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Chapter12 Relativity

• In a black hole, time stops forever.
• Every particle of matter has an antimatter twin. 

When matter and antimatter meet, they annihilate 
each other in a flash of pure energy.

• The sun creates a warp in space near it. This 
space-warp results in what we feel as gravity.

The statements above are ideas put forth by Albert 
Einstein who lived from 1879 to 1955. His name is 
recognized around the world, and nearly everyone 
knows that he was a brilliant scientist. What did 
Albert Einstein discover? What were his greatest 
contributions to our understanding of science?

Einstein's remarkable discoveries changed our 
understanding of matter and energy. Once thought to 
be separate concepts, Einstein's theories show how 
matter and energy can be turned into one another! 
This chapter will introduce you to an understanding of 
Einstein's theory of special relativity and general 
relativity. You will study the speed of light, antimatter, 
strange particles, curved space-time, black holes, and 
the "big bang". Is this the stuff of science fiction? The 
science of Star Trek? Read this chapter to answer 
some interesting questions that probe our edge of 
understanding of how the universe works.

Key Questions

What does E=mc2 mean?

What is the speed limit of the 

universe?

What is a "black hole"?
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Figure 12.1: A tiny amount of mass is 
converted to energy by the radioactive decay 
of carbon-14.

Vocabulary

speed of light, antimatter

Objectives

Describe how matter and energy 

are interchangeable.

Describe the fastest speed in 

the universe.

Explain the concept of 

antimatter.

12.1 The Relationship Between Matter and Energy
Up until Chapter 11, we discussed matter and energy as related, but separate things. This was how
physicists viewed the universe before Einstein. Einstein’s remarkable discoveries changed all that.
Today we know that matter and energy can be turned into one another! In some ways you can think
of matter as a form of extremely concentrated energy.

Einstein’s formula
The meaning of

Einstein’s
formula

The formula E = mc2 is probably the most widely recognized formula in the
world, even though few people know how to actually use the formula. The
formula tells you the amount of energy (E) that is released when a mass (m) is
completely converted to energy. It also tells you how much mass (m) you can
create out of an amount of energy (E).

Mass and energy In a nuclear reaction, some mass is converted to energy according to
Einstein’s formula. The c2 means even a tiny amount of mass is equivalent to
a huge amount of energy. The speed of light (c) is 3 × 108 m/sec so the speed
of light squared (c2) is 9 × 1016 m2/sec2. This means 1 kg of mass is
equivalent to 9 × 1016 joules of energy. This is enough energy to drive a
powerful sports car for 25,000 years, non-stop, 24 hours a day!

Energy in
reactions

Einstein’s formula explains how nuclear (and chemical) reactions release
energy. With nuclear reactions the amount of energy is large enough that there
is a measurable mass difference between reactants and products
(Figure 12.1). With chemical reactions, the energy released is so small that
the difference in mass is too small to measure. 



281UNIT 4 ENERGY AND CHANGE

CHAPTER 12: RELATIVITY

The speed of light
The ultimate

speed limit
Einstein’s theory of relativity says that nothing in the universe can travel faster
than the speed of light. Even gravity travels at the speed of light. You may
know that it takes light from the sun 8 minutes and 19 seconds to get to Earth.
If the sun were to vanish, we would still see it in the sky for 8 minutes and 19
seconds. According to Einstein, Earth would also keep moving in its orbit for
8 minutes and 19 seconds too! Earth would not feel the loss of the sun’s
gravity until 8 minutes and 19 seconds has passed because the change in
gravity moves at the speed of light (Figure 12.2).

Comparing the
speeds of sound

and light

Imagine shining a flashlight on a mirror that is far away. You don’t see the
light leave your flashlight, move to the mirror, then come back. But that is
exactly what happens. You don’t see light move because it happens so fast. If
the mirror was 170 meters away the light travels there and back in about one-
millionth of a second (0.000001 sec). Sound travels much slower than light. If
you shout at a wall 170 m away, you will hear an echo one second later. Light
travels almost a million times faster than sound.

The speed of
light, c = 3 × 108

m/sec

The speed at which light travels through air is about 300 million meters per
second. This is so fast it is hard to find a comparison. Light can travel around
the entire Earth 7 1/2 times in 1 second. The speed of light is so important in
physics that it is given its own symbol, a lower case c. When you see this
symbol, remember that c = 3 × 108 m/sec.

The sound of
thunder lags the

flash of lightning

The speed of light is so fast that when lightning strikes a few miles away, you
hear the thunder several seconds after you see the lightning. At the point of the
lightning strike, the thunder and lightning occur at the same time. But just a
mile away from the lightning strike, the sound of the thunder is already about 5
seconds behind the flash of the lightning.

Figure 12.2: If the sun were to vanish, 
Earth would not feel any change for 8 minutes 
and 19 seconds. This is the time it takes light 
to get from the sun to Earth.
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Figure 12.3: Every particle of matter has 
an antimatter twin that has a reversed electric 
charge.

Figure 12.4: A bit of antimatter the size of 
a grain of sand would release enough energy 
to power a small city for a week if it combined 
with an equal amount of normal matter.

Antimatter
Other particles

of matter
Up until the 1930’s scientists were confident that they could explain all the
elements with three particles: protons, neutrons, and electrons. This changed
as new developments in technology allowed more sophisticated experiments.
The first new thing they discovered was antimatter. Then they found other
kinds of particles than protons, neutrons, and electrons. Finally, they
discovered that there were even smaller particles inside protons and neutrons!

Matter and
antimatter

Every particle of matter has an antimatter twin. Antimatter is the same as
regular matter, except properties like electric charge are reversed. An
antiproton is just like a normal proton except it has a negative charge. An anti
electron (also called a positron) is like an ordinary electron except that it has
positive charge. Some nuclear reactions create antimatter. When matter is
created from pure energy equal quantities of matter and antimatter always
appear together.

Antimatter
reactions

When antimatter meets an equal amount of normal matter, both the matter
and antimatter are converted to pure energy. Antimatter reactions release
thousands of times more energy than ordinary nuclear reactions. If a grain of
sand weighing 0.002 kilogram made of ordinary matter were to collide and
react with a grain of sand made from 0.002 kg of antimatter, the resulting
explosion would release 400 trillion joules of energy, enough to power a
small city for almost a week (Figure 12.4)!
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Figure 12.5: Fermilab, near Chicago, is a 
high-energy particle accelerator. The ring-
shaped building in the top photo is 4 miles in 
circumference! The lower image shows a 
high-energy collision between particles. Each 
colored track represents a particle.

Figure 12.6: Protons and neutrons are 
each made of 3 up and down quarks.

Strange particles
Neutrinos In Chapter 11 you learned about beta decay, where a neutron turns into a

proton and an electron. Although we did not say it then, a third particle is also
created. This particle is a type of neutrino. Neutrinos are lighter than electrons
and are very difficult to detect.

Neutrinos are
hard to see

Huge numbers of neutrinos are created by nuclear reactions in the sun. Every
second more than a trillion neutrinos pass right through your body! And you
don’t feel a thing. That is because neutrinos do not feel the electromagnetic
force or the strong nuclear force. Neutrinos only feel the weak force. The weak
force is so weak that most neutrinos pass right through all of Earth without
interacting with a single atom. Physicists have built very special experiments
to capture and study neutrinos. 

Accelerators Other particles even heavier than the proton and neutron have also been found.
We don’t see these particles every day because regular protons and neutrons
have lower energy that the other heavy particles. Since matter tends to find the
lowest energy, ordinary matter tends to become protons and neutrons.
Physicists use high-energy accelerators to produce the heavy particles so we
can study them (Figure 12.5). 

Quarks Today we believe that protons and neutrons are made of even smaller particles
called quarks. Quarks come in different types and the lightest two are named
the up quark and the down quark. A proton is made of two up quarks and one
down quark (Figure 12.6). A neutron is made from two down quarks and one
up quark. Today, we believe all the heavy particles are made of just six kinds
of quarks named up, down, strange, charm, top, and bottom.

12.1 Section Review

1. Explain the symbols in Einstein’s formula.

2. Calculate how far light would travel in one year. This distance is called a “light year.”

3. Calculate the energy released by one kilogram of matter turning unto pure energy.

4. Give one difference between antimatter and normal matter.
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Figure 12.7: Three ways relativity changes 
the universe.

Vocabulary

theory of special relativity, time 

dilation

Objectives

Describe some consequences of 

special relativity.

12.2 Special Relativity
Science fiction writers love to invent “impossible” tricks like time travel. It may surprise you, but
time travel into the future is actually possible. It just takes a lot more energy than we know how to
control today. Albert Einstein’s theory of special relativity makes a connection between time and
space that depends on how fast you are moving.

What special relativity is about
The relationship
between matter,

energy, time, and
space

The theory of special relativity describes what happens to matter, energy,
time, and space at speeds close to the speed of light. The fact that light always
travels at the same speed forces other things about the universe to change in
surprising ways. Special relativity does not affect ordinary life because things
need to be moving faster than 100 million m/sec before the effects of special
relativity become obvious. However, these effects are seen and measured
every day in physics labs. Some surprising effects of special relativity are
shown in Figure 12.7.

Time moves
slower

1. Time moves more slowly for an object in motion than it does for objects
that are not in motion. In practical terms, clocks run slower on moving
spaceships compared with clocks on the ground. By moving very fast, it
is possible for one year to pass on a spaceship while 100 years have
passed on the ground. This effect is known as time dilation.

Mass increases 2. As objects move faster, their mass increases. The closer the speed of an
object gets to the speed of light, the more of its kinetic energy becomes
mass instead of motion. Matter can never exceed the speed of light
because adding energy creates more mass instead of increasing an
object’s speed.

Distances
contract

3. The length of an object measured by one person at rest will not be the
same as the length measured by another person who is moving close to
the speed of light. The object does not get smaller or larger, space itself
gets smaller for an observer moving near the speed of light.



285UNIT 4 ENERGY AND CHANGE

CHAPTER 12: RELATIVITY

Figure 12.8: A ball thrown from a moving 
train approaches you at the speed of the ball 
relative to the train plus the speed of the train 
relative to you.

Figure 12.9: The speed of light appears the 
same to all observers independent of their 
relative motion.

The speed of light problem
How you can be

moving and
appear at rest

The theory of special relativity comes from thinking about light. Einstein
wondered what light would look like if you could see it when it wasn’t
moving. Instead of making the light stop, Einstein thought about moving
beside a beam of light at the same speed as light itself. Imagine you could
move as fast as light and were traveling right next to the beam from a
flashlight. If you looked over, you should see the light standing still, relative to
you. A similar situation occurs when two people are driving on a road side-by-
side at the same speed. The two people look at each other and appear (to each
other) not to be moving because both are traveling at the same speed.

The way speed
normally adds

Consider a girl on a railroad train moving a constant speed of 10 m/sec. If you
are standing on the track, the girl gets 10 meters closer to you every second.
Now consider what happens if the girl on the train throws a ball at you at
10 m/sec. In one second, the ball moves forward on the train 10 meters. The
train also moves toward you by 10 meters. Therefore, the ball moves toward
you 20 meters in one second. The ball approaches you with a speed of
20 m/sec as far as you are concerned (Figure 12.8).

How you expect
light to behave

Einstein considered the same trick using light instead of a ball. If the girl on
the train were to shine a flashlight toward you, you would expect the light to
approach you faster. You would expect the light to come toward you at the
speed of the train plus 3 × 108 m/sec.

The speed of
light does not

behave this way

That is not what happens (Figure 12.9). The light comes toward you at a speed
of 3 × 108 m/sec no matter how fast the train approaches you! This experiment
was done in 1887 by Albert A. Michelson and Edward W. Morley. They used
Earth itself as the “train.” Earth moves with an orbital speed of 29,800 m/sec.
Michelson and Morley measured the speed of light parallel and perpendicular
to Earth’s orbital motion. They found the speed to be exactly the same! This
result is not what they expected, and was confusing to everyone. Like all
unexpected results, it forced people to rethink what they thought they already
knew. Einstein’s theory of special relativity was the result and it totally
changed the way we understand space and time.
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Figure 12.10: A light clock measures time 
by measuring the how long it takes a pulse of 
light to move between two parallel mirrors.

Figure 12.11: A clock that counts ticks of 
light going back and forth in a spaceship. The 
light pulse of a light clock that is moving 
relative to an observe traces out a triangular 
path. 

Speed, time, and clocks 
Einstein’s

thinking
With this new idea that the speed of light is the same for all observers,
Einstein thought about what this meant for everything else in physics. One of
the strangest results of special relativity is that time itself changes depending
on the motion of an observer. Einstein’s conclusion about the flow of time is
totally revolutionary, and completely changed our understanding of how
physics works. 

A light clock on a
spaceship

Einstein thought about a clock that measures time by counting the trips made
by a beam of light going back and forth between two mirrors (Figure 12.10).
The clock is on a moving spaceship. A person standing next to the clock sees
the light go back and forth straight up and down. The time it takes to make
one trip is the distance between the mirrors divided by the speed of light. 

How the light
clock appears on

the ground

To someone who is not moving, the path of the light is not straight up and
down. The light appears to make a zigzag because the mirrors move with the
spaceship (Figure 12.11). The observer on the ground sees the light travel a
longer path. This would not be a problem, except that the speed of light must
be the same to all observers, regardless of their motion. 

The paradox Suppose it takes light one second to go between the mirrors. The speed of
light must be the same for both people, yet the person on the ground sees the
light move a longer distance! How can this be?

Time itself must
be different for a

moving object

The only way out is that one second on the ground is not the same as one
second on the spaceship. The speed of light is the distance traveled divided
by the time taken. If one second of “ship time” was longer than one second of
“ground time,” then the problem is resolved. Both people measure the same
speed for light of 3 × 108 m/sec. The difference is that one second of “ship
time” is longer than one second of “ground time.”

Time slows
down close to

the speed of
light

The consequence of the speed of light being constant is that time slows down
for objects in motion, including people. If you move fast enough, the change
in the flow of time is enormous. For a spaceship traveling at 99.9 percent of
the speed of light, 22 years pass on Earth for every year that passes on the
ship. The closer the spaceship’s speed is to the speed of light, the slower time
flows.
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The twin paradox
Proof of time

dilation
The idea that moving clocks run slower is difficult to believe. Before
Einstein’s theory of special relativity, time was always considered a universal
constant. One second was one second, no matter where you were or what you
were doing. After Einstein, we realized this was not true. The rate of time
passing for two people  depends on their relative motion.

Atomic clocks One of the most direct measurements of this effect was done in the early 1970s
by synchronizing two precise atomic clocks. One was put on a plane and flown
around the world, the other was left on the ground. When the flying clock
returned home, the clocks were compared. The clock on the plane measured
less time than the clock on the ground. The difference agreed precisely with
special relativity. 

The twin paradox A paradox is a situation that does not seem to make sense. A well-known
thought experiment in relativity is known as the twin paradox. The story goes
like this: Two twins are born on Earth. They grow up to young adults and one
of the twins becomes an astronaut. The other twin chooses a different career.

Traveling into
the future

The astronaut twin goes on a mission into space. The space ship moves very
fast, near the speed of light. Because of traveling at this high speed, the clocks
on the ship, including the twin's biological clock, run much slower than the
clocks on Earth. Upon returning from a two year (ship time) trip the astronaut
is two years older than when she left. However her twin brother is 20 years
older now! In essence, the astronaut twin has traveled 18 years into the future
by moving near the speed of light (Figure 12.12).

12.2 Section Review

1. List at least three ways special relativity changes the universe.

2. Which person experiences a “longer second”, a person who is in motion or a person who is standing still?

3. You are standing on the ground beside a train track. A person on the train throws a ball at you at a speed of 20 m/sec relative to the

train. If the train is moving toward you at 30 m/sec, what is the speed of the ball relative to you?

4. Explain how you could travel into the future.

Figure 12.12: Relativity allows time travel 
into the future, if you can move at speeds near 
the speed of light!
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Figure 12.13: How the path of the ball 
appears to an outside observer and in the 
accelerating reference frame of the boy and 
girl.

Vocabulary

general relativity, reference frame, 

black hole, big bang

Objectives

Describe some consequences of 

general relativity.

Explain what a black hole is.

Explain what the big bang is.

12.3 General Relativity
Einstein’s theory of general relativity describes gravity in a very different way than does
Newton’s law of universal gravitation. According to Einstein, the presence of mass changes the
shape of space-time itself. In general relativity, an object in orbit is moving in a straight line
through curved space. The curvature of space itself causes a planet to move in an orbit. The force
we call gravity is an effect created by the curvature of space and time.

The equivalence of acceleration and gravity
Different

perspectives on
the same motion

Imagine a boy and girl who jump into a bottomless canyon, where there is no
air friction. On the way down, they play catch and throw a ball back and
forth. If the girl looks at the boy, she sees the ball go straight to him. If the
boy looks at the girl, he sees the ball go straight to her. However, an observer
watching them fall sees the ball follow a curved zigzag path back and forth
(Figure 12.13). Who is correct? What is the real path of the ball?

The boy and girl
perceive no

gravity

Both are correct from their frame of reference. Imagine enclosing the boy and
girl in a windowless box falling with them. From inside their box, they see
the ball go straight back and forth. To the boy and girl in the box, the ball
follows the exact same path it would if there were no gravity.

The reverse
situation

Next, imagine the boy and girl are in the same box throwing the ball back and
forth in deep space, where there is no gravity. This time the box is
accelerating upwards. When the boy throws the ball to the girl, the ball does
not go straight to her, but drops in a parabola toward the floor. This happens
because the floor is accelerating upward and pushing the girl with it. The girl
moves up while the ball is moving toward her. But, from her perspective she
sees the ball go down. To the girl the path of the ball is a parabola exactly like
it would be if there was a force of gravity pulling it downward.

Reference
frames

In physics, the box containing the boy and girl is called a reference frame.
Everything they can do, measure, or see is inside their reference frame. No
experiment the boy or girl do inside the box can tell whether they are feeling
the force of gravity or they are in a reference frame that is accelerating.
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Curved space-time
Light and the
equivalence

principle

Earlier in this Chapter we talked about special relativity, which says the speed
of light is the same for all observers whether they are moving or not. The
equivalence of acceleration and gravity must also be true for experiments that
measure the speed of light. In order to meet both these conditions, Einstein
deduced two strange things which must also be true.
1. Space itself must be curved.
2. The path of light must be deflected by gravity, even though light has no

mass.
Flat space To understand what we mean by curved space, consider rolling a ball along a

sheet of graph paper. If the graph paper is flat the ball rolls along a straight
line. A flat sheet of graph paper is like “flat space.” In flat space, parallel lines
never meet, all three angles of the triangle add up to 180 degrees, etc. Flat
space is what you would consider “normal.”

Curved space A large mass, like a star, curves space nearby. Figure 12.14 shows an example
of a graph paper made of rubber which has been stretched down in one point.
If you roll a ball along this graph paper, it bends as it rolls near the “well”
created by the stretch. From directly overhead, the graph paper still looks
square. If you look straight down on the graph paper, the path of the ball
appears to be deflected by a force pulling it toward the center. You might say
the ball felt a force of gravity which deflected its motion. You would be right.
The effect of curved space is identical to the force of gravity.

Orbits and
curved space

In fact, close to a source of gravity, straight lines become circles. A planet
moving in an orbit is actually moving in a straight line through curved space.
This is a strange way to think, but all of the experimental evidence we have
gathered tells us it is the right way to think. The event that made Einstein
famous was his prediction that light from distant stars should be bent by the
curvature of space near the sun. People were skeptical because, according to
Newton’s law of gravitation, light is not affected by gravity. In 1919 careful
observations were made of a star near the sun during a solar eclipse. Einstein
was proven to be right!

Figure 12.14: Large amounts of mass 
cause space to become curved. An object 
following a straight path in curved space 
bends the same way as if it were acted on by a 
force we call gravity.
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Figure 12.15: On Earth, light travels in 
nearly straight lines because Earth’s escape 
velocity is much less than the speed of light.

Figure 12.16: Light from a black hole 
cannot escape because the escape velocity is 
higher than the speed of light.

Black holes
General relativity

predicts black
holes

One of the strangest predictions of general relativity is the existence of black
holes. To understand a black hole, consider a rocket trying to leave Earth. If
the rocket does not go fast enough, Earth’s gravity pulls it back. The
minimum speed a rocket needs to escape a planet’s gravity is called the
escape velocity. The stronger gravity becomes, the faster the escape velocity. 

The escape
velocity of a

black hole

If gravity becomes strong enough, the escape velocity can reach the speed of
light. A black hole is an object with such strong gravity that its escape
velocity equals or exceeds the speed of light. When the escape velocity equals
the speed of light, nothing can get out because nothing can go faster than
light. In fact, even light cannot get out. The name black hole comes from the
fact that no light can get out, so the object appears “black” (Figure 12.16).

Black holes are
extremely

compact matter

To make a black hole, a very large mass must be squeezed into a very tiny
space. For example, to make Earth into a black hole, you would have to
squeeze the mass of the whole planet down to the size of a marble as wide as
your thumb. For a long time, nobody took black holes seriously because they
seemed so strange that they could not actually be real.

We see black
holes by what is

around them

But then astronomers started finding them! You
might think it would be impossible to see a
black hole—and it is. But, you can see what
happens around a black hole. In Chapter 3, you
learned that an object loses potential energy as
it falls. When an object falls into a black hole, it
loses so much energy that a fraction of its mass
turns into energy. Any matter that falls into a
black hole gives off so much energy it creates

incredibly bright radiation as it falls in. Because they have observed this
radiation, astronomers believe our own Milky Way Galaxy has a huge black
hole at its very center. The Milky Way’s central black hole is believed to have
a mass more than a million times the mass of our sun.
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The big bang
Milky Way

Galaxy
When we look out into space with powerful telescopes, we see stars of our
own Milky Way Galaxy. The Milky Way contains about 200 billion stars
distributed in a gigantic spiral. Some of the stars are like the sun. Some are
hotter, some are cooler, some older, some younger. Just recently we have
discovered that many stars have planets like the planets in our solar system.

The universe Beyond our galaxy with its 200 billion stars are other galaxies. We can see
billions of galaxies, many of them as full of stars as our own. This is the
universe on its largest scale.
When we look at these distant galaxies we find an astounding fact. All the
galaxies are moving away from each other! The farther away they are from us,
the faster they are moving. This means the entire universe is expanding.

An expanding
universe implies

a beginning

If the universe is expanding, then it must have been smaller in the past. It
seems reasonable to ask how small was the early universe? And how long has
it been since the universe was small? The best evidence indicates that the age
of the universe is 13 billion years, plus or minus a few billion years
(Figure 12.17). This is roughly three times older than the age of the sun. This
age for the universe agrees with other estimates, such as the oldest stars we can
see.

The big bang It also appears that the universe was once very small, possibly smaller than a
single atom. Sixteen billion years ago a cataclysmic explosion occurred and
the universe started growing from a tiny point into the incredible vastness we
now see. In jest, someone called this beginning the “big bang” and the name
stuck. We have no idea why the big bang happened or what came before the
big bang. It is not clear these questions can even be answered by science.

12.3 Section Review

1. How does general relativity explain gravity?

2. Describe your reference frame. Is it moving? If so, moving relative to what?

3. What is a black hole? What is the big bang?

Figure 12.17: A time line of the history of 
the universe.
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Traveling Faster than Light

Have you ever watched a science fiction program and wondered 
how your heroes can travel from galaxy to galaxy, spanning the 
universe in mere days? Such a feat would require travel at speeds 
faster than the speed of light. However, a major assumption of 
special relativity is that matter cannot travel faster than the speed of 
light. Some physicists are looking for loopholes in the laws of 
physics in hopes that one day, science fiction may become reality.

A long, long way from home

Why do we need to travel faster than light to explore the universe in 
person? Consider that Alpha Centauri, the star closest to the sun, is 
4.2 light years away—that’s about 26 trillion miles.

The space shuttle travels at about 11,000 miles per hour. At that 
speed, it would take over 150,000 years to reach Alpha Centauri. At 
light speed with time dilation, it would take only about 2.3 years. 
As you can see, faster-than-light-speed travel has its benefits.

A shortcut through the universe

One idea being explored to bypass the light-speed barrier involves 
Einstein’s concept that space can be distorted into structures called 
wormholes. A wormhole is a space-time distortion that is like a 
corridor connecting areas of space that are far away. Just as 
hallways in your school lessen the time needed to get to each of 
your classes, wormholes significantly reduce the amount of time 
needed to travel across the universe. Imagine walking through a 
wormhole in your classroom onto the surface of a planet in another 
galaxy!
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Although scientists predict that wormholes occur naturally, they are 
unsure about their stability and how to control them. Wormholes 
also present a particular concern to physicists. They require 
unheard of amounts of energy to create. Creating space-time 
distortions, like wormholes, also requires a very unusual form of 
energy called negative energy. It has been estimated that to produce 
even a tiny wormhole would require the same amount of negative 
energy as the entire energy output of a star over its 10 billion year 
life span.

What is negative energy?

Imagine removing all of the matter in your classroom. What’s left? 
You would be in a vacuum containing only energy. You can 
imagine removing all the energy in the forms we know. Then you 
have truly nothing except “nothing.” Well, according to some new 
theories in quantum mechanics, this “nothing” actually has some 
energy that is the energy of space-time itself. Negative energy 
means lower energy than the energy of empty space-time. Some 
recent evidence suggests negative energy may really exist.

A warped idea

Most theories that predict faster-than light travel involve negative 
energy, including warp drive. Warp drive is often compared with 
the moving sidewalks found in many airports. There is a limit to 
how fast you can walk, just like objects are not able to travel 
beyond light speed. However, you move faster if you are on a 
portion of the moving sidewalk because the floor itself moves. The 
warp drive concept is based on expanding space-time behind the 
spaceship and contracting it in front. The result is that a portion of 
space-time moves, pushing the spaceship forward.

A job for physicists

Physicists examine both the possibilities of exceeding light speed 
and the many challenges it presents. They use their extensive 
knowledge of the laws of physics to bring this dream closer to 
reality. Although they face many obstacles and uncertainties, 
scientists believe the possibilities of success create hope that future 
generations might solve many mysteries of our universe by actually 
going there!

Questions: 

1. Which theory predicts that faster-than-light travel is
impossible?

2. What is the major obstacle to traveling faster than light?
3. What are some differences between wormholes and warp

drive? 
4. How is warp drive like a moving sidewalk?
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Understanding Vocabulary

Select the correct term to complete the sentences.

Section 12.1

1. Every particle of matter has a(n) ____ twin.
2. ____ is equal to 3 × 108 meters per second.
Section 12.2

3. ____ is a theory that describes what happens to matter, energy, time,
and space at speeds close to the speed of light.

4. An effect known as ____ causes time to move more slowly for an
object in motion than for one at rest.

Section 12.3

5. According to ____ the force we call gravity is an effect created by the
curvature of space and time.

6. The perspective of an observer from which the position and motion of
a system can be described is called a(n) ____.

7. A(n) ____ is an object with such a strong gravity that its escape
velocity equals the speed of light.

8. According to the ____, the universe was once smaller than an atom
and began to expand after a huge explosion.

Reviewing Concepts

Section 12.1

1. According to Einstein’s formula, what is the relationship between
mass, energy, and the speed of light?

2. What is the speed of light and why is it such an important concept in
physics?

3. What is antimatter? What happens when antimatter meets an equal
amount of normal matter?

4. What are quarks? In terms of quarks, what is the difference between a
proton and a neutron?

Section 12.2

5. According to the theory of special relativity, why can’t matter exceed
the speed of light?

6. How is the speed of light coming toward you from a moving object
different from the speed of a ball being thrown toward you from a
moving object? Which theory did this difference lead scientists to?

7. Explain why time slows down at speeds close to the speed of light.
8. What is time dilation? How did scientists prove that it was true using

atomic clocks?
9. Describe the twin paradox.
Section 12.3

10. How does the theory of general relativity describe the effects of
gravity differently than the law of universal gravitation?

11. What are the effects of a large mass object, like a star, on space? What
are its effects on the path of light?

12. How would you make a black hole?
13. According to the big bang, how did the universe begin? What is

happening to the universe?

Solving Problems

Section 12.1

1. In a nuclear reaction, only a small fraction of mass is converted into
energy. Suppose 0.1 kg of uranium is converted into energy in a
nuclear reaction. How much energy is produced?

2. The sun produces 3.8 × 1026 joules of energy per second. How much
mass does the sun lose each second?

3. Mars is 228 million kilometers from the sun. If the sun suddenly
burned out, how long would it take for Martians to notice?

speed of light
reference frame
black hole

general relativity
big bang
special relativity

antimatter
time dilation
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4. In 1969, Neil Armstrong and Buzz Aldrin were first to land a lunar
module on the moon, 384,400 kilometers from Earth. You may have
heard Armstrong’s famous phrase, spoken when he stepped out of the
module onto the moon’s surface: “That’s one small step for man, one
giant leap for mankind.” When he spoke, he was not heard
immediately on Earth because of the moon’s distance. How long did
it take the radio waves to travel to Earth so that those words could be
heard by millions of viewers? (HINT: Radio waves travel at the speed
of light.)

Section 12.2

5. You are standing on a bicycle path. A person on a bike throws a ball
at you at a speed of 10 m/sec relative to the bike. If the bike is moving
toward you at 5 m/sec, what is the speed of the ball relative to you?

6. Two clocks are set at identical times. One is placed on a plane and
travels around the world. The other remains on the ground, not
moving. When the plane lands and the two clocks are compared, how
would the times on the clocks compare?

7. Suppose you could travel to another galaxy and back at speeds near
the speed of light. Why would it be risky to make a doctor’s
appointment for 9:00 am one month after your departure?

Section 12.3

8. Imagine looking down on a large star with an approaching light ray as
shown below. Draw the path of the light ray as it travels past the star.
Explain why the light ray follows the path you drew.

Applying Your Knowledge

Section 12.1

1. In 1989, the space probe Voyager II reached the planet Neptune and
began sending images of the planet back to Earth. Assuming these
radio waves had to travel 4.0 × 109 kilometers, how long did it take,
in minutes, before astronomers received the signals from Voyager II?

2. How have our ideas about matter changed over the past 2,500 years? 
a. Use this book and the Internet to research how our ideas about

matter have changed over the past 2,500 years. 
b. Create a timeline that shows the major discoveries and important

events that have led to current theories about matter. Make a
poster of your timeline with illustrations. 

c.  Include dates, people and a brief description of each event.
d. Make up a future event about matter that could change our ideas

even more. Be creative!
Section 12.2

3. 1905 was a year that completely changed the field of physics. Many
of the new theories and discoveries were made by Albert Einstein.
Research the groundbreaking discoveries and theories made by
Einstein in that year. 

4. Explain each statement below.
a. If a being on a planet that was billions and billions of miles from

Earth had a super-powerful telescope, he or she would be able to
observe events that happened long ago such as the ice age.

b. Imagine that space travel at near-light-speed is possible. Space
travelers could travel into Earth’s future as far as they wished,
but they could never travel back in time.

Section 12.3

5. The big bang is the dominant scientific theory about the origin of the
universe. Research the scientific evidence for the big bang. Prepare a
short report that describes the different pieces of evidence, who
discovered them, and how they were discovered. 
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