
Special Relativity 
  “ What happens if I ’ m traveling at the speed of 

light, and I try to look at myself in a mirror? ”               

                                                                        1    
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 All high school experiences have one thing in common: 
there are always a handful of students —  the cool kids  —
 who feel the insatiable need to mock everything and 
everyone around them. This is why we like to think of 
ourselves as the  cool kids of physics , if such a thing could 

be said to exist. We ’ ll give you an example.  *   We spent part of the 
introduction making fun of textbook authors who need to use exam-
ples involving cataclysmic natural events, sports, or monster trucks to 
 “ make physics come alive. ”  We aren ’ t backpedaling, but some of those 
goofy examples have a tiny bit of merit. 

 That, and we know in our heart of hearts that we ’ ll never get this 
physics party started unless we set off some fi reworks. If you ’ ve ever 
been to the local Chamber of Commerce Independence Day celebra-
tion and decided to get a little physics in, you ’ ll have noted that there ’ s 
a time delay between the rockets ’  red glare and the sounds of bombs 
bursting in air. You see the explosion several seconds before you hear 
the sound. You ’ ve probably experienced the same thing if you ’ ve ever 
had back - of - the - theater tickets at a concert: the music and the musi-
cians suffer a delay. Sound moves fast, but light moves faster. 

  * And, perhaps, a wedgie. 
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 In 1638, Galileo of Pisa (one of the  original  cool kids of physics) 
devised a scheme to fi gure out the speed of light. The experiment went 
like this: Galileo parked himself on a hill with a lantern, while his assis-
tant, armed with his own lantern, walked far away to a different, distant 
hill. The two signaled each other. Each time Galileo saw his assistant ’ s 
lantern open or close, he would toggle his own, and vice versa. By per-
forming the experiment on more and more distant hills, Galileo hoped 
to measure the speed of light. The precision wasn ’ t really there, but no 
one can blame him for taking a crack at it, and he did come to a pretty 
interesting conclusion. 

 If it isn ’ t infi nite, the speed of light is pretty darn fast.     

 Over the next few centuries, physicists made ever more precise mea-
surements, but we won ’ t bother you with the design specs for the intri-
cate instrumentation. Suffi ce it to say that as time went on, scientists 
grew more and more determined to shed light on light. 
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 The modern value of the speed of light is 299,792,458 meters per 
second. Rather than rattle off all of the digits, we ’ ll simply call it  c  for 
the Latin  celeritas , meaning  “ swift. ”  This measurement is not the kind 
of number you get with a ruler and an egg timer. To measure  c  this pre-
cisely, you have to use an atomic clock powered by cesium - 133 atoms. 
The scientifi c community defi nes the second as  exactly  9,192,631,770 
times the frequency of light emitted by the  “ hyperfi ne transition ”  of 
cesium - 133. This may sound like it ’ s unnecessarily confusing, but it 
actually simplifi es things a great deal.  *   The second, like your hat size, 
becomes something that we defi ne in terms of something real; a bunch 
of physicists could build cesium clocks, and since all cesium acts the 
same, everyone tells the same time. 

 We ’ ve come up with a creative way of defi ning the second, but how 
does that help us measure the speed of light? Speeds are ratios of distance 
over time, such as  miles per hour , and defi ning the second gives us some 
leverage. The only thing left to do is determine the length of a meter. 
This may seem pretty obvious since a meter is exactly one meter long. 
Just get out a meter stick and you ’ re all set. But how long is that? 

 From 1889 until 1983, if you wanted to know how tall you were, 
you ’ d have to go to the International Bureau of Weights and Measures 
in S è vres, France, go into their vault, and take out their platinum meter 
stick to measure yourself. Not only was this cumbersome (and illegal, 
if you didn ’ t ask nicely to use it fi rst), it tends to be pretty inaccurate. 
Most materials, including platinum, expand when heated. Under the 
old system, a meter was slightly longer on hot days than cool ones. 

 So instead of using an actual meter stick, we have a clock capable of 
measuring a second, and we  defi ne  a meter as 1/299,792,458 the dis-
tance that light travels in 1 second. To make this blindingly obvious, 
what we ’ ve done is say,  “ We know the speed of light  exactly . But meters, 
on the other hand, have a tiny uncertainty. ”  All this hard work means 
that we can normalize the second and the meter, and everyone uses the 
same measurement system. 

   * At least it simplifi es things for scientists who know what  “ hyperfi ne transitions ”  are. You 
don ’ t need to know; it won ’ t be on the test.  
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 Keep in mind, though, that the crux of it all is that light doesn ’ t 
move infi nitely fast. Not impressed? Brace yourself for a philosophical 
bombshell: because light moves at a fi nite speed, we are forever gazing 
into the past. As you ’ re reading this book, a foot in front of you, you ’ re 
seeing it as it was about a billionth of a second earlier. The light from 
the Sun takes about eight minutes to reach Earth, so our star could well 
have burned out fi ve minutes ago and we ’ d have no way of knowing it.  *   
When we look at stars in our Galaxy, the light takes hundreds, or even 
thousands of years to reach us, and so it is a very real possibility that 
some of the stars we see in the sky are no longer around.  

  Why can ’ t you tell how fast a ship 
is moving through fog? 

 No experiment has ever produced a particle traveling faster than the 
speed of light.  †   The speed limit of the universe seems to be something 
we can ’ t brush off even if we wanted to, and the constant speed of light 
is just the fi rst of two ingredients in what will turn out to be one of 
the fi nest physics dishes ever cooked. For the second, we need to think 
about what it even means to be moving at all. 

 Allow us to introduce you to Rusty, a physicist - hobo riding the rails, 
ostracized by society for the unique standards of hygiene common to 
his lot. Rusty has managed to  “ borrow ”  the platinum meter stick from 
the International Bureau of Standards (which, while not perfect, is still 
 pretty   good  by hobo standards), and he has a bunch of cesium atoms to 
build an atomic clock. 

 He passes his day by throwing his bindle  ‡   across the train. Each time 
he throws it, he measures the distance it travels, and the time it takes 

   * At least not for another 180 seconds or so.  
   † For those of you especially well versed in sci - fi  lore, you might have heard of a hypothetical 
particle called the tachyon, which can  only  travel faster than the speed of light. No one has 
ever detected one. As a real particle (rather than as a mathematical construct), the tachyon is 
really most at home in science  fi ction  rather than in this discussion.   
  ‡ In case you ’ ve forgotten, that ’ s the stick with a polka-dot sack at the end of it.  
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to cover that distance. Since speed is the ratio of distance traveled com-
pared to the time it takes to cover that distance (miles per hour), Rusty 
is able to calculate the speed of his bindle with high accuracy. 

 After a tiring day of bindle - tossing, Rusty nods off to sleep, and he 
awakes in his own private freight car. Since freight cars don ’ t have any 
windows, and the train is moving on smooth track, he fi nds himself 
somewhat disoriented when he slides open the door and fi nds that he is 
moving. You may have noticed that even in cars, you sometimes can ’ t 
tell that you ’ re moving without looking out the window. 

 You also may not have noticed that if you ’ re standing on the equa-
tor, you ’ re moving at more than 1,000 mph around the center of Earth. 
Faster still, Earth is moving at about 68,000 mph around the Sun. And 
the Sun is moving at close to 500,000 mph around the center of our 
Milky Way Galaxy, which, in turn, is traveling through space at well 
over 1 million mph. 

 The point is that you (or Rusty) don ’ t notice the train (or Earth, or 
the Sun, or the Galaxy) moving, regardless of how fast it ’ s moving, as long 
as it does so smoothly and in a straight line. 

 Galileo used this argument in favor of Earth going around the Sun. 
Most people at the time assumed that you ’ d be able to somehow  feel  
Earth ’ s motion as it fl ies around the Sun, so therefore we must be 
standing still. 

  “ Nonsense! ”  said Galileo. Not having a ready supply of either hobos 
or trains, he compared the motion of Earth to a ship moving on a calm 
sea. It ’ s impossible for a sailor to tell under those circumstances whether 
he ’ s moving or standing still. This principle has come to be known as 
 “ Galilean relativity ”  (not to be confused with Albert Einstein ’ s special 
relativity, which we will encounter shortly). 

 According to Galileo (and Isaac Newton, and ultimately Einstein) 
there is quite literally no experiment you can do on a smoothly mov-
ing train that will give a different result than if you were sitting still. 
Think back to trips with your family in which you threw mustard pack-
ets at your little brother until your parents threatened to  “ turn this car 
around this minute, young man! ”  Even though the car was moving at 
60 mph or more, you threw the packets exactly as you would have if the 
car were sitting still. Like it or not, all of that tormenting was nothing 
more than a simple physics experiment. On the other hand, this is only 
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true if the speed and direction of the car/train/planet/galaxy are exactly 
(or really, really close to) constant. You defi nitely felt it if your parents 
actually made good on their threat and slammed on the brakes. 

 So when he awakes from his blissful hobo slumber to return to his 
bindle - tossing experiments, Rusty might be quite unaware that the train 
has started steadily moving at about 15 mph. After arranging himself at 
one end of the train car, he tosses his bindle and measures the speed at, 
say, 5 mph. Patches, a fellow hobo - physicist, stands outside the moving 
train but also decides to participate. Using special hobo X - ray goggles 
to see through the train ’ s walls, he also measures the speed of the bindle 
as Rusty throws it. Patches, from his vantage point outside the train, fi nds 
the bindle to move at about 20 mph (the 15 mph that Rusty ’ s train is 
moving plus the 5 mph of the bindle).     
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 So who ’ s right? Is the bindle moving at 5 mph or 20 mph? Well, 
both are correct. We ’ d say that it ’ s moving at 20 mph  with respect to 
Patches  and 5 mph  with respect to Rusty . 

 Now imagine that our train has a high - tech lab equipped with lasers 
(which, being made of light, naturally travel at  c ). At one end of the 
train sits the laser, manned by Rusty. At the other end of the train sits 
an open can of baked beans. If Rusty turned on the laser for a short 
pulse (to heat his baked beans, naturally) and measured the time for 
the beans to start cooking, he could compute the speed of the laser, and 
he ’ d fi nd it to be  c .     

 What about Patches? He will, presumably, measure the same amount 
of time for the light pulse to reach the detector. However, according 
to him, the light doesn ’ t have to travel as far to get there, so he should 
measure the speed of the pulse to be faster than  c . In fact, common sense 
tells us that he should measure the pulse to be moving at  c  � 15 mph. 
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Earlier we said that Einstein assumed that the speed of light is constant 
for all observers, but by our reasoning the beam doesn ’ t appear to be 
constant. Not constant at all! Could the great Einstein be wrong?  *   

 Fifteen pages into the book, and we ’ ve already broken the laws of phys-
ics. We couldn ’ t be any more embarrassed if we showed up to a party 
wearing the same dress as the hostess. It looks like we just blew it. If 
only there were some obsessive scientist we could look to, some con-
crete example to revalidate the concept of  c  as a constant. 

 We just so happen to have such a scientist. His name was Albert 
Michelson, and he loved light in a way that today might be character-
ized as  “ driving ”  or  “ unhealthy. ”  His scientifi c career began in 1881, 
after he left the navy to pursue science. He measured light indepen-
dently for a while, doing gigs in Berlin, Potsdam, and Canada, until 
he met Edward Morley. They worked together to produce ever more 
elaborate devices for measuring the speed of light, eventually reaching 
number 1 with  “ Bridge over Troubled Water, ”  which stayed at the top 
of the charts for six straight weeks. 

 The devices they constructed worked on the following basic premise: 
since Earth travels around the Sun once a year, relative to the sun their 
lab should travel at different speeds and in different directions at dif-
ferent times of year. Michelson ’ s  “ interferometer ”  was designed to mea-
sure whether the speed of light was different when moving in different 
directions. Your basic intuition should tell you that as Earth moves 
toward or away from the Sun, the measured value of  c  should change. 

 Your intuition is wrong. In experiment after experiment, Michelson 
and Morley showed that no matter what the direction of motion, the 
speed of light was the same everywhere. 

 As of 1887, this was a pretty big conundrum, and it defi ed the senses 
because this only seems to work for light. If you found yourself on a bike, 
face - to - face with an angry cow, it would make all the difference in the world 
whether you rode toward or away from the charging animal. Whether you 
run toward or away from a light source, on the other hand,  c  is  c.  

   * Not in this case. But he did mess up at least twice, and we ’ ll talk about those instances in 
chapters  3 and 6 .  
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 Putting it even more bluntly (on the off chance that the strangeness 
of this still isn ’ t clear), if you were to shine a laser pointer at a high -
 tech measuring device, then you would measure the photons (light 
particles) coming out of the laser pointer at about 300 million meters per 
second. If you were in a glass spaceship traveling away from a laser at 
half the speed of light (150 million meters per second) and someone 
fi red the laser beam through your ship to a detector, you would  still  
measure the beam to be traveling at the speed of light. 

 How is that even remotely possible? 
 To explain this, we need to take a closer look at a hero of physics, the 

 “ Light ”  - Weight Champion  *   of the World: Albert Einstein.  

  How fast does a light beam go 
if  you ’ re running beside it? 

 When Einstein fi rst proposed his principle of special relativity in 1905, 
he made two very simple assumptions:   

    1.   Just like Galileo, he assumed that if you were traveling at con-
stant speed and direction, you could do any experiment you like 
and the results would be indistinguishable from doing the same 
experiment in a stationary position. 

 (Well, sort of. Our lawyers advise us to point out that gravity 
accelerates things, and special relativity relies on there being no 
accelerations at all. There are corrections that will take gravity 
into account, but we can safely ignore them in this case. The 
correction required for the force of gravity on Earth is very, very 
small compared to the correction near the edge of a black hole.)   

    2.   Unlike Newton, Einstein assumed that all observers measure the 
same speed of light through empty space, regardless of whether 
they are moving.    

   * Get it?  
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 In our hobo example, Rusty threw his bindle and measured the speed 
by dividing the length of the car by the time the bindle took to hit the 
side. Patches sat by the side of the tracks and watched the train and 
bindle speed by, and therefore saw the bindle move farther (across the 
car and across the ground the car covered) in the same amount of time. 
He saw the bindle move faster than Rusty did. 

 But now consider the same case with a laser pointer. If Einstein was 
right (and Michelson and Morley ’ s experiment demonstrated, almost 
two decades earlier, that he was) then Rusty should measure the laser 
moving at c and Patches should measure the  same exact speed . 

 Most physicists believe that  c  is a constant without batting an eye-
lash, and use it to their collective advantage. As a form of exploitation, 
they frequently express distances in terms of the distance light can travel 
in a particular amount of time. For example,  “ light - seconds ”  are 
approximately 186,000 miles, or about half the distance to the Moon. 
Naturally, it takes light 1 second to travel 1 light - second. Astronomers 
more commonly use the unit  “ light - year, ”  which is about 6 trillion 
miles — about a quarter the distance to the nearest star outside our solar 
system. 

 So let ’ s make our previous example a little weirder and give our hobo -
 physicist an intergalactic freight car. It ’ s 1 light - second long, and while 
Rusty has more space than he will ever need to stretch out and nap, he has 
the perfect amount of space to run his laser experiment again. He fi res off 
the laser from the back of the train and, by his reckoning, the laser takes 
1 second to traverse the train. It must, after all, because light travels at 
the speed of light (duh!). 

 But Patches watches the light beam on the moving train and says 
(correctly) that while the beam was traveling, the front of the train 
moved farther ahead, and therefore, according to Patches, the beam 
traveled farther than measured by Rusty ’ s reckoning. In fact, he fi nds 
that the beam travels a total of 1.5 light - seconds. Since light must 
still travel at the speed of light, Patches will fi nd that it takes the 
light pulse 1.5 seconds to go from the laser to the target.     

 Let ’ s be clear: Rusty says a particular series of events (the pulse 
being shot and then hitting the target) takes 1 second, and Patches says 
that the same series of events takes longer. Both have perfect working 
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watches that were built at the same intergalactic hobo - physicist depot. 
Both made excellent measurements. Who ’ s right? 

 They both are.  *   
 No, really. If the speed of light is the same for both Rusty and Patches, 

then Patches  must  interpret what he sees by saying that his own clock 
must be fast — or Rusty ’ s clock was running slow. The weirdest part is 
that this is true of every clock in Rusty ’ s train. He sees pendulums swing-
ing slowly, wall clocks ticking slowly, and even (if he had the equipment 
to measure it) old Rusty ’ s heart pumping away more slowly than usual. 

   * Whaa  . . .  ?  
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 This is true in general. Whenever you see someone speed by you, 
their clocks will run more slowly as far as you ’ re concerned, but you 
don ’ t have a watch precise enough to show this. If you look overhead 
and see a plane fl ying by at about 600 mph, and somehow you had the 
keen eyesight to see the captain ’ s watch, you could see her clock run-
ning slower than yours — but only by 1 part in about 10 trillion! In 
other words, if the captain fl ew for 100 years, by the end of that period, 
she would have escaped from almost an entire second ’ s worth of aging. 
So even though this effect (called  “ time dilation ” ) is always in force, the 
fact is that you will never notice it in your everyday life.     

 Time dilation really kicks in when you start going close to the speed 
of light. We ’ re not going to give you the exact equation, so you ’ ll 
have to take our word for it that we ’ re doing the calculations correctly. 
If the train were going half the speed of light, then for every second 
on Rusty ’ s clock, 1.15 seconds would pass on Patches’. At 90% the 
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speed of light, for every one of Rusty ’ s seconds, Patches would measure 
2.3 seconds. At 99% the speed of light, the ratio becomes 7:1. And as 
the speed gets closer and closer to  c , the number gets bigger.  *   The time 
dilation factor becomes infi nite as the train gets to  c  — which is our fi rst 
hint that you can ’ t actually move at the speed of light. 

 It ’ s not just time, either. Space behaves the same way. Let ’ s imagine 
that Rusty is ramblin ’  on down the track toward a switching station 
at a sizable fraction of the speed of light. Let us also imagine that 
Patches is trying to sleep at the same switching station. Rusty covers 
the distance along the ground in a shorter amount of time by his own 
reckoning than by Patches ’ . Since they both agree that the train is 
approaching the station at the same speed, Rusty must think that the 
total distance to the station is shorter. 

 Time and space really are relative to your state of motion. This is not 
an optical illusion; it is not a psychological impression; it is actually 
how the universe works.  

  If  you head off  in a spaceship traveling 
at nearly the speed of  light, what horrors 
await you when you return? 

 While this might seem like trifl ing over vague curiosity, scientists have 
fi gured out ways to exploit this phenomenon for more interesting study. 
As an example of the sort of grand pronouncements we can now make 
about the universe, consider the humble muon. Never heard of it? We 
don ’ t blame you. If you have a muon, then you ’ d better treasure your 
time together, because, on average, they last only about a millionth of 
a second (the time it takes a light beam to travel about half a mile, or 
the total duration of Vanilla Ice ’ s acting career) before they decay into 
something else entirely. 

   * As does the likelihood that Rusty will step off his boxcar into a world populated by super-
intelligent, damn, dirty apes.  
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 Between how they ’ re made and how long they stick around, there 
aren ’ t a heck of a lot of muons around. They primarily form when 
cosmic rays hit the upper atmosphere and create particles called pions 
(which are even shorter - lived) and then those pions decay into muons. 
This all happens about 10 miles out from the surface of Earth. Since 
nothing can travel faster than light, you might suppose that the farthest 
muons can travel before decaying is about half a mile and that none of 
the muons will reach the ground. 

 Once again, your intuition is not quite right.  *   The muons have 
such high energy that many of them are moving 99.999% of the speed 
of light, which means that to us on the ground, the  “ clocks ”  inside the 
muons — the very things that tell them when to decay — are running 
slow by a factor of about 200 or so. Instead of going half a mile without 
decaying, they are able to go 100 miles before decaying, easily enough 
to reach the ground and then some. 

 Perhaps a scenario that will make a bit more sense involves the 
so - called   twin paradox.   There are twin sisters, Emily and Bonnie, who 
are thirty years old. Emily decides to set out for a distant star system, so 
she gets in her spaceship and fl ies out at 99% the speed of light. After a 
year, she gets a bit bored and lonely and returns to Earth, again at 99% 
of the speed of light. 

 But from Bonnie ’ s perspective, Emily ’ s clock — and watch, and heart-
beat, and everything else — have been running slow. Emily hasn ’ t been 
gone for two years; she ’ s been gone for fourteen! This is true however 
you look at it. Bonnie will be forty - four; Emily will be thirty - two. You 
can even think of traveling close to the speed of light as a sort of time 
machine — except it only works going forward and not backward. 

 There are other, perhaps subtler effects as well. For example, since 
Emily was traveling away from Earth for seven years (according to 
Bonnie) at nearly the speed of light, she must have gotten 7 light - years 
from Earth before turning tail and returning. This takes her most of the 
way to Wolf 359, the fi fth - nearest star to our Sun. By Emily ’ s account, 
though, she knows that she can ’ t travel faster than light, so in her 1 year 

   * You ’ re still going home with this book as a consolation prize. And unless someone is reading 
over your shoulder, only you know what a terrible guesser you are.  
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outbound, she ’ ll say that her distance traveled was only 99% of a light -
 year. In other words, while on her journey, she measures the distance 
between the Sun and Wolf 359 to be only about 1 light - year. 

 This effect is known as  “ length contraction. ”  Like with time dilation, 
length contraction isn ’ t just an optical illusion. While she is traveling 
at 99% the speed of light, Emily measures everything to be shrunk along 
her direction of motion by a factor of 7. Earth would appear squashed, 
and Bonnie would appear to be rail thin as well, but with her normal 
height and breadth.     

 Like with time dilation, we don ’ t notice this effect in everyday life. If our 
pilot friend took the time to look down from her plane, the streets below 
would seem slightly thinner than normal, but even fl ying at 600 mph, the 
difference amounts to about 0.04% the size of an atom. While relativity 
is useful for explaining bizarre and interesting high - speed phenomena, it 
is clear that it is a poor excuse for a healthy diet and exercise. 
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 The time dilation and length contraction  should  be observed symmet-
rically when Bonnie is looking at Emily or Emily is looking at Bonnie. 
Here ’ s where the paradox comes in. When Emily steps off her ship back 
on Earth after traveling to Wolf 359 and back, everyone agrees that 
she ’ s aged only two years in the same time that Bonnie has aged four-
teen. That is totally  inconsistent  with pretty much everything we just 
told you, because we immediately know that Emily was the one who 
 “ moved ”  and not Bonnie, and the fi rst rule was that you could never tell 
who was moving and who was sitting still. So how do we resolve it? 

 There is one rule we gave you early on that tells you whether special 
relativity is the law of the land — for special relativity to work, you need 
to be moving at constant speed and direction. And to move things along, 
we ’ ll tell you that Emily certainly wasn ’ t. She had to launch her ship to 
get off Earth and get up to speed (during which she felt a tremendous 
force of acceleration), she needed to decelerate and reverse direction when 
she reached Wolf 359, and then she needed to slow down to land 
when she got back to Earth. 

 With all of those accelerations, all bets are off, and we need a much 
more complicated theory to describe everything. To put things in a bit of 
historical perspective, Einstein came up with his theory of special relativity 
(no accelerations) in 1905, and didn ’ t get the theory of general relativity 
right (which includes gravity and other forms of acceleration) until 1916.  

  Can you reach the speed of  light 
(and look at yourself  in a mirror)? 

 We ’ ve taken a heck of a digression from our original question, and that ’ s 
a shame, because it ’ s a good question — so good, in fact, that it ’ s the very 
one Einstein asked himself. You may feel, however, that we ’ re no closer 
to answering the question than we were before. 

  Au contraire!   *   
 Our answer will actually have two parts, and one of them you ’ re already 

prepared to answer (and have been for some time). Think back about 

   * Tr.:  “ Don ’ t touch that dial! ”   
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old Rusty in his train. Now imagine that Rusty ’ s train is traveling at 
90% of the speed of light (or any other speed you like). Rusty, however, 
is unaware of anything around him because he ’ s too busy preening for his 
date with Hambone Lil. As Rusty gazes into the refl ection of his hand-
some mug, does he see anything amiss? He does not. Since there are no 
windows in his boxcar, and he ’ s moving on straight, smooth track, there 
is no experiment he can do that shows he is moving rather than sitting 
still. As long as the mirror is moving with Rusty, he looks the exact 
same as he would were he not on the train. 

 All of this is fi ne and good if Rusty is traveling slower than light, but 
what if he ’ s traveling at the speed of light? We know, we know, we ’ ve 
said that nothing can travel at the speed of light, so perhaps you ’ ll be 
inclined to just take that at face value. But why should you? 

 We can illustrate. Patches, jealous of Rusty ’ s success with the ladies, 
watches Rusty prepare for his date. Of course, he has to pay very keen 
attention, as Rusty ’ s train is speeding by at 90% of the speed of light. 
Tragedy strikes for Rusty, who gets a call from Lil, who is phoning to 
cancel. She lets him down easy, but Rusty is still upset, and thus picks 
up his still - warm can of beans and hurls it toward the front wall at 90%  
the speed of light (as seen by him). 

 Patches may be overcome with schadenfreude, but he ’ s not too dis-
tracted to note how fast the can of beans is fl ying from his own perspec-
tive. Now, in his own naive youth, he might have assumed that the 
beans were moving at 1.8 c  — the speed of the train (0.9 c ) plus the speed 
of the beans within the train (0.9 c ). But he has long since left behind 
that sort of foolishness. 

 Remember the two facts:   

    1.   He sees Rusty ’ s clock running slow (in this case, by a factor of 2.3).  
    2.   He sees Rusty ’ s train compressed (again, in this case, by a factor 

of 2.3).    

 The details obviously don ’ t matter too much, but the important 
thing is that according to Patches:   

    1.   The beans take a far longer time to go from Rusty ’ s hand to splatter-
ing against the wall than Rusty says they do.  

    2.   The beans don ’ t travel nearly as far as Rusty says they do.    
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 The point is that the beans are going far slower than our (and Patches’) 
original naive estimate. Instead of 1.8 c , the beans are moving a paltry 
99.44% the speed of light. 

 We could keep playing this game indefi nitely. For example, imagine 
that there was an ant sitting on the can. The ant had big plans with 
the queen of his colony until she called to inform him that she had to 
stay in to clean her thorax. In anger, he threw a crumb of food at 0.9 c  
(from his perspective) toward the front of the train. Patches, with his 
unbelievably keen eyesight, would see the crumb moving at 99.97% 
of the speed of light. 

 And if on the crumb there lived an amoeba who, reproducing asexu-
ally, stood itself up for a date  . . .  you get the picture. 

 No matter how hard we try, no matter how many boosts we give to 
something, we can ’ t ever get it going up to the speed of light. It just 
gets closer and closer and closer. 

 It also requires more and more work to get things moving faster as it 
gets closer and closer to the speed of light. It seems that it would take 
twice the work to get something moving at 99% of the speed of light 
compared to 50% of the speed of light; in fact, it takes more than six 
times as much work. And it takes more than three times as much work 
to get up to 99.9% of the speed of light from only 99%. 

 So now we can work up to the question posed by sixteen - year - old 
Einstein  *  : What happens if you travel at 99% of the speed of light and 
look at yourself in a mirror? Nothing, or at least nothing unusual. Your 
spaceship looks normal; your internal clocks seem to run normally. 
Your mug looks exactly as it always has. The only thing that you might 
notice is that your friends back at home see their hearts, clocks, cheese-
cake calendars, and every other assorted timepiece running about seven 
times slower than they should. Also, for some reason, they appear to be 
smooshed by the same factor. 

 We could take it a step further and ask if anything appears amiss to 
someone looking in the mirror and traveling at 99.9% of the speed of 
light. The time dilation and length - contraction numbers are a bit bigger 
(a factor of 22 rather than 7), but otherwise everything ’ s the same. 

   * Or at least the question we know about. Kids can be very curious at that age.  
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 The problem here is that each of these speeds, while very, very 
close, is still less than the speed of light. Every tiny incremental 
speedup requires more and more energy, but to actually get up to 
 c  would require an infi nite amount of energy. Not very big, mind 
you. Infi nite. 

 Perhaps you ’ re not satisfi ed with that.  If  you could somehow go at the 
speed of light (never mind that it ’ s impossible), the light from your face 
could never reach the mirror, and therefore, much like a vampire, you
wouldn ’ t be able to see your refl ection. But wait! The very fact that 
you wouldn ’ t see a refl ection would make it immediately obvious to you 
that you were going at the speed of light. But since we ’ ve already deter-
mined that nobody can ever tell that they are the ones in motion, this 
proves that you cannot get up to the speed of light.  

  Isn ’ t relativity supposed to be 
about turning atoms into limitless 
power? 

 All of this about clocks and meter sticks and the speed of light may be 
interesting enough in their own right, but they ’ re probably not the fi rst 
things you think of when (and if) you think about relativity. You almost 
certainly think about the most famous equation in all of physics (and 
the only one we ’ re going to write out explicitly in this book): 

 E  =  mc  2  

 Writing it out is simple enough, and by now you ’ re even familiar 
with one of the terms in the equation: c, the speed of light. 

 The     E on the left stands for energy, and in a moment we ’ ll talk about 
how energy enters into it, but for now we ’ re going to focus on the other 
term,     m, which stands for mass. 

 You may think of mass as a measure of the  “ bigness ”  of a thing, but to 
a physicist mass is simply how hard it is to get something moving and 
how hard it is to stop it once it ’ s moving. It ’ s far easier to stop Rusty 
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when he ’ s running at you at 10 mph than it would be to stop his train 
moving at the same speed. 

 But we ’ ve already noticed something interesting about the effective 
mass of, in our case, a can of beans. We found that as the speed of the 
can of beans gets higher and higher, it requires more and more work 
to speed it up even a little bit. In other words, the beans and the can 
act as if they are getting more and more massive (that is, harder and 
harder to move). And, as we already observed, if the speed of the can 
gets arbitrarily close to the speed of light, eventually you need to do an 
infi nite amount of work to speed the can up at all. 

 Put another way, as the energy of motion increases, the  inertial mass  
seems to increase as well; that is to say, the can does not acquire more 
matter, but it behaves as if it does. But even if the speed of the can goes 
down to zero — which is to say that there is no energy of motion — the 
inertia of the can doesn ’ t go away. If the can and the beans are com-
pletely stationary, they have a certain amount of energy, a sort of  mini-
mum  inertial mass. The inertial mass can only increase from here as 
energy is added. 

 Einstein ’ s famous equation is really a conversion formula between 
mass and energy. 

 The formula has a plethora of interesting applications, and we quite 
literally see the repercussions of it every second of every day of our 
lives in the radiation from the Sun. Even with the seemingly successful 
application of Einstein ’ s theory, though, there has been an incredible 
impact on popular perception, especially by those who do not under-
stand it. 

 As a working scientist, one of your esteemed narrators (Goldberg) 
frequently gets manuscripts from people with claims that they have a 
theory that will overturn the existing paradigm of science as we know 
it, and nine times out of ten, the central thesis of their argument is that 
Einstein ’ s great equation was wrong, that there was some fl aw in his 
reasoning, or that the math simply admits of an alternative explana-
tion. This phenomenon is so pervasive (and ongoing) that a hundred 
years after Einstein fi rst derived his equation,  the NPR program This 
American Life  did a story on a man who tried (unsuccessfully) to show 
that  “ E does not equal mc squared. ”  
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 Why does this fascination with a simple conversion exist? In part, it ’ s 
because the equation looks so simple. There are no unfamiliar  symbols, 
and most people have a working understanding of all of the terms in 
the equation. And in a real respect, the equation  is  simple. It ’ s a way 
of saying,  “ I ’ d like to trade in my  stuff  for energy. What ’ ll you give me 
for it? ”  

 The answer is  “ rather a lot. ”  The reason is that we ’ ve already estab-
lished that  c  is a big number, and we multiply the mass by the square 
of  c  in order to calculate the energy released. 

 We ’ ll start small. Let ’ s say that you have about 2 grams of boomo-
nium, a substance we just invented just so we could use the name. The 
amount you have is about the mass of a penny, and you somehow man-
age to convert it all to energy. Were this possible — and we assure you 
it is not — you ’ d get out about 180 trillion joules of energy. Don ’ t have 
an intuitive feel for how much that is? No problem. With the energy 
released you could:   

    1.   power more than fi fty - thousand 100 - watt lightbulbs for a year;  
    2.   exceed the caloric energy consumption by the entire population of 

Terre Haute, Indiana (pop.: 57,259), for a year; or  
    3.   equal the energy output of about fi ve thousand tons of coal or 

about 1.4 million gallons of gasoline. Provided they carpooled, 
this would be enough to drive everyone in Terre Haute from New 
York to California. It is not clear, however, why you would want 
to do that.    

 By comparison, the normal combustion energy of 2 grams of coal can 
power one lightbulb for about an hour. 

 Like most people, matter doesn ’ t always live up to its full potential, 
and with the exception of cases where we smash matter into antimatter 
(which we shall return to), there is nothing that converts all of its mass 
into energy. So before you assume that it ’ s just a quick step from E  =  mc  2  
to complete energy independence from oil, hold on.     

 Einstein ’ s famous equation changed the world, with the most obvious 
examples being the development of nuclear weapons and nuclear power. 
It ’ s important to recognize that in most nuclear reactions, we convert 
only a small fraction of the total mass of a material into energy. The Sun 
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is a giant thermonuclear generator that turns hydrogen into helium. 
The basic reaction involves taking 4 hydrogen atoms and turning them 
into 1 helium atom — plus some waste products, including neutrinos; 
positrons; and, of course, energy in the form of light and heat. This is 
great news for us, since the energy produced by the Sun is collected as 
light rays, warms the surface of Earth, feeds algae and plants, and ulti-
mately sustains us as an ecosystem. 

 However, it ’ s not nearly as effi cient as our boomonium. For every 
kilogram of hydrogen that is  “ burned ”  by the Sun,  *   we get 993 grams 
of helium back, which means only 7 grams get converted into energy. 
Still, as we ’ ve already seen, a little mass goes a long way. 

 The most common examples of mass - energy conversion come in the 
form of turning mass into energy rather than the other way around, 

   * Physicists like to point out that nuclear reactions aren ’ t really burning. Burning is a chemical 
process, not a nuclear one, and requires oxygen to run.  We are a very pedantic bunch.   
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including some of the scarier stuff out there: nuclear bombs, power 
plants, and radioactive decay. In each of these cases, a high - energy col-
lision or random decay forces a small amount of mass to be converted 
into a walloping huge amount of energy. Why are radioactive materials 
so scary? Because the energy produced by even a single decay produces 
a photon of enormous energy, enough to do serious damage to your cells 
if given half a chance. 

 In the very early universe, it was more often the case that energy 
became matter, though it rarely happens anymore. At that time, when 
temperatures were billions of degrees, matter actually came out of light  
particles smashing into each other. Sound fascinating? It sure does. And 
that ’ s why we ’ ll return to it in chapter  7 .                                            

Physics Smackdown: Who Is the Greatest 

Physicist of the Modern Era?

  TOP FIVE 

 Every now and again, we get drawn into inane discussions at the level of 

 “ Who ’ s better: Kirk or Picard? ”  or  “ Who is the best physicist? ”  While the for-

mer should be obvious to anyone who isn ’ t a  yIntagh ,   *    the latter is just way 

too vague.  For our money, we ’ d argue that the greatest physicists are those 

who have something really important named after them — even if someone else 

came up with it independently. Sometimes, great thinkers don ’ t get the credit 

they deserve (we ’ re thinking of you, Tesla), but for the purpose of our list, 

that ’ s just their bad luck. Also, because we want to keep things fresh, we ’ re 

afraid that everybody who did their best work before 1900 is shut out. Finally, 

we ’ re sure that there are lots of physicists who would disagree with our list, and 

to them, we respectfully suggest that they write their own book.   

    1.   Albert Einstein (1879 – 1955); Nobel Prize in 1921  

      Do we even need to justify this? He invented relativity, both special (this 

chapter), and general (chapters  5  and  6 ), virtually from whole cloth. He 

   * That ’ s Klingon for  “ idiot. ”  Please don ’ t take our lunch money.        
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showed defi nitively that light is made of particles (chapter  2 ), and despite 

never really believing in it, was one of the founding members of quantum 

mechanics. His name is virtually synonymous with  “ genius, ”  and — let ’ s face 

it — he ’ s the only one of the lot whom you ’ d recognize by sight.  

    2.   Richard Feynman (1918 – 1988); Nobel Prize in 1965  

      Feynman had the sort of mind that makes him a hero to pretty much 

every young physicist. He invented the fi eld of quantum electrodynam-

ics, which used quantum mechanics to explain how electricity works 

(chapter  4 ), and showed that particles and fi elds literally travel through 

every possible path simultaneously (chapter  2 ). He also was known as 

 “ the great explainer, ”  and at least a few of our examples in this book are 

stolen shamelessly (but with attribution) from the Feynman lectures.  

    3.   Niels Bohr (1885 – 1962); Nobel Prize in 1922  

      In a little while, you ’ re going to read chapter  2 , and it ’ s going to be 

all about quantum mechanics. You ’ re going to love it! About halfway 

through, we ’ re going to explain that the standard view of quantum 

mechanics to this day is something known as the  “ Copenhagen 

interpretation. ”  We ’ ll give you three guesses where Bohr was from. In 

addition to basically defi ning our modern picture of the world, Bohr also 

gave us our fi rst realistic picture of the atom and showed that you can ’ t 

just make an atom any old way, but that the states are  “ quantized. ”   

    4.   P. A. M. Dirac (1902 – 1984); Nobel Prize in 1933  

      Dirac was one of those guys who plugged through a set of equations, 

got something that seemed physically absurd, but decided that  “ God 

used beautiful mathematics in creating the world ”  and assumed that the 

equations must be correct, anyway. This, pretty much, is how he predicted 

the existence of antimatter four years before it was ever detected.  

    5.   Werner Heisenberg (1901 – 1976); Nobel Prize in 1932  

      When Heisenberg won the Nobel Prize, his citation read,  “ for the 

creation of quantum mechanics, the application of which has, inter 

alia, led to the discovery of the allotropic forms of hydrogen. ”  While 

Heisenberg didn ’ t exactly invent quantum mechanics, he contributed 

enormously to it, and invented the  “ Heisenberg Uncertainty Principle. ”  

More on that in chapter  2 .         
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