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Chapter 1

Science and the Human Bias

Humans seek to understand the universe! 

Images

Religion is based on faith. Art is based on aesthetics. While both religion and art can provide insight into the human condition, the methodology of science is unique in that it bows to observations. Ideas that are not consistent with what we see in nature under controlled and repeatable circumstances are  thrown out! 
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“Faith” is a fine invention When Gentlemen can see, But Microscopes are prudent In an Emergency. 

—Emily Dickinson
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In science a person looks at something and makes a hypothesis (or theory) about how it works. Then they design an experiment to test the hypothesis. 

After doing the experiment, the person modifies or discards the theory depending on the results of the experiment. This process repeats, and our scientific understanding of the phenomenon evolves. 

Communication, honesty, and reproducibility of observations lie at the core of what makes science work. Experimental results must be conveyed to others unambiguously and in detail so that others can reproduce the experiment. 
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This paper describes the measurement of the energy dependence of elliptic flow for charged particles in Au+Au collisions using the PHOBOS detector at the Relativistic Heavy lon Collider (RHIC). Data taken at collision energies of  Images = 19.6, 62.4, 130 and 200 GeV

are shown over a wide range in pseudorapidity. These results, when plotted as a function of η’ = |η| -  Ybeam, scale with approximate linearity throughout η’, implying no sharp changes in the dynamics of particle production as a function of pseudorapidity or increasing beam energy. 

There’s no room for ambiguity and confusion in scientific communications. This leads to a precise, layered, specialized language

—or lingo—in each area of science. 
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Also, this desire for unambiguous clarity, along with the basic quantitative nature of many measurements, leads to the heavy use of mathematics in science. 

Mathematics is a more powerful instrument of knowledge than any other that has been bequeathed to us by human agency. 

—René Descartes

Music communicates … but it evokes different feelings in different people. 

Mathematics and very precise language allow scientists to communicate with as little confusion as possible. 
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There’s more to it than clarity. Mathematics and layers of concepts often lead to the ability to ask questions and have insights that are not possible otherwise. 
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Natural human tendencies

Simple mistakes

In spite of scientists’ attempts to make un-ambiguous measurements, human judgment and intuition often comes into play. 

Scientists sometimes stop looking for errors in an experiment or data analysis when they get the answer they expect to find, yet they look very hard for problems if they see something unexpected. 

An expert is a man who has made all the mistakes which can be made in a very narrow field. 

—Niels Bohr

The limitation of experience

Our senses, intuition, and tendency to interpret data are tuned to times and distances and speeds and sizes that are commonly encountered. This is what we know. Our expectations are biased toward the realm of our experience. Every time we create a new technology that allows us to see farther, smaller, or faster things we are forced to expand our minds to encom-pass the unexpected. 

Anthropocentric and geocentric ideas

Humans have always wanted to feel important and have tended to like ideas that place them at the center of the universe. Religions often play to this desire. 

Nature doesn’t seem to have the same hang-up. 
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The methodology of science tends to push us beyond the human bias. 

Experimental results are shared and experiments are repeated. This leads to the constructive and frank inter-change of ideas and the correction of earlier mistakes. 
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A hypothesis with a human bias is fair to propose. After all, perhaps we  are special! 

But, in science, that hypothesis (just like any other) must be supported by experimental data if it is to survive. Scientists tend to prefer simpler explanations when given a choice and all other things are equal. 

As strange as it may seem, aesthetics does have a place in science. Science has an artistic side. A critical part of the methodology of science is known as Ockham’s razor—when choosing between different theories that describe the data, the simplest is often the best. 

Numquam ponenda est pluralitas sine necessitate. (Plurality is never to be posited without necessity.)

—William of Ockham
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The progression of Man’s view of earth’s place in the cosmos is a good example of science overcoming the human bias. 

The most widely held view of cosmology through the Middle Ages was that catalogued by the Egyptian astronomer Ptolemy in his book  Almagest, written in AD 150. The Ptolemaic universe contained many elements proposed long before his time by others, such as Aristotle and followers of Pythagoras. In Ptolemy’s view, the sun, moon, stars, and five known planets move around the earth on a complex system of nested, rotating transparent (or crystalline) spheres and circles within circles. Because the
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planets, sun, and moon each have unique motions in the sky relative to the stars, the complicated multishell and circle-within-circle arrangement was necessary in order for the model to agree with observations of the heavenly bodies. 

Then came along a Prussian astronomer (born in what is now Poland), named Nicolaus Copernicus 1473–1543), and he…
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As he neared death, Copernicus published  De revolutionibus orbium coelestium (On the Revolutions of the Celestial Spheres), which presented a heliocentric (sun-centered) view of the universe that was eventually shown to be simpler than Ptolemy’s cosmology. 

Images

A man born shortly after the death of Copernicus, Danish astronomer Tycho Brahe, made very careful measurements of the motion of the heavenly bodies—much more accurate and precise than were available before. Brahe created a cosmological model where the sun and the moon moved in circles about the earth while the planets moved in circles about the sun. 
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Armed with Brahe’s data, a German astronomer and mathematician named Johannes Kepler—who had been an assistant to Brahe and “appropriated” 

his data upon Brahe’s death—pursued his study of Brahe’s data and his own observations and discovered that a heliocentric system with the planets having slightly elliptical orbits was best able to describe the data. He developed three laws of planetary motion that eventually were explained by Isaac Newton and his theory of gravity. 

Johannes Kepler

(1571–1630)
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The final blow against the Ptolemaic/geocentric universe came in 1610, when an Italian named Galileo Galilei used a new device—a telescope—to observe the phases of Venus. The exhibition of phases by Venus was strong evidence that Venus orbited the sun. 

The search for simplicity and consistency in experimental observations coupled with more and better observations allowed mankind to overthrow deeply held convictions about the structure of the universe. 

The struggle against the human bias continues to this day. As we have expanded our horizons to see things vastly smaller/faster/larger/farther than ever before, we have been forced to confront preconceptions born of the human experience and create wholly new ways of looking at the world around us. There is nothing quite as strange and exciting as the reality show of our universe. 

This book describes the crazy, revolutionary theories of relativity and quantum physics and shows how these ideas have led to amazing advances in our understanding of the universe. 
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Chapter 2

Surviving a Trip to the Mall

Headed  to  the  mall  for  the  perfect  accessory  or  that  new  pair  of running shoes? To get there and find that perfect thing, you’ll need a fundamental concept of space and time. 

Most  institutions  demand  unqualified  faith;  but  the  institution  of science makes skepticism a virtue. 

—Robert K. Merton,  Social Theory and Social Structure (1962) The methodology of science relies on people making observations of nature  and  relating  those  observations  to  others.  To  do  that  scientists need to have a concept of space and time. 

[image: Image 26]

The  concept  of  space  and  time  is   not  just  for  scientists.  Shopping, playing  soccer,  hunting  deer,  working,  even  …  er  …  surfing  require that people have a concept of space and time. 
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Space is the fabric in which we measure  where things and events are located. 

Time  is  the  fabric  in  which  we  measure   when  things  and  events  are located. 
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According  to  modern  astronomers,  space  is  finite.  This  is  a  very comforting  thought—particularly  for  people  who  cannot  remember where they left things. 

—Woody Allen

Time is but the stream I go a-fishing in. 

—Henry David Thoreau

[image: Image 29]

Time goes, you say? Ah no! Alas, time stays, we go. 

—Henry Austin Dobson

As  you  can  see,  life  would  be  awfully  boring  without  change. 

Fortunately,  the  universe  around  us  is  not  static.  In  fact,  the  only constant  is  change,  and  change  requires  the  concept  of  time.  Time  is the ruler against which change is measured. 

The only thing that stays the same is change. 

—Melissa Etheridge, “Change” 
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The  only  reason  for  time  is  so  that  everything  doesn’t  happen  at once. 

—Albert Einstein

All of us share a basic concept of space and time, which is integral to how we view the world. 
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It takes three numbers to specify the position of something in everyday life. Suppose you go to the grocery store looking for corn nuts and you have  trouble  finding  them.  Finally  you  ask  the  manager  for  help.  In order to lead you to the com nuts, the manager has to specify the aisle, how  far  down  the  aisle  you  should  go,  and  the  shelf  on  which  you should  look.  That’s  three  numbers,  one  corresponding  to  each  spatial dimension  in  which  we  live.  The  room  that  you  are  sitting  in  has  a length, width, and height—three numbers. 
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How long a minute is, depends on which side of the bathroom door you’re on. 

—Zall’s Second Law

We might live in a universe with more than three spatial dimensions in spite of the fact that we can only perceive three dimensions. How can this be? Imagine being an ant on a large beach ball or a sailor on the ocean.  In  both  cases,  the  relevant  world  seems  flat  and  two dimensional.  Yet  we  know  both  the  sailor  and  ant  are  moving  on  a large  three-dimensional  object.  It  might  be  the  case  that  the  universe has more to it than meets the eye. 

Space is to place as eternity is to time. 

—Joseph Joubert
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Three  spatial  dimensions  moving  lockstep  through  time.  This  is  our shared view of the world. Let’s be very clear about what this means. If we handed out synchronized watches to ten different people in a room and asked them to leave, go about their business, but return in exactly one  hour,  each  person  would  return  to  the  room  at  the  same  time, regardless of what they did during that hour. Time is absolute. It moves along at the same rate no matter who you are or what you are doing. 

Today is the tomorrow we worried about yesterday. 

—Unknown source

To  be  sure,  we  perceive  time  to  pass  at  different  rates  depending  on whether we are having fun or are bored or in pain or in ecstasy. But if we  look  at  a  clock,  time  passes  at  the  same  rate  for  everyone—no matter whether he or she is happy, sad, or indifferent. 
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If you want to learn about space and time, a great place to begin is in the study of motion. Speed is a measure of how far something goes (in space)  in  a  given  amount  of  time.  Since  speed  is  a  quantity  that involves both space and time, our well-defined human intuition about space and time leads us to have particular expectations about speeds. 
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To learn about speed, imagine taking a trip to the mall and sitting at a cafe watching people on a moving sidewalk. They look at you rather strangely  when  you  pull  out  the  radar  gun  and  start  to  make  speed measurements. 

What can you learn by watching people and recording speeds? 
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You  see  that  a  person  moves  past  you  on  the  moving  sidewalk  at  a speed equal to that of his walking speed plus the speed of the sidewalk. 

The result from the mall sidewalk radar gun experiment should not be too surprising. In everyday life, velocities add. You see this all around you every day. Want another example? Imagine you are going to the mall in a car that is moving with a speed of 30 miles per hour. Suppose you approach another car from behind that is moving only 25 miles per hour. The fact that velocities add means that your car approaches the other car with a relative speed of 5 miles per hour. 

If you are driving a car or shooting at a running deer or playing a sport your  brain  is  processing  relative  velocities  constantly.  Hunters  and football  quarterbacks  “lead”  their  targets.  The  concept  of  relative velocities that everyone uses is exactly what you measured at the mall in the sidewalk thought experiment. It makes sense to us. It works. 
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Nobody in football should be called a genius. A genius is a guy like Norman Einstein. 

—Joe Theismann, former NFL quarterback

I want to rush for 1,000 or 1,500 yards, whichever comes first. 

—George Rogers, former NFL running back
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Chapter 3

Nature’s Relatively Strange Reality Show After the mall security chaps decide that your radar gun experiments by the moving sidewalk are freaking out the shoppers, you take your inquisitive nature and radar gun out to the mall parking lot. Measuring the speed of passing cars quickly becomes boring. So you decide to see if  you  can  measure  the  speed  of  the   light  emitted  by  the  cars’

headlights. 

It turns out that a radar gun  can’t measure the speed of light. But don’t let that bother you for the moment. Suppose that you can measure the speed of the light emitted by a car headlights. What do you see? 

If the car is not moving, you observe the car emitting light that moves at a speed of 670,616,630,000 miles per hour. You measure the same speed no matter what direction the car is pointed. 
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For  comparison,  consider  this:  F-16  fighter  jets  can  travel  at  a  top speed of approximately 1,500 miles per hour. 

When you measure the speed of the light emitted by a stationary car and one that is zooming by at a high speed, you get the same value— c. 

Light is so fast that it travels a distance roughly equal to the distance between  New  York  and  San  Francisco  one  hundred  times  in  each second. 
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This is the same thing as saying two people walking at the same speed in the mall continue to move at the same speed even after one of them steps  onto  the  moving  sidewalk  without  changing  their  stride!  This violates  the  common  human  intuition  about  relative  velocities.  It makes no sense. 

Believe it or not, the fact that light moves at the same speed no matter how you or the source of the light move with respect to each other was
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not discovered in a mall parking lot by bored science geeks. 
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The  “something  fast”  that  Michelson  and  Morley  used  for  their experiment—their moving sidewalk—was the earth itself. Earth moves around the sun at a speed of approximately 30 kilometers per second and the solar system moves around the center of the Milky Way galaxy at  a  speed  of  roughly  250  kilometers  per  second  and  so  forth.  They compared  the  speed  of  light  along  the  direction  of  Earth’s  motion  to the  speed  perpendicular  to  the  direction  of  earth’s  motion  through space. 
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See  this?  It  happens  with  strings,  too.  The  waves  traveling  on  this string are interfering. They add together when they pass through each other. 

Albert Michelson was the first American awarded the Nobel Prize in Physics. The award was presented to him in 1907. 
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Nature has many examples of waves. They all operate more or less like the “wave” that crowds do in big sporting events. In the human wave in a stadium, each person moves up and down with a very particular timing.  The  wavelike  form  that  travels  around  the  stadium  comes about  because  each  person  moves  a  moment  after  the  person  to  one side and a moment before the person to the other side. This organized and carefully timed movement of many individuals leads to something more  than  incoherent  individual  movements.  The  end  result  is  the wave  shape  moving  around  the  stadium.  In  water  waves,  the  water molecules move up and down. In sound waves in air, the air molecules
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wiggle  to  and  fro.  In  waves  traveling  on  a  guitar  string,  the  string vibrates up and down. 

Light  is  also  a  wave—though  it  is  a  bit  strange  in  that  there  is  no waving material. In light, electric and magnetic fields do the waving. 

More on this later. 

Scientists are humans. They don’t like give up their long-held beliefs any  more  easily  than  anyone  else.  For  years  after  the  results  of  the Michelson-Morley  experiment  were  known,  physicists  struggled  to reconcile the experiment with the intuitive vision of relative velocities. 

I have no special talents. I am only passionately curious. 
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—Albert Einstein, in a letter to Carl Seelig Brilliant and influential people often have the skill of being able to see things  and  ask  questions  that  seem  obvious  and  simple  afterward. 

Albert Einstein was particularly gifted in this way. 

For  those  who  do  not  think,  it  is  best  at  least  to  rearrange  their prejudices once in a while. 

—Luther Burbank

Einstein  created  the  SPECIAL  THEORY  OF  RELATIVITY  when he pondered how to relate the observations of two people moving at a constant  velocity  with  respect  to  one  another.  He  made   two assumptions that underlie the theory:

The  speed  of  light  is  the  same  for  everyone  no  matter  how  fast  they move. 
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Any  event—a  leaf  falling,  an  egg  breaking,  a  star  forming—can  be observed by any number of people, even those who are moving with respect to one another. Relativity relates what one person sees to what the other people see when they all look at the same event. “Shouldn’t they all see the same thing?” you ask. Most of us would think so. Read on …

The laws of physics are the same for everyone no matter how fast they move. 
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Yes. That’s it. With these two simple assumptions relativity was born. 

Let’s see where these assumptions lead…

[image: Image 58]

Okay, Biff is in the trailer of the truck, and Buffy is sitting on the side of  the  road.  The  truck  moves  at  a  constant  velocity  and  zooms  past Buffy. Imagine that a special lamp sends a pulse of light from the truck trailer floor to the ceiling where it is reflected off a mirror back down to the floor. Both Biff and Buffy observe this same event. (Buffy can see  it  because  the  side  of  the  truck  is  made  of  glass.)  Further,  let  us suppose that the inside of the truck is sort of foggy so that both Biff and  Buffy  can  see  the  path  that  the  light  takes  as  it  moves  from  the floor to the ceiling and back down to the floor of the truck. What do Biff and Buffy see, and how do we relate those observations? 
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Biff  is  moving  with  the  truck.  So  he  perceives  the  light  to  move straight up to the ceiling and straight back down to the floor. 

Buffy, on the other hand, watches the truck zoom by as the light travels to the ceiling and back. Because light travels at a finite speed, she sees the truck move forward during the time that the light is traveling. So she perceives the light to move in something of a triangular path. 
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By virtue if their different points of view, Biff and Buffy see the light path differently. Buffy perceives the light to travel further than Biff. 
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The  speed  of  light  is  the  distance  the  light  travels  divided  by  the amount  of  time  it  takes  to  travel  that  distance.  Buffy  sees  the  light travel  a  longer  distance.  Since  Einstein’s  first  assumption  is  that  the speed of the light is the same for Buffy and for Biff, it means that the time  it  takes  the  light  to  travel  to  the  ceiling  and  back  is  longer  for Buffy than for Biff. 
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Let’s  go  back  to  the  example  where  we  handed  out  synchronized watches to ten different people in a room and asked them to leave, go about  their  business,  and  return  in  exactly  one  hour.  Our  typical, intuitive, human view of time and space tells us that each of the people would  return  to  the  room  at  the  same  time  and  with  the  same  time reading  on  each  of  their  watches,  regardless  of  what  they  did  during that hour. Einstein tells us that’s not the case. Relative to one another, the  time  on  their  watches  would  depend  on  how  fast  they  moved during that hour. Time is  relative. 
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This  stuff  may  sound  wacko,  but  many,  many  scientific  experiments support the conclusions of relativity. For example, in 1971, J.C. Hafele and Richard Keating compared the flow of time on extremely precise clocks  flown  by  airplanes  around  the  world  in  each  direction  with clocks  left  on  the  ground.  They  found  the  clocks  moved  at  different rates in a way that agreed exactly with relativity. 

Relativity  teaches  us  the  connection  between  the  different descriptions of one and the same reality. 

—Albert Einstein

Chapter 4

Herr Professor Lets the Nerds Loose
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The  point  of  this  derivation  is  to  determine  the  relationship  between the  times  that  Buffy  and  Biff  measure  as  the  light  travels  up  to  the ceiling and back down to the floor. Though it is done in the context of a  particular  example,  the  result  shows  how  time  passes  at  different rates for any two observers moving with respect to one another. 
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If the height of the truck is  h, from Biff's point of view the light travels a  distance  of  2 h  in  a  time  TBiff.  Since  speed  is  distance  divided  by time, the speed of light as seen by Biff is Mathematics is the door and the key to sciences. 

—Roger Bacon

From  Buffy’s  point  of  view  the  light  travels  from  the  floor  to  the ceiling  and  back  to  the  floor  in  a  time  T Buffy.  During  that  time  the truck, which is moving at speed v, travels a distance of v TBuffy. 

velocity = distance ÷ time, so distance = velocity x time Looking at the diagram above we can see that as the light travels to the ceiling, the distance it travels is one side of a triangle, as shown to the left. Using the Pythagorean theorem that relates the lengths of the sides of triangles, we get
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So Buffy sees the speed of the light to be given by Whew!  Now  comes  the  fun  part.  You  have  one  expression  for  the speed  of  light  in  terms  of  the  time  Biff  measures  for  the  event  to happen,  and  you  have  one  expression  for  the  speed  of  light  that involves the time that Buffy measures for the event to happen. Einstein says these two speeds of light are the same. So, we set them equal to each other and solve for Buffy’s time in terms of Biff’s time. 

 c according to Biff =  c according to Buffy
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According  to  Einstein’s  special  theory  of  relativity,  the  relationship between  the  time  measured  in  one  frame  of  reference—or  point  of view, such as Buffy’s point of view—and another frame of reference, such as Biff’s point of view, moving at velocity v with respect to the first is
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Chapter 5

Relatively Speaking

Nothing said so far about relativity is specific to our friends Biff and Buffy. 
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For example, suppose a snake eats a mouse in one minute according to Buffy, who happens to be standing still by the snake watching the demise of the poor mouse. 
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From Einstein’s two assumptions and an experiment similar to what we saw with Biff and Buffy and the truck, it can be shown that space is not absolute any more than time is absolute. Our intuition of space as three immutable dimensions sliding through time is incorrect. Relativity tells us that one’s perception of position or space depends on your frame of reference in a way that is eerily similar to what we saw with time. 

To see what relativity says about space, let’s return to our snake eating a mouse. Buffy, who is sitting still by the snake, whips out a meter stick and finds that the snake is one meter long. 
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Biff, on the other hand, looks at the snake as he zooms by at 98 percent of the speed of light, and he measures the snake to be only 20 centimeters long, or a factor of 5 shorter. Again, the strange length contraction is only noticeable if Biff zooms past at a large fraction of the speed of light. 
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This relativistic effect is known as “length contraction.” 
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If relativistic length contraction and time dilation aren’t strange enough for you, get a load of this …
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If you like math, what Herr Professor is trying to say is this: Suppose Buffy sits by the side of the road and sees a firecracker explode at time  t and position  x (along the road). If Biff zips by in a fast car at speed v and passes Buffy right at  t=0, relativity tells us that Biff would see the firecracker explode at a position  x′ and a time  t′ given by Images

Note that the position and time get all mixed up under the “transformation” 

from one point of view to the other. If v is small—meaning Biff is going slow—γ is equal to 1 and  x′ = x and  t′= t.  In other words, Biff and Buffy see the same thing. If v is large—like a big fraction of the speed of light (say 0.9C)—γ is large, and Biff and Buffy see very different things. 

Because time and space get all mixed up as you relate measurements from one point of view to another in relativity, physicists no longer think of space and time as separate things. Instead, physicists talk about  space-time. 
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Einstein wasn’t the only person to have thought deeply about these matters. 

In fact, the Lorentz transformations were known before Einstein’s work in 1905. Hendrik Lorentz and others had uncovered these relationships during earlier investigations, and many of their ideas are contained in Einstein’s special theory of relativity. 

Lorentz was a Dutch physicist who received the 1902 Nobel Prize in Physics for his work aimed at understanding the effect of magnetism on light emitted by atoms. 
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Whatever came from this supreme mind was as lucid and beautiful as a good work of art. He meant more to me personally than anybody else I have met in my lifetime. 

—Albert Einstein, in an essay written to

celebrate the hundredth anniversary of lorentz’s birth Images

Just as space and time get all mixed up when observations are related across reference frames, Einstein discovered that in order for momentum conservation to hold true for all points of view (as it must), momentum also gets mixed up with something else. That something else is known as relativistic energy, E. 
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The  second term above is known as  kinetic energy.  This is the energy of motion, and physicists understood this as a form of energy long, long before Einstein. But notice that in the case where v=0, that is, you are observing a mass at rest, the  first term is still present. Relativity says any object with mass has a  rest energy.  The idea that mass and energy are different faces of the same thing was not new with Einstein, but the fundamental nature of the relationship and its relation to space and time transformations was another jolting revelation brought to light by the theory of relativity! 
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This equation is incredibly important for fundamental science and to society as a whole. It also holds the key to understanding the forces of nature, stars, and the evolution of the universe. 

If you want to do anything, it requires energy. One of the fundamental laws of physics is known as the law of conservation of energy. What it means is that—in spite of how it might seem—energy cannot be created or destroyed. 
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Energy takes many different forms. To see this, it’s good to start with thinking about what you mean when you say  energy.  Informally, a physicist thinks of energy as the ability to move things. The most obvious form of energy is the energy of motion. A moving car has the ability to move things, because if it runs into something, that something will move. A stretched spring has energy, because if it is attached to something and released, it can move that thing. The energy in that stretched spring is called  potential energy because it’s stored until the spring is released—it has the  potential to move things. 

A bowling ball held high has (gravitational potential) energy because you can drop it and move things. 

TNT has (chemical) energy because it can explode and move things. 

Energy can be in the form of heat, light, sound, water waves and on and on

…
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When a pot of water is heated on a stove, the water gains heat energy. It is also thought to become slightly more massive, though the change in mass is too small to measure. 

Energy-mass equivalence is a critical concept in modem physics. It is important for our understanding of quantum mechanics, forces, and the origin of the universe. We’ll talk about much of this later in the book. The fun part is the realization that it is possible to convert mass energy to other forms of energy and vice versa. 
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There are slightly more than one hundred different types of atoms in the universe. Each distinct type of atom—known as an element—differs from
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the other types of atoms by the size of its nucleus or, more specifically, by the number of protons in its nucleus. Hydrogen atoms have one proton, for example, while uranium has 92 and carbon has 12. 
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When atoms in molecules are rearranged into other molecules, the process is called a  chemical reaction.  Sometimes you have to put energy into the system to make the reaction happen. Sometimes you get energy  out of the system. For example, when a grenade explodes or gasoline bums, you get energy out of the system. A similar thing happens with nuclei. In “nuclear reactions” the protons and neutrons are rearranged into different nuclei. The energy differences involved in nuclear reactions are about a million times larger than the energy differences involved in chemical reactions. That’s why normal bombs go  boom and nuclear bombs go  KA -BOOM! 

If a very large atomic nucleus splits into two smaller nuclei, The process is called  nuclear fission.  This is the process that drives nuclear reactors and nuclear bombs. 
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If two small atomic nuclei are fused together, the process is called nuclear fusion. Nuclear fusion is used in the largest nuclear warheads. More importantly, nuclear fusion is the primary power source that drives the sun and other stars. 
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In nuclear war, all men are cremated equal. 

—Dexter Gordon

The discovery of nuclear chain reactions need not bring about the destruction of mankind any more than did the discovery of matches. 

We must only do everything in our power to safeguard against its abuse. 

—Albert Einstein

Nature is neutral. Man has wrested from nature the power to make the world a desert or to make the deserts bloom. There is no evil in the atom; only in men’s souls. 

—Adlai Stevenson
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Chapter 6

Surfing the Warped Fabric of Space-Time Images

Have you ever noticed that you feel as if your weight changes when you are on a rapidly accelerating elevator? If the elevator is accelerating upward you feel heavier. In fact if you were to stand on a set of scales while on the elevator, the scale would say you weigh more. 
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In fact, if you are in a closed box—like an elevator—and not allowed to look outside, it is not possible to distinguish whether you are in a little room on earth or whether you are in a box far out in space that is accelerating just enough to press you against the floor with the same force you would feel on earth. 
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By giving up on the demand that things move at constant velocity with respect to each other, special relativity no longer works well. In the  general theory of relativity, Einstein studied what happens when you relate measurements between points of view that accelerate with respect to each other. 

Images

Images

Gravity feels like acceleration. When you are in a car and the driver steps on the gas, you are pressed back into the seat as the car surges forward (or accelerates). This is the essence of Einstein’s equivalence principle. 
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If you are in a little room with no windows, it is not possible to distinguish the two situations sketched below. 
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Imagine that Biff is out in space in a little room on a rocketship that is accelerating—moving faster and faster—and pressing Biff against the floor in such a way that he can’t really tell whether he is on a rocketship or standing on Earth. Buffy floats out in space near the path of Biff’s rocket. 

She watches it pass by. As the rocket passes by Buffy, Biff pulls out a little ray-gun and shoots a short pulse of light toward the wall. If Biff and Buffy could see the path of the light pulse, what would they see? 
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To Buffy, the light would appear to move in a straight line toward the wall while the room (attached to the rocket) moves faster and faster (in the direction denoted by the arrow labeled ‘a’). Successive snapshots might look something like what is sketched above. This little game assumes that Buffy can see through the wall of the rocket and can see the light pulse. All of that is crap, of course. But, that’s okay. You can still pretend it’s true and see what you learn in the process. 

Biff, on the other hand, would see the pulse of light drop toward what he thinks of as the floor of his room since the rocket would move upward faster and faster as the pulse of light moves toward the wall. Biff would see something like this. 
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In the special theory of relativity, we saw that space and time are relative, not absolute. We also saw that space and time are intimately connected as one—space-time. In the general theory of relativity, space-time is viewed as a fabric that can be warped. Those distortions are what we perceive as gravity. Also, the presence of gravity means there is a distortion in space-time. 
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Einstein’s general theory of relativity is a scientific theory, which means it’s not all that useful if the conclusions of the theory do not agree with experimental observations. What is nature’s verdict? 
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In 1919, Sir Arthur Eddington and Frank Dyson led a team that observed the bending of light in space near the sun. They inferred the bending of space by measuring how the positions of distant stars changed when the light passed close to the sun during a solar eclipse. The bending of light around the sun agreed with the amount predicted by general relativity. 
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General relativity predicts that time passes more slowly in places where there is a strong gravitational force. Scientists have sent very accurate clocks high up in rockets where the force of gravity is weaker than on Earth and verified that clocks run more slowly near the surface of the Earth. 

The closest point of approach of the planet Mercury to the sun on each orbit rotates about the sun in a way that is predicted by general relativity. This motion is not predicted correctly by Newton’s theory of gravity. 
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General relativity predicts some strange things. Perhaps the strangest of these things is called a BLACK HOLE. 
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A black hole is an object that has a very strong gravitational force. Space is bent so much near a black hole that light can’t escape. The distortion of space-time is so strong that to an outside observer time appears to stop at the edge of the black hole. Because light does not escape this object, it looks like—well—a black hole. We can only detect black holes indirectly by measuring the gravitational effect of the black hole on nearby objects or
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the light emitted by matter as it is ripped apart as it spirals into the black hole. Black holes are created in the final stages of life for very massive stars. Also, black holes are thought to exist at the center of large galaxies. 
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Light from very distant objects in the universe is sometimes bent by masses along the path of the light. This phenomenon is called  gravitational tensing.  Astronomers can use the image of the “lensed” object to map out the distribution of mass in the universe. 

Images

Images

[[text]]To date, all scientific observations are consistent with general relativity. Some observations—such as the orbit of Mercury—cannot be accounted for by Newton’s theory of gravity. So, scientifically, Einstein’s theory is the winner. But does that mean we throw out Newton’s theory? 

No. Newton’s theory works very well under conditions normally encountered on Earth. In fact, under everyday circumstances the equations of general relativity are the same as Newton’s equations. Engineers can construct buildings and bridges that stand for decades without knowing anything about general relativity. In science, it is fair to use the simplest theory that is applicable—remember Ockham’s razor. 

Theories should be as simple as possible, but no simpler. 

—Source unknown, often attributed to Albert Einstein Science is a cemetery of dead ideas. 

—Miguel de Unamuno

Science is always wrong. It never solves a problem without creating ten more. 

—George Bernard Shaw

Chapter 7

Relativity Light
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There is something that might strike you a little odd about this paper. 

Roughly  translated,  the  title  is  “On  the  electrodynamics  of  moving bodies.” Is that strange or what? It says nothing about  space or  time or

 nuclear power or blowing people’s minds with strange ideas! Why was it that Einstein focused on electrodynamics? Obviously, he thought this was the most important aspect of the paper. 
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The electric force is familiar to most of us through static cling. Often, when  we  rub  dissimilar  materials  together  they  will  stick  together…

think of rubbing a balloon on your head on a cool, dry day. 

The magnetic force is familiar to most of us because we played with bar  magnets.  Bar  magnets  repel  and  attract  each  other  through  the magnetic force. 

For  the  moment,  let’s  consider  just  the  electric  force.  According  to physicists, there is an electric force between things that have electric charge. Electric charge comes in two varieties— positive and negative. 

The  force  between  similar  charges  is  repulsive,  while  the  force between dissimilar charges is attractive. 

Imagine  a  particle  with  positive  charge  sitting  in  space.  Another particle with positive charge near the first will experience a repulsive force. 

Often in science it’s useful to make up a model for how things work. It may or may not turn out to be true, but it can help us learn more about the phenomenon we are studying. 
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The idea of an electric field is not a strange as it may seem to you at first. Weather forecasts are usually accompanied by a temperature map as you might see on the top to the right. This tells the temperature at different points in space. In this case, it gives the temperatures around New York. You could imagine a similar map—like that on the bottom to  the  right—that  shows  the  direction  and  speed  of  the  wind  at different points in New York. Physicists like new words. So, instead of calling  these  temperature  and  wind   maps,  they  might  call  them representations of temperature and wind  fields. 
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Physicists imagine that the presence of an electrical charge creates an electric  field  in  the  space  around  it.  To  the  right  is  a  sketch  of  an electric  field  map  surrounding  an  electric  charge.  Each  arrow represents  the  direction  of  the  force  the  charge  would  exert  on  a different positive charge if it were placed in the position of the arrow. 

The electric field around a charge is something like a force field that repels like charges attracts unlike charges. 
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An  electric  field  surrounding  an  electric  charge  causes  a  force  on another  electric  charge  nearby.  A  magnetic  field  surrounding  a  little bar magnet causes a force on another bar magnet (or compass needle) nearby. 
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But  things  are  a  little  more  complex  than  this.  There  is  a  deep relationship between electricity and magnetism. A bar magnet does not move near a stationary electric charge. That means a stationary electric charge  does  not  create  a  magnetic  field  in  the  space  around  it. 

However, if the electric charge is moving it  does exert a force on a bar magnet  nearby.  That  means  a  moving  electric  charge  creates  a magnetic field in space. 
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Many  physicists—including  one  with  his  picture  on  the  $100  bill—

contributed to our understanding of electricity and magnetism. 

Images

Images

Outside of Einstein’s work explaining how to relate observations made in  different  points  of  view,  physicists  understood  a  great  deal  about electricity  and  magnetism  in  the  latter  part  of  the  1800s.  That knowledge was pulled together in a famous series of four equations by James  Clerk  Maxwell  in  1864.  Because  physicists  are  so  original, these equations are known as
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Maxwell’s  equations  show  that  electricity  and  magnetism  are  very closely related. 

In  fact,  physicists  don’t  think  of  the  electric  force  and  the  magnetic force  as  separate  forces.  Instead,  they  think  of  electricity  and magnetism  as  different  faces  of  a  force  called  the   electromagnetic force.   The  theoretical  unification  of  electricity  and  magnetism  was done by Maxwell and refined by Einstein. 
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Maxwell’s equations show us that a changing electric field (imagine a moving electric charge, for example) will create a changing magnetic field. Also, a changing magnetic field will create a changing ’ electric field. What does this mean? If you wiggle an electric charge, it creates a  changing  electric  field  in  the  space  around  it,  which  induces  a changing  magnetic  field  in  the  space  around  that,  which  creates  a changing electric field which creates a changing magnetic field, and so forth. This phenomenon of fields inducing fields moves outward at the speed of light. This is the fundamental essence of light! 
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Physicists  use  Maxwell’s  equations  to  show  that,  mathematically,  the electric and magnetic fields in light are  waves. 
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Like as the waves make towards the pebbl'd shore So do our minutes hasten to their end. 

—William Shakespeare, Sonnet LX
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Nature  is  full  of  waves.  For  example,  there  are  water  waves,  sound waves, and waves moving on strings. 

Imagine being at a big football game. The stadium is packed. Suddenly the  crowd  begins  to  do  the  wave.  What  exactly  is  it  that  makes  the wave in the crowd? 
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Each  person  in  the  wave  stays  at  their  seat.  What  makes  the  wave happen is that the people in a given section stand in unison just after people to one side and just before people to the other side. 

All  waves  in  nature  are  similar  to  the  stadium  wave.  For  example, imagine you and a friend are holding a jump-rope so that is has a little
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slack. 
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Now  you  move  your  hand  holding  the  rope  straight  up  and  down repeatedly. You’ll see waves traveling down the rope. Each bit of rope moves  straight  up  and  down.  Yet  the  wave  pattern  moves  along  the rope due to the timing of the movement of each part of the rope. 
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All waves in nature are similar to stadium waves and waves on a rope. 

What  differs  is  what  does  the  waving.  In  stadiums,  people  do  the waving. For waves on a rope or a string—say on a guitar or a violin—

the string does the waving. For sound waves, molecules in the air do the waving. In the case of water waves on a pond, the water does the waving. 

All  waves  have  a  very  similar  mathematical  description  in  physics. 

They share many of the same characteristics. 
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Maxwell  discovered  that  light  is  made  up  of  electric  and  magnetic fields that are described by a wave equation. Light is a wave where the electric  and  magnetic  fields  do  the  waving.  We  can’t  see  the  electric and  magnetic  fields  directly  any  more  than  we  can  see  the  air molecules move in a sound wave. Yet we perceive the air waving as sound and the electric (magnetic) fields waving as  light. 

In the same way that there are sounds with pitches that are too high or too low for humans to hear, there is light that has wavelengths our eyes do  not  perceive.  Light  that  the  human  eye  perceives  is  called   visible light.  Different  wavelengths  of  visible  light  are  what  humans  see  as different colors. The wavelength of visible light is roughly 150 times smaller than the width of a human hair. 
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The variety of electromagnetic waves

Objects of similar size:
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Chapter 8

Quantum Mechanics Light
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In science, nature always has the final say. The wave model of light is extraordinarily successful. It underlies our understanding of optics and radios and cell phones and rainbows and optical fibers and microwave ovens and … But…
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But, as successful as the wave model of light is in explaining all sorts of things, it fails miserably when explaining a few other things. For example, physicists have never been able to use the wave theory of light to understand how light is absorbed and emitted by matter. 
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At the end of the 19th century, a seemingly simple aspect of the interaction of light with matter that physicists needed to explain was the color of light emitted by a glowing object. Imagine, for example, a fireplace poker glowing after being heated in the fire. To isolate the light emitted by an object—as opposed to light reflected from the object—it was necessary to put the object in a dark container (to avoid the reflected light) and record the color and brightness of the emitted light as the temperature of the object was varied. Because the object under study was kept in the dark, the light emitted by the object, the “glow” if you wish, was called  black-body radiation. 

In 1900, a German physicist named Max Planck created a theory that perfectly described the color and brightness of light emitted by objects. 

Strangely, though, his theory did not view light as a wave, but rather assumed that light consists of little packets (or particles) of energy. 
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Though Planck managed to discover a formula that described very well the color of light emitted from materials, few people took seriously his idea that light existed in the form of little packets of energy. 
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Another development that played a role in modifying our concept of light occurred in Germany in the late 1880s when a physicist named Heinrich Hertz observed that light incident on a metal surface ejected electrons from the metal. He studied how the flow of electrons from the metal varied with the color and the brightness—or intensity—of the light. 
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According to the wave theory of light, physicists expected the energy of the electrons leaving the metal to vary with the brightness of the light, but not the color. Yet they found that the energy of the emitted electrons varied with color,  not the brightness, of the light. 

In 1905, Einstein published a paper that explained the results of these so-called photoelectric effect experiments. In his paper, Einstein was able to explain the results seen in the experiments very nicely. In doing so, however, he assumed light existed in little bundles of energy, in seeming contradiction to the wave picture. In 1915, the physicist Robert Millikan did careful photoelectric effect experiments and showed that the details of Einstein’s theory were correct. 
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Millikan’s work also demonstrated that the packets of light energy seen in the photoelectric effect were  exactly like the ones needed to explain black-body radiation. 

Two completely different types of phenomenon— black-body radiation and the photoelectric effect—were explainable only if light was assumed to come in little packets with an energy that varied with color. In particular, 
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the energy of each packet was found to be equal to a constant multiplied by the frequency of the light. (Recall that frequency is a way of measuring the wavelength, or color, of the light.) Experimenters determined the constant in both cases and found it to be the same! It is called  Planck’s constant and physicists symbolize it by  h. 

With two independent phenomena and sets of experiments pointing to the same conclusion, the physicists of the world were unable to avoid the conclusion that light consists of little packets—or  quanta ( quantum for an individual packet)—of energy. 
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An imperfect analogy might help to put Einstein’s work on the photoelectric effect in perspective. Back in September 2001, when the first plane struck the North Tower of the World Trade Center, many people naturally thought it was a horrible accident. When, a short while later, the South Tower was struck by a plane, those same people knew with absolute certainty that the awful disaster was no accident. Though the scientific shock in 1905 was not a tragic one, the shift in thinking was abrupt in the same sense. Think of Planck’s work on black-body radiation as the first tower being struck, and Einstein’s work as the second tower being struck. 

Suddenly scientists  knew the particulate nature of light was here to stay. 

Happily, the analogy ends there. 
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Remember that guy Hertz who discovered the photoelectric effect? In spite of the importance of the photoelectric effect in the eventual development of quantum mechanics, Hertz was best known for his work with electromagnetic waves. He established the existence of radio waves that behaved exactly as Maxwell predicted they should. The unit of frequency
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for electromagnetic waves is called the  hertz in honor of this man. If you look on an old radio dial (and some new ones), you’ll find the symbols kHz and MHz. These stand for kilohertz (thousand hertz) and megahertz (million hertz), respectively Sadly, Hertz died at age 36. Oddly enough, his research contributed toward the establishment of both the wave picture and the particle picture of light. 
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Physicists were rather bothered by the apparent contradiction. Smooth, continuous waves and particles seem like very different beasts. How can light have characteristics of both waves and particles? 
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Nature has no hang-ups about particles versus waves. Light is what it is. 

We find that light has both particle characteristics and wave characteristics. 

That is what we’ve learned through the scientific process. Light appears to have what is often called  wave-particle duality, which is to say it can act like a wave or a particle. 
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As with relativity, what we’ve discovered about light demands that humans look beyond the familiar comfort zone. Depending on what question you ask, light is a particle-like thing or a wave-like thing. The scientific model used for light depends on whether the particle characteristics or the wave characteristics are important for answering the question at hand. There is no reason to expect nature to conform to our comfort zone. 

Every great advance in science has issued from a new audcity of imagination. 

—John Dewey
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A famous chemist named Gilbert Lewis proposed a theory about quanta of light in which he called them  photons (a word similar to the Greek word for light). Gilbert’s theory didn’t last long, but the word  photon stuck. Photons are what physicists commonly call the quanta of light initially proposed to exist by Einstein and Planck. 
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Light and matter are both single entities, and the apparent duality arises in the limitation of our language. —Werner Heisenberg Images

[image: Image 159]

[image: Image 160]

[image: Image 161]

[image: Image 162]

[image: Image 163]

Chapter 9

What’s the Matter? 
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At the start of the 1900s, physicists knew that atoms were made of little particles with a positive electric charge called  protons and even smaller negatively charged particles called  electrons.  But they didn’t know how these particles fit together in the atom. 

Images

Images

Imagine that you didn’t know how a car worked and you weren’t allowed to open the hood to see inside. How might you learn something about the car? 
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You could take a rifle and shoot numerous bullets at the car. Bullets hitting the passenger compartment would pass through the car easily, because there is very little material to stop them. Bullets hitting the engine area, however, would be unable to pass through—they would ricochet off the engine. By looking at the way in which bullets scatter from the car as you shot it many times, you could infer the fact that most of the material in the car is located in the engine area. 
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This may seem sort of silly, but it is very similar to what physicists did to first “see” inside the atom. 

In 1900, the leading model of the atom was known as the  plum-pudding model. 
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In the plum-pudding model of the atom, the negative electrons are thought to be embedded in a cloud of positive charge in the same way that bits of fruit might be suspended if they were tossed into the bowl and mixed into the pudding. 
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In 1909, Hans Geiger and Ernest Marsden, working under Ernest Rutherford in a lab at the University of Manchester in England, shot

“bullets” at gold atoms and observed that much of the time the bullets passed right through the gold foil, while once in a while the bullets bounced backward, much like the bullets ricocheting off the engine block of the car. 
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The bullets fired by Geiger and Marsden at the gold atoms were positively charged particles called  alpha particles, which are emitted by certain types of materials. 
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When an alpha “bullet” passes through a gold atom, the positive alpha is repelled or deflected by the positive charge in the atom. If the positive charge in the gold atom is spread out—as expected in the plum-pudding model of the atom—the mass and charge of the atom can only deflect the alpha particles a small amount. It is sort of like shooting a car with no engine—the bullets always go through the car. 
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Rutherford and his colleagues expected to see small deflections of the alpha bullets, thus proving the plum-pudding picture. They did see many alphas deflected by small amounts, but were surprised to find some alphas bouncing backward from the foil. 
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It was quite the most incredible event that has ever happened to me in my life. It was almost as incredible as if you fired a 15-inch shell at a piece of tissue paper and it came back and hit you. —Ernest Rutherford Rutherford realized that if most of the mass and all of the positive electric charge in the atom were concentrated in a small ball at the atom’s center, most of the time the alpha bullets would pass through the atom, and once in a while the alpha bullet would be deflected backward. 

So Rutherford suggested that the positive protons in the atom were concentrated in a nucleus at the center of the atom. This is what physicists call the nuclear model of the atom. 
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A young Danish physicist named Niels Bohr worked in Rutherford’s laboratory during the time that Rutherford, Geiger, and Marsden did their scattering experiments. He understood the significance of the work being done and proposed a famous nuclear model of the atom in 1913. This model was important in the development of quantum mechanics, because it was the first instance in which the structure of the atom was quantized. 
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In the Bohr model of the atom, the protons and neutrons are concentrated in a tiny little nucleus at the atom’s center while the electrons move in circular orbits about the nucleus. 
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Since the protons and the neutrons are massive compared to the electrons, most of the mass in the atom is concentrated at the center. The positive electric charge is also concentrated in the nucleus, because that’s where all the protons reside. 
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The positive nucleus attracts the negative electrons and holds them in the atom. 

The electron in the atom is a bit like a rock being twirled by a person using a sling. The leather of the sling holds the rock near the person until he releases the sling. In the Bohr model of the atom, the electrical attraction of the negative electrons to the positive nucleus acts like the leather, holding the electron in the atom. 
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Bohr proposed something very new, very important, and very strange in his atomic model: he “quantized” the electron orbits! 
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Bohr proposed that the electron could exist only in very particular orbits in the atom—meaning the orbits were “quantized”—and that these orbits were stable for some unknown reason. He then hypothesized that the electron could make transitions between different stable orbits by emitting or absorbing a packet of light, a  photon. 
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Bohr’s model of the atom was the first atomic model that successfully described  atomic spectra, which is the pattern of the color of light emitted and absorbed by matter. It had been known for many years that each type of atom emits and absorbs light at only a discrete set of colors (or frequencies). 
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Different atoms at source give different line patterns on screen
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The pattern of colors emitted by each type of atom acts like a fingerprint for that atom. Bohr’s model predicted the electron could exist only in discrete (quantized) orbits and that only light with a photon energy or color that corresponded to exactly the difference in energy between two Bohr orbits could be emitted or absorbed. Bohr’s model was able to describe exactly the colors emitted by simple atoms (those with one electron) by specifying the exact energies of the allowed electron orbits. This was an amazing scientific success! 
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In the Bohr model, the idea of the photon is built into the model. The fact that the Bohr model was able to successfully describe atomic spectra was yet  another big reason to believe in the particulate nature of light! 
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In 1924, a French doctoral student made a stunning suggestion. Louis de Broglie proposed that if light could be both a wave and a particle, then perhaps matter particles, like electrons, could also be both waves and particles! He predicted how the “wavelength” of matter depends on the mass and velocity of the particle. 
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De Broglie’s idea provided an interesting explanation for why only certain electron orbits are stable in the Bohr picture of the atom. Imagine an electron with a certain “wavelength.” Only orbits with a circumference that is a multiple of the wavelength for the electron would be stable, otherwise the electron wave would cancel itself out as it goes around the circle! This turns out to be very similar to the reason that vibrating strings on guitars and violins play only certain notes clearly. 
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Since 1924, there have been many scientific experiments showing that matter has wavelike properties. Wave-particle duality appears to be Nature’s way in spite of our difficulty in visualizing it. 
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Thus to describe the properties of matter as well as those of light, waves and corpuscles have to be referred to at one and the same time. The electron can no longer be conceived as a single, small granule of electricity; it must be associated with a wave and this wave is no myth; its wavelength can be measured and its [properties] predicted. 

—Louis de Broglie in his Nobel lecture (1929) Electrons are very small, so the wave nature of the electron is important. In order to understand the atom, physicists had to invent a theory that took into account the wave nature of the electron. Many famous physicists contributed to this effort. 
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During the 1920s, physicists developed, and slowly understood, the mathematical relationships that govern the behavior of small particles, taking into account the newly discovered wavelike aspect of matter. 

Images

Confronted with the wavelike nature of matter, physicists found that they could not analyze the motion of particles under the influence of forces as they had done since the days of Newton. For large particles, like dogs and cars and so forth, the wavelike nature is not noticeable, and the old way of doing things works fine. But for tiny particles, where the wavelike character of matter is important, the old ways are not sufficient to understand things. Quantum mechanics was invented to solve this problem. 
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The thing is, though, what comes out of quantum mechanics seems a little strange to most of us. What you get out of quantum mechanical calculations are probabilities rather than certainties. You can’t say precisely where a particle is located, but rather you determine the probability that it is located in a certain region of space. 

Take the atom as an example:

Consider the simplest atom where there is one electron attracted to a proton. 
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Similar to the Bohr model of the atom, the quantum mechanical solution of the single-electron atom tells us that the electron can only exist in discrete states. 

In quantum mechanics, when physicists refer to  states, they really mean states of existence.  For example, the quantum mechanical solution of the single-electron atom says that the electron can exist only in particular spatial regions around the nucleus and with a particular set of energies. An electron in one of these spatial regions with a particular acceptable energy is said to be in a specific  quantum state.  The Bohr model is similar in that the electron only exists in circular orbits, each of which corresponds to the electron having a different, fixed energy. 

Quantum states in an atom are a bit like houses lining a street that meanders up a mountain. A person can live in each house, but not between. A person with a lot of energy can hike up to the higher houses and live, while a person without much energy must make do with a lower house. In the world of quantum mechanics, each available house is analogous to each available quantum state in the atom. 
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Most atoms have multiple electrons. Typically in these atoms—according to quantum mechanics—the electrons fill the available quantum states from the lowest energy state upward, with two electrons per state. The spatial distribution and the energy of the electrons is determined by the charge on the nucleus and the number of electrons in the atom. 
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Different types of atoms (known as  elements) have different amounts of positive charge in the nucleus and different numbers of electrons. This means the spatial configuration and energies of the electrons around the nucleus in each type of atom is unique. 
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Atoms interact with each other through rearrangements of the electrons that surround them. 

Elements each have different chemical properties because the electrons around the nucleus differ in number and arrangement. Atoms can also interact with one another to form combinations of atoms called  molecules. 

For example, carbon dioxide is a molecule in which carbon is bonded to two oxygen atoms. Molecules can have physical properties (appearance, taste, hardness, and so forth) and chemical characteristics that are different from the elements that form them. This is how we have so much variety in the world even though there are only slightly more than 100 different elements. 
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Many things determine when chemical reactions occur and when they don’t. Chemists are the experts in that. Typically, atoms will bond or trade partners when it is energetically favorable to do so. That means it happens if the end products have less energy tied up in them than the initial materials. 
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Sometimes it takes a little kick to get things started. For example, wood burns, but it always needs just a little help to get started. The heat and light produced by the burning wood is the energy released as the molecules in the wood are reconfigured to smaller molecules that hold less energy. 
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Sodium is a grayish metal that is explosive. An atom of sodium has 11

electrons. According to quantum mechanics, they would get arranged in our mountain village as shown in the sketch. 

Chlorine is yellow gas that is corrosive. An atom of chlorine has 17

electrons that are arranged as shown. 
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Chlorine and sodium are both pretty nasty substances. Yet when chlorine and sodium come together the unpaired electron in sodium joins the unpaired electron in chlorine. Quantum mechanics tells us that the new electron configuration requires less energy. Now that the electron has been exchanged, the sodium atom has a net positive charge, and the chlorine atom has a net negative charge. Because of the unlike charges, the two atoms are attracted to one another and bonded together. The end result is what we know as table salt! 
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The underlying physical laws necessary for the mathematical theory of a large part of physics and the whole of chemistry are thus completely known. 

—P.A.M. Dirac, on the development of quantum mechanics
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Chapter 10

Quantum Weirdness

Quantum  mechanics  is  the  key  to  our  scientific  understanding  of  the structure of the atom, basic chemistry, and the interaction of light with matter.  But  quantum  mechanics  is  more  than  a  pathway  to understanding  the  atom—it  is  a  tool  scientists  have  used  to  discover and understand things about the universe that are far more bizarre than the secrets of the atom. 
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The  basic  concepts  used  to  determine  how  objects  move  under  the influence of a force were set down by Sir Isaac Newton in 1687 in a book called  Philosophiae Naturalis Principia Mathematica. 

Newton  put  forth  three  laws  of  motion  that  form  the  basis  for  the calculations  that  are  used  by  physicists  and  engineers  to  determine how  to  build  buildings  and  bridges,  launch  rockets,  reconstruct  car accidents, lob mortars, and on and on—anything that involves objects and  forces.  The  ideas  formulated  by  Newton  constitute  the  core  of what physicists call  classical mechanics. Newton’s theory of classical mechanics  is  enormously  successful.  Buildings  stand  and  planes  fly and  missiles  hit  targets  because  the  theory  works  so  well.  In  fact, Newton’s classical mechanics can be used to understand and describe all that you encounter in everyday life. 

According to classical mechanics, the universe is  deterministic, which means that if you know the location and velocity of an object as well as the forces acting upon it, you can calculate exactly where it will be in the future. 

One aspect of determinism is that—according to classical mechanics—

it is possible to determine the  exact location and velocity of a particle. 

For example, you could bounce light off a spot on a car to measure the exact location of the car, and you could bounce light off the car at two different times to figure out how the car has moved with time and from that  determine  the  velocity  of  the  car.  Supposedly,  according  to
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Newton,  as  you  improve  your  instruments  and  technique  your determinations  of  position  and  velocity  become  better  and  better  …

with no limit on how good they can be. 

Carrying the idea of a deterministic universe to an extreme, if we know the location and velocity of each particle in the universe, as well as the forces upon each particle, we could, in principle, calculate the future. It would  take  one  mongo  computer  to  do  it.  But,  practicalities  aside,  it could be done. 
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Waves and particles are different. 

If you go to a baseball game, it’s easy to pick out the baseball. You can talk  sensibly  about  the  location  of  the  baseball.  Your  friends  might think  you  are  weird,  but  you  can  do  it.  You  can  even  specify  the position of the center of the ball or the leading edge of the ball very precisely if you wish. 

Suppose you go to the beach and a friend asks you to locate a wave. 

What would you say? It’s easy enough to see the wave and point to it. 

The  crest  of  a  typical  wave  at  a  beach  might  be  something  like  30

meters  long  and  5  meters  wide.  But  suppose  you  try  to  specify  the location of the wave more precisely. Where is the center of the wave? 

Where  is  the  edge?  Locating  a  wave  is  not  as  straightforward  as locating a baseball. 
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Just  how  different  are  waves  and  particles?  Imagine  viewing  a  big seawall  from  above.  Big  ocean  waves  are  hitting  the  seawall  on  one side. There is a small opening in the seawall through which a boat can pass.  A  boat  passing  through  the  opening  moves  in  a  straight  line  as long  as  the  captain  keeps  the  rudder  straight.  The  boat  acts  like  a particle  and  classical  physics  can  predict  where  the  boat  will  hit  the shore. 
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Waves hitting the opening in the wall in can also pass through to the water  beyond.  But  they  spread  out  as  they  go  through  the  opening. 

This phenomenon is called  diffraction, and it happens with all waves. 

The spread-out wavefront hits all along the shoreline. 

Since  particles,  such  as  electrons,  have  a  wavelike  character,  they should exhibit diffraction or spread out when they pass through a very narrow slit. Experimentally, scientists have shown that they do exactly that!  This  is  one  of  the  ways  that  we  know  de  Broglie  was  correct when he postulated that particles have wavelike properties. 
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Imagine an electron passing through a thin slit and then hitting a sheet of  sensitive  film.  The  electron  is  a  particle,  and  it  will  cause  a  small dark  spot  to  appear  on  the  film  where  it  hits.  Quantum  mechanics cannot tell us where any individual electron will hit. Instead, quantum mechanics provides information about the electron wave in a form we call the wave-function which, in turn, specifies the relative probability of the electron hitting different places on the film. If we shoot 1,000

different  electrons  at  the  film,  they  will  be  distributed  on  the  film  in exactly  the  fashion  predicted  by  the  wave-function  as  determined  by the quantum mechanical calculation. 
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The distribution of many electrons on the film agrees very well with the  quantum  mechanical  calculation  of  the  probability  distribution. 

Still, quantum mechanics cannot tell you where any individual electron will go. Quantum mechanics only gives the relative probability of the places it might go. Once the electron hits the film, however, you know with 100 percent certainty where the electron was. This transition from a state of uncertain, probabilistic knowledge to the actual certain final state is often called the  collapse of the wave-function. 
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Many  people  through  the  years,  including  our  friend  Einstein,  have been greatly disturbed by the concept of the collapsing wave-function in  quantum  mechanics.  As  Albert  says,  we  live  in  a  local  universe. 

That’s  physics-speak  for  “we  live  in  a  world  of  cause  and  effect.” 

Information can travel only as fast as the speed of light. That means if some  event  happens  it  can  only  cause  another  particular  event  to happen if there is time for a light signal to travel from the first event to the  place  of  the  second  event.  Otherwise,  there  is  no  way  for  the second event to be ‘aware’ that the first event happened. 
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A  common  interpretation  of  quantum  mechanics  (often  called  the Copenhagen interpretation)  says  that  an  electron  passing  through  the slit destined to hit a sheet of film could show up anywhere on the film where the wave-function exists. It is only the instant that the electron is observed by causing a dark spot on the film in a specific location that the wave-function collapses, because at that instant the location of the electron is known with 100 percent certainty. In this picture of reality, the  collapse  of  the  wave-function  is  instantaneous.  Since  the  wave-function has a finite size, this means the information about the collapse of the wave-function must travel faster than the speed of light. In other words, the collapsing wave-function idea seems to violate our idea of cause  and  effect.  Proponents  of  this  view  of  quantum  mechanics believe the universe is  not local—at least not at the quantum level. 

[image: Image 220]

Some atomic nuclei are naturally unstable. They will break down into other,  more  stable  nuclei  by  emitting  an  electron,  photon,  or  alpha particle. 

These are known as naturally radioactive substances. Since the decay of  each  nucleus  is  a  quantum  mechanical  process,  it  is  impossible  to know when any individual nucleus will decay. 
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Each  type  of  radioactive  substance  decays  with  a  characteristic  time called  a  half-life.  In  a  time  of  one  half-life,  half  the  nuclei  in  a  big sample  will  decay.  In  the  next  half-life,  half  of  the  remaining  nuclei will  decay,  leaving  a  quarter  of  the  original  nuclei.  This  process continues until there are no nuclei left to decay. Half-lives can be very short or very long, depending on the type of atom (nucleus). 
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Suppose we put our sweet kitty in a closed, opaque box. Also in the in the  box  is  one  radioactive  nucleus  with  a  half-life  of  one  hour  and  a vial of deadly poison. In addition there is a radiation detector attached to a hammer. If the radioactive nucleus decays, the detector will detect the radiation and drop the hammer on the vial of poison, killing the cat. 
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The  question  is  this:  One  hour  later,  is  the  cat  dead  or  alive  in  the closed  box?  According  to  our  understanding  of  radioactive  nuclei, after  one  hour  there  is  a  50  percent  probability  that  the  nucleus  has decayed. If the nucleus has decayed the cat is dead. If not, the cat is alive. 

According to a common interpretation of quantum mechanics (yes, the Copenhagen interpretation again) you can’t know the exact state of the radioactive nucleus without looking inside the box. All you can know is  the  probability  of  whether  it  has  decayed  (50:50).  The  instant  that you  look  in  the  box  the  wave-function  collapses  and  the  nucleus  has either decayed or not, with no uncertainty. Before you open the box, a quantum  physicist  would  say  the  nucleus  is  in  a  state  that  is  a superposition of decayed and not decayed that looks is something like this:

nucleus quantum state= ½(decayed) + ½(not decayed)
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Well, nuclei are nuclei and it’s hard to get too upset about a confused nucleus. But the implication of the nuclear state being a superposition of decayed and not decayed is that the cat is a superposition of alive and dead like this:

Many physicists have been unsettled by the idea of an instantaneously collapsing  wave-function  and  bizarre  superposition  states  like  a  half-dead cat. In an attempt to work around these problems, Hugh Everett proposed what has come to be called the  many-worlds interpretation of quantum mechanics in 1957. 

In the many-worlds picture of quantum mechanics, the moment the cat is closed in the box the universe splits into two universes: one in which the cat is alive, and one in which the cat is dead. Now there is no need
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to collapse the wave-function or have a half-dead cat. But, it comes at the cost of the idea of multiple, noncommunicating, parallel universes. 

Anyone who is not shocked by quantum theory has not understood it. 

—Niels Bohr

Quantum  mechanics  is  certainly  imposing.  But  an  inner  voice  tells me that it is not yet the real thing. The theory says a lot. but does not really bring us any closer to the secret of the Old One.l, at any rate, am convinced that He does not throw dice. 

—Albert Einstein. in a letter to Max Born in 1926

(often paraphrased as “God does not play dice with the universe”) The many-worlds idea requires that the universe split so that a universe for each quantum possibility for every quantum process that happens. 

There  are  revisions  of  the  theory  that  can  reduce  the  number  of universes, but still, it gets out of hand fairly quickly! 
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Quantum mechanics works extremely well in terms of explaining what we see in the world around us. It is not necessary that the theory agree with human intuition and the human mental comfort zone to be useful. 

And if half-dead cats aren’t weird enough for you …
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In  the  mid-1920s,  Werner  Heisenberg  discovered  there  are fundamental limitations to what we can know about the universe. He found that, in the quantum world, certain pairs of quantities cannot be determined arbitrarily well simultaneously. 
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Recall  that  in  classical  physics—the  physics  of  our  intuition—it  is possible to determine the position and velocity (or momentum) of an object simultaneously as well as you wish. 

Heisenberg  found  that  viewing  particles  as  waves  has  a  very interesting consequence. It is known for waves of all types that if the crest  of  a  wave  is  very  narrow—which  means  the  wave’s  position  is well known—then the momentum of the wave could be any of a wide range  of  values,  any  of  which  might  turn  out  to  be  what  you  would measure. 

Conversely,  if  the  momentum  of  a  wave  is  fixed,  or  known  to  be within a small range, then the wave crest will be very broad, and the wave’s position will be poorly known. It doesn’t matter how good is your  laboratory  equipment  or  technique,  once  a  wave  crest  is  broad enough you can’t measure its location well. 
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Heisenberg formulated this uncertainty principle for particles. What it says is that our uncertainty in the position of a particle multiplied by our  uncertainty  in  the  momentum  of  a  particle  is  greater  than  a  tiny, but  finite  number  given  by  Planck’s  constant  divided  by  4π.  If  we know  very  well  where  a  particle  is  located,  the  momentum  must  be very uncertain to keep the product of the two uncertainties larger than the  specified  value.  Conversely,  if  the  momentum  of  the  particle  is known  very  well,  the  location  of  the  particle  will  not  be  well determined. 
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Imagine  an  electron  zipping  past  you  with  a  specific  speed  (think  of this  as  momentum  if  you  want).  Your  job  is  to  measure  both  the location  and  the  speed  of  the  electron  as  precisely  as  possible simultaneously. 

Light can bounce off a car and not affect the car’s speed or momentum in  any  noticeable  way.  Energetic  light  scattering  off  an  electron, however,  will  affect  the  electron’s  motion,  leaving  the  momentum uncertain. This is an example of Heisenberg’s uncertainty principle in action. 

I think it is safe to say that no one understands quantum mechanics. 

—Richard Feynman

Werner Heisenberg goes out for a drive and is pulled over by a traffic cop. The policeman gets out of his car, strolls up to Heisenbrerg, and asks, “Sir, do you know how fast you were going?” 

Heisenberg  looks  at  the  cop  blankly  and  says,  “No.  But  I  know exactly where I am.” 
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Chapter 11

Quantum Weirdness Meets the Universe

Recall that Werner Heisenberg discovered that, in the quantum world, certain  pairs  of  quantities  cannot  be  determined  arbitrarily  well simultaneously. One pair of such quantities, position and momentum, leads to the downfall of quantum determinism. There are other pairs of quantities  that  can  be  formed  into  an  uncertainty  principle.  For example,  a  different  form  of  the  quantum  uncertainty  principle involves  energy  and  time.  Hold  on  to  your  hat,  because  much weirdness springs from this particular form of uncertainty principle. 
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In  the  world  of  quantum  mechanics,  how-ever,  things  are  a  little different.  Recall  that  quantum  mechanics  isn’t  so  much  a  way  of looking  at  exactly  what  happens  in  a  specific  case,  but  rather  all  the possibilities  and  probabilities  of  what  could  happen.  Things  that   can happen  will happen. 

To really get an idea of how bizarre the quantum world can be, let us consider absolutely nothing. Yep, nothing—or what a physicist might
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call  the vacuum.  In classical physics the vacuum consists of nothing at all—unchanging,  boring  nothing.  It’s  difficult  to  imagine  a  box  of absolutely  nothing—not  even  air—yet  that’s  what  a  scientist  means when she talks about a vacuum. 
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The  uncertainty  principle  play  a  critical  role  in  our  modern understanding  of  the  particles  and  force  of  nature.  Here’s  how  it works: imagine an electron moving through space …
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Suppose  this  electron  emits  a  photon  that  turns  into  an  electron-positron pair that then turn back into a photon that is reabsorbed by the electron. 

Quantum  mechanics  views  a  particle  as  a  sum  of  all  the  possibilities allowed  to  happen  by  the  uncertainty  principle,  charge  conservation, and  so  forth.  So  in  the  quantum  world  an  electron  is  not  like  a  tiny marble  but  rather  more  like  a  fuzzy  cloud  of  “virtual”  particles  that pop in and out of existence in a time too short to observe. 
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Imagine  you  have  amazing  superpowers  and  can  stop  time  and  see subatomic  particles.  Suppose  you  see  an  electron  moving  through space.  At  any  given  moment,  if  you  froze  time  and  inspected  the electron closely, you would find that it is made up of a cloud of virtual particles which normally come and go so fast you can’t observe them. 

Quantum  mechanics  can’t  tell  you  which  virtual  particles  will  be present,  only  the  probability  that  you’ll  find  particular  configurations of virtual particles in the cloud. The virtual particles in the cloud carry the  essence  of  the  original  electron.  In  other  words,  in  total,  the particles  in  the  cloud  carry  the  electric  charge  and  the  momentum  of the original particle
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Now, rather than stopping time, you let it move forward slowly while the  electron  you  are  watching  passes  near  another  electron.  You observe  something  very  odd.  One  of  the  virtual  particles  gets exchanged between the two electron clouds. Since that virtual particle carries momentum with it, you have witnessed the particles exchange momentum. That is  the essence of a force. 

Imagine  two  skaters  on  ice  tossing  a  heavy  workout  ball  back  and forth. When one skater tosses the ball, she moves backward. When the other skater catches the ball, he moves backward. The exchange of the ball is like a force between the two skaters. 

In quantum mechanics, the essence of a force is the exchange of virtual particles. The nature of the force is determined by the type of virtual particle that is exchanged. 

As wacky as this idea of a force may seem, it works extremely well, and it underlies the fundamental theory of forces and the structure of matter known as …
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The  forces  you  observe  in  everyday  life  can  be  traced  to  the fundamental forces of gravitation or electromagnetism. 

Strong nuclear force

The  strongest  force  known  in  nature  holds  together  the  nucleus  and binds  together  the  particles,  known  as  quarks,  that  make  up  protons and  neutrons.  This  force  has  a  range  that  is  no  larger  than  an  atomic nucleus. 
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Electromagnetism

This  force  is  20  to  50  times  weaker  than  the  strong  force. 

Electromagnetism  is  responsible  for  holding  electrons  in  atoms  and molecules.  All  chemical  reactions  are  electromagnetic  in  nature.  All interactions  with  light  at  any  wavelength  are  due  to  the electromagnetic force. 

Weak nuclear force

This  force  is  almost  the  same  strength  as  the  force  of electromagnetism,  but  weak  nuclear  interactions  rarely  happen.  This force is responsible for some types of radioactive decay Gravitation

This  force  is,  far  and  away,  the  weakest  force  known  in  nature.  In general relativity this force is thought of as being due to a warping of space-time.  Many  physicists  believe  that  someday  we  will  also understand  gravity  through  a  theory  that  views  the  force  as  an exchange of virtual particles, but we do not have a working theory of quantum gravitation yet. 
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There  are  six  types  of  quarks.  These  particles  possess  fractional electric charge and combine in twosomes or threesomes to create other particles  like  protons  and  neutrons.  The  strong  force  is  the  glue  that holds quarks together. 

There are six types of leptons. The most familiar lepton is the electron. 

The  muon  and  tau  are  just  like  the  electron  only  much  heavier.  The electron,  muon,  and  tau  possess  electric  charge  and  can  interact  with other particles via the electromagnetic interaction. There are also three leptons known as  neutrinos that are very nearly massless and carry no electric charge. They feel only the weak nuclear force. As such, they rarely interact with other particles. 

The  gauge  bosons  are  the  particles  that  get  exchanged  to  convey  the force. The electromagnetic force is conveyed when a virtual photon is exchanged,  the  strong  force  is  carried  by  the  gluon,  while  the  weak nuclear force is conveyed by the W and Z particles. 

Higgs

Another  particle,  the   Higgs  particle,  is  an  important  part  of  the Standard  Model.  The  Higgs  has  not  yet  been  seen  in  an  experiment, 
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but the search continues. 

Most  of  the  particles  in  the  Standard  Model  have  been  seen  by physicists  using  powerful  particle  accelerators  that  smash  beams  of particles  together.  The  energy  available  after  the  collision  turns  into particles that decay and/or stream away from the collision, where they are  observed  by  large  detectors.  With  this  technique,  scientists  have been able to study quantum particles and processes that are never seen normally, but that are essential for a full understanding of how nature works and how the universe has evolved into what it is now. 
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Though  scientists  still  have  many,  many  interesting  and  puzzling questions to explore, they understand a great deal about the structure of matter and the forces of nature through quantum mechanics and the Standard Model. 

One of the most exciting things to come out of this new understanding is the realization that the quantum world of the very tiny is intimately related to the large-scale structure and history of the universe. 
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In  the  first  part  of  the  1900s,  astronomers  noted  that,  except  for  the closest galaxies, all the galaxies in the universe appear to be moving away from us. In 1929, Edwin Hubble and Milton Humason observed that the speed with which the galaxies are receding from us increases with  the  distance  of  the  galaxy  from  the  Milky  Way.  This  is  strong experimental evidence that the space in our universe is expanding! 
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Imagine  watching  raisin  bread  dough  rise.  In  the  initial  dough,  the raisins are mixed uniformly. As the bread rises, the dough between the raisins  expands.  Each  raisin  moves  apart  from  the  others.  If  you consider the view from one of the raisins, however, you see that nearby raisins move away less as the bread rises than the raisins that started out farther away. The expansion of space in the universe, in analogy to the expanding dough, leads to precisely the result noted by Hubble and Humason. 
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What is getting bigger with time was once smaller. 

The realization that we live in an expanding universe spawned the big bang theory of the universe. 

There  are  other  ideas  consistent  with  experiment,  and  physicists  are working  hard—experimentally  and  theoretically—to  get  a  clearer picture  of  the  history  of  the  universe.  Here  is  one  scenario  that  is popular among scientists today. It goes by the name of  inflationary, hot big bang model. 

[image: Image 264]

In order to step through the inflationary, hot big bang scenario, you’ll need to invoke serious superpowers. 

Suppose, with the help of your super-powerful guide, you travel back in  time  some  13  billion  years  to  about  the  time  our  universe  began. 

Where are you if the universe isn’t there? Good question. That’s why you needed your super-powerful friend. Let’s say for now that you find yourself in another universe or perhaps some sort of space-time foam. 

The  scientific  data  doesn’t  tell  us  much  about  what  might  have  been present.  Because  quantum  mechanics  is  part  of  nature,  quantum fluctuations are present. They are happening all over the place. In each of  these  fluctuations,  the  nature  of  the  virtual  particles  created  can vary.  Suddenly,  a  particular  quantum  fluctuation  happens  where  the conditions are such that an enormous expanding pressure exists in the space-time of the fluctuation. 
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Driven by the enormous expanding pressure, the little bit of space-time expands  extraordinarily  fast.  This  period  of  expansion  is  called inflation.  The expansion is so very fast—much faster than the speed of light—that  the  initial  quantum  fluctuation  becomes  much  larger  than the   observable  universe,  which  is  the  distance  light  would  have traveled in the same time. Since this happens in the tiniest fraction of a second after the fluctuation, the observable universe at this time is still very small by human standards. 

As  inflation  is  happening,  quantum  fluctuations  in  the  local  energy occur  in  the  expanding  space-time.  Because  the  space-time  is
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expanding so fast, these new fluctuations rapidly blow up in size and can no longer vanish, leaving the new little universe crisscrossed with regions that have slightly different energies or temperatures. 

After a tiny fraction of a second of this hyperexpansion, or inflation, the quantum condition that caused the expanding force is changed and the energy tied up in the expansion is dumped into radiation (light) and a  primordial  soup  of  subatomic  particles.  The  expansion  of  the universe continues, but at a much slower rate—nothing like the earlier period of inflation. 
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The particles and typical particle energy present in the universe in the primordial  soup  phase  are  similar  to  those  achieved  in  the  highest energy accelerators here on earth. At about one microsecond after the universe  begins,  the  universe  cools  to  a  temperature  about  40,000

times hotter than the center of the sun. At this temperature, the quarks in the primordial soup condense into protons and neutrons. The density of  particles—the  number  of  particles  in  a  little  volume—is  higher  in the regions where the universe has hot spots. 

Two to three minutes after the universe begins, things cool enough so that  some  of  the  protons  and  neutrons  stick  together,  forming  light nuclei.  The  universe  consists  mostly  of  protons  and  electrons  and photons, with some light nuclei. In this hot gas of electrically charged particles  the  photons  can’t  travel  very  far.  So,  in  a  real  sense,  the universe is opaque. 

Several  hundred  thousand  years  after  the  universe  begins,  it  cools  to approximately 3,000 degrees. This temperature is cool enough so that the electrons can join with the protons and light nuclei to form atoms. 

Now  that  the  gas  in  the  universe  is  mostly  uncharged,  the  universe becomes transparent to light. Some of that light travels unimpeded for thirteen  billion  years  and  is  seen  by  scientists  on  Earth.  That  light appears  to  come  at  Earth  from  all  parts  of  the  sky  and  is  called  the cosmic microwave background. 

[image: Image 272]

[image: Image 273]

This  is  a  composite  picture  of  the  full  sky  showing  the  cosmic microwave background, which is light that has traveled to us from 13

billion  years  ago  when  the  universe  cooled  enough  so  that  neutral atoms  formed.  The  variation  in  shades  represents  the  temperature variation  in  different  regions  of  the  universe  at  that  time.  This  is  a figure created with data from NASA’s WMAP satellite. 
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As time passes, the universe continues to cool. Regions of space with more  atoms  begin  to  collapse  due  to  the  force  of  gravity.  As  the  gas clouds form, they become very hot. Eventually many of the gas clouds become hot enough that nuclear reactions begin in their cores and stars are  born.  Clumps  of  stars  and  gas  become  the  galaxies  that  we  see today. 

The more than 100 billion galaxies, sparkling throughout space like heavenly  diamonds,  are  nothing  but  quantum  mechanics  writ  large across the sky. 

—Brian Greene, 

 The Fabric of the Cosmos
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For More Information

A few suggested websites for further exploration: Einstein and Relativity

http://nobelprize.org/educational_games/physics/relativity/

http://archive.ncsa.uiuc.edu/Cyberia/NumRel/EinsteinLegacy.html

http://www.phys.unsw.edu.au/einsteinlight/

Light

http://science.howstuffworks.com/light.htm

Quantum Physics

http://nobelprize.org/educational_games/physics/quantised_world/

http://physics.about.com/od/quantumphysics/p/quantumphysics.htm

Nuclear Physics

http://library.thinkquest.org/3471/

Particle Physics, Matter, Forces

http://particleadventure.org/

Cosmology

http://map.gsfc.nasa.gov/

http://www.astro.ucla.edu/~wright/cosmolog.htm
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The fundamental particles

In the Standard Model, there are three different
types of fundamental particles in the universe: quarks,
leptons, and gauge bosons.
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you could sneak one by me,
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Ah.Yes. Sorry. Every type of fundamental particle
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ner but has the opposite electric charge. You've heard
of the electron, with its negative electric charge? Well,
scientists have discovered (and regularly make) posi-
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So there's
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Imagine an empty bit of space—a vacuum. Quantum
mechanics allows the energy in a region of space to vary, or
fluctuate, in a way that is consistent with the uncertainty
principle. In other words, even in a box of nothing the energy
can fluctuate to very large values so long as it happens over
a very short time. If At is tiny, AE can be big. These energy
variations allowed by the uncertainty principle are called
quantum fluctuations. Remember mass-energy equiva-
lence? If the energy fluctuation is large enough the energy
can turn info a parficle-antiparticle pair.The pair disappears
almost instantly, because it can only hang around momen-
tarily if the uncertainty principle is to remain inviolate.
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If there was enough antimatter around, the particles
could join together into antimatter atoms and perhaps antimat-
fer dogs and so forth. The thing is, whenever antimatter meets
matter, the particles annihilate each other and the mass all

turns info energy in the form of high-energy photons.

Why is it the universe is all matter then?
Why is it not antimatter or a mix of matter and anti-
matter? If | ate anti-lasagna, would I lose weight?

Nobody knows why the universe is matter rather than
antimatter. Scientists have discovered small differences be-
tween matter and antimatter and are invesfigating those differ-
ences fo see if they explain the predominance of matter in the
universe.That's still a puzzle on which scientists are working.
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Albert Michelson and Edward Morley discovered the
surprising constancy of the speed of light in 1887 using a
device called an inferferomefer. In this device, a light beam
is split and sent in two different directions and recombined. If
the light moved af different speeds in the two directions, the
brightness of the light would change when the two beams of
light recombine due fo interference. Michelson and Morley
mounted their interferometer on something moving very fast
and compared the speed of the light moving along the direc-
tion of motion with the speed of light moving at right angles
1o the direction of motion ... and they found no difference.

Michelson-Morley
interferometer

partially
silvered

mirror
splits light
path B ﬂ

Iflight along the two

‘Actually, Michelson and Morley
found a small directionally dependent
difference in the speed of light in their
1887 experiment, but it was much
smaller than what they would have ex-
pected using normal infuition about
how speeds add. Improved experiments
found no difference in speed in the two
different directions.
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‘Wowl Surfer Dude, fear it up. You're right about inferference
in water waves. Speak quietly lest you trash your rep.
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Hey! | know something about this
inferference thing that the M&M dudes used!
It's something that happens with all fypes of
waves.You know how somefimes two water

‘waves crashing into one another will add to-
gether in some places and cancel each other
out in other places? That's inferference!

‘waves on string approach each other

waves collide and
add together

—_ -

waves ‘add”
together

known as
S Thterforence

waves pass through each other and continue
down string

-

—_
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Hey. My last date called me a one-
track-minded force of nature. Guess that

means I've got some cool virtual parficles
popping up here and there.
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Duh! Maybe
the experiment is
right after all.You
know? I think I can
see the forest in
spite of the trees.
Listen to this ...
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Cooleth fhy jets,
seeker of knowledge. All
will come in good time.
Remember, the meaning
of life is pudding.





index-35_1.jpg
The "special” in the special theory of
relativity means that the theory is valid only
for situations where the observers move at @
constant velocity with respect to each other.
If the velocity of one or both of them is
changing. the special theory of relativity is
not applicable. Einstein invented the general
theory of relativity fo handle those cases.

“Relate the observations”
of two people? What's that
supposed fo mean?
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I see the
electron as the
sum of all these
different possibili-
ties plus others.

Hey sport. Those are
pretty pictures alright. Looks
like some stuff | saw in a fat-
100 shop in LA. But, seriously
now, why should | give a crap
about particles that can't exist
long enough for me to see
‘em? | mean all these so-
called virtual particles come
and go, so who cares?
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Let's play
prefend! Let's
make a couple of
assumptions and
see what pops
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This is
all fine and nice
... but, WHY DO
| CARE about
this??

Be patient.
Herr Professor was
dropped on his head
when he was young.
He'll get around fo
the point soon.

Physicists find the idea of fields to be a very useful way fo

visualize and calculate the consequences of forces. So they talk
about electric fields, as we've seen, and they also falk about mag-
nefic fields and gravitational fields. Magnetic fields are the condi-
tion in space around magnets that conveys the magnetic force to
other magnets. Gravitational fields are the condition in space that
conveys the gravifational force fo other masses.

Wait a second. | thought the force
of gravity is conveyed by a warping of
space-time, whatever that is.

Both gravitational fields and the
warping of space-time are ways to de-
scribe the force of gravity. We have this

kind of thing all the time in language. The

color of blood is red. It is also the color of

a ripe tomato. How you choose fo describe

blood depends on what you are trying fo

accomplish with the description.
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Let's do a thought experiment starting
with these two assumptions. Now suppose
we have two observers, Sam and Sally ...

Why Sam
and Sally? | hate the
name Sam. Why not
Biff and Buffy?

Sigh. Okay. Suppose we have two different
observers, Biff and Buffy. Biff is riding in the back of
a big eighteen-wheeler tractor frailer while Buffy is
watching the truck pass from the side of the road.

No way. I'll
watch from here. My
mom told me never
1o get in the back of
frucks with boys.
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Cute fights!
Did you notice the
hair on your legs

sficking through the
material? That's sort
of gross.

Electron cloud of virtual particies.
frozen in time by Particle Man
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This is

completely
wacko!





index-106_1.jpg
The universe
is really, really NOT
deterministic!
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Well, get
load of that! Ifs
the Heisenberg

uncertainty princi-

plelYou don't see
that every day.
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To understand what it was that most bothered
Einstein as he developed special relativity, we need fo
think a little bit about electricity and magnetism.

Herr Professor, this
book is entitled Relativity
and Quantum Physics For
Beginners. It doesn't say a
thing about electricity and
magnetism. Stick fo the
script, please!

Sigh ... it is so difficult for me to work
with the little people who don’t understand my
genius. We simply must talk about electricity
and magnetism at this point.

Yeah, quit picking on my friend you brute! Where did you get that
outfit anyway? It is positively horrid. You know, vertical stripes make you
look fat. You should wear something slimming.
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Duh! Hey moron, | grew up

. o, o et : bl
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paper in a presfigious German sci- [ "2 Soes U508 e Ltk (3o
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[t Published in
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published in 1905.
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You can think about the energy-time uncertainfy
principle like this: If a particle exists in a certain quantum
state for a very short fime, its energy is very uncertain.

That doesnt sound weird. It's sad. The poor parficle
is confused because it's temporally deprived. We need to
love and nurture all particles, don't you think?
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Yeah.And be-
cause the wavelength
of the photon gets
smaller if it is more
and more energetic,
we can locate the
electron arbitrarily
well by using more
and more energetic
photons.

That'd be easy
enough fo do, right?
Just as we might use
a laser beam fo de-
termine the position
and velocity of a car,
we could bounce a
photon or two off the
electron fo get atf the
location and speed of
the electron.
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Stationary car—Granny

middle of the mall entrance. g i

§ Mvingo Waldoine

Granny as he zips
around her.
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The very small and
the very large are infimately
related in our universe!

There’s more?! Dude, my
head blew up about 15 pages
ago.And fo think, I've always
been a fan of waves.

Well, dang! It's another ver-
sion of Heisenberg’s uncerfainty
principle. Wait'll the guys back at
the station hear about this!





index-60_3.png





index-27_3.jpg
Us science
types get really an-
noyed having fo say
"670,616,630,000

miles per hour” all
the fime. So, we
simply refer to
the speed of
light as "¢
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STAY BACK, JIMMY THAT
5| GUY LOOKS A LITTLE STRANGE | §2
S —
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Speed and velocity are not quite the same thing.

In everyday language, most of us use the words
“speed" and “velocity” interchangeably. Formally, they
are slightly different beasts. Velocity is speed with the

direction specified. A car can have a velocity of 10
miles per hour north or 10 miles per hour east. In both
cases the speed is 10 miles per hour, but the velocities

differ because the directions are different.
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The universe is NOT local! Ea





index-100_1.jpg
Although it is impossible to predict when a single radioactive nucleus
I decay, scientists have figured out how to quantify the decays in bulk.
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So, like where
did all these quantum
physics geeks go to
school? Hogwarts?

This chapfer is entitled “quantum weirdness”
you know. There’s really nothing so strange as reality,
it seems. Erwin Schrodinger devised an interesting
example fo explore the strangeness of quantum me-

chanics. It is usually called Schrodinger’s cat.

Time out! You can't
talk about Schradinger’s cat
until you say something
about radioactive decay.

kow!
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Oh ... think I'm gonna be sick.
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Hey man! What's the big
deal. Affer a big night on the town

the next day! | just never knew it
was due to quantum mechanics.

I fold you quantum mechanics was strange. There is another
way fo look af the problem. But it may give you the willies.
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You mean there could be an infinite number
of Surfer Dudes running amok in parallel universes?!
Groan! One is bad enough.

Scientists are still working actively on
trying fo understand these strange issues
with quantum mechanics. Stay funed.
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This term is 1 if v is

much smaller than the
speed of light.In this case
T ~r,,,,,’srm il Physicists usually call fhis quantity
o B A e Y. which i the Greek lefter gamma.

tions that are much smalle

When the reiafive velocity between the
wo observers (v) s close 1o the speed of ligh,
his term becomes large and Tg,p, s bigger
than Ty In this case, the passage of time is
perceived fo be very diflerent, depending on
your point of view. For example,if Biff and the
Iruck move past Butfy af 98 percent of the
speed oflgh,this ferm is 5. In that case, 5
seconds would pass for Bufy for each second
that passes for Bif.

Is too small o nofice.

The meaning of life
is STILL pudding, even if
fime is relative.

Dude, like clue me in on something practical.
Suppose | want my date to last longer this Friday
night. Do | drive my car faster or slower?
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Same radioactive

sample afler a time of
one half-life: half the
nuclei have decayed.

Yes, he is. Now lef's
shove him info a box with a
vial of deadly poison and a
radioactive nucleus.
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No worries.This is a thought
experiment—scientific prefend.The
cat is just a drawing.
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Excuse me. I'm with the ASPCA. | heard someone is being
cruel fo a cat around here. But all | see is a box.
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index-92_1.jpg
Classical physics
deals with the particle os-
pect of particles while
quantum mechanics freats

In other words, quan-

particles as waves.The tum mechanics may seem a
1wo approaches give very little odd since human infu-
different results for finy ition about particles is more

particles, where the wave
aspect is important.

...well ... particle-like.
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Excuse me.'m Thad, one of Biff’s fraterity
brothers. I'm here for the show. Biff and Buffy
each have fo see the same thing, right? They are
looking at the same thing after all.

They are looking af the
same event.True. But, how do
each of them perceive it?

0520
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index-39_1.jpg
Wait a minute. Doesn’t light move so fast that it would
seem 1o go straight up and down fo Buffy foo?

Well, yes. But this is a
thought experiment. We are pre-
tending that the fruck is moving

very, very fast so that we can exam-
ine the difference between what

Biff and Buffy would see in such a

case. Theoretical physicists like me

like to think our way through things
even if they aren’t practical experi-
ments that you can do easily.

Biff sees this Bufly sees this
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Excuse me?

is relative and not absolute.

'What Al is trying fo say is that if we are fo
assume light fravels af the same speed as seen
by two observers moving with respect fo one an-
other, it means that time must pass at different
rates for the two observers! In other words, if
Buffy perceives the light fo travel farther than
Biff and the speed of light is the same for both
of them, the event must take more time for Buffy.
Time moves faster for Buffy than for Biff.

Oh boy. | knew |
should have stayed in
bed this morning.
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Even if we know the location and motion of a
tiny particle very well and we also know the forces
acing on it, quantum mechanics says at best we can
calculate the probability that the particle will foke a
certain path. Within all the possible paths we cannot
know with certainty what will happen. This means the
deterministic universe is dead! We cannot say for
sure what will happen with individual parficles.
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So what? Biff has always
been a little strange. Why wouldn't
he see it differently from Buffy?

The “so what" is this,
be it Biff and Buffy or Sam
and Sally:The different
points of view lead them to
perceive the light fo travel
different paths.
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After 3 electrons pass through the slit

e— S e

slit front view of film

slit ¥ front view of film






index-44_1.jpg
The effect of motion on fime is very small unless the
difference in the relative velocity between the two observers
is very, very large. Close to the speed of light. Allow me fo
derive for you the time dilation formula that describes this
effect.Then all will be clear.

Herr Professor, the
publisher wants me fo
remind you that the
title of this book is Relativity
and Quantum Physics For Be-
ginners. If you start putting in
mathematical derivations,
they Il have o change the
name of the book, and they
g don’t want to do that. No
derivations.

Sigh ... But, it's not so hard, and
some readers will have fun following along.
Hmmm. Okay, | won't do it (wink, wink).
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light emitted by event A A switch is thrown t seconds in
the past. In that time light has
travelled a distance ct from the
location of switch.

s event C

Event B could be caused by the
thrown switch theoretically.

Event C could not be caused by
the thrown switch since there
has not been enough time for a
light signal to travel from the
switch to location of event C,

Locality
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Because these
differences in per-
ceived flow of time are
only noticeable when
the difference in rela-
tive speed between
the observers is large.
Herr Professor will ex-
plain momentarily.

Wait a second.Time
‘moves slower for me if |
drive fast? How come |

never noticed this going to

work or o the mall?
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Even if we know the location and motion of a tiny parti-
cle very well and we also know the forces acting on it, quan-
tum mechanics says af best we can calculate the probability

that the particle will fake a certain path. Within all the possible
paths we cannot know with certainty what will happen. This
means the deferministic universe is dead! We cannot say for
sure what will happen with individual particles.

This collapsing wave-function
thing really bothers me because
the universe is local!

Al, man. | know about local
buses and local restaurants, but |

never heard of local universes.
What are you going on about?
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Wait a second. You mean each particle that passes through a very
narrow slit spreads out? How does a single electron spread out?

Ahl Now we are getting to the core of the matter. Par-
¥ don the pun. Heh, heh. Anyway, the answer fo your question
114 |is no.Quantum mechanics does not say the electron spreads
& out.What comes out of the quantum mechanical calculation

is a solution for the electron’s wave-function. What spreads
out is the wave-function. The wave-function gives us a proba-
bility distribution for where the electron will be found.
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If you're the publisher of
this book or if you don't like math,
please skip the rest of this chapter!
Otherwise, enjoy this derivation of
Einstein's time dilation formula.
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slit
film|
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Probability distribution for

where a single electron will
hit the film. Determined
from quantum mechanics

After 1 electron passes through the slit
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Actually, | think it is the square of the wave-
function that provides the probability distribution
of where the electron is likely fo be found. But
maybe that defail isn't so imporfant here.

Well, Herr Professor, if confusion is the first step
1o knowledge, | must be a genius. How about giving us
a better feeling for this wave-function crap.
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(The universe is NOT delerminisric!)\

ihﬁ\y(f )= ~L2V"P(F D+V(FE)YEF,D)
a 2m i ’

Dude! That's some cool graffiti.
Are you in a gang?
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It's amazing that quantum mechanics
can fell us so much about how chemistry
works. / might need to learn some quantum
mechanics. That way I'll know if | have good
chemistry with a girl before | ask her out!

Sorry Surfer Dude. We aren't falking about that type of
chemistry. You'll just have fo keep on taking your chances.
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That picture of the Newton guy looks
familiar. Love that hair. Did he play drums
for a rock band? Say maybe the Rolling
Stones? Died in 1726. Didn't the Stones
cut their first single before then?

AhlThe
relafivistic time
warp of youth.
Now there’s a
subject for a
paper.
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