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Relativity: The Evolution of
Einstein’s Gravity

The laws of gravity are very, very strict.
And you're just bending them for your own benefit.
Billy Bragg

learus {Tke) Rushmore I couldn’t wait to show Dieter bis new
Porsche. But as proud as he was of his car, be was even more excited
about bis Global Positioning System (GPS) that he had recently
; installed himself. .
de;i”:j;’:; to impress Dieter, so he convinced his friend to drrr{e
with bim to the local track. They got in the car, The progr’amn?ed in
their destination, and the two of them set off. But to Ike. s szagrmé
they ended up in the wrong place—the GI_’S s?;srem didn’t wor
wearly as well as be bad thought it would. Dtetef' s first tia?ugbt s
that Ike must bave made some ridiculous error, like confusing metes.'s
and feet. But Ike didi't believe he could bave made such a stupid
mistake, and he bet Dieter that wasn’t the problem. ‘ _
The next day, The and Dieter did some troubleshooting. But to tl;ezr
distaay, when they went for a drive the GPS was even worse t ljm
before. Tke and Dicter searched again for z‘.kre problem a:nd fina JE
after a frustrating week, Dieter bad an epzphany,. He did a quaic
calculation and made the startling discovery that za_nthout accmmt:zg
for general relativity, Ike’s GPS system w‘om'd bz'a[d uP errors/:i at the
rate of more than 10 kv eack day. The d:df:’t think :’:lt.S Pors.c le wa;
fast enough to warrant relativistic calculations, but DzeteT exp aine
that the GPS signals—not the car—travel at tbe-speed o)f lngt. Dzer;z;
modified the software to account for the changing gravitational fie
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the GPS signals had ro pass through, Ihes system then worked as
well as the readily available commercial variety, Relieved, The and
Dieter began to plan 2 road trip.

At the beginning of the last century the Brirish Physicist Lord Kelvin
said, “There is nothing new 1o be discovered in physics now. All that
remains is more and more precise measurement,”* Lord Kelvin was
famously incorrect: very soon after he utrered those words, relativity
and quantum mechanies revolutionized physics and blossomed ingo
the different aveas of physics that people work on today. Lord Kelvin's
more profound statement, that “scientific wealth tends to accumulare
according 1o the law of compound inrerest,”+ is certainly true, how
ever,and is especially a Ppropriate to these reyolutionary developmens,

This chapter explores the science of gravity, and how it evolved

to compute mechanical motion, including motign caused by gravity,
Newron’s laws are magnificent, and they allow us 10 make predictions
of motion that work spectacularly well-—wel] enough to send men to
the Moon and sarelfites 1nto orbir, well enough to keep the superfast
trains in Europe on the tracks when rounding corners, well enough
Lo prompt the search for the eighth planer, Neprune, based on pecu-
liarities in Uranus’s orbit. But alas, not well enough for an accurate
GPS system.

Incredibly, the GPs System now in use requires Einstein’s theory of
general relativity to achieve its one-meter acecuracy. Determinationg
of the variation in snow depth on Mays using lager ranging data.from
orbiting spacecrafr also incorporate general relativity, and yield values
with an unbelievable precision of to em. Cereainly, at the time it was
developed, no One—not even Eiustein-wanticipatcd. such practical
applications of a theory as abstract as general relativity,

*An address 1o 2 group of physicists ar the Brizish Association for the Advancement
of Science in 900,

TPresidential Addeess 1o Brirish Association, 871,

s

o




WARPED PASSAGES

This chapter will explore Einstein’s theory of gravity, a spectacu-
larly accurate theory that applies to a wide range of systems. Wf:’ii
begin by briefly reviewing Newton’s gravitational thcor}f, which
works fine for the energies and speeds we encounter in daily life. We’ll
then move on to the extreme limits in which it fails: namely, very high
speed (close to the speed of light) and very large mass or energy. In
these limits, Newtonian gravity is superseded by Einstein’s theory of
relativity. With Einstein’s general relativity, space (and spacetime)
evolved from a static stage to a dynamical entity that can move and
curve and have a rich life of its own. We'll consider this theory, the
clues thar led to its development, and some of the experimenta!l tests
that convince physicists that it’s right.

Newtonian Gravity

Gravity is the force thar keeps your feet on the ground and is the
source of the acceleration that returns a tossed ball to Earth. In the
late sixteenth century, Galileo showed that this acceleration is the
same for all objects on the surface of the Earth, no matter what their
mass, .

However, this acceleration does depend on how far the object is
from the Earth’s center. More generally, the strength of graviry
depends on the distance between the two massegmgravity’s pull is
weaker when objects are farther apart. And when what creates the
gravitational attraction is not the Earth, but some other object,
gravity’s strength will depend on the mass of that object.

TIsaac Newron developed the gravitational force law that summar-
izes how gravity depends on mass and distance. Newton’s law says
thar the force of gravity between two masses is proportional to the
mass of each of them. They could be anything: the Earth and a ball,
the Sun and Juptter, a basketbail and a soccer ball, or any two objects
you please. The more massive the objects, the greater the gravitational
attraction.

Newton’s gravitational force law also says how the gravitational
force depends on the distance between the rwo objects. As discussed
in Chapter 2, the law says that the force between two objects is
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proportional to the inverse square of their separation. This inverse
square law was where the famous apple entered in.* Newton counld
deduce the acceleration due to the Earth’s gravitational pull on an
apple located near the Earth’s surface and compare it with the acceler-
ation induced on the Moon, which is located sixty times further away
than the Earth’s surface is from its center. The acceleration of the
Moon due to the earth’s gravity s 3,600 times smaller (3,600 is the
square of 6o) than the acceleration of the apple. This is in accordance
with the gravitational force decreasing as the square of the distance
from the Barth’s center.’

However, even when we know the dependence of the graviratiopal
attraction on mass and distance, we still need another picce of infor-
mation before we can determine the overall strength of gravitational
attraction. The missing piece is a number, called Newtosn’s gravita-
tional constant, that factors into the calculation of any classical gravi-
tational force. Gravity is very weak, and this is reflected in the tiny
size of Newton’s constant, to which all gravitational effects are pro-
portional.

The Earth’s gravitational pull or the gravitatiopal attraction
between the Sun and the planets might seem pretty big. But that’s
ouly because the Earth, the Sun, and the plapets are so massive.
Newton’s constant is very small, and the gravitarional attraction
between elementary particles is an extremely weak force. This freble-
ness of gravity is itself a big puzzle thar we will retarn to later on.

Although his theory was correct, Newton delayed its publication
for twenty years, until 1687, while he tried ro justify a critical assamp-
tion of his theory: thar the Earth’s gravitational pull was exerted as if
its mass were all concentrated at the center. While Newton was hard
at work developing calculus to solve this problem, Edmund Halley,
Christopher Wren, Robert Hooke, and Newton himself made tremen-
dous progress in determining the gravitational force law by analyzing
the motion of the planets, whose orbits Johannes Kepler had measured
and found to be elliptical.

These men all made major contributions to the problem of planctary
motion, but it is Newton who gets credited with the inverse square

*The story might be apocryphal, but the reasoning is not.
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law. That is because Newton ultimately showed that eihpncali air:]iﬁz
would arise as a result of a central force (that of. the Suni o ;(1 Lt the
inverse square law was true, and he shuwc‘:d.wzth calculus t :;d e
mass of a spherical body did in fact act as if it were co‘ﬂcc?rf;rra -
the center. Newton did, however, acknowledge the signif cinc '
others” contributions in his words, “If T have seen further, it is ec}:lausit
1 have stood upos the shoulders of giants.”* (ﬁgwever, rumzr asho
that he said this only because of his intense dislike for Hooke, w
5 Tt
Wilvgghsz;wil physics, we learned-Newtor}’s laws and c;ﬂculate{%
the behavior of intezesting. (if somewhat conmve‘d) systeiclfs. rlt:nzctrlrlle
ber my ouirage when our teacher, Mr Baumel, informed us ’t ; e
gravitational theory we had just learned was WrOng, W!’;y .tc‘rcof >
theory that we know 1o be incorrect? In my high schoo w;w of b
world, the whole merit of science was that 1‘t C“Z)llld be true and reliable,
and could make accurate and facrual predictions. e
Bur Mr Baumel was simplifying, perhaps for dramam.: effect.
Newton’s theory was not wrong: it was merely an approxxmalnon,
one that works incredibly well in most circumstances. F?r a griz
range of parameters {speed, distance, mass, and so 0'1"1), it grei 1in
gravitational forces quite accurately. The more ;}rem;eif;m e:: ynf
theory is relafivity, and you only make rr{easm:c?bly ere? 1131 -
dictions with relativity when you are dealing w;t3h extremc(a1 y Stie
speeds or lazge amounts of mass or cnergy._Newton s law pre mt-t.:ia
motion of a ball admirably well, since nf'ﬁthr:r of the abo;’; gr; eme
apply. To use relativity to predict the motion of a ball would be p

silliness. . N
In fact, Finstein himself initially thonght of special reiatmty. mzf_ely
act, : aci
as an improvement on Newtonian physics—not asa radl‘cail para 1grr;
shift. This, of course, grossly underplays the ultimate significance o
. , :
his work.

*1 peter from lsaac Newton o Robert Hooke, 5 February 1675,

88

RELATIVITY: THE EVOLUTION OF EINSTEIN'S GRAVITY.

Special ‘Relatiw'ty

A very reasonable thing to expect from physical laws is that they
should be the same for everyone. No one could blame us for question-
ing their validity and ueiliry if people in different countries or siteing
on moving trains or flying on an airplane experienced different
physical laws. Physical laws should be fundamental and hold rrue
for any observer. Any differences in calculations should be due to
differences in enviconment, nor the physical faws. It would be very
strange indeed 1o have universal physical laws that required a particu-
lar vantage point. The particular quantities you might measure conld
depend on your reference frame, but the laws that govern these quanti-
ties should not. Einstein’s formulation of special relativity ensures that
this is the case,

In fact, i’s somewhat ironic that Einstein’s work on gravity is
referred to as “the theory of relativity.” The esséntial poine that drove
both special and general relativity was that physical laws should apply
for everyone, independent of their reference frame. In facr, Einsrein
would have preferred the term Invariantentheorie,* In a letter Binstein
wrote it 192 in reply o a correspondent who had suggested he
reconsider the name, he admitted that the term “relativity” was un-
fortunate.t But by that time, the term was too well entrenched for
him to atrempt to change it

Finstein’s first insight about reference frames and refativity came
from thinking about clectromagnetism. The well-known theory of
electromagnetism from the nincteenth century was based on Max-
well’s laws, which describe the behavior of electromagnetism,; and
electromagnetic waves, The laws Bave correct results, bur everyone
mitially falsely interpreted the predictions in terms of the motion of
an aether, a hypothesized invisible substance whose vibrations were
supposed to be electromagnetic waves. Einstein realized that if there

were an aether, there would also be a preferred observational vantage

*Gerald Holton, Efnstein, History,
University Press, 2000},
TLetter to E. Zschimmer, 30 Seprember 1gz21.
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paing, or frame of reference; the one m which the aether is at rest, He
reasoned that the same physical laws should apply to people who are
moving at constant velocity” with respect to each other apd with
respect to someone at rest—that is, in frames of reference that physi-
cists refer to as inertial frames. By requiring that all physical laws,
including those of electromagnetism, should hold for observers in all
inertial reference frames, Finstein was led to abandon the idea of the
acther and, ultimately, to formulate special refativicy.

Einstein’s theory of speciai relarivity, with its radical revision of the
concepts of space and time, was a major leap. Peter Galison,t a
physicist and histarian of science, suggests that it was not only the
acther theory that put Einstein on the right track, but Binstein’s job
at the time. Galison rcasoned that Einstein, who grew up in Germany
and worked at the patent office in Bern, Switzerland, must have had
vime and time coordination on his mind. Anyone who has traveled in
Europe knows thar precision 1s valued highly in countries such as
Switzerland and Germany, which has the happy consequence that
passengers can count on the trains to run on time, Finstein worked in
the patent office between 1902 and 1905, during an era when train
travel was becoming increasingly important, and coordinating time
was at the forefront of new technology. In the early xgo0s, Einstein
vras very likely thinking about real-world problems, such as how to
coordinate the time at one train station with that at another,

Of course, Binstein did not need to develop relativity to solve the
problem of coordinating real trains. {For those of us accustomed to
the frequently delayed American trains, coordinated time might sound
exotic in any case.:) But coordinating time raised some interesting
questions. Time coordination of relativistically moving trains is not a
straightforward problem. If I were to coordinare my watch with some-
one on a moving train, 1 would need to account for the time delay
of a signal traveling between us because light has a finite speed.
Coordinating my watch with that of the person sitting next to me

*Velocity gives both speed and direction.

tPeter Galison, Einstein’s Clocks, Poincaré's Maps: Empires of Time (New York:

W.W. Norton, 2003).

$Dox’t get me wrong—T1 like trains. Bucl wish they were better supported in the U.S.
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) 7 .
:‘g:ji not be the same 2s coordinating watches with someone far
Emstein_’s critical insight, the one that led him to special relativi
was tl.lat ideas about time had to be reformulated. Accordin tt?(’;

Einstein, space and time could no longer be considered indcpendezglti
A'Ithough they are not the same thing——time and space are cleariy :
different—the quantities you measure depend on the speed at whicg

you are traveling. Special relativity was the result of this insight

Bizarre as they are, one can derive all of Einstein’s novel c.onse-
quences of special relativity from two postulates. To state them. we
need to understand the meaning of inertial frames—a particular ,
gory of reference frames. Let’s first choose any frame of reference(':fl::c
moves at constant velocity (speed and direction); the one that’s at rest
is ofFen a good one. The inertial frames would then be those that are
moving at fixed velocity with respect to that first one~someone
running or driving by at constant speed, for example.

Einstein’s postulates then stare that:

The taws of physics are the same in all inertial frames.
The speed of light, c, is the same in any inertial frame.

The two postulates tell us that Newton®s laws are incomplete. Once
we accept Einstein’s postulates, we have no choice but to I:E: léce
Newton’s laws with new physical laws that are consistent with She

_ruies.“ The laws of special relativity that follow lead to all the sur rizc-:
mg consequences you might have heard of, such as time dilationpthe
obsefrver dependence of simultancity, and Lorentz contraction ’of a
moving object. The new laws should look very much like the old
classical physics laws when applied to objects moving at speeds that
are sm;'afl compared with the speed of light, But when applied :‘:).
something moving very fast, at or near the speed of light, the difference

" . .
a;\;;lzilzzl;ci::‘i:;:dn tr'amsv don’t le.ways coordinate tiu?c very well, Amirak does
: i 10 e special relativity when they say, “time and the space.t i
in th'mr advertising slogan for the Acela, the high-speed train thar t:'wclspthc I-\In “15'12 N

corridor. However, “time™ and “space” are not preciscly jnrerch;;n ealle ATrf: gk
the slogan *space and the time to use it* does describe my mote hea\gtiiy deiayetd (:rl;gu}i

rides, the phrase wouldn't b i i
pdes ¢ a very compelling advertisement for a high-speed
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between the Newtonian and special refativity formulations should
become apparent.

For example, in Newtonian mechanics speeds are simply added
together. A car driving towards yours on the freeway approaches you
at a speed that’s the sum of its speed and yours. Similarly, if someone
throws a ball at you from the platform while you are on a moving
train, the ball’s speed appears to be the sum of the speed of the ball
itself plus the speed of the moving train. {A former stadent of mine,
Wirek Skiba, can atest to this fact, Witek was nearly knocked our
when he was hit by a ball that someone threw at the approaching
train he was riding.)

According to Newtontan physics, the speed of a beam of light
directed at a moving train should be the sum of the speed of light and
the speed of the moving train. Bur this can’t be true if the speed of
light is constanr, as Einstein’s second postulate asserts. If the speed of
light is always the same, then the speed of the beam aimed at the
moving train will be identical to the speed of a lisht beam that
approaches you when you’re standing stifl on the ground. Even though
it runs counter to the intnition gained from your experience of the
slow speeds you encounter in daily life, light speed is constant, and in
special relativity speeds don’t simply add up as they do in Newtonian
physics. Instead, you add speeds according o a relativistic formula
that follows from Einstein’s postulates.

Many of special relativity’s implications don’t jibe with our familiar
y P y P ]

notions of time and space. Special relativity treats time and space
differertly than they had been treated before in Newroniar mechanics,
and this is whart gives rise to many of its counterintuitive resulis. Time
and space measurements depend on speed and get mixed up in systems
that move relative to each other. Nonetheless, surprising as they are,
once. you accept the two postulates then a different notion of space
aad time is an inevitable consequence.

Here's one argument why. Imagine two identical ships with idensi-
cal masts. One ship is docked by the shore, while the other is moving
away. Also tmagine that the captains of the two ships synchronized
their watches when the first ship sailed off.

Now suppose that the two captains do a rather odd thing: each
decides to measure time on her ship by placing a mirror at the top of
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the mast and a second mirror ar the botrom; shining a light from the
bottom mirror to the top one, and measuring the number of times
light hits the mirror and recurns. As a pracrical matter, of course, this
would be absurd, since light would cycle up and down far too fre-
quently to connt. But bear with me, and imagine that the captains
can count extraordinarily fase; I'fl be using this somewhat conrrived
example to argue that time strerches out on the moving ship.

If each captain knows how long it takes for light to cycle once,
she can calculate the passage of time by multiplying the light-cycle
time by the number of times lighe cycles up and down berween the
mirrors. Now suppose, though, that instead of asing her own station-
ary micror clock, the captain on the docked ship measures time by the
number of times the light on the moving ship hits the mast's mirror
and retarns.

Now from the perspective of the captain on the moving ship, the
light simply goes straight up and down, However, from the perspec
of the captain on the docked ship, the Lght has 1o travel fasrher {in
order 1o cover the distance traveled by the moving ship—see Figure
35). Bur—and this is the counterintuirive part—the speed of light is
constant. It is the same for the light senr ro the top of the mast on the
docked ship as it is for the light sear to the top of the mast on the
moving ship. Since speed measures distance traveled over time,
the speed of light for the moving ship is the same as the speed of light
for the stationary one, the moving mirror clock has to “tick” at a

slower rate to compensate for the longer distance the moviag light

tive

and

Figlfre 35. The path of a light beam that bounces off the top of a mast of a
stationary ship and of g maving one, The stationary observer {in a boar by
the shore or in a lighthouse) would see 4 longer path in the second case.
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has to travel. This very counterintuitive conclusion—that moving and
stationary clocks must tick ac different rates—follows from the fact
that the speed of light in a moving reference frame is the same as the
speed of light in a stationary ove. And although this is a funny
way to measure time, the same conclusion—that moving clocks run
slower——would hold true independently of how time is measured. If
the captains had watches on, they would observe the same thing
(again, with the caveat that for normal speeds, the effect would be
tiny}.

While the above example is artificial, the phenomenon described
produces genuinely measurable effects. For example, special relativiey
gives rise to the different time experienced by fast-moving objects—
the phenomenon known as time dilation.

Physicists measure time dilation when they study elementary par-
ticles produced at colliders or in the atmosphere, which trave at
relativistic speeds—speeds approaching that of light. For example,
the elementary particle cailed a muon has the same charge as an
electron, but is heavier and can decay {that is, it can turn into other,
lighter particles). The muon’s lifetime, the time before it decays, is
only z microseconds, If a moving muon had the same lifetime as a
stationary one, it would be ableto travel only about 600 meters before
it disappeared. Put muons manage to make it all the way through our
atmosphere, and in colliders, to the edges of large detectors, because
their near-light-speed velocity makes them appear to us much longer-
fived. In the atmosphere, muons travel at least ten times further than
they would in a universe based on Newtonian principles. The very
fact that we see these muons at all shows us that time difation (and
special relativity) gives rise to true physical effects.

Special relativity is important both because it was a dramatic
deviation from classical physics and because it was essential to the
development of general relativity and quantum field theory, both of
which play a significant role in more recent developments. Because 1
won’t use specific special relativity predictions when I discuss particle
physics and extra-dimensional models later on, I'll resist the urge to
go into all the fascinating consequences of special relativity, such as
why simultaneity depends on whether an observer is moving and how
the sizes of moving objects are different from when they are at resr.
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Instead, we'll delve into another dramatic development, namely

general refativity, which will be critical when we consider string theory
and extra dimensions later on.

The Principle of Equivalence:
General Relativity Begins

Ein.stein wrote down his theory of special relativity in ¥ 505. In 1907
while working on a paper that summarized his recen: work on tht;
subject, he found himself afready questioning whether the theory
could apply to all situations. He noticed two major omissions. For
one thing, physical faws looked the same only in certain special inertial
reference frames—those that moved at fixed velocity with respect ro
cach other,

In special relativity, these inertial reference frames occupied a privi-
leged position. The theory left out any reference frame that was accel-
erating, If you pressed the accelerator while driving your car, you
would no longer be in one of the special reference frames Wher,e the
laws of special relativity apply. That's what’s “special” in special
relativity: the “special” inertial frames are only a small subsetr of
all possible reference frames. For someone convinced that no one’s
reference frame is special, it was a big problem that the theory singled
out inertial reference frames.

Einstein’s second misgiving concerned gravity. Although he had
figured out how objects respond to gravity in some situations, he stili
hadn’t come up with formulas for determi ning the gravitatio;lai field
-in the first place. The form of the gravitational force law was known
in some simpler settings, but Einstein wasn’t yet able to deduce the
field for every possible distribution of matter. :

‘Betv.vecn 1905 and 1915, in a sometimes grucling exploration
Einstein addressed these problems. The result was genera) relativity?
He ceniered his new theory around the eguivalence principle, which
states that the effects of acceleration cannot be distinguishc’c[ from
those of gravity, Al the laws of physics would look the same to an
accelerating observer as they would to a stationary observer placed in
a gravitational field that accelerates everything in the stationary frame

T {04
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with an acceleration of the same magnitude—but in the opposite
direction—as the original observer’s accelerarion. In other wv.f»rds, you
wouldn’t have any way of distinguishing uniform aceelerat-lor.x from
standing still in a gravitational field, Acwrding to Fhe Prmcxple of
equivalence, there is no measurement that would d;stmgl};sh {')etwv.:en
these two situarions. An observer could never knew which situation
he was in. , o

The equivalence principle follows from the cqm‘val‘ence of inertial
and. gravitational mass, two quantities thar in principle conld h?vc
been different from each other. Inertial mass determines how an ob]cc?t
will respond to any force-—how much the object w.ould aCCEiCj:I&tE‘lf
you applied that force. The role of inertial mass 15 Si.lH‘lmaﬂZCd in
Newton’s second law of motion, F = ma, which says that if you apply
a force of magnitude F to an object with mass m, you will p:z'oducc an
acceleration a. Newton's famous second law tells us thata given f0r~ce
produces smaller acceleration on an object that has b%gger inertial
mass, which is probably very familiar to you from experience. (If you
shove a footstool, it will go further and faster than if you shove a
grand piano just as hard.) Notice that this law applies for any sort ?f
force—the force of electromagnetism, for example. It can apply in
sitnarions that have nothing wharsoever to do with gravity.

Gravitational mass, on the other hand, is the mass that enter.s the
gravitational force law and determines the strength_ of grav%tat{onal
attraction, As we saw, the strength of the Newtonian gravitational
force is proportional to the ewo masses that get atrracted to each
other. These masses are gravitational mass, Gravitational mass and
the inervial mass thar enters Newton’s second force law turn out to
be the same, and that’s why we can safely give them the same name:
mass. But in principle they could have been different, and we would
have had to call one “mass” and the other “ssam.”” Fortunately, we
don’t need to do that.

The mysterious fact that the two masses are the same has deep
implications, which it took an Einstein to recognize and cif:lvelc!p. The
gravitational force law states that the strength of gravity is pro-
portional to mass, and Newton’s law tells us how much acceleration
would be generated by thar {or any other) force. BCC&!IISE the sirength
of gravity is proportional to the same rnass that determines the amount
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of acceleration, the two laws together tell us that even though the
force depends on mass through F = ma, the acceleration induced by
gravity is entirely independent of the mass that gets accelerated.

The acceleration of gravity that any object experiences must be the
same for anyone or anything separated by the same distance from
another object. This is rhe claim that Galileo allegedly verified by
dropping objects off the Tower of Pisa,* demonstrating that che Earth
induces rthe same acceleration for all objects, independent of their
mass. This fact—that accelerarion is independent of the mass of the
accelerated object—is unique to the gravitatio
strength of no force other than gravity depends
the gravitationa! force law and Newton®
mass in the same way,

nal force, because the
onmass, And because
s law of motion depend on
the mass cancels out when you calculate
acceleration. Acceleration therefore doesn’ depend on mags.

This relatively straightforward deduction has profound implica-
tions. Since all objects have the same acceleration in a uniform gravita-
tional field, if this single acceleration could be canceled,
of gravity would becanceled as well, And that
10 a frecly falling body:
evidence of gravity.

The equivalence principle says that if
vou were freely falling,
field. Your acceleration

the evidence
is exactly what happens
it is accelerated precisely so as ta cancel the

you and everything around
you would not be aware of a gravitational
would cancel the acceleration thaz the gravita-
tional field would otherwise have produced. This state of weightless-
ness is now familiar from pictures from orbiting spacecraft, where the

astronauts and the objects that surround rhem don’t experience any
gravity.

Textbooks often illustrate the absence of gravity’s effecrs {from the
vantage point of the freely falling obseever) with a picture of someone
dropping a ball in a free-falling elevator. You see the person and the
ball falling together in the picture. The person in the elevator would
always see the ball at the same height above the elevaror’s floor. He
wouldn’t see the ball drop (see Figure 36).

Physics texts always present the freely falling elevator as if it were
the most natural thing in the world that the observer inside would

*He did the experiment by timing objects rolling down an inclined plane.
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Figure 36. An observer in a falling elevator who releases a baI.I will not see bn‘
drop. However, when a freely falling elevator meets the stationary Earth, the

observer will not be very happy.

calmly watch a ball not drop with F:omplefe .ec-luanimity, with r:o
concern at all for his personal well-being. This is in sharp contrast to
the terrified faces in movies in which the cables of an eieva.t;;r are
cut and the actors hurtle towards the .ground. Why sm:h di ere::;
cesponses? If everything were freely fa!ln‘)g, t%uare would be no Ci‘-l
for alarm. The situation would be indlstu}gmshablf: fron'f ever)'(t 1;115
being at rest, albeit in a Zero-gravity eavironment. But if, as ;ine he
movies, someone is falling but the ground below him stays put},

good reason to be petrified. If someone is on a freely fall;ng-t?lfvat?r,
but solid ground awaiss his descent, you can bfe sure that h.e \nlrli no ticz
the consequences of gravity when his free fall is ended {as is illustrate

i e of Figure 36). N

" 'ti'h;ela;?afsf: that Eginsteian’s conclusion seems S0 sulrl:n:u;mgI an(i
strange is that our upbringing here on Earth, with a statto:fla;y pEa:l:zh
beneath our feet, biases our intuition. When' the force o tfe a '
keeps you stationary on the ground, you notice the efff:ctsfohgr‘Fiw;tir1
because you are not following the path towards the center of the Ea
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that gravity would have you follow. On Earth, we’re accustomed to
gravity making things fall. Bur “falling” really means “falling relative
to ns.” If we were falling along with a dropped ball, as we would be
in a free-falling elevator, the ball wonld not go down any faster than
we would. We therefore would not see it drop.

In your freely falling reference frame, all the laws of physics would
coincide with the laws of physics that would be obeyed if you and
everything near you were at rest. A freely falling observer would
observe that motion is described by the same equations, consistent
with special relativity, that apply for observer in an inertial, non-
accelerating reference frame. In rthe review paper he wrote'in 1907
about relativity, Einstein explains how the gravitational ficld has only
a relative existence, “because for an observer falling frecly from the
roof of a house there exists—ar least in his immediate surroundings-—
no gravitational field.”*

This was Einstein’s major insight. The equations of motion for a
freely falling observer are the equations of motion for an observer in
an inertial reference frame. A freely falling observer does not feel the
force of gravity—only objects that are not in free fall experience a
gravitational force.

In our lives we don’t generally encounter things or people in free
fall. When free fall happens, it looks scary and dangerous. But, a5 an
Irishman said to the physicist Raphael Bousso when he was visiting
Ireland’s Cliffs of Moher, “It’s not the fall that kills vou, but. the-
%8 crash when you stop.” And when 1 broke several bognes in a
rock-climbing accident and had to miss a conference 1 had organized,
there were quite a few jokes about my testing the theory of gravity, I
can state with complete confidence that gravitational acceleration
agrees with predictions,

* Albert Einstein, “Uber das Relativititsprinzip und die aus demselben gezogene Fol-
gerungen” [“On the relativiry principle and the conclusions drawn from i), Jabrbuch
der Radioahtivitit und Electronik, vol. 4, Pp. 411~62 (1907} see dlso Absaham Pais,
Ssebtle is the Lord (Philadelphia: American Philologica) Associarion, 1982)

BN




WARPED PASSAGES

Tests of General Relativity

There’s more to general relativity; soon we’ll get to the rest, 'wl'%ich
took considerably longer to develop. But the equivalence pn.nmple
alone explains many résults from general relativiey, Once'Einstcm had
recogaized that gravity could be canceled in an accelcrafcmg r.ef.cn:nce
frame, he could calculate gravitational influence by imagining an
accelerating system equivalent to the one with graviry, T}}ls allowed
him to calculate the gravitational effects for some interesting systems
which others could use to check his conclusions. We'll now consider
a few of the most significant experimental tests.

First is the gravitational redshift of lighe, A redshift causes us to

derect light waves-at a lower frequency than the frequency at which
 they were emitted. {You’ve probably encountered the analogous effect
1n sounds waves when a mororcycle roared past you and she sound
waves rose and fell in pitch.) .

There are several ways to-anderstand the origin of the gravirarional
redshift, bue probably the simplest is through an anzlogy. Imaginle
that you throw a ball up into the air. The rising ball slows ‘down as ir
moves against the force of gravity. But the ball’s energy is not lo_st,
even though the ball is slowing dewn. It is converted into pOth{tlal
energy, which is then relcased as kineric energy, or energy of motion,
when the ball falls back down.

The same reasoning applies to the particie of light, the photon. Just
as a ball loses momentum when it is thrown up into the air, & pllotPn
loses momentum as it escapes from a gravitational ficld. As W}tlx
the ball, this means that the photon loses kineric energy but gains
potential energy as it fights its way out of the gi‘av‘itational feld. But
a photon cannot slow down as a ball would, since it alwalys :ra\fels at
the constant speed of light. To jump the gun a bit, we Wl.ﬂ see i the
next chapter that one consequence of quantum mechanics is that a
photon lowers its energy when it lowers its frequency. And that. is
exactly what happens to the photon that is going through the changing
gravitational potential. In order 1o lower its energy, the photon

decreases its frequency, and this lowered frequency is the gravitational
redshifr.

!
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Conversely, a photon that was moving rowards a gravitational

source would. increase irs frequency, In 1 963, the Canadian-born
physicist Roberr Pound and one of his students, Glen Rebka, measured
this effect by studying gamma rays emitted from radioactive iron that
was placed at the top of the “tower” of Harvard’s Jefferson Lab, the
building where I now work. {Though it’s part of the building, an
elevated attic area in Jefferson Lab and the floors beneath it are known
as “the tower.”), The gravitarional fields at the top and bottom of the
rower were slightly different, since the top.is slightly further from the

center of the Earth. A high tower would be best for this measurement,

since it would maximize the difference in height between where the
BAMMa rays were emitted (the top of the tower) and where they were
detecred (the basemeént). But even though the tower consisis of just
three floors, an attic, and some windows that peer out above the
aetic—it"s all of 74 feer high—Pound and Rebka managed to measure
the difference in frequency between the emitted and absorbed photons
with incredible precision, five parts in a million billion. They thereby
established that the general relativity predictions for the gravitationa)
redshift were correct 1o at least 1% accuracy.,

A second experimentally observabi
principle is the bending of light. Gravity can attract energy as well as
mass. After all, the famous relation E = me* tmeans th
mass are closely connecred, If mass experiences gravity,
energy. The Sun’s gravity influences mass,
tzajectory of light. Einstein’s theory predicted
should bend under the Sun’s influence. The
confirmed during the solar eclipse of 1919,

The English scientist Archur Eddington organized
the island of Principe off the co
Brazil, where the eclipse could
photograph the stars in the nei
check whether stars that appea
their usual positions. If the stars
mean that their light was trav

¢ consequence of the equivalence

at energy and
then so shonid
and likewise affects the
exactly the amount lighe
se predictions were first

expeditions to
ast of West Africa and to Sobral in
best be seen. Their purpose was to
ghborhood of the eclipsed Sun and
red near the Sun moved relarive to
did appear ro be shifted, that would

eling along a bent trajectory, {The
scientists needed to make their m

casurements during an eclipse so that
the sunlight wouldn’t overwhelm the much dimmer light of the stars.)
Sure enough, the stars appeared in just the right “wrong” places. The

(2
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measurement of the correct bending angle provided strong evidence
supporting Einstein’s theory of general relativity.

Incredibly, the bending of light is now so well established and
understood that it is one of the tools that was used to probe the
distribution of mass in the universe and look for dark matter in the
form of small, burnt-out stars that no longer emit light. Like black
cats on a moonless night, such objects are very hard to see. The only
way to observe them is through their gravitatiopal effects.

Gravitational lensing is one way that astronomers can learn aboust
dark objects; dark objects, like everything clse, interact via gravity.
Although the burnt-out stars do not themselves emit light, there can
be bright objects behind them (from our perspective) whose light we
can see. Without any dark star near its path, the light would travel in
straight Yines. Put light emitted by a bright star will bend when it
passes by the dark star. Light passing on the teft will bend in the
opposite direction than light passing on the right and light passing on
the top will bend in the opposite direction than tight passing on the
bottom. This will create multiple images of a bright object behind a
dark star and the effect is called gravitational lensing. ¥igure 37 shows
an example of a multiple wnage of a quasar that appeared when an
intervening massive object bent the guasar’s light rays in differens
directions.

The Graceful Curves of the Universe

The equivalence principle says that the force of gravity is indistinguish-
able from constant acceleration. I'm glad you made it to this point,
because I need to confess thatl simplified, and the two aren’t entirely
indistinguishable after ail. How could they be? If gravity were equiva-
lent to acceleration, it would not be possible for people in opposite
hemispheres 1o simultaneously fall to Earch. After all, the Earth cannot
accelerate in two directions at 0pce. Gravitational pull in the difterent
directions felt in America and China, for example, cannot possibly be
accounted for by a single accelesation.

The resolution of this ‘paradox is that the equivalence principle
asserts only that gravity can be replaced by acceleration locally. At
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Eie P P
igare 37. The “Einstein Cross™ is formed when multiple images of a bright,

distant gquasar are formed by li f
ed by light bending in diffe recti j
. rent ] 56
by a massive foreground galaxy. ¢ Herent divctions os i passe

d:fferer-xt places in space, the acceleration that would replace gravi
according to the principle would generally be in different dire%:tio:g
The answer (o our problem with Chinese/American relations is tha;
A.‘mencan gravity is equivalent to an acceleration in a different direc-
tion f'rom. the acceleration that would reproduce Chinese gravit -
This critical insight led Einstein to a complete reformulation ﬁf th
theory of.gravity. He no longer saw gravity as a force that acts directie
on an ob_]ect. Instead, he described it as a distortion of the geomet ,
of spacetime that reflects the different accelerations rec;uiredgto c . fii
gravity in different places. Spacetime is no longer a arcan‘chaf:{'1 Cel
background to an event—it is an active player, With Einsptein’s*tl‘l3 o
of general ?:clativity, the force of gravity is understood in term ; O}ZY
curvature of spacetime, which in turn is determined by the matst ; t ':{:
energy th.at are present. Let’s now consider the notion of the curfr;: .
of spacetime, on which Einstein’s revolutionary theory rests -
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Curved Space and Curved Spacetime

A machemartical theory must be. internally consistent but, unlike a
scientific theory, it has no obligation to correspond to an external
physical reality. True, mathematicians have often deawn inspiration
from what they see in the world around them. Mathematical objects
such as cubes and natural numbers do have real-world counterparts.
Bur mathematicians extend their assumptions about these familiar
concepts to objects whose physical reality is less certain, such as
tesseracts (hypercubes in four-dimensional space} and quarernions {an
exotic munber system).

Euclid wrote his five fundamental postulates of geometry in the
third century 8¢, From these assumptions a beautiful logical structure
developed, one that you might have had a taste of in high school. But
later mathematicians found themselves having trouble with the fifth
postudaze, the one known as the parallel postulate. This postulare
states that, given a line and a point outside that line, theze is one and
only one line that can be drawn through the point that is parallel to
the initial line.

For two millennia afrer Euclid formulated his postulates, mathema-
ticians argued about whether this fifth postulate was actually indepen-
dent or merely a logical consequence of the other four, Could there
be a system of geometry for which all but the last postulate was true?
if no such system of geometry existed, the fifth postulate would not
be independent, and would therefore be disposable.

Only in the ninereenth century did mathemaricians put the Gfth
postulate in its proper place. The grear German mathematician Carl
Friedrich Gauss discovered that Euclid’s fifth assumption was exactly
what Euclid had claimed: a pestulate that could be replaced by
another. He went ahead and replaced it, discovering other systems
of geometry and thereby demonstrating that the fifcth postulate was
independent. With thar, non-Euclidean geometry was born.

A Russian mathematician, Nikoiai Ivanovich Lobachevsky, also
developed non-Euclidean geometry, but when he sent his work to
Gauss he was disappointed to learn that the older mathematician had
come up with the same idea fifty years before. But neicher Lobachevsky
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nor anyone else had known about Gauss’s resules, which the German
had hidden for fear that his colleagues would ridicule him,

Gz}uss shouldn’t have worsied. It is obvious that Euclid’s fifth postu-
late is not always true, because we ail know about alternatives. For
example, lines of longitude meer at the North Pole and at the S;Juth
Pole, even though they are parallel at the equ
sphere is an example of non-
written on spheres rather tha
to them, too.

ator. Geometry on g
Euclidean geometry, Had the ancients
tscrolls, this mighe have been obvioys

Burt there are many examples of non-Euclidean geometry which
¢l

unlike the sphere, cannor be realized physically in a three-
world. The original non-Euclidean geometries of Gauss
and the Hungarian mathematician Janos Bolyaj* :
undrawable theories,
long to discover them,

A few examples illustrate what ma
from the flat -geomietry of this pag
dimensional surfaces,
positive curvarure,

dimensional
Lobachevsky,
dealt with such
which makes it less surprising that they took so

kes curved geometries different
e. Figure 38 shows three rwo-
The first, the surface of a sphere, has constane
The second, a section of a flar plane, has zero

Figure 38, Surfaces of positive, zero, and negative curvarnre,

*Janos Belyai was a genius, but although his father, Farkas Bol yai
a math.en:lz-\tiqian, Janos was poor and joined the military and ,m)n the acad

Others initally discouraged Janos about his work on non-Euclidean geomer ‘ iim; ,
evgqtual]y published it only because his father insisted on purting it ix anllyi)r{:,;n : :
writing, Farkas, who was friends with Gauss, sent him the a ppendix thar }:’moos \:row'ls
Bur uﬂce agfiin. Janos was in for disappointment, Although Gauss recopnized Ja o
Bolyai s gendus, he replied only, “To praise it would amount to praiqinggm stifagos
rhc_mnrr: coneent of the wark . . . coincides almost exactly with my <;wn mc)::ﬁt sons
which have occupied my mind for the past thiety or thiry-fve years,” (Lct:eragznn:

GZlL]SS to Farras Bo . I1C a drt m. r i
]jd‘ﬂll’, 1832 ’ So o € agau, 055 athemar cal careo as
" 3 5 i I Wi

wanted him to be
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curvature. And the third, a hyperbolic parabotoid, has constant nega-
tive curvature. Examples of negatively curved surfaces are the shape
of a horse’s saddle, the terrain between two mountain peaks, and a
Pringles potato chip.

‘There are many litmus tests that will tell us which of the three
possible types of curvature any particafar geometric space pOSSCSSes.
For example, you can draw a triangle on each of the three surfaces.
On the flac surface the sum of the angles of a triangle is always
precisely 180 degrees. But what about a sriangle on the surface of the
sphere, with one vertex on the North Pole and the remaining two
vertices on the equator, a quarter of the way around the equator from
each other? Fach of the angles of this triangle is a right angle of 9o
degrees, Therefore the sum of the angles on the triangle is 270 degrees.
This could never happen on a flat surface, but on a surface of positive

curvatute the sum of the angles of a triangle must exceed 180 degrecs

because the surface bulges out.
Similarly, the sum of the angles of a triangle drawn on a hyper-

bolic paraboloid is always less than 180 degrees, a reflection of its
negative curvature. This is a bit harder to see. Draw two vertices
near the top of the saddle and one down low, along one of the Jower
parts of the hyperbolic paraboloid, where one of your feet would go
if you were sitting on a horse. This last angle is less than it would be
if the surface were flat. The angles add up 1o less than 180 degrees.
Once it was established that non-Euclidean geometries were in-
ternally consistent-—that is, their premises didn’t result in paradoxes
or contradictions—the German mathematician Georg Friedrich
Bernhard Riemann developed a rich mathematical structure to
describe them. A piece of papesr cannot be rolled into a sphere, but it
can be rolled into a cylinder. You can’t flatren a saddle without having
it crumple or fold back on itself, Building on Gauss’s work, Riemann
created a mathematical formalism thas encompassed such facts. In
854 he found a general solution to the problem of how to charac-
terize all geometries through their intrinsic properties. His studies laid
oundwork for the modern mathematical field of differential

the gr
a branch of mathematics that studies surfaces and

geometry,
geometry.
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Because I will almost always consider space and time tegether from
now on, we will generally find the notion of spacetime more use-
ful than the notion of space. Spacctime has one more dimension
than space: in addition to “up-down,” “left-right,” and *forwards-
baf:kwards,” it includes time. In 1908 the mathematician Hermann
Minkowski used geometric notions to develop thisidea of an absolute
spacetime fabric. Whereas Einstein studicd spacetime using time and
space coordinates that depended on a frame of reference, Minkowski
identified the ohserver-independent spacetime fabric tha; can be used
to characterize a given physical sitnarion.

_I‘n the rest of the book, when I zefer to dimensionality T will be
giving the number of spacetime dimensions, except where I explicitl
state otherwisc. For example, when we look around us we see what}i
will from now on refer 1o asa four-dimensional universe. Occasionall
1 vx'rili single out time and talk about a “thrce-plus-one"-dimensiona}i
m}werse, or three spatial dimensions. Bear in mind that all these terms
roa; :rotlfotit:;z -same setting—one that has three dimensions of space and

Thle spacetime fabric is a very important notion. It concisely char-
acterizes the geometry that corresponds to the gravitational- field
ps.‘ode:ed by a particular distribution of energy and matter. But
Einstein initially disliked the idea, which had secmed 10 him lillie an
overly fancy way to reformulate the physics that he had alread
expl‘ained. However, he cventuaily recognized that the spacctimz
fabric was essential for completely describing general relativity and
calcu]aating gravitational fields. (For the record, Minkowski wasn’t
ovcrl}f_unpressed with Einstein on first scquaintance, either. Based
on Eu?stein’s performance in Minkowski’s calculus cl;ss baci< when
Einstein was a student, Minkowski had concluded then that Finstein
was a “lazy dog.”)

_Emsrein wasn’t alone in resisting non-Euclidean geomctry. His
friend Marcel Grossmann, a Swiss mathematician, also conside-red it
unduly complicared and tried to talk Einstein our of using it. However,
they eventually agreed that the-only tractable way of expla.ining gravj

ity was by using non-Euclidean geometry to represent the spacetime

fabric. Only then could Einstein interpre: and calculate the warping
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of spacetime thar was equivalent to gravity, which turned out to be
the key to completing general relativity. After Grossmann conceded
defeat, botlrhe and Einstein struggled through the intricacies of differ-
ential geometry to simplify their highly complicated earlier attempts
to arrive ar a formulation of the theory of gravity. In the end, they
completed the theory of general relativity and reached a deeper under-
standing of gravity itself,

Einstein’s Theory of General Relativity

General relativity presented a radjcal revision of the concepr of gravity,
We now understand gravity—the force that keeps your feet on the
ground and binds together our galaxy and the universe—nor as a
force acting directly on objects, bur as a consequence of the geometry
of spacetime, an idea that took Einstein’s view of the union of space
and time to i1s logical conclusion, General relativity exploits t_he deep
connection between inertial and gravirational mass to formulate the
effect of gravity solely in terms of the geometry of spacetime. Any
distribution of matter or energy curves or warps spacetime, Curved
pathways in spacctime determine gravitational motion, and the matrer
and energy of the universe canse spacetime itself to expand, undulate,
Or CORIract,

In flav space the shorrest distance berwesn two paints, the geodesic,
is a straight line. In curved space we still can define a geodesic as the
shortest path between two points, but that path won’t necessarily
look straight. For example, routes of airplanes that follow grearcircles
on the Earth are geodesics. (A great circle is any circle, such as the
equator or a line of longitude, that goes around the farrest. part of a
sphere.} Although these paths are not straight, they are the shortest
routes that don’t tunne! throngh the Farth,

In cusved four-dimensional spacetime, we can also define 2 geodesic,
For two events separated in time, a geodesic is the natural path things
would rake in spacetime to connecr one event to the other. Finstein
realized that free fall, which is the path of least resistance, is motion
along the spacetime geodesic, He concluded that, i the absence of
exzernal forces, dropped objects will fall along a geodesic, as with the
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path of the person on the fal
or see 4 ball drop,

However, even when things are foflowin
spacetime and there are po external forces, gravity has notice-
able effects. We've already seen chat the local equivalence berween
gravity and acceleration was one of the critical insights thar led
Einstein 1o develop an entirely new way of thinking abour gravity. He
deduced thar, because the accelerarion induced by a gravitational
force is locally the same for all masses, gravity must be a property
of spacetime irself. That's because “freely falling” means different
things in different places, and it is only locally that gravity can be
replaced by a single acceleration. My Chinese counterpart and I falf
in different directions, even if we are both in our [ocal version of

finstein’s elevator. The fact thar the direction of free fall is not
on of the curvature of spacetime,

the same everywhere is a reflecti
There isn’t a single acceleration that can cancel the effects of gravicy
the geodesics of different observers

everywhere. In curved spacetime,
will in general be different. So globally, gravity has observable conse-

quences,

ling elevator who doesn't feel his weighz

g their geodesics through

General relativiry goes much
because it allows us to cal
any distribution of energy
the geometry of spacetim
Einstein to close a major

further than Newronian gravity
culate the relativistic gravitational field of
and matter. Moszeover, the revelation rhar
¢ encodes the effects of graviry permitted
gap in his original formulation of gravity,
Although physicists at the rime knew how objects would respond to
a gravitational field, they did nor know what gravity was. Now they
understood that the gravirational field is the distortion of the

spacetime fabric caused by matter and e

nergy. This distortion exrends
throughour the cosmos itself, or, as we will see shortly, throughour a

kigher-dimensionat spacetime that might include branes. All of
gravitational effecrs

embedded in the ripp

the
of these more complicated situations can be
les and curves of a spacetime surface,

A picture gives perhaps the best description of how matter and
energy distort the spacerime fabric to creare a gravitational Aeld.
Figure 39 shows a sphere of marter sitting in space. 1)
rounding the sphere is distorted: the ball makes a de
spatial surface whose depth reflects the ball’s mass or

1¢ space sur-
pression in the
energy. A ball

ro9
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Figure 39. A massive object distorts the surrounding space, thereby creating
a gravitational field.

passing nearby will roll rowards the central depression, ?rvherc th'e
mass is located. According to general relativity, the spacetime fabric
warps in an analogous fashion. Another ball passing :hro.ugh would
be accelerated towards the center of the sphere. In thl's case, the
result would agree with what Newron’s law would predict, ‘but the
interpretation and calculation of the motion would be very different.
According to general relativity, a ball follows the 1‘md1.11a:10ns of the
spacetime surface, and thereby implements the motion induced by the
gravitational field. — 1
Figure 39 is 2 bit misleading, so you should keep in mind severa
caveats. First of all; I've shown the space surrounding the ball as
two-dimensional, Bus réally, the full three-dimensional space and the
ful} four-dimensional spacetime are warped. Time is warped because
it t00 is a dimension from the vantage point of special and general
relativity. Warped time is how special relativity tells us that clocks
run at different rates in different places, for example. A further caveat
is that a second ball rolling in the curved geometry around the first
ball would also affect the geometry of spacetime; we have assumefi
that its mass is much smaller than the Jarger bail’s and neglcctc?d this
smalt effect. The third thing that’s important to keep in mind 1s'that
the object distorting spacetime can have any mm.xber _of flimenmons.
Later on, a brane will play the role of the sphere in this picture.
Nonetheless, in 21l cases matter tells spacerime ho*tv to curve, and
spacetime tells matter how 10 move. Curved spacetime sets up the
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geodesic paths along which, in the absence of other forces, things will
travel. Gravity is encoded into the geometry of spacetime. It took
Einstein the better part of a decade to deduce this precise connection
between spacetime and gravity, and to incorporate the effects of the
gravitational field itself-—after all, the gravitational feld carries
energy, and is therefore bending spacetime.* It was a heroic effort.

In his famous equations, Einstein specified how to find rhe universe’s
gravitational feld, given the contents of the universe. Although his
best-known equation is E = c?, physicists use the teem “Einstein’s
equations” to refer to the equations that determine the gravitational
field. The equations accomplish this formidable rask by showing how
to determine the metric of spacetime from a known distribution of
matter.” The metric you calculate determines the spacetime geometry
by telling you how to translate numbers associated with arbitrary scale
units into physical distances and shapes that determine the geometry.

With the final formulation of general relativity, physicists could
determine the gravitational field and caleulate its influence, As with
previous formulations of gravity, physicists use these equations to
figure out how matter moves in a given gravitational field. For
example, they can plug in the mass and position of a big spherical
body, such as the Sunr or the Earth, and calculate the well-known
Newtonian gravitational attraction. In this particular example, the
results wouldn’t be new—but their meaning would be. Matter and
energy bend spacctime, and that bending gives rise to gravity. But
general relativity has the further advantage that it incorporates any
type of energy—including that of the gravitational field itself—into
the distribution of matter and energy. This makes the theory useful
ever in sitiations where gravity itself contributes a significant amount
of energy.

Becanse they apply to any distribution of energy, Einstein’s equa-
tions changed the outlook for cosmologists—historians of the cosmos.
Now, if scientists knew the matter and energy content of the universe,
they could calculate its evolution. In an empty universe, space would

*Because the gravitational field carries energy, the energy of the field must be taken
inte account when using Einstein's equations. This makes solving for the gravitational
field more subtle than it would be in Newtonian gravity.
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be completely flat, with no ripples or undulations—no curvarure at all.
Bur when energy and matter fill the universe, they distot spacetime,
producing interesting possibilities for the wniverse’s strucrure and
behavior aver time.

We most definicely do not live in a staric universe: as we will soon -

see, we justmight live in a warped, five-dimensional one. Fortunately,
general relativiry rells us how to calenlate their consequences. Just as
there are examples of two-dimensional geometries with positive, zero,
and negarive curvature, there are four-dimensional geometrical con-
figurations of spacetime with positive, zero, and negative curvature,
which could arise from appropriate distributions of matter and erergy.
Later on, when we discuss cosmology and branes in extra dimensions,
the distortions of spacetime arising from mateer and energy—both in
our visible universe and on the branes and in the bulk—will be of
critical importance. We’ll see that the three types of spacetime curva-
ture {positive, negative, and zero} might be realized in higher dimen-
sions as well.

Genezal relativity has lots of consequences that you can’t calculate
with Newtonian geavity. Among its many merits, general relativity
eliminated- the annoying action-at-a-distance of Newtonian gravity,
which asserted that an object’s gravitational effeets would be felr
everywhere as soon as it appeared or moved, With general relativity,
we know that before gravity can act, spacetime has to deform. This
process dees not happen instantaneously. It takes time. Gravity waves
travel at the speed of light. Gravitational effects can kick in at a given
position: only after the time it takes for a signal to travel there and
distort spacetime, That can never happen more quickly than the time
it would take light, which travels as fast as anything we know, to get
there. For example, you will never receive a radio signal or a cell
phone call sooner than the time it would take for a light beam o
travel to you. :

Furthermore, physicists were able to use Einstein’s equations to
explore other types of gravitational field. With general relativity,
scientists could describe and study black holes. These fascinating,
enigmatic objects form when matter is highly concentrated within a
very small volume. In black holes the geometry of spacetime is
extremely distorted, so much so that anything entering a black hole
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gers trapped inside. Even light cannot escape, Although the German
astronomer Karl Schwarzschild discovered that black holes were a
conseq‘uence of Einstein’s equations almost immediately after general
relativity’s development,* it was not until the r96os thar physicists
took seriously the idea thar they could be real things in our universe

Today, black holes are well accepted in the astrophysical commtmiry‘
In fact, it looks as though there is a supermassive black hole at fhf;
center of every galaxy, inciuding our own. Moreover, if there are
hidden dimensions then there exist higher-dimensional black holes

which, when big, look like the four-dimensional black holes that
astronomers have observed,

Coda

To conclude the story of the GPS system,
position to within a METer, We must mea

partin 10", The only possible way to get
clocks,

But even if we had perfect clocks, time dilation would slow them
down by abour one part in ro'. This error, if not corrected, would
be a thousand times too big for our desired GPS system. We also have
to accouat for the gravitational blueshift, a general relativity effect
assF)cxated with a photon traveling in a changing gravitational feld
W}u-ch‘gives anerror at least this grear. This and other peneral relativit}:
deviations would give errors that, if ignored, would build up at a rate
greater than 1o km per day.t Ike (and current GPS systems) must
correct for these relativistic effects,

Although by now relativity has been well tested and even gives rise
to effects that need to be accounted for in practical devices. [ do End
it fairly remarkable thac anyone listened to Finstein ar ﬁrs,r.
coniplecely unknown, working in the Bern patent office bec

it turns our that to calculate
slire time to better than one
this accuracy is with atomic

He was
atise he

"He did thi st  servi i
e iis on the Russian front while serving with the German army during World
ThNeil Ashby,

“Relativity and the Global Pasitioning Systern,”
2002, P. 41.
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conldn’t get a better job. From this unlikely locatio_n'he pm}?os.ed a
theory that went against the beliefs of all other physicists of his time.
Gerald Holton, a Harvard historian of science, telis‘me ti1?1t the
German physicist Max Planck was Einstein’s first cham.pmn.. ‘:Xhthour
Planck, who immediately recognized the brilliance ?f Einstein's work,
it might have taken much longer for it to be re.co.gmzed and accepted.
Following Planck, a few other notable physicists ks‘lew enough to
listen and pay attention. And shortly afrerwards, so did the world.

What to Remember

o The speed of light is constant. It is independent of the speed of
an observer.

e Relativiey modifies our notions of space and time and tells us,
that we can trear them together-as a single spacetime fabric.

e Special relativity relates the values of emergy, momentum
(which tells how an object responds to a force), and mass. For
example, E = mc*, where E is energy, m is mass, and ¢ is the
speed of light.

e Mass and energy make spacetime curve, and you can think of
that curved spacetime as the origin of the gravitational field.
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Talking Heads

Tke wondered whether Ath
movies or Dieter was talking
the regson,

was making bim watch roo Ay
o much about physics. But whatever
the previous night e dreamed be met a guantum detec-

tive. Dressed in a fedoral a trdach coat, and with a stone-faced
expression, the dream de

“I knew nothing abgut ber exehpt hey name, and that she was

standing there before fie. But from \be nioment 1 ser eves on her |
knetw Electra* would be trouble. Wh
from, she refused say. The room ba
have come through one. But Electra
forger it. I'll nevdy tell you which.”
“Although Leaw that she was shaking, I tXed to pin this lady down.
Buz Electra pliced frenetically when I started approach. She begged
me 10 comefns closer. Seeing she was agitated N kept away. I was no

stranger b uncertainty, but this time it had mNbeat. It looked like
uncertaghty was going to stick around here fora

T asked ber where she came
fwo entrances, and sbe must
hispered boarsely, ‘Mister,

tum mechanics, counterintuitive as it is,

fundamkntally altered
the/ way scientists view the world. Much of m

odern science evolved

*ffhe name refers to the electron, not 1o the ch aracter in Greek mythology,

IE§



