’s laws of electromagnetism are
valid only in the reference frame of the ether. After all, as FIGURE 37.8 shows, the light

. speed should certainly be larger or smaller than ¢ in a reference frame moving through

the ether, just as the sound speed is different to someone moving through the air,

As the 19th century closed, it appeared that Maxwell’s theory did not obey the clas-
sical principle of relativity. There was just one reference frame, the reference frame of
the ether, in which the laws of electromagnetism seemed to be true. And to make mat-
ters worse, the fact that no one had been able to detect the ether meant that no one
could identify the one reference frame in which Maxwell’s equations “worked.”

It was in this muddled state of affairs that a young Albert Einstein made his mark
on the world. Even as a teenager, Einstein had wondered how a light wave would lock
to someone “surfing” the wave, traveling alongside the wave at the wave speed. You
can do that with a water wave or a sound wave, but light waves seemied to present a
logical difficulty. An electromagnetic wave sustains itself by virtue of the fact that a
changing magnetic field induces an electric field and a changing electric field induces
a magnetic field. But to someone moving with the wave, the fields would not change.
How could there be an electromagnetic wave under these circumstances?

Several years of thinking about the connection between electromagnetism and ref-
erence frames ied Einstein to the conclusion that all the laws of physics, not just the
laws of mechanics, should obey the principle of relativity. In other words, the princi-
ple of relativity is a fundamental statement about the nature of the physical universe.
Thus we can remove the restriction in the Galilean principle of relativity and state a
much more general principle: '

All the results of Einstein’s theory of relativity flow from this one simple statement.

The Constancy of the Speed of Light

If Maxwell’s equations of electromagnetism are laws of physics, and there’s every
reason to think they are, then, according to the principle of relativity, Maxwell’s equa-
tions must be true in every inertial reference frame. On the surface this seems to be an

i
1




373 .

innocuous statement, equivalent to saying that the-law of conservation of momentum
is true in every inertial reference frame. But follow the logic:

I. Maxwell’s equations are true in all inertial reference frames.

2. Maxwell’s equanons predict that electromagne'uc waves, including Jight, tfavel
atspeed ¢ = 3.00 X 10° m/s.

3. Therefore, light travels at speed c in all inertial reference frames.

FIGURE 37.9 shows the implications of this conclusion. All experimenters, regardless
of how they move with respect to each other, find that all light waves, regardless of
the sotrce, travel in their reference frame with the same speed c. If Cathy’s velocity
toward Bill and away from Amy is v = 0.9¢, Cathy finds, by making measurements in
her reference frame, that the light from Bill approaches her at speed ¢, not at
¢ + v = 1.9¢. And the light from Amy, which left Amy at speed ¢, catches up from
behind at speed ¢ relative to Cathy, not the ¢ — v = 0.1¢ you would have expected.

Although this prediction goes against all shreds.of common sense, the experimen-
tal evidence for it is strong. Laboratory experiments are difficult because even the
highest laboratory speed is insignificant in comparison to ¢. In the 1930s, however,
physicists R. J. Kennedy and E. M. Thorndike realized that they could use the earth
itself as a laboratory. The earth’s speed as it circles the sun is about 30,000 m/s. The
relative velocity of the earth in January differs by 60,000 m/s from its velocity in July,
when the earth is moving in the opposite direction. Kennedy and Thorndike were able
to use a very sensitive and stable interferometer to show that the numerical values of
the speed of light in January and July. differ by less than 2 m/s. :

More recent experiments have used unstable elementary particles, called 7 mesons
that decay into high-energy photons of light. The 7 mesons, created in a particle accel-
erator, move through the laboratory at 99.975% the speed of light, or v = 0.99975¢,
as they emit photons at speed c in the 7 meson’s reference frame. As FIGURE 37.10
shows, you would expect the photons to travel through the laboratory with speed
¢ + v = 1.99975¢. Instead, the measured speed of the photons in the laboratory was,
within experfmental error, 3.00 X 10% m/s. '

In summary, every experiment designed to compatre the speed of llght in dlfferent
reference frames has found that light travels at 3.00 X 10° m/s in every inertial refer-
ence frame, regardless of how the reference frames are moving with respect to each
other.

How C'an This Be? -

You’re in good company if you find this impossible to believe. Suppose I shot a ball
forward at 50 m/s while driving past you at 30 m/s. You would certainly see the ball
traveling at 80 m/s relative to you and the ground. What we’re saying with regard fo
light is equivalent to saying that the ball travels at 50 m/s telative to my car and af the
same time travels at 50 m/s relative to the ground, éven though the car is movmg
across the ground at 30 m/s. It seems logically impossible. '

You might think that this is merely a matter of semantics. If we can ]l.lSt get our def-

initions and use of words straight, then the mystery and confuswn will disappear. Or

perhaps the difficulty is a confusion betweer what we “sec” versus what “really hap-
pens.” In other words, a better analysis, one that focuses on what really happers,
would find that light “really” travels at different speeds in different reference frames.

Alas, what “really happens” is that light travels at 3.00 X 10® m/s in every iner-
tial reference frame, régardless of how the reference frames are moving with respect
to each other. It’s not a trick. There remains only one Way to escape thc logical
contradictions.

The definition of velocity is u = Ax/At, the ratio of a distarie traveled to the time
interval in which the travel occurs. Suppose you and I both make measurements on an
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FIGURE 37.¢ Light travels at speed ¢ in all
inertial reference frames, regardless of
how the reference frames are moving
with respect to the light source.

This light wave leaves Amy at
speed ¢ relative to Amy. It approaches
Cathy at speed ¢ relative to Cathy.

This light wave leaves Bill at
speed ¢ relative to Bill. It approaches
Cathy at speed c relative to Cathy.

FIGURE 37.10 Experiments find that the
photons travel through the laboratory
with speed ¢, not ihe speed 1.99975¢
that you might expect.

A photon is emitted at speed ¢ relative to
the m meson. Measurements find that the
photon’s speed in the laboratory reference
frame is also ¢. -,

Meson
reference
frame

Laboratory ——-
reference
frame
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object as it moves, but you happen to be moving relative to me. Perhaps I'm standing
on the corner, you're driving past in your car, and we’re both trying to measure the
velocity of a bicycle. Further, suppose we have agreed in advance to measure the bicy-
cle as it moves from the tree to the lamppost inFIGURE 37.11. Your Ax’ differs from my
Ax because of your motion relative to me, causing you to calculate a bicycle velocity
u' in your reference frame that differs from its velocity u in my reference frame. This
is just the Galilean transformations showing up again.

FIGURE 37.11 Measuring the velccity of an object by appealing to the basic definition
u = Ax/Az

. y 1 Ax ! ¥ ) 1Ay

The tree and lamppost
are moving to the left
in frame S'.

Measurements made in frame S, which
moves to the right relative to frame S.
The bicycle’s velocity is u” = Ax'/Ar.

Measurements made in frame S, in
which the tree and lamppaost are at rest.
The bicycle’s velocity is u = Ax/At.

Now let’s repeat the measurements, but this time let’s measure the velocity of a
light wave as it travels from the tree to the lamppost. Once again, your Ax" differs
from my Ax, although the difference will be pretty small unless your car is moving at
well above the legal speed limit. The obvious conclusion is that your light speed u’
differs from my light speed u. But it doesn’t. The experiments show that, for a light
wave, we'll get the same values: v’ = u.

The only way this can be true is if your Az is not the same as my Az, If the time it
takes the light to move from the tree to the lamppost in your reference frame, a time
we’ll now call Ar’, differs from the time At it takes the light to move from the tree to
the lamppost in my reference frame, then we might find that Ax'/A¢" = Ax/At. That
is, ' = u even though you are moving with respect to me.

We’ve assumed, since the beginning of this textbook, that time is simply time: It
flows along like a river, and all experimenters in all reference frames simply use it.
For example, suppose the tree and the lamppost both have big clocks that we both can
see. Shouldn’t we be able to agree on the time interval At the light needs to move from
the tree to the lamppost?

Perhaps not. It’s demonstrably true that Ax' # Ax. It’s experimentally verified that
u' = u for light waves. Something must be wrong with assumptions that we’ve made
about the nature of time. ‘The principle of relativity has painted us into a corner, and
our only way out is to reexamine our understanding of time.




37.4 Events and Measurements

To question some of our most basic assumptions about space and time requires
extreme care. We need to be certain that no assumptions slip into our analysis uwhno-
ticed. Our goal is to describe the motion of a particle i ina clear and precise way, mak-
ing the barest minimum of assumptions.

Events

The fundamental entity of relativity is called an event. An event is a physical activity
that takes place at a definite point in space and at a definite instant of time. An explod-
ing firecracker is an event. A collision between two particles is an event. A light wave
hitting a detector is an event. :

Events can be observed and measured by experimenters in different reference
frames. An exploding firecracker is as clear to you as you drive by in your car as it is
to me standing on the street corner. We can quantify where and when an event occurs
with four numbers: the coordinates (x, y, z) and the instant of time #. These four num-
bers, illustrated in FIGURE 37.12, are called the spacetime coordinates of the event,

The spatial coordinates of an event measured in reference frames S and S" may dif-
fer. It now appears that the instant of time recorded in S and S’ may also differ. Thus
the spacetime coordinates of an event measured by experimenters in frame § are
{x, v,z t) and the spacetime coordinates of the same event measured by experi-
menters in frame S’ are (x', y', 2, '),

The motion of a particle can be described as a sequence of two or more events. We
introduced this idea in the preceding section when we agreed to measure the velocity
of a bicycle and then of a light wave by comparing the object passing the tree (first
event) to the object passing the lamppost (second event).

Measurements

Events are what “really happen,” but how do we learn about an event? That is, how do
the experimenters in a reference frame determine the spacetime coordinates of an
event? This is a problem of measurement.

We defined a reference frame to be a coordinate system in which experimenters can
make position and time measurements. That’s a good start, but now we need to be
more precise as to Aow the measurements are made. Imagine that a reference frame is
filled with a cubic lattice of meter sticks, as shown in FIGURE 37.13. At every intersec-
tion is a clock, and all the clocks in a reference frame are synchronized. We'll return in
a moment to consider how to synchronize the clocks, but assume for the moment it
can be done,

Now, with our meter sticks and clocks in place, we can use a two-part measurement
scheme: ‘

B The (x, y, z) coordinates of an event are determined by the intersection of the meter
sticks closest to the event.
B The event’s time ¢ is the time displayed on the clock nearest the event.

You can imagine, if you wish, that each event is accompanied by a flash of light to
illuminate the face of the nearest clock and make its reading known.
Several important issues need to be noted:

1. The clocks and meter sticks in each reference frame are imaginary, so they have
no difficulty passing through each other.

2. Measurements of position and time made in one reference frame must use only
the clocks and meter sticks in that reference frame.

3. There’s nothing special about the sticks being 1 m long and the clocks 1 m apart.
The lattice spacing can be aitered to achieve whatever level of measurement
aceuracy is desired.
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FIGURE 37.12 The location and time of
an event are described by its spacetime
coordinates.

An event has spacetime coordinates (x, v, z, )
in frame § and different spacetime coordinates
(', % 2% 'y in frame §°.

y ¥

FIGURE 37.13 The spacetime coordinates
of an event are measured by a lattice of
meter sticks and clocks.

The spacetime coordinates of this event

are measured by the nearest meter stick
intersection and the nearest clock,

> Synchironized
clocks

Meter sticks

Reference frame S

Reference frame S has its own
maeter sticks and its own clocks.

Reference frame S* '
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FIGURE 37.14 Synchronizing clocks.

1. This clock is preset to 1.00 ps, the

time it takes light to travel 300 m.
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3. The clock starts when the light wave
reaches it. It is now synchromzed with

the origin clock.
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4. We'll assume that the experimenters in each reference frame have assistants sit-
ting beside every clock to record the position and time of nearby events.

5. Perhaps most important, # is the time at which the event actually happens, not
the time at which an experimenter sees the event or at which information about
the event reaches an experimenter.

6. All experimenters in one reference frame agree on the spacetime coordinates of
an event. In other words, an event has a unique set of spacetime coordinates
in each reference frame.

A carpenter is working on a house two blocks away. You notice a
slight delay between seeing the carpenter’s hammer hit the nail and hearing the blow.
At what time does the event “hammer hits nail” occur?

a. At the instant you hear the blow

b. At the instant you see the hammer hit

c. Very slightly before you see the hammer hit
d. Very slightly after you see the hammer hit

- Clock Synchronization

It’s important that all the clocks in a reference frame be synchronized, meaning that
all clocks in the reference frame have the same reading at any one instant of time.
Thus we need a method of synchronization. One idea that comes to mind is to desig-
nate the clock at the origin as the master clock. We could then carry this clock around
to every clock in the lattice, adjust that clock to match the master clock, and finally
return the master clock to the origin.

This would be a perfectly good method of clock synchronization in Newtonian
mechanics, where time flows along smoothly, the same for everyone. But we’ve been
driven to recxamine the nature of time by the possibility that time is different in refer-
ence frames moving relative to each other. Because the master clock would move, we
cannot assume that the moving master clock would keep time in the same way as the
stationary clocks.

We need a synchronization method that does not reqmre moving the clocks. Fortu-
nately, such a method is easy to devise. Each clock is resting at the intersection of
meter sticks, so by looking at the meter sticks, the assistant knows, or can calculate,
exactly how far each clock is from the origin. Once the distance is known, the assis-
tant can calculate exactly how long a light wave will take to travel from the - origin fo
each clock. For example light will take 1.00 us to travel to a clock 300 m from the
origin,

NOTE P It’s handy for many relativity problems to know that the speed of light is
¢ =300m/us. «

To synchronize the clocks, the assistants begin by setting each clock to d1sp1ay the
light travel time from the origin, but they don’t start the clocks. Next, as FIGURE 37.14
shows, a light flashes at the origin and, simultaneously, the clock at the origin starts
running from ¢ = 0 5. The light wave spreads out in all directions at speed ¢. A pho-
todetector on each clock recognizes the arrival of the light wave and, without delay,
starts the clock. The clock had been preset with the light travel time, so each clock as it
starts reads exactly the same“as the clock at the origin. Thus all the clocks will be syn-
chronized after the light wave has passed by.
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Events and Observations

We noted above that ¢ is the time the event actually happens. This is an important
point, one that bears further discussion. Light waves take time to travel. Messages,
whether they’re transmitted by light pulses, telephone, or courier on horseback, take
time to be delivered. An experimenter observes an event, such as an exploding fire-
cracker, only at a later time when light waves reach his or her eyes. But our interest is
in the event itself, not the experimenter’s observation of the event, The time at which
the experimenter sees the event or receives information about the event is not when
the event actually occurred. :

Suppose att = 0 s a firecracker explodes at x = 300 m. The flash of light from the
firecracker will reach an experimenter at the origin‘at ¢, = 1.0 us. The sound of the
explosion will reach a sightless experimenter at £, = (.88 s. Neither of these is the time
Leven OF the explosion, although the experimenter can work backward from these times,
using known wave speeds, to determiine 7.,,,,. In this example, the spacetime coordi-
nates of the event—the explosion—are {(300m,0m, 0m; 0s).

37.4 - Events and Measurements 1153

Simultaneity

Two events 1 and 2 that take place at different positions x; and x, but at the same time
!y = &, as measured in some reference frame, are said to be simultaneous in that refer-
ence frame. Simultaneity is determined by when the events actually happen, not when
they are seen or observed. In general, simultaneous events are nof seen at the same time
because of the difference in light travel times from the events o an experimenter.




