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11 One of Maxwell’s electromagnetic laws, as understood within the frame-
work of nineteenth-century, Newtonian physics: (a) The concept of a magnetic
field line: When one places a bar magnet under a sheet of paper and scatters iron
filings on top of the sheet, the filings mark out the magnet’s field lines. Each field
line leaves the magnet’s north pole, swings around the magnet and reenters it at
the south pole, and then travels through the magnet to the north pole, where it
attaches onto itself. The field line is therefore a closed curve, somewhat like a
rubber band, without any ends. The statement that “magnetic field lines never
have ends” is Maxwell’s law in its simplest, most beautiful form. (b) According to
Newtonian physics, this version of Maxwell’s law is correct no matter what one
does with the magnet (for example, even if one shakes it wildly) so long as one
is at rest in absolute space. No magnetic field line ever has any ends, from the
viewpoint of someone at rest. (c) When studied by someone riding on the surface
of the Farth as it moves through absolute space, Maxwell’s law is much more
complicated, according to Newtonian physics. If the moving person’s magnet sits
quietly on a table, then a few of its field lines (about one in a hundred million)
will have ends. If the person shakes the magnet wildly, additional field lines (one
in a trillion) will get cut temporarily by the shaking, and then will heal, then get
cut, then reheal. Although one field line in a hundred million or a trillion with
ends was far too few to be discerned in any nineteenth-century physics experi-
ment, the fact that Maxwell’s laws predicted such a thing seemed rather compli-
cated and ugly to Lorentz, Poincaré, and Larmor.




ain on the next track has begua to creep out of the sta-
sn. However, after several moments you realize that it
your own train that is moving and that the other train
st”  otionless on its track.

asider another example. Suppose you are floating
a spaceship in interstellar space and another spaceship
imes coasting by (Figure 5-17a). You might conclude
at it is moving and you are not, but someone in the
her ship might be equally sure that you are moving and
is not. The principle of relativity says that there is no
periment you can perform to decide which ship is mov-
g and which is not. This means that there is no such
ing as absolute rest—all motion is relative.

Because neither you nor the people in the other
aceship could perform any experiment to detect your
solute motion through space, the laws of physics must
ve the same form in both spaceships. Otherwise, exper-
ients would give different results in the two ships, and
u could decide who was moving. Thus, 2 more general
iy of stating the first postulate refers to these laws of
ysics:

First postulate (alternate version)

The laws of physics are the same for

all observers, no matter what their motion,
so long as they are not accelerared.

1e words wniform and aecelerated ave important, If either
awceship were to fire its rockets, then its velocity would
ar~», The crew of that ship would know it because
¢ uld feel the acceleration pressing them into their
uches. Accelerated moction, therefore, is different—we
1 always tell which ship is sccelerating and which is
t. The postulates of relativity discussed here apply only
observers in unitorm motion. That is why the theory
-alled special relativity.

The first postulate tit with Einstein’s conclusion that
» speed of light must be constant for all observers. No
iwter how you move, your measurement of the speed of
hr has to give the same result (Figure 5-17b). This
came the second postulate of special relatvity:

Second postulate  The velocity of light
is constant and will be the same for all
observers independent of their motion
relative to the light source.

Once Einstein had accepted the basic postulates of
ativity, he was led to some startling discoveries. New-
1's laws of motion and gravity worked well as long as
itances were small and velocities were low. But when

begin to think of very large distances or very high
ocities, Newton’s laws are no longer adequate to
scribe what happens. Instead, we must use relativistic
vsics. For example, special relativity shows that the
served mass of a moving particle depends on its veloc-

e higher the velocity, the greater the mass of the
rucle. This 1s not significant at low velocities, but it
comes very important as the velocity approaches the
locity of light. Such increases in mass are observed

It is obvious!
You are moving,
and I'm not.

Nao, I'm
not moving.
You are!
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4.3 Time and Space in Special Relativity ‘ 105

the length of the rod as measured in the frame §' is [/ — z9' — 1", What is
the length of the rod measured from S? Because the rod is moving relative to
S, care must be taken to measure the z-coordinates 1 and x2 of the ends of
the rod at the same time. Then Eq. (4.16), with ¢} = ¢4, shows that the length
L = z3 — r1 measured in S may be found from

_(Z2—z) —u(tz— 1)
v1-—u?/?
L

Because the rod is at rest relative to S’, L’ will be called Lyest. Similarly, be-
cause the rod is moving relative to S, L will be called Limoving. Thus Eq. (4.28)

becomes
Lmoving = Lrest\/ ¥ =~ UZ/CQ- (429)

This equation shows the effect of length contraction on a moving rod. It
says that length or distance is measured differently by two observers in relative
motion. If a rod is moving relative to an observer, that observer will measure
a shorter rod than will an observer at rest relative to it. The longest length,
called the rod’s proper length, is measured in the rod’s rest frame. Only
lengths or distances parallel to the direction of the relative motion are affected
by length contraction; distances perpendicular to the direction of the relative
motion are unchanged (c.f. Egs. 4.17-4.18).

xg’ — z’

or

Example 4.1 Cosmic rays from space collide with the nuclei of atoms in
Earth’s upper atmosphere, producing elementary particles called muons.
Muons are unstable and decay after an average lifetime 7 = 2.20 x 1079 s,
as measured in a laboratory where the muons are at rest. That is, the number
of muons in a given sample should decrease with time according to N(t) =
Noe t/7, where Np is the number of muons originally in the sample at time
t = 0. At the top of Mt. Washington in New Hampshire, a detector counted
563 muons hr~! moving downward at a speed u = 0.9952¢. At sea level, 1907 m
below the first detector, another detector counted 408 muons hr~1.6

The muons take (1.907 x 10° cm)/(0.9952¢) = 6.39 x 107® s to travel from
the top of Mt. Washington to sea level. Thus it might be expected that the
number of muons detected per hour at sea level would have been

N=N, et — 563 ¢—(6-39x107° 5)/(2.20x10~6 5) = 31 mivons hr~!.

®Details of this experiment can be found in Frisch and Smith (1963).
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Figure 4.8 Muons moving downward past Mt. Washington. (a) Mountain
frame. (b) Muon frame.

This is much less than the 408 muons hr~! actually measured at sea level! How
did the muons live long enough to reach the lower detector? The problem with
the preceding calculation is that the lifetime of 2.20 x 1076 s is measured in the
muon’s rest frame as Atrest, but the experimenter’s clocks on Mt. Washington
and below are moving relative to the muons. They measure the muon’s lifetime
to be

2.20 x 106
moving = _‘—L—A : = xS =2.25x10"° 8,
V1-u?/e \/1-(0.9952)2

more than fen times a muon’s lifetime when measured in its own rest frame.
The moving muons’ clocks run slower, so more of them survive long enough to
reach sea level. Repeating the preceding calculation using the muon lifetime
as measured by the experimenters gives

N=N, =T _ 563 ¢~ (6-39x107% 5)/(2.25x10-5 ) = 424 muons hr—!.

At

When the effects of time dilation are included, the theoretical prediction is in
excellent agreement with the experimental result.

From a muon'’s rest frame, its lifetime is only 2.20 x 1075 s. How would an
observer riding along with the muons, as shown in Fig. 4.8, explain their ability
to reach sea level? The observer would measure a severely length-contracted
Mt. Washington (in the direction of the relative motion only). The distance
traveled by the muons would not be Lrest = 1907 m, but rather

Lmoving = Lrest\/1 — u?/c = 1907 m /1 — (0.9952)2 = 186.6 m.

Thus it would take (1.866 x 104 cm)/(0.9952¢) = 6.25x 10~7 s for the muons to
travel the length-contracted distance to the detector at sea level, as measured

@
%
%

S A e
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4.3 Time and Space in Special Relativity 107
by an observer in the muons’ rest frame. That observer would then calculate
the number of muons reaching the lower detector to be

N=N, e~ t/T — 563 ¢~ (6251077 5)/(2.20x 105 s) = 424 muons hr‘l,

in agreement with the previous result. This shows that an effect due to time
dilation as measured in one frame may instead be attributed to length con-
traction as measured in another frame.

The effects of time dilation and length contraction are both symmetric
between two observers in relative motion. Imagine two identical spaceships
that move in opposite directions, passing each other at some relativistic speed.
Observers onboard each spaceship will measure the other ship’s length as being
shorter than their own, and the other ship’s clocks as running slower. Both
observers are right, having made correct measurements from their respective
frames of reference.

The reader should not think of these effects as being due to some sort of
“optical illusion” caused by light taking different amounts of time to reach an
observer from different parts of a moving object. The language used in the
preceding discussions have involved the measurement of an event’s spacetime
coordinates (z,y, z,t) using meter sticks and clocks located at that event, so
there is no time delay. Of course, no actual laboratory has an infinite collection
of meter sticks and clocks, and the time delays caused by finite light-travel
times must be taken into consideration. This will be important in determining
the relativistic Doppler shift formula, which follows.

In 1842 the Austrian physicist Christian Doppler showed that as a source
of sound moves through a medium (such as air), the wavelength is compressed
in the forward direction and expanded in the backward direction. This change
in wavelength of any type of wave caused by the motion of the source or
the observer is called a Doppler shift. Doppler deduced that the difference
between the wavelength A,us observed for a moving source of sound and the
wavelength Arest measured in the laboratory for a reference source at rest is
related to the radial velocity v, (the component of the velocity directly toward
or away from the observer; see F ig. 1.15) of the source through the medium by

Aobs — Are:—st _ A _ Uy (4_30)

= — T
/\rest )\r&st Vs

where v, is the speed of sound in the medium. However, this expression cannot
be precisely correct for light. Experimental results such as those of Michelson
and Morley led Einstein to abandon the ether concept, and they demonstrated
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{ur simple calculation shows that the energy equivalent
of even a small mass is very large.
Other relativistic effects include the slowing of
moving clocks and the shrinkage of lengths measured in
je direction of motion. A detailed discussion of the
major consequences of the special theory of relativity is
beyond the scope of this book. Instead, we must consider
Einstein’s second advance, the general theory.

The General Theory of Relativity

In 1916, Einstein published a more general version of the
theory of relativity that dealt with accelerated as well as
uniform motion. This general theory of relativity con-
tained a new description of gravity.

Einstein began by thinking about observers in accel-
erated motion. Imagine an observer sitting in a spaceship
(Figure 5-19). Such an observer cannot distinguish
between the force of gravity and the inertial forces
produced by the acceleration of the spaceship. This led
Einstein to conclude that gravity and motion through
space-time are related, a conclusion now known as the
equivalence principle:

Equivalence principle Observers cannot
distinguish locally berween inertial forces
due to acceleration and uniform gravitational
forces due to the presence of a massive body.

The importance of the general theory of relativity

s in its description of gravity. Einstein concluded that

cravity, inertia, and acceleration are all associated with

the way space and time are related. This relation is often

referred to as curvature, and a one-line description of

general relativity explains a gravitational field as a curved
region of space-time:

Gravity according to general relativity
Mass tells space-time how to curve, and
the curvature of space-time (gravity)

tells mass how to accelerate.

“Thus, we feel gravity because the mass of the earth causes
. curvature of space-time. The mass of our bodies
responds to that curvature by accelerating toward the
center of the earth. According to general relativity, all
masses cause curvature, and the larger the mass, the more
severe the curvature.

Confirmation of the Curvature of Space-Time

Einstein’s general theory of relativity has been confirmed
ov a number of experiments, but two are worth mention-

4FIGURE 5-19
' An abserver in a closed spaceship on the surface of a planet feels grav-
+. (0) In space, with the rockets smoothly firing and accelerating the
spaceship, the observer feels inertial forces that are equivalent to gravita-
tional forces.
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FIGHRE 5-20

(a) Mercury's orbit precesses 5600.73 seconds of arc per century—
43,11 seconds of arc per cantury faster than predicted by Newton's laws.
(b) Even when we ignore the influences of the other planets, Mercury's
orbit is not a perfect ellipse. Curved space-time near the sun distarts the
orbit from an ellipse into a roseite. The advance of Mercury's parinelion
is exaggerated abouta million times in this figure.

ing here because they were among the first tests of the
theory. One involves Mercury's orbit, and the other
involves eclipses of the sun.

Johannes Kepler understood that the orbit of Mer-
cury is elliptical, but only since 1859 have astronomers
known that the long axis of the orbit sweeps around the
sun in a motion called precession (Figure 5-20). The total
observed precession is 5600.73 seconds of arc per century
(as seen from Earth), or about 1.5° per century. This pre-
cession is produced by the gravitation of Venus, Earth,
and the other planets. However, when astronomers used
Newton’s description of gravity, they calculated that the
precession should amount to only 5557.62 seconds of arc
per century. Thus, Mercury’s orbit is advancing 43.11
seconds of arc per century faster than Newton’s law
predicted.
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FIGURE 5-21

Like a depression in a putling green, the curved space-lime near the sun
deflects light from distant stars and makes them appear o lie in slightly
different positions.

FIGURE 5-2
(a) Schemalic drawing of the deflection of starlight by the s
pholographed months before. Lines point toward lhe po
eclipse of 1922. Random errors of observalion cause some scalle
away from (he sun by 1.77 seconds of arc al lhe edge of the s
01 2300 in both (a) and (b).

=

lations in a putting green (Figure 5-21). Einstein pre-
dicred that starlight grazing the sun’s surface would be
deflected by 1.75 seconds of arc. Starlight passing near
the sun is normally lost in the sun’s glare, but during a
total solar eclipse stars beyond the sun i:__; e seen. As
soon as Linstein published his theory, astronomers
rushed to observe such stars and thus test the curvature
of space-time

curved space-time. ‘Thus, Galileo’s inertia and Newtons
mutual gravitation are shown to be fundamental proper-
ties of space and time.

The first solar eclipse following Finstein's an-
nouncement in 1916 was June 8, _:_7. [t was cloudy.
I'he next occurred on May 29, 1919, only months after
f.\m..q,:,_n_._.:___H/_.H._.._u_;_:_

the end of World War 1, and w:
1 teams went to both Brazil and

South America. Briti

Principe, an island off the coast of Afvica. First, they
photographed thae parc of the sky where the sun would
be located during the rﬁ___jr and measured the positions
of the stars on the pls Then during the eclipse they
photographed the same s field with the eclipsed
sun located in the middle. After measuring the plates,
they tound slight changes in the positions of the stars,
During the eclipse, the ¢ positions of the stars on the _,_.:2
were shifted owtward, away from the sun (Figure 5-22).
I a star had been _:Q:c; at the ¢

LEREEHCES | NOQUIRY

What does the equivalence principle tell us?

The equivalence principle says that there is no observa-
tion we can make inside a closed spaceship to distinguish
" between uniform acceleration and gravitation. Of
..Q,z:.mr__ we could open a window and look outside, but
then we would no longer be ina closed spaceship. As

¢ of the solar ,_Er. it long as we make no outside observations, we can’t tell

s gravily. Dots show
e stars during the eclipse. (b) Actu
ihe dala, bul in general the slars appear 1o move
ie deflection of stars is magnified by a factor

providing a theory of T_._.....<:< based on the geometry of

&

e posilions of the stars as
| data from Ihe

But what about the second postulate of sp
tivity? Why does it have to be true if the firse
true? And what does the second postulate tell
the nature of uniform moton? ™

Our discussion of the origin of astronomy beg
the builders of Stonehenge and reaches the m

with Einstein’s general theory of relativity. N

we have seen where astronomy came from, we
to see how it helps us understand the nature o
verse. Our first question should be “How do a:
get information?” The answer involves the ast
most basic tool, the telescope; that is the subje
next chaprer. "
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2.4 Two straight lines, initially parallel, never cross ona flat surface such as the

sheet of paper shown on the left _Tvifo straight lines, initiaily parallel, will typi-
cally cross on a curved surface such as the globe of the world shown on th

e right.
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