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Figure 4.3 Newton’s drawing of
a cannon on a mountain

In Newton’s famous cannon-on-a-mountain picture, 

the dropped cannonball falls straight downward, while 

those fired with larger velocities land farther away. If a 

ball is fired fast enough, it will miss the planet. It never-

theless continues to “fall.” It continues to accelerate to-

ward Earth’s center while it also moves “horizontally.” 

It thus orbits Earth. As the cannon ball comes around, 

the cannoneer had better duck!

The moon doesn’t crash to Earth only because it, 

like that fast cannon ball, has a velocity perpendicular 

to Earth’s radius. Newton realized what no one had be-

fore: The moon is falling.

The Universal Law of Motion and, 
Simultaneously, a Force of Gravity

Galileo thought that uniform motion without force applied only to motion that 

was parallel to the surface of Earth, in a circle about Earth’s center. Newton cor-

rected this to say that a force is needed to make a body deviate from a constant 

speed in a straight line.

How much force is needed? The more massive the body, the more force 

should be needed to accelerate it. Newton speculated that the force needed was 

just the mass of the body times the acceleration produced, or F = Ma. It’s Newton’s 

universal law of motion.

In Newton’s day, however, there seemed to be a counterexample: Falling was 

a downward acceleration, apparently without an impressed force. Young Newton 

had to simultaneously conceive two profound ideas: his law of motion and the 

force of gravity.

When the plague subsided, Newton returned to Cambridge. Isaac Barrow, 

then Lucasian Professor of Mathematics, was soon so impressed with his one-

time student that he resigned to allow Newton to take the Lucasian chair. The 

quiet boy became a reclusive bachelor. (Celibacy was required of Cambridge 

faculty — no longer so.) Newton was reserved and moody and was often angered 

by well-intended criticism. You’d rather spend an evening with Galileo.

Newton’s ideas needed testing. However, his force of gravity between objects 

that he could move about on Earth was far too small for him to measure. So he 

looked to the heavens. Using his equation of motion and his law of gravity, he de-

rived a simple formula. A chill no doubt ran down his spine when he saw it — his 

formula was precisely the unexplained rule Kepler had noted decades earlier for 

the time it took each planet to orbit the sun.
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once proposed to account for life processes. Life supposedly 

emerged at the biological level without an origin in chem-

istry or physics. Such vitalist thinking led nowhere and, of 

course, has no standing in today’s biology.

In studies of consciousness, reduction sparks contro-

versy. Some argue that once the electrochemical neural cor-

relates of consciousness are understood, there will be noth-

ing left to explain. Others insist that the “inner light” of our 

conscious experience will elude the reductionist grasp, that 

consciousness is primary, and that new “psychophysical principles” will be needed. 

Quantum mechanics is claimed as evidence supporting this nonreductionist 

view.

A Suffi cient Explanation

Newton was challenged to explain his force of gravity. A force transmitted 

through empty space, through nothingness, was a big pill to swallow.

Newton had a succinct response: “Hypotheses non fingo” (“I make no hypoth-

eses”). He thus claims that a theory need do no more than provide consistently 

correct predictions. The hypotheses non fingo attitude arises again with quantum 

mechanics, where the challenge is to explain observations that force us to deny 

straightforward physical reality. It’s an even bigger pill to swallow than a force 

transmitted through nothingness.

Beyond Physics by Analogy

In the decades following Newton, engineers learned to build the machines that 

launched the Industrial Revolution. Chemists moved beyond mystical alchemy, 

which for centuries had achieved almost nothing. Agriculture became scientific

as understanding replaced folklore. Though the early workers in technology used 

almost no physics, the rapid advances they made required the Newtonian per-

spective: that discernable laws govern the physical world.

Newton’s physics became the paradigm for all intellectual endeavors. Analo-

gies with physics were big and bold. Auguste Comte invented the term “sociol-

ogy” and referred to this science as “social physics,” in which people were “social 

atoms” motivated by forces. The study of society had never previously been re-

garded as in any way scientific.

Pushing the analogy with Newtonian physics, Adam Smith argued for lais-

sez faire capitalism by claiming that if people were allowed to pursue their own 

Figure 4.4 Hierarchy of 
scientific explanation
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is the bird’s-eye view, where we draw lines to indicate the 

crests. Waves on the ocean seen from an airplane look like 

this. We’ll show waves both ways.

Waves from a small source, a pebble dropped into the 

water, for example, spread in all directions. Similarly, light 

from a tiny glowing object spreads in all directions. By the 

same token, light coming through a narrow slit to a screen 

illuminates the screen rather uniformly.

Light coming through two closely spaced slits might 

be expected to illuminate the screen twice as brightly. 

That would certainly be the expectation if light were a 

stream of little particles. But when Thomas Young shined 

light through his two slits, he saw bands of brightness and darkness — a stream 

of particles could not account for this.

The explanation: At a central place on the screen (point A in figure 5.2), light 

waves from the top slit travel the same distance as light waves from the bottom 

slit. Therefore, crests from one slit arrive together with crests from 

the other. The crests add to produce more brightness than would 

exist if only one slit were open.

But to reach a place above the central location on the screen 

(point B in figure 5.2), waves from the bottom slit must travel far-

ther than waves from the top slit. Therefore, at point B, crests from 

the bottom slit arrive later than crests from the top slit. If the extra 

distance of travel is just equal to the distance between a crest and a 

trough of the wave, crests from the bottom slit would always arrive at the same time 

as troughs from the top slit. Crests and troughs arriving together cancel each other 

to produce dark. With light being a wave, light plus light can add up to dark.

At a place yet farther up the screen (point C in figure 5.2), there will be another 

bright band, because at that place the difference in the distance from the two slits 

is just equal to the distance between crests (a wavelength). Thus, once again, crests 

from one slit arrive with crests from the other. Continuing up the screen, bright 

and dark bands will alternate as waves from the two slits alternately reinforce and 

cancel each other to form the interference pattern. “Interference” is actually a mis-

nomer. Waves from the two slits are not interfering with each other; they just add 

and subtract, like deposits and withdrawals from a bank account.

If you think about the geometry a bit, you can see that the greater the spac-

ing between the slits, the smaller is the spacing between the bright bands of the 

interference pattern. But the essential point to remember is that the interference 

pattern spacing depends on the slit spacing. Thus, an interference pattern shows 

that the light waves reaching each point on the screen must come from both slits. 

Figure 5.1 Views of waves

Figure 5.2 Interference 
in the double-slit 

experiment
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Were light a stream of particles, there would be no interference pattern. Little 

bullets, each coming through one slit or the other, could not cancel each other to 

produce a pattern depending on the slit separation.

Is Young’s argument airtight? Probably not. When Young presented it, it was 

hotly disputed. Young’s English colleagues were strong in the Newtonian particle 

school of thought. Moreover, wave ideas were favored by French scientists and 

were rejected partly for that reason. But before long, further experiments over-

whelmed objections to wave theory.

The Electromagnetic Force

A piece of silk rubbed on glass is attracted to the glass but repelled by another 

piece of silk rubbed on glass. Such “electric charge,” seen when different materials 

were rubbed together, was long known. The crucial step in understanding it was 

the bright idea of Benjamin Franklin. He noticed that when any two electrically 

charged attracting bodies came into contact, the attraction lessened. He realized 

that attracting charged bodies canceled each other’s charge.

Cancellation is a property of positive and negative numbers. Franklin there-

fore assigned algebraic signs, positive (+) and negative ( – ), to charged objects. 

Bodies with charges of opposite sign attract each other. Bodies with charges of 

the same sign repel each other.

(Franklin’s work on electricity is in good part responsible for the existence of 

the United States. As ambassador to France, it was not just Franklin’s wit, charm, 

and political acumen, but his stature as a scientist, that allowed him to recruit the 

French aid that was so crucial to the success of the American Revolution.)

We now know that atoms have a positively charged nucleus made up of 

positively charged protons and uncharged neutrons. Electrons, each with a nega-

tive charge equal in magnitude to that of a proton, surround the nucleus. The 

number of electrons in an atom is equal to the number of pro-

tons, so the atom as a whole is uncharged. When two bodies 

are rubbed together, it is the electrons that move from one to 

the other.

A glass rod that is rubbed with a silk cloth, for example, 

becomes positively charged because electrons in the glass are 

less tightly bound than those in the silk. Therefore, some elec-

trons move from the glass to the silk. The silk, now having 

more electrons than protons, is negatively charged and is at-

tracted to the positively charged glass. Two negatively charged 

pieces of silk would repel each other.
Figure 5.3 Positive and 

negative charges
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ates an electric “field” in the space around itself, and it is this physical field that 

exerts forces on other charges. Faraday represented his field by lines emanating 

from a positive charge and going into a negative charge. Where 

the lines were most dense, the force the field exerted would be 

the greatest.

Most scientists, claiming that Coulomb’s law said it all, con-

sidered Faraday’s field concept to be superfluous. Faraday’s ig-

norance of mathematics, they noted, required him to think in 

pictures; abstract thinking was no doubt difficult for this young 

man from the “lower classes.” The field concept was ridiculed as 

“Faraday’s mental crutch.”

Actually, Faraday went further and assumed that the field 

due to a charge takes time to propagate. If, for example, a positive 

and a nearby negative charge of equal magnitude were brought 

together to cancel each other, the field would disappear in their immediate neigh-

borhood. But it seemed unlikely to Faraday that the field would disappear every-

where immediately.

The remote field would, he thought, exist for a while even when the charges 

that created it canceled each other and no longer existed. If true, the field would 

be a physically real thing in its own right.

Moreover, Faraday reasoned, if two equal and opposite charges were repeat-

edly brought together and separated, an alternating electric field would propagate 

from this oscillating pair. Even if they stopped oscillating and just canceled each 

other, the oscillating field would continue to propagate outward.

Faraday’s intuition was sound. A few years later James 

Clerk Maxwell, picking up Faraday’s field idea, devised 

a set of four equations that encompassed all electric and 

magnetic phenomena. We call them “Maxwell’s equa-

tions.” His striking prediction was the existence of waves 

of electric field propagating along with waves of magnetic 

field — “electromagnetic waves.” Maxwell noticed that the 

speed of such waves was exactly what had been mea-

sured for light. He therefore proposed that light was an 

electromagnetic wave. This was in fact demonstrated soon after his death.

As Faraday had predicted, the jiggling of charges produces electromagnetic 

radiation. The frequency of the jiggling is the frequency of the wave produced. 

Higher frequency jiggling produces violet and ultraviolet light; lower frequencies 

produce red and infrared.

Today the most fundamental theories in physics are formulated in terms of 

fields — Faraday’s “mental crutch” is a pillar upon which all of physics now rests.

Figure 5.5 Electric 
fi eld around two 

charges

Figure 5.6 An oscillating 
electric fi eld
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quency the glow. As it gets hotter, its color goes from the invisible infrared, to a 

visible red, to orange, and eventually the metal becomes white hot as the emitted 

light covers the entire visible frequency range.

Since our eyes can’t see frequencies above the violet, superhot objects, which 

emit mostly in the ultraviolet, appear bluish. Materials on Earth vaporize before 

they get hot enough to glow blue, but we can look up at hot blue stars. Even cool 

objects “glow,” though weakly and at low frequencies. Bring your palm close to 

your cheek and feel the warmth from the infrared light your hand emits. The sky 

shines down on us with invisible microwave radiation left over from the fl ash of 

the Big Bang.

In figure 6.2, we sketch the actual intensity of radiation from the sun’s 6,000° 

C surface at different frequencies, which we just label as colors. An object hotter 

than the sun emits more light at all frequencies, and its maximum intensity is at 

a higher frequency. But the intensity always drops at very high frequencies.

The dashed line is the problem — it is the intensity calculated with the laws 

of physics accepted in 1900. It worked well in the infrared. But at higher fre-

quencies, classical physics not only gave a wrong answer, it gave a ridiculous 

answer: It predicted a forever increasing light intensity at frequencies beyond 

the ultraviolet.

Were this true, every object would instantaneously lose its heat by radiating 

a burst of energy at frequencies beyond the ultraviolet. This embarrassing deduc-

tion was derided as the “ultraviolet catastrophe.” But no one could say where the 

seemingly sound reasoning went wrong.

Max Planck struggled for years to derive a formula that fit the experimental 

Figure 6.2 6,000˚ thermal radiation (solid line) compared with the classical 
prediction (dashed line)
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data. In frustration, he decided to work the problem backward. He would fi rst 

try to guess a formula that agreed with the data and then, with that as a hint, try 

to develop the proper theory. In a single evening, studying the data others had 

given him, he found a fairly simple formula that worked perfectly.

If Planck put in the temperature of the body, his formula gave the correct 

radiation intensity at every frequency. His formula needed a “fudge factor” to 

make it fit the data, a number he called “h.” We now call 

it “Planck’s constant” and recognize it as a fundamental 

constant of Nature, like the speed of light.

With his formula as a hint, Planck sought to explain 

thermal radiation in terms of the fundamental principles 

of physics. In the most straightforward models, an elec-

tron, though bound to its parent atom, would start vi-

brating if it were bumped by a jiggling neighboring atom 

in a hot metal. This little charged particle would then 

gradually lose its energy by emitting light. We plot such 

an energy loss in figure 6.3. In a similar fashion, a pen-

dulum bob on a string, or a child on a swing, given a shove, would continuously 

lose energy to air resistance and friction.

However, every description of the electron radiating energy according to the 

physics of the day led to the same crazy prediction, the ultraviolet catastrophe. 

After a long struggle, Planck ventured an assumption that absolutely violated the 

universally accepted principles of physics. At fi rst, he didn’t take it seriously. He 

later called it “an act of desperation.”

Max Planck assumed an electron could radiate energy only in chunks, in 

“quanta” (the plural of quantum). Moreover, each quantum would have an en-

ergy equal to the number h in his formula times the frequency of vibration of the 

electron.

Behaving this way, an electron would vibrate for a while at constant energy. 

That is, this electric charge would vibrate without losing energy to radiation. 

Then, randomly, and without cause, without an impressed force, it would sud-

denly lose a quantum of energy, radiating it as a pulse of light. (Electrons would 

also gain their energy from the hot atoms by such “quantum 

jumps.”) In figure 6.4 we plot an example of such energy 

loss in sudden steps. The dashed line repeats the classically 

predicted, gradual energy loss.

Planck was allowing the electrons to violate both the 

laws of electromagnetism and Newton’s universal equa-

tion of motion. Only by this wild assumption could he get 

the formula he had guessed, the formula that correctly de-

scribed thermal radiation.

Figure 6.3 Energy loss by 
charged particle according to 

classical physics

Figure 6.4 Energy loss by 
charged particle according 

to Planck
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According to the presently proposed assumption the energy in a beam 

of light emanating from a point source is not distributed continuously 

over larger and larger volumes of space but consists of a finite number 

of energy quanta, localized at points of space which move without 

subdividing and which are absorbed and emitted only as units.

Assuming that light comes as a stream of photons and that a single electron 

absorbs all the energy of a photon, Einstein used the conservation of energy to 

derive a simple formula relating the frequency of the light to the energy of the 

ejected electrons. We plot it in figure 6.6. Photons with energy less than that 

binding the electrons into the material could not kick any 

electrons out at all.

A striking aspect of Einstein’s photon hypothesis 

is that the slope of the straight line on this graph is just 

Planck’s constant, h. Until this time, Planck’s constant 

was just a number needed to fit Planck’s formula to the 

observed thermal radiation. It appeared nowhere else in 

physics. Before Einstein’s photon hypothesis, there was no 

reason to think the ejection of electrons by light had anything at all to do with 

the radiation emitted by hot bodies. This slope was the fi rst indication that the 

quantum was universal.

Ten years after Einstein’s work on the photoelectric effect, the American 

physicist Robert Millikan found that Einstein’s formula in every case predicted 

“exactly the observed results.” Nevertheless, Millikan called Einstein’s photon 

hypothesis leading to that formula “wholly untenable” and called Einstein’s sug-

gestion that light came as compact particles “reckless.”

Millikan was not alone. The physics community received the photon pos-

tulate “with disbelief and skepticism bordering on derision.” Nevertheless, eight 

years after proposing the photon, Einstein had gained a considerable reputation 

as a theoretical physicist for many other achievements and was nominated for 

membership in the Prussian Academy of Science. Planck, in his letter supporting 

that nomination, felt he had to defend Einstein: “[T]hat he may sometimes have 

missed the target in his speculations, as, for example, in his hypothesis of light 

quanta, cannot really be held too much against him. . . .”

Even when Einstein was awarded the Nobel Prize in 1922 for the photo-

electric effect, the citation avoided explicit mention of the then seventeen-year-

old, but still unaccepted, photon. An Einstein biographer writes: “From 1905 to 

1923, [Einstein] was a man apart in being the only one, or almost the only one, 

to take the light-quantum seriously.” (We tell what happened in 1923 later in 

this chapter.)

Figure 6.6 Energy of ejected 
electrons versus light frequency
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Though the reaction of the physics community to Einstein’s photons was, in 

a word, rejection, they were not just pig-headed. Light was proven to be a spread-

out wave. Light displayed interference. A stream of discrete particles could not 

do that.

Recall our discussion of interference in chapter 5: Light coming through a 

single narrow slit illuminates a screen more or less uniformly. Open a second slit, 

and a pattern of dark bands appears whose spacing depends on the spacing of 

the two slits. At those dark places, wave crests from one slit arrive together with 

wave troughs from the other. Waves from one slit thus 

cancel waves from the other. Interference demonstrates 

that light is a wave.

Nevertheless, Einstein held that the photoelectric 

effect showed light to be a stream of photons — tiny com-

pact bullets. But how could these tiny bullets produce the 

interference patterns seen with light?

In our previous chapter we mentioned that the argu-

ment that tiny bullets could not cause interference was 

not airtight. Might they not somehow defl ect each other 

to form the bright and dark bands? That loophole in the 

argument has been closed. Interference can be seen with 

light so dim that only one photon is present at a time.

Choosing to demonstrate interference, something explicable only in terms of 

waves, you could prove light to be a widely spread-out wave. However, by choos-

ing a photoelectric demonstration, where a single electron absorbed a whole light 

quantum, you could prove light to be a stream of tiny compact objects. There 

seems to be an inconsistency. (Recall that something like this was seen in Neg 

Ahne Poc: Our visitor could choose to prove the couple was an entity spread over 

both huts, or he could choose to prove the couple was a concentrated entity in 

a single hut.)

Though the paradoxical nature of light disturbed Einstein, he clung to his 

photon hypothesis. He declared that a mystery existed in Nature and that we 

must confront it. He did not pretend to resolve the problem. And we do not 

pretend to resolve it here in this book. The mystery is still with us a hundred 

years later. The implications of our being able to choose to prove either of two 

contradictory things extend beyond physics. It’s the quantum enigma. We will 

see far-out speculations being seriously proposed.

In 1906, the year after Albert Einstein discovered the quantum nature of 

light, firmly established the atomic nature of matter, and formulated the theory 

of relativity, he was promoted by the Swiss patent offi ce to Technical Expert, 

Second Class.

Figure 6.7
An interference pattern
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discovered a decade earlier by J. J. Thompson. An atom, being electrically neutral, 

must somewhere have a positive charge equal to that of its negative electrons, and 

that positive charge presumably had most of the mass of the atom. How were the 

atom’s electrons and its positive charge distributed?

Thompson had made the simplest assumption: The massive positive charge 

uniformly fi lled the atomic volume and the electrons — one in hydrogen and al-

most 100 in the heaviest known atoms — were distributed 

throughout the positive background like raisins in a rice 

pudding. Theorists tried to calculate how various distribu-

tions of electrons might give each element its characteristic 

properties.

There was a competing model for the atom. Ernest Ruth-

erford at the University of Manchester in England explored 

the atom by shooting alpha particles (helium atoms stripped of their electrons) 

through a gold foil. He saw something inconsistent with Thompson’s uniformly 

distributed positive mass. About one alpha in 10,000 would bounce off at a large 

angle, sometimes even backward. The experiment was 

likened to shooting prunes through rice pudding — colli-

sions with raisins could not knock a fast prune much off 

track. Rutherford concluded that his alpha particles were 

colliding with an atom’s positive charge, and that almost 

all the atom’s mass was concentrated in a small lump, a 

“nucleus.”

Why, however, did the negative electrons, attracted 

by the positive nucleus, not just fall into it? For the same 

reason that planets don’t crash down into the sun: They 

orbit the sun. Rutherford decided that electrons orbited a 

small, massive, positive nucleus.

There was a problem with Rutherford’s planetary 

model: instability. Since an electron is charged, it should 

radiate as it races around its orbit. Calculations showed 

that an electron should give off its energy as light and spiral down to crash into 

the nucleus in less than a millionth of a second.

Most of the physics community considered the instability in the planetary 

model a more serious problem than the rice pudding model’s inability to explain 

the rare large-angle defl ections of Rutherford’s alpha particles. But Rutherford, a 

supremely confident fellow, knew his planetary model was basically right.

When the young postdoc Bohr arrived in Manchester, Rutherford assigned 

him the job of explaining how the planetary atom might be stable. Bohr’s tenure 

in Manchester lasted only six months, supposedly because his support money ran 

Figure 6.9 Thompson’s rice 
pudding model of atoms

Figure 6.10 Rutherford’s 
experiment with alpha particles

Figure 6.11 Instability of 
Rutherford’s atomic model



Chapter 6 How the Quantum Was Forced on Physics 63
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object, each incident crest produces one other wave crest. The frequency of the 

wave therefore does not change in refl ection from a stationary object. On the 

other hand, if Compton assumed that light was a stream of particles, each with 

the energy of an Einstein photon, he got a perfect fit to his data.

The “Compton effect” did it. Physicists now accepted photons. Sure, in cer-

tain experiments light displayed its spread-out wave properties and in others its 

compact particle properties. As long as one knew under what conditions each 

property would be seen, the photon idea seemed less troublesome than find-

ing another explanation for the Compton effect. Einstein, however, still “a man 

apart,” insisted a mystery remained, once saying: “Every Tom, Dick, and Harry 

thinks they know what the photon is, but they’re wrong.”

Graduate student de Broglie shared Einstein’s feeling that there was a deep 

meaning to light’s duality, being either extended wave or compact particles. He 

wondered whether there might be symmetry in Nature. If light was either wave 

or particle, perhaps matter was also either particle or wave. He wrote a simple 

expression for the wavelength of a particle of matter. This 

formula for the “de Brog lie wavelength” of a particle is 

something every beginning quantum mechanics student 

quickly learns.

The fi rst test of that formula came from a puzzle that 

stimulated de Broglie’s wave idea: If an electron in a hydro-

gen atom were a compact particle, how could it possibly 

“know” the size of an orbit in order to follow only those 

orbits allowed by Bohr’s by-now-famous formula?

The lengths of violin string required to produce a 

given pitch are determined by the whole number of half-

wavelengths of vibration that fit along the length of the 

string. Similarly, if the electron was a wave, the allowed 

orbits might be determined by a whole number of electron 

wavelengths that fit around the orbit’s circumference. Applying this idea, de Bro-

glie was able to derive Bohr’s ad hoc quantum rule. (In the violin, it’s the material 

of the string that vibrates. What vibrates in the case of the electron “wave” was 

then a mystery. It’s become an even deeper one.)

It’s not clear how seriously de Broglie took his conjecture. He certainly did 

not recognize it as advancing a revolutionary view of the world. In his own later 

words:

[H]e who puts forward the fundamental ideas of a new doctrine often 

fails to realize at the outset all the consequences; guided by his per-

Figure 6.13 De Broglie’s 
symmetry idea

Figure 6.14
Wavelengths around an 

electron orbit
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Schrödinger credits Einstein’s “brief but infi nitely far-seeing remarks” for 

calling his attention to de Broglie’s speculation that material objects could display 

a wave nature. The idea appealed to Schrödinger. Waves might evolve smoothly 

from one state to another. Electrons would not need to orbit without radiating. 

He might get rid of Bohr’s “damn quantum jumps.”

Willing to amend Newton’s laws to account for the quantum behavior of 

small objects, Schrödinger nevertheless wanted a description of the world that 

had electrons and atoms behaving reasonably. He would seek an equation gov-

erning waves of matter. It would be new physics, a guess that would have to be 

tested. Schrödinger would seek the new universal equation of motion. The old 

classical physics would be merely the good approximation for large objects.

From the position and motion of a tossed stone at one moment, Newton’s 

law predicts its future position and motion. Similarly, from a 

wave’s initial shape, a wave equation predicts its shape at any 

later time. It describes how the ripples spread from the spot 

where a tossed pebble hits the water, or how waves propagate 

on a taut rope.

However, the single-wave equation that works for waves 

of water, light, and sound doesn’t work for matter waves. Wa-

ter, light, and sound waves move at the single speed deter-

mined by the medium in which the wave propagates. Sound, 

for example, moves at 330 meters per second in air. The wave 

equation Schrödinger sought had to allow matter waves to move at any speed 

because electrons, atoms — and baseballs — move at any speed.

The breakthrough came during a mountain vacation with a girlfriend in 

1925. His wife stayed home. To aid his concentration, Schrödinger brought with 

him two pearls to keep noise out of his ears. Exactly what noise he wished to 

avoid is not clear. Nor do we know the identity of the girlfriend, nor whether she 

was inspiration or distraction. Schrödinger kept discreetly coded diaries, but the 

one for just this period is missing.

In four papers published within the next six months, Schrödinger laid down 

the basis of modern quantum mechanics with an equation describing waves of 

matter. Almost all the puzzles of the early quantum theory seemed resolved. The 

work was immediately recognized as a triumph. Einstein said it sprang from “true 

genius.” Planck called it “epoch making.” Schrödinger himself was delighted to 

think that he had gotten rid of quantum jumping. He wrote:

It is hardly necessary to point out how much more gratifying it would 

be to conceive a quantum transition as an energy change from one 

vibrational mode to another than to regard it as a jumping of elec-

Figure 7.2 The path of a 
stone and the spreading of 

water ripples
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atom, for example. To be general, we usually refer to an “object” but sometimes 

revert to “atom.” We later discuss wavefunctions for bigger things — a molecule, a 

baseball, a cat, even the wavefunction of a friend. Cosmologists contemplate the 

wavefunction of the whole universe, and so will we.

A couple of years before Schrödinger’s vacation inspiration, Compton showed 

that photons bounced off electrons as if they were each tiny billiard balls. On 

the other hand, to display interference, each and every photon or electron had 

to be a widely spread-out thing. Each photon, for example, had to go through 

both slits in a barrier. How can an object be both compact and spread out? Well, 

a wave can be either compact or spread out. (But, of course, it cannot be both at 

the same time.)

The wavefunction of a moving atom might look much like ripples, or a series 

of waves, a “wave packet,” moving on water. A wave equa-

tion, the one for water waves or matter waves, can describe 

a spread-out packet with many crests, or a compact packet 

with only a few crests, or even a single crest moving along.

For big things, objects much larger than atoms, Schrö-

din ger’s equation just turns into Newton’s universal equa-

tion of motion. Schrödinger’s equation governs not only 

the behavior of electrons and atoms but also the behavior of everything made of 

atoms — molecules, baseballs, and planets. Given an initial wavefunction, it tells 

what the wavefunction will be like later. It’s the new universal law of motion. 

Newton’s equation is just the approximation for big things.

Waviness

Schrödinger’s equation says a moving object is a moving packet of waves. But 

what’s waving? Think of these analogies — Schrödinger no doubt did:

At a stormy place in the ocean, the waves are big. Let’s call that a region of 

large “waviness.” The boom of a drum, on its way to you from a distant drum-

mer, is where the air pressure waviness is large, where the sound is. The bright 

patch where the sunlight hits the wall, the region of large electric field waviness, 

is where the light is. Waviness somehow tells where something is. It might seem 

reasonable to carry this notion over to the quantum case.

The waviness of a packet of quantum waves is large where the amplitude of 

the waves is large. Perhaps that is where the object is. (In quantum theory, the 

technical expression for the waviness is the “absolute square of the wavefunction,” 

and there is a mathematical operation for getting it from the wavefunction. We 

mention that term only because you might see it elsewhere. “Waviness” is more 

Figure 7.3 Wavefunction as a 
series of waves or a single crest
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descriptive.) Waviness can be easy to sketch if we have the 

wavefunction. We will indicate waviness by shading: The 

darker the shading, the greater the waviness.

When we considered an atom simply as a moving 

object, we ignored its internal structure. There are, of 

course, electron wavefunctions within the atom. Early 

on, Schrödinger calculated the wavefunction of the single electron within the 

hydrogen atom and duplicated Bohr’s results for the experimentally observed 

hydrogen spectrum — without needing Bohr’s arbitrary assumptions. Able to do 

that, Schrödinger was sure he had it right. He was elated. He thought he had got-

ten rid of quantum jumps. Not so, we’ll see.

In figure 7.5, we sketch the waviness for the hydrogen electron’s three lowest 

energy states as cross sections through the three-dimensional waviness. You can 

visualize the waviness as clumps of fog: The 

fog is densest where the waviness is largest. 

Pictures such as these provide chemists with 

insight into how atoms and molecules bind 

with each other.

The wavefunction, being the object itself, 

actually includes everything knowable about 

an object, the velocity of an atom or its rate of 

spin, for example. For now, we will talk only 

of the wavefunction for the position of an object moving along a straight line. The 

quantum enigma confronts us starkly in that simple case.

We have suggested that the waviness perhaps tells where the object is. It’s 

not quite that. But what exactly is the waviness?

Schrödinger’s Initial (Wrong) 
Interpretation of Waviness

Schrödinger speculated that an object’s waviness was the smeared out object 

itself. Where, for example, the electron fog is densest, the material of the electron 

is most concentrated. The electron itself would thus be smeared over the extent of 

its waviness. The waviness of one of the states of the hydrogen electron pictured 

above might then morph smoothly to another state without the quantum jump-

ing Schrödinger detested.

This reasonable-seeming interpretation of waviness is wrong. Here’s why: 

Though an object’s waviness may be spread over a wide region, when one looks 

at a particular spot, one finds either a whole object or no object in that spot.

Figure 7.4 A wavefunction and 
its waviness

Figure 7.5 The waviness of a hydrogen atom’s 
three lowest states
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For example, an alpha particle emitted from a nucleus might have waviness 

extending over kilometers. But as soon as a Geiger counter detects an alpha, there 

is a whole alpha right there inside the counter. The waviness of a single electron 

having just passed through both slits in an interference experiment will be in 

several clumps, separated perhaps by inches, and each headed toward an allowed 

region on the screen. But an instant later a single fl ash is seen at a single spot 

on the scintillation screen, and the whole electron can be found there. All the 

electron’s previously extended waviness is suddenly concentrated at that one spot 

at which the electron can be observed. If, on the other hand, 

the electron were observed in transit to the screen, it would 

be found somewhere in the clumps of waviness.

If an actual physical object were smeared over the ex-

tent of its waviness, its remote parts would have to instan-

taneously coalesce to the place where the whole object was 

found. Physical matter would have to move at speeds greater 

than that of light. That’s impossible.

Schrödinger’s equation succeeds in predicting what is 

actually seen, but in his goal of exorcising what he called 

the “nonsense” from physics, Schrödinger failed. He once 

claimed that if we must still put up with “these damn quan-

tum jumps,” he was sorry that he had anything to do with 

quantum theory. We later treat his objection to what quan-

tum theory says about physical reality. It is something far 

more outrageous than mere orbit-jumping electrons.

The Accepted Interpretation of Waviness

What we say in the next several pages makes this the most difficult chapter in the 

book —difficult because it’s so hard to believe.

The waviness in a region is the probability of fi nding the object in that region. 

Be careful — the waviness is not the probability of the object being there. There’s 

a crucial difference! The object was not there before you found it there. Your 

happening to find it there caused it to be there. This is tricky and the essence of 

the quantum enigma. Let’s back up and try to see what this quantum probability 

might mean. We must contrast our usual understanding of probability with its 

role in quantum mechanics. Let’s start with an example of classical probability.

At a carnival, a fast-talking fellow with even faster hands operates a shell 

game. He places a pea under one of two inverted shells. After his rapid shuf-

fl ing, your eyes lose track of which shell holds the pea. There is equal prob-

Figure 7.6 Top: Waviness of 
an alpha particle before and 
after detection by a Geiger 

counter. Bottom: Waviness of a 
single electron before and after 

detection on a screen.
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ability for the pea to be in either of two places. We associate 

a probability of one-half with each shell, meaning half of the 

times we look we would find the pea under, say, the right-hand 

shell. (The sum of the probabilities for the two shells is one: 

½ + ½ = 1. This corresponds to the certainty that the pea is 

surely under one of the two shells.)

After a bit of glib talk (as he takes some bets) the operator 

lifts, say, the shell on the right, and you see the pea. Instanta-

neously, it becomes a certainty (probability equal to one) that 

the pea is not under the shell on the left. The probability that the pea is under 

the left shell collapsed to zero. That left shell could have been moved across town 

before the shell on the right was lifted. The collapse of probability would still be 

instantaneous. Great distance does not affect how fast probability can change.

Games of chance make it almost obvious what waviness 

should represent. (Obvious at least to those of us who have 

been previously taught the answer.) It was, in fact, only a few 

months after Schrödinger announced his equation that Max 

Born realized that the waviness in a region was probability, 

the probability for the whole object being found in that region. 

Like probability in the shell game, when we find out where the 

object is, its waviness instantaneously becomes unity in the 

region we found it and zero everyplace else.

There is, however, a crucial difference between the classical probability il-

lustrated by the shell game and that in quantum mechanics represented by wavi-

ness. Classical probability is a statement of one’s knowledge. In the shell game, for 

instance, your not knowing at all which shell covered the pea means that for you 

the probability of it being under each shell was ½. The shell game operator likely 

had better knowledge. If so, for him the probability was different.

Classical probability represents (someone’s) knowledge of a situation. It does 

not tell the whole story. Something physical is presumed to exist in addition to 

that knowledge, something it was the probability of. There existed, for example, 

a real pea under one of the shells. If someone peeked and saw the pea under the 

left-hand shell, the probability would collapse to a certainty for her. But it could 

still be ½ for each shell for her friend who didn’t look. Classical probability is 

subjective.

Quantum probability, waviness, on the other hand, is objective — it’s the same 

for everyone. It’s the whole story: There is no atom in addition to the wavefunc-

tion of the atom. If someone happened to see the atom at a particular spot, that 

look would collapse the spread out wavefunction of the atom to be concentrated 

Figure 7.7

Figure 7.8
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packets are surely inside the boxes. We show the wavefunction and waviness at 

three successive times.

Holding an atom in a box pair without disturbing its wavefunction would 

be tricky, but possible. Dividing the wavefunction of an atom into two well-

separated regions is frequently accomplished, and that’s all we really need for 

our story. We like to think of each region defined by a box because it’s more like 

the shell game.

But, unlike the classical shell game, where the pea was in fact under one 

shell or the other, quantum theory says the waviness, and therefore the atom, is 

simultaneously in both boxes. What can that possibly mean? We establish that with 

an interference experiment, the standard demonstration of the wave phenomena. 

(Recall our description of interference in chapter 5.)

We open a small hole in each box of the pair at about the same time. The 

wavefunction leaks out of both boxes and falls on a screen to which an atom will 

stick. In some places on the screen, waves from the two boxes will reinforce each 

other, and at other places waves will cancel. Repeating this with many identically 

positioned box pairs, atoms will be found in regions of large waviness.

That’s the crucial point: Each and every atom follows a rule allowing it to 

land in regions separated by distance “d” in figure 7.10. That rule depends on the 

Figure 7.9 Mirror and box set-up allowing trapping of wavefunctions. 
A wavefunction is shown at three different times.

Figure 7.10 Interference experiment with two-box set-up
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of mirrors. A resonating guitar string must vibrate in an in-

tegral number of half wavelengths. Likewise, laser mirrors 

must be spaced an integral number of half wavelengths of 

the light. One of the mirrors is slightly transparent, allow-

ing a bit of the beam to leave the laser on each bounce.

Notice how we slipped from talking of light being a

stream of compact photons, each hitting a single atom, to 

light being an extended wave stretching between two mac-

roscopic mirrors. (This is analogous to our atom that could be compactly concen-

trated in a single box or be a wave spread over two boxes.)

The Transistor

The transistor is the most important invention of the twentieth century. Without 

it, nothing dependent on modern electronics would be possible. The transistor 

can act as a switch, allowing an electric current to flow, or as an amplifier, taking 

in a weak electrical signal and putting out a stronger signal. Before the transistor 

was developed in the 1950s, such operations were done by vacuum tubes. Each 

tube was as large as your fist, gave off almost as much heat as a light bulb, and 

cost several dollars.

Today, a billion transistors on a single chip cost a millionth of a cent each, 

and each is only millionths of an inch across. A personal computer may have 

more than ten billion of them. Using vacuum tubes, a computer with the power 

of a modern laptop would be ridiculously expensive, occupy vast territory, and 

require all the electric power of a major city’s generating plant.

Transistors are everywhere: in TVs, cars, cell phones, microwave ovens, and 

the watch on your wrist. Modern life depends on the transistor. In the year 2003, 

more than a hundred billion transistors were manufactured — every second.

Most transistors are based on silicon, each atom of which has fourteen elec-

trons. Of these, four are “valence electrons” that bind each silicon atom to its 

neighbors. The other ten electrons are held to their parent nucleus, but each 

valence electron extends throughout the silicon crystal as a wave. Each valence 

electron is simultaneously everyplace in the crystal.

The electrons directly involved in the switching or amplifying functions of 

the transistor are another matter. These can be released by phosphorus atoms, 

which are added to the silicon crystal. Designers of transistors must concern 

themselves with these released “conduction electrons” being slowed by bumping 

into individual impurity atoms or being trapped by such impurities. They must 

treat conduction electrons as objects compact on the atomic scale.

Figure 8.1 Light waves 
between laser mirrors
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The first experiment our physicist does should remind you of the visitor in Neg Ahne Poc 

asking: “In which hut is the couple?” The answers he got demonstrated the couple to be 

wholly in one hut or the other.

Our physicist points to a set of boxes, each box paired with another. She 

explains that with her apparatus she will inject a single marble into each 

pair of boxes. “The details of how my apparatus works,” she says, “won’t 

matter.” The GROPE accepts this. They watch as she mounts a box pair on 

the right end of her apparatus, drops a tiny marble into a hopper on the 

left, and then removes the box pair. She repeats the procedure, accumulat-

ing a few dozen box pairs.

(Unlike the GROPE, you have been exposed to quantum theory. We therefore note that 

our physicist’s apparatus involves a set of mirrors appropriate for dividing the waviness 

of each “marble” equally into both boxes of each pair.)

“My first experiment,” our physicist explains, “will determine which box 

of each pair contains the marble.” Pointing at a box pair, she nods to one 

eager-looking member of the GROPE and asks: “Would you please open 

each box and see which box holds the marble?”

Opening the first box, the young man announces: “Here it is.”

“Make sure the other box is completely empty,” requests our physicist.

Looking carefully, he says with assurance, “It’s completely empty —

there’s nothing in it.”

Once he was through examining the boxes, our physicist asks an 

attentive young woman to repeat the procedure of finding which box of 

a pair held the marble. Opening the first box, the woman remarks, “It’s 

empty; the marble must be in the other box.” Indeed, she finds it there.

Figure 9.1
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Our physicist repeats this procedure several more times. The marble 

appears randomly in either the first or second box opened. She soon notices 

members of the GROPE not paying much attention and mumbling to each 

other. She overhears one fellow say to the woman next to him: “What’s her 

point? Hardly the remarkable demonstration we were promised.”

Though the remark was not directed at her, our physicist responds: “I’m 

sorry, I just want to convince you that when we look to find out which box 

of a pair holds the marble, we demonstrate that there is a whole marble 

in one box and that the other is completely empty. Please bear with me, 

because I’d now like to show you that it doesn’t matter just how we find

out in which box our marble is. Here’s another way to find out.”

She sets a box pair in front of a sticky screen and opens one box. The 

light is too dim to see the fast marble, but there is a “plink,” and a marble 

sticks to the screen. “Ah, the marble was in the first box,” she says. “There-

fore, no marble will hit the screen when I open the second box.”

“Obviously,” is a mumbled comment from someone near the back 

of the GROPE.

Though holding the attention of the GROPE again becomes diffi -

cult, our persistent physicist repeats the demonstration with more box 

pairs. If a marble hits the screen when she opens the first box, none

appears when she opens the second box. If no marble appears on the 

screen on the first opening, there is always a marble on the second. The 

screen gradually becomes spotted with marbles, distributed uniformly 

over the screen.

“Can you see,” she asks, “that this is also a demonstration that there is a 

marble in one of the boxes of a pair and that the other is empty?”

“Sure, but where’s the remarkable demonstration you promised?” 

grumbles one fellow: “Of course how you look doesn’t matter. Your ap-

paratus put a marble in one box of each pair. So what?” Several nod agree-

ment. And from an outspoken woman: “He’s right!”

“Actually,” our physicist says hesitantly, “the remarkable thing — what I 

hope to demonstrate — is that what he just said is not quite right. But let 

me try another experiment first.”

The next experiment our physicist does should remind you of the visitor to Neg Ahne Poc 

asking: “In which hut is the man and in which hut is the woman?” The answers he got 

demonstrated the couple to be distributed over both huts. 

Figure 9.2
Opening boxes 

sequentially 
with results on 

the screen
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The GROPE politely settles down to watch the new experiment.

Our physicist positions a new set of box pairs in front of the sticky screen 

and quickly opens both boxes of the pair. “The difference in this next 

experiment,” she points out, “is that I’m opening both boxes at the same 

time.” A plink indicates the impact of a marble on the screen. Discarding 

that box pair, our physicist carefully positions another in the same place 

and again opens both boxes together. Another plink is heard as a marble 

hits the screen.

Marbles accumulate on the screen as she opens more box pairs simul-

taneously. A fellow in a red shirt asks idly: “Doesn’t this experiment dem-

onstrate even less than your first one? Since you’re now opening both boxes 

at the same time, for this set, we can’t even tell which box the marble came 

out of.”

But before his remark is seriously considered, a previously silent 

woman up front says: “Where the marbles land seems to form a pattern.”

Now they all watch carefully. As more marbles plink onto the 

screen, the pattern emerges distinctly. Marbles land only in certain 

places. In other places on the screen there are no marbles. Each 

marble follows a rule allowing it to land only in certain places and 

forbidding it to land in others.

The woman who first noticed the pattern seems puzzled and 

now asks: “In your first experiment, when the boxes of each pair 

were opened separately, the marbles were uniformly distributed 

over the screen. How can opening the empty box along with the 

one holding the marble affect where the marbles land?”

Our physicist, delighted with that question, responds eagerly: “You’re 

right! Opening a box that was truly empty couldn’t affect the marble. 

There was a marble in each pair of boxes. But it’s not quite right to say that 

one box held the marble, and the other was empty. Each and every marble 

was simultaneously in both boxes of its box pair.”

Responding to the dubious looks on the faces of most members of the 

GROPE, our physicist persists: “Actually, there’s a quite convincing way 

to show that. It’s just a bit time-consuming.”

The GROPE chats and relaxes as our physicist quickly prepares three 

sets of box pairs. Now, regaining their attention, she repeats her simulta-

neous openings of both boxes of each pair. But this time with each of the 

three sets she uses a different spacing for the boxes of the pair.

Figure 9.3
Results on 
screen of 

opening boxes 
simultaneously



92 Quantum Enigma

“Notice that the farther apart the boxes of a pair are, the 

closer spaced is the pattern. The rule that each and every mar-

ble obeys — the rule that tells each marble the places where it 

is allowed to land — depends on the spacing of its box pair. 

Each marble therefore ‘knows’ that spacing. Each marble 

must therefore have occupied both boxes of its pair.”

“Wait a second, lady,” a kid pipes up. “You’re saying the 

marble was in two places at the same time, that it came out of 

both boxes. That’s silly! . . . Ah, oh, I’m sorry, ma’am.”

“No problem, young fellow,” responds our physicist. “You’re quite right. 

The marble was simultaneously in two places. It was in both boxes. The 

scientific way is to accept what Nature tells us regardless of our intuitions. 

The single marble coming out of both boxes may sound silly, but the ex-

perimental demonstrations leave us no other alternative.”

This takes a bit of contemplation. But after a minute or so, that fellow 

in the red shirt speaks up: “There is an alternative, an obvious one. In your 

first experiment, where you opened boxes one at a time, we saw one box of 

each pair to be completely empty. But, as you just said, for these other box 

pairs there was something in both boxes. Clearly these sets of box pairs 

were prepared differently.”

Our physicist pauses with her hands on her hips to allow this idea to 

take hold before she comments: “That’s a reasonable hypothesis. But actu-

Figure 9.4 Results 
of opening boxes 
simultaneously 

with different box 
spacings

Figure 9.5 Drawing by Charles Addams. 
© Tee and Charles Addams Foundation
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ally the box pairs for both kinds of experiment were prepared identically. 

With either set I could have done either experiment. I’ll prove that.”

The third experiment our physicist does should remind you of the visitor to Neg Ahne 

Poc asking either question. He could choose to demonstrate either that the couple is in a 

single hut or that the couple is distributed over both huts. That baffl ed him.

After a coffee break, during which our physicist prepares and stacks up 

several sets of a dozen box pairs each, the GROPE reassembles. A woman 

speaks up: “We’ve been talking about what you said, and at least some of us 

are confused. A few of us think you claimed to demonstrate both that one 

box of each pair was empty and also that neither box was empty. Those are 

two contradictory situations. They misunderstood. Didn’t they?”

“Well, they have it almost right. Which situation would you like to dem-

onstrate with this group of box pairs?”

Somewhat taken aback, the questioner hesitates, but the woman next to 

her quickly volunteers: “Okay, show us that one box of each pair is empty.”

Our physicist repeats her first experiment, opening the boxes of each of 

a dozen pairs in turn, each time revealing a marble in one of the boxes. 

Showing the other box to be empty, she comments: “And I assure you that 

no matter how this empty box is investigated, absolutely nothing would 

ever be found in it.”

A cooperative fellow now points to another set of box pairs and asks: 

“Can you now show us that for this other set neither box is empty?”

“Sure, I’ll do that.” And our physicist performs the experiment that dem-

onstrates each marble must have occupied both boxes of its pair, opening 

both boxes simultaneously for a dozen box pairs in a row.

Several times our physicist demonstrates either of the two apparently 

contradictory situations, as chosen by a GROPE member.

A fellow up front brusquely calls out in the middle of one of the demon-

strations: “What you’re telling us — and I admit seem to demonstrate — 

Figure 9.6



96 Quantum Enigma

did not even see the marble, your merely gaining the knowledge that it 

was in the other box would cause it to be wholly in the other box. Gaining 

knowledge in any way whatsoever is enough.”

The GROPE (being a group of reasonable and open-minded people) 

listens politely. But what our physicist said is not readily accepted.

A man suddenly blurts out: “Are you claiming that before we looked 

and found the marble in one of the boxes, it wasn’t there, that our looking 

created the marble there? That’d be silly.”

“Wait, I think I understand what she’s saying,” the woman sitting 

next to him volunteers. “I’ve read about quantum mechanics. I think she 

just means that the wavefunction, which is the probability of where the 

marble is, was in both boxes. The actual marble was, of course, in one box 

or the other.”

“The first part of what you said is okay,” says our physicist encouragingly. 

“What was in each of the boxes was indeed half of the marble’s wavefunc-

tion. The waviness is the probability of finding a marble in the box. But 

there is no ‘actual marble’ in addition to the wavefunction of the marble. 

The wavefunction is the only thing that physics describes — it’s the only 

physical thing.”

Our physicist sees frowns and eyes rolled upward. She is glad they are 

(supposedly) open-minded. “Watch how nicely quantum theory explains 

the pattern we get when I open the boxes at the same time,” she continues. 

“The parts of the wavefunction that were in each box reach the detecting 

screen together.”

Moving her two hands wavelike as she talks: “The two parts of the 

wavefunction are waves moving out of each box to the screen. 

At some places on the screen, wave crests from one box ar-

rive at the same time as crests from the other box, and the 

wavefunction from the two boxes add. That’s a place with 

large waviness, with a large probability of finding a marble. 

At other places on the screen, crests from one box come at the 

same time as troughs from the other box, and the wavefunc-

tions from the two boxes cancel each other. That’s a place with 

no waviness, with zero probability of finding a marble. The 

distance of a place on the screen from each of the two boxes 

determines whether the wavefunctions from the two boxes 

will add or cancel. Each marble thus follows a rule forbidding 

it to appear in regions where the two parts of its wavefunction 

cancel. That explains the so-called pattern we see.”

Figure 9.7
Reinforcement and 

cancellation of waves 
from two boxes
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Physicists wishing not to confront philosophical problems readily accepted 

Bohr’s version of the Copenhagen interpretation. Some physicists occasionally 

sail away to speculative shores. But when we actually do physics or teach physics, 

we all come home to wonderful Copenhagen.

Some physicists are concerned about denying reality to atoms and yet blithely 

viewing objects made of atoms as real. This is especially true as today’s technol-

ogy increasingly moves into the ill-defined region between the classical and the 

quantum realms. We therefore carefully examine the Copenhagen interpretation, 

the tacitly accepted, but increasingly questioned, stance of working physicists.

What Copenhagen Must Make Acceptable

While we presented the “skeleton in the closet” in our previous chapter as a 

story, those experiments, and many more like them, are done all the time — even 

as lecture demonstrations. The story was a caricature of an actual quantum ex-

periment in which a small object is sent to occupy a pair 

of well-separated boxes. Looking into the boxes, you will 

always find the whole object in a single box, and the other 

box will be empty.

According to quantum theory, however, before it was 

observed, the object was simultaneously in both boxes. And 

you could have chosen to do an interference experiment es-

tablishing that fact. Thus, by your free choice, you could establish either of two 

contradictory prior realities. And, in principle, quantum mechanics applies to 

Figure 10.1 Drawing by Michael Ramus, 1991. 
© American Institute of Physics

Figure 10.2 The atom-in-a
-box -pair demonstration
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you (or anyone) will find it. The atom wasn’t in that box before you observed it 

to be there. Quantum theory has the atom’s wavefunction occupying both boxes. 

Since the wavefunction is synonymous with the atom itself, the atom is simulta-

neously in both boxes.

The point of that last paragraph is hard to accept. That’s why we keep repeat-

ing it. Even students completing a course in quantum mechanics, when asked 

what the wavefunction tells, often incorrectly respond that it gives the probability 

of where the object is. The text we teach from emphasizes the correct point by 

quoting Pascual Jordan, one of the founders of quantum theory: “Observations 

not only disturb what is to be measured, they produce it.” But we’re sympathetic 

with our students. Using quantum mechanics is hard enough without worrying 

about what it means.

Though we’ve been speaking of “observation,” we’ve not fully said what con-

stitutes an observation. When a photon bounces off an isolated atom, does that 

photon observe the atom? Does a piece of photographic fi lm hit by a photon 

observe that photon?

For a photon bouncing off an atom, there is a clear answer: The photon does 

not observe the atom. After the encounter, the photon is a wave of probability 

moving off in all directions. The photon and atom are in a superposition state 

that includes all possible positions of the atom before their encounter. This can 

be confirmed with a complex two-body interference experi-

ment. According to Copenhagen, only when a macroscopic 

measuring instrument records the direction along which the 

photon came away from the atom does the existence of the 

atom in a particular position become a reality.

More generally, Copenhagen assumes that whenever any 

property of a microscopic object affects a macroscopic object, 

that property is “observed” and becomes a physical reality.

Strictly speaking, of course, a macroscopic object must 

still obey quantum mechanics and — if isolated from the rest 

of the world — merely joins the superposition state of the 

microscopic object that affected it. It would thus not “observe.” But for practical 

reasons, it is not possible to demonstrate that a large object is in a superposition 

state.

Though we have talked only of an object’s position, in the Copenhagen in-

terpretation no property of a microscopic object exists until it is produced by 

observation. Since an object is nothing but the sum of its properties (what else is 

there?), some argue that a totally unobserved microscopic object has no physical 

existence at all. 

Let us be more careful about what is “unobserved.” Consider our atom in its 

Figure 10.3 Bouncing a 
photon off an atom does not 

create the atom’s position 
until the photon is detected
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been in a single box, in spite of its following the rule implying that it came out of 

both boxes. Quantum theory (or at least its Copenhagen interpretation) would 

thus be shown inconsistent, therefore wrong. To show that any such demonstra-

tion must fail, Heisenberg produced the thought experiment that is now called 

the “Heisenberg microscope.”

To see out of which box an atom came, you could bounce light off it — this is 

the usual way of seeing things. In order not to kick the atom hard enough to deflect

it from an allowed place in the interference pat-

tern, hit it with the least possible light, a single 

photon. To tell which box the atom came from, 

the wavelength of the light must be smaller 

than the separation of the boxes.

But such a required short wavelength 

means a large number of crests coming per 

second. That’s a high frequency, and a high-

frequency photon has a high energy. It would 

give the atom a hard kick. Heisenberg easily 

calculated that photons with short enough 

wavelength would kick atoms hard enough to smear any interference pattern. 

Thus, if you saw each atom come from a single box, you could not also see an 

interference pattern showing that each atom had been in both boxes.

Werner Heisenberg proudly came to Bohr with his discovery. Bohr was im-

pressed, but told his young colleague that he didn’t have it quite right. Heisenberg 

forgot that if you knew the angle at which the photon bounced off, you could

in fact calculate which box the atom came from. He had the right basic idea, 

though. Bohr showed him that by including the microscope needed to measure 

the photon angle in his analysis, he could recapture the result he thought he had. 

Missing this point doubly embarrassed Heisenberg. He reported that determin-

ing the direction of a light wave with a microscope was a question he had missed 

on his doctoral exam.

Heisenberg went on to generalize his microscope story to become the 

“Heisenberg uncertainty principle”: The more accurately you measure an object’s 

position, the more uncertain you will be about its speed. And vice versa, the 

more accurately you measure an object’s speed, the more uncertain you will be 

about its position.

The uncertainty principle can also be derived directly from the Schrödinger 

equation. In fact, the observation of any property makes a “complementary” quan-

tity uncertain. Position and speed are, for example, complementary quantities. 

Energy and the time of observation are another complementary pair. The bottom 

line is that any observation disturbs things enough to prevent the disproof of 

quantum theory’s assertion that observation creates the property observed.

Figure 10.4 The Heisenberg microscope
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Since the waviness of the atom split equally at the semitransparent mirror, 

half went into the box with the Geiger counter and the cat and half into the other 

box. As long as the system is isolated, the atom is in a superposition state we can 

describe as in the box with the Geiger counter and, simultaneously, in the empty 

box. To be succinct we say that the atom is simultaneously in both boxes.

The unobserved Geiger counter must therefore also be in a superposition 

state. It is both fired and, simultaneously, unfi red. The cork on the cyanide bottle 

must be both pulled and not pulled. The cat must be both dead and alive. This is, 

of course, hard to imagine. Impossible to imagine, perhaps. But it’s just a logical 

extension of what quantum theory is telling us.

We show quantum theory’s version of our yet-unobserved cat and the rest of 

Schrödinger’s “hellish contraption” with a mixed-metaphor image. We represent 

the atom by its wavefunction in both boxes. Since the wavefunctions of Geiger 

counters and cats are too complicated to display, we just picture the Geiger coun-

ter both fired and unfired (lever both up and down), the cyanide cork both pulled 

and not pulled, and the cat simultaneously dead and alive.

What if you now look into the box to see whether the cat is dead or alive? 

Back when only an atom was in a superposition state in our box pair, any look 

into a box collapsed the atom totally into one box or the other. Here, a look col-

lapses the wavefunction of the entire system.

The theory must predict a self-consistent situation. If you find the cat dead, 

then the Geiger counter will have fired, the cork on the cyanide bottle will be 

pulled, and the atom will be in the box with the cat. If you find the cat alive, the 

Geiger counter will not have fi red, the cyanide bottle will be corked, and the atom 

will be in the other box.

But, according to quantum theory, before you looked, the atom was not in 

one box or the other. It was in a superposition state simultaneously in both boxes. 

Figure 11.1 Schrödinger’s cat
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Evading Heisenberg

Quantum theory has an atom being either a spread-out wave or a concentrated 

particle. If, on the one hand, you look and see it come out of a single box (or 

through a single slit), you show it to be a compact particle. On the other hand, 

it can participate in an interference pattern that shows it to be an extended 

wave — an apparent contradiction. But the theory is protected from refutation by 

the Heisenberg uncertainty principle, which shows that looking to see through 

which slit an atom comes kicks it hard enough to blur any interference pattern. 

So you thus can’t demonstrate a contradiction.

To argue that quantum theory led to an inconsistency and was therefore 

wrong, Einstein attempted to show that even though an atom participated in an 

interference pattern, it actually came through a single slit. To demonstrate this 

he had to evade the uncertainty principle. (Ironically, Heisenberg attributed his 

original idea for the uncertainty principle to a conversation with Einstein.) Here’s 

Einstein’s challenge to Bohr at the 1927 Solvay conference:

Send atoms toward a two-slit barrier one at a time. Let the barrier be mov-

able, say, on a light spring. Consider the simplest case, an atom that landed in the 

central maximum of the interference pattern (point A in figure 12.1). If that atom 

happened to come through the bottom slit, it had to be defl ected upward by the 

barrier. In reaction, the atom would kick the barrier downward. And vice versa 

if the atom went through the top slit.

By measuring the movement of the barrier after each atom had passed, one 

could know through which slit it went. This measurement could be made even 

Figure 12.1 Atoms fired one at a time through a 
movable two-slit barrier
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after the atom was recorded as part of an interference pattern on a photographic 

fi lm. Since one could thus know through which slit each atom came, quantum 

theory was wrong in explaining the interference pattern by claiming each atom 

to be a wave passing through both slits.

Bohr readily pointed out the fl aw in Einstein’s reasoning: For Einstein’s dem-

onstration, one would have to know simultaneously both the barrier’s initial 

position and any motion it might have had. The uncertainty principle limits the 

accuracy with which both position and motion can be simultaneously known. 

With simple algebra, Bohr was able to show that this uncertainty would be large 

enough to foil Einstein’s demonstration.

Three years later at another conference, Einstein proposed an ingenious 

thought experiment claiming to violate a version of the uncertainty principle by 

determining both the time a photon exited a box and its energy, both with arbi-

trarily great accuracy. This one stumped Bohr through a sleepless night. But in 

the morning he embarrassed Einstein by showing that in his attempt to evade the 

uncertainty principle he violated his own general theory of relativity. Years later, 

Bohr revisited this triumph with a nuts-and-

bolts caricature of Einstein’s photon-in-a-box 

experiment illustrating his general rule prevent-

ing such refutation: In any quantum experiment 

one must consider the macroscopic apparatus 

actually used.

Bohr’s refutation of Einstein’s thought ex-

periments has been questioned. In chapter 10 

we quoted Bohr saying, “measuring instruments 

[must be] rigid bodies suffi ciently heavy to al-

low a completely classical account of their rela-

tive positions and velocities.” Was Bohr’s appli-

cation of the quantum mechanical uncertainty 

principle to the macroscopic slit barrier and the 

photon-box apparatus consistent with his re-

quiring a “completely classical account” of the 

macroscopic measuring instruments? Bohr at 

least seems to agree that quantum theory, and thus the question of observer-

created reality, applies in principle to the big as well as the small. Only for all 

practical purposes do large things behave classically. In any event, Bohr’s argu-

ments convinced Einstein that the theory was at least consistent and that its 

predictions would always be correct. A humbled Einstein went home from the 

conference to concentrate on general relativity, his theory of gravity, or so Bohr 

assumed.

Figure 12.2 Bohr’s drawing of Einstein’s 
clock-in-the-box thought experiment. 

Courtesy HarperCollins
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A Bolt from the Blue

Bohr was wrong to think Einstein had abandoned his attempt to fault quantum 

theory. Four years later (in 1935), a paper by Einstein and two young colleagues, 

Boris Podolsky and Nathan Rosen, arrived in Copenhagen. An associate of Bohr 

tells that “this onslaught came down upon us like a bolt from the blue. Its effect 

on Bohr was remarkable . . . as soon as Bohr heard my report of Einstein’s argu-

ment, everything else was abandoned.”

The paper, now famous as “EPR” for “Einstein, Podolsky, and Rosen,” did 

not claim that quantum theory was wrong, just that it was incomplete. Quantum 

theory supposedly denied a physically real world, and thus required an observer-

created reality, only because it was not the whole story.

EPR would show that you could, in fact, know a property of an object without

observing it. That property, they argued, was therefore not observer created. The 

property was a physical reality that the “incomplete” quantum theory did not in-

clude. Here’s a classical analogy — one that stimulated Einstein’s EPR argument:

Consider two identical railroad cars latched together but pushed 

apart by a strong spring. Suddenly unlatched, they take off at the 

same speed in opposite directions. Alice, on the left (figure 12.3), is 

closer to the cars’ starting point than is Bob, on the right. Observing 

the position of the car passing her, Alice immediately knows the po-

sition of Bob’s car. Having no effect on Bob’s car, Alice did not create 

its position. Not yet having observed his car, Bob did not create its 

position. Since the position of Bob’s car is not observer created, it was 

always physical reality.

The conclusion arrived at in this Alice and Bob story is so obvious that it 

seems trivial. But replace the railroad cars with two atoms flying apart, and quan-

tum theory tells us that their positions are created by observation.

Figure 12.3 A classical analogy of the EPR argument
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Polarized Light 

Unfortunately, there is a problem converting the easily visualized railroad 

car analogy to the quantum mechanical situation: The uncertainty principle for-

bids knowing both the initial speed and position of the cars well enough. We 

skip EPR’s ingenious but hard-to-visualize mathematical trick and go to David 

Bohm’s polarized photon version of EPR. It is worth exploring polarized photons 

because the mysterious quantum influences revealed by EPR-type experiments 

are mostly demonstrated with photons. Those “spooky” influences are the subject 

of our next chapter.

In the next few pages, we go over some physics of polarized light and polar-

ized photons so that we can then present the profound EPR argument compactly. 

Even if you just skim these details of polarized photons or simply skip down to 

the section headed “EPR,” you can still appreciate Einstein’s argument.

Light, recall, is a wave of electric (and magnetic) field. Light’s electric field can 

point in any direction perpendicular to the light’s travel. In our sketch (figure 

12.4), the light is going away from the reader, 

with its electric field in the vertical direction. 

Such light is “vertically polarized.” The other 

sketch shows a horizontally polarized light 

wave. The direction of light’s electric field is 

its direction of polarization.

There is, of course, nothing special about 

the vertical and horizontal directions — other 

than that they are perpendicular to each 

other. It’s just conventional to speak of “ver-

tical” and “horizontal.”

The polarization of light from the sun or 

a light bulb — most light, in fact — varies randomly. Such light is “unpolarized.” 

Certain materials allow the passage only of light polarized along a particular 

molecular alignment in the material. Such “polarizers” in sunglasses cut down 

glare by not transmitting the largely horizontally polarized light refl ected from 

horizontal surfaces such as roads or water. But we will describe a different sort 

of polarizer.

The polarizer actually used in the experiments we describe here is a trans-

parent crystal of the mineral calcite. It doesn’t absorb light; it just sends light of 

different polarizations on different paths. Light polarized parallel to the crystal’s 

“axis” is sent on Path 1, and light polarized perpendicular to that axis is sent on 

Path 2.

Figure 12.4 Vertically and horizontally 
polarized light
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Light polarized at an angle other than par-

allel or perpendicular to the crystal’s axis can 

be thought of as a sum of parallel and perpen-

dicular polarized components. (It’s the way a

trip northeast can be thought of as the sum of 

a trip with one component north and another 

east.) The parallel component of the light goes 

on Path 1, and the perpendicular on Path 2. 

The closer the polarization is to parallel, the 

more light goes on Path 1.

Polarized Photons 

Light is a stream of photons. Photon de-

tectors can count individual photons. They can count millions per second. Our 

eye, incidentally, can detect light as dim as ten photons per second.

Light polarized parallel to the crystal axis is a stream of parallel-polarized 

photons. Each of them goes on Path 1 to be recorded by the photon detector on 

Path 1. Similarly, the Path 2 detector will record every photon polarized perpen-

dicular to the crystal axis. The photons of ordinary unpolarized light are ran-

domly polarized. On encountering the calcite crystal, each is recorded by either 

the Path 1 or the Path 2 detector. In our sketch (figure 12.6) we show a photon as 

a dot, its polarization as a double-headed arrow, the calcite crystal as a box, and 

the detectors as D1 and D2.

We must say a bit more about photons polarized at an angle other than 

parallel or perpendicular to the axis of our calcite crystal. Such photons have 

a certain probability of being recorded by the Path 1 or the Path 2 detector. A 

photon polarized at forty-five degrees to the crystal axis, for example, has equal 

probability of being recorded by either detector. The closer the polarization is to 

being parallel to the crystal axis, the greater its probability of being recorded by 

the Path 1 detector.

Note that we are careful not to say that a photon at some angle other than 

parallel or perpendicular actually went on either path. It goes into a superposi-

tion state traveling simultaneously on both paths. A photon polarized at forty-five

degrees, for example, goes equally on both paths. But we never see partial photons.

A detector clicks and records a whole photon, or it remains silent, indicating that 

no photon came.

The situation for the forty-five degree photon is analogous to our atom in a 

box pair. Looking at either path with a photon detector, we find a whole photon 

Figure 12.5 Traveling northeast as the sum of 
traveling north and then traveling east
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or no photon. Only when one of the photon detectors clicks and records a photon 

does the photon’s superposition state collapse.

(You could demonstrate that a photon was in a superposition state on both 

paths by something analogous to an interference experiment. Instead of having a 

detector on each path, have mirrors on each path refl ect photons through a sec-

ond calcite crystal that recombines the parallel and perpendicular components 

of the photon to reproduce the original forty-five degree photon. Change the 

length of either path, and you change the polarization of the resulting photon. 

That demonstrates that it came on both paths.)

In saying photon detectors record photons, we’re taking a Copenhagen inter-

pretation stance. We’re regarding the macroscopic photon detectors as observers. 

When one of the detectors records the presence of a photon on a particular path, 

the superposition state collapses, and that photon is absorbed. What remains is 

the detector’s record of the photon.

Einstein, of course, accepted none of this superposition-state business. For 

him, photons and atoms were as real as railroad cars. For him, a photon encoun-

tering a calcite crystal actually went either on Path 1 or Path 2 — not on both. 

Figure 12.6 Polarized photons sorted by a calcite crystal
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Before we come to the EPR argument making this point, we must tell of photons 

in the “twin state.”

Twin-State Photons 

Atoms can be raised to excited states from which they return to the ground 

state by two quantum jumps in rapid succession. In such a cascade, the atom 

releases two photons. Since there’s nothing special about a particular direction in 

space, the polarizations observed for the photons will be completely random.

But here’s the crucial point: For certain atomic states, the two photons that 

fly off in opposite directions will always display the same polarization. If, for 

example, the photon going off to the left is observed to have 

vertical polarization, its twin, the photon going off to the 

right, will then also be vertical.

We must, of course, ensure that the two photons came 

from the same atom. That’s not too hard with fast electronic 

photon counters. If two photons arrive at equidistant polar-

izers at precisely the same time, they must have been emitted by the same atom 

and in fact be twins.

The reason twin-state photons always exhibit the same polarization doesn’t 

matter here. (It’s required to conserve angular momentum, and in this case the 

initial and fi nal atomic states have the same angular momentum.) The important 

thing is that it is demonstrably true that their polarizations are always observed 

as identical. 

Back to Alice and Bob, with photons instead of railroad cars: A twin-state 

photon source is between Alice, on the left, and Bob, on the right (figure 12.8).

They each observe the polarization of twin-state photons with the axis of their 

polarizers oriented at the same angle. Their Path 1 and Path 2 photon detectors 

randomly click and record the arrival of a photon polarized parallel or perpen-

dicular to their polarizer crystal axis. However, whenever Alice observes her 

Path 1 detector to record a photon, Bob always finds its twin to go on his Path 1. 

Whenever Alice observes her Path 2 detector to record a photon, Bob finds its 

twin to go on his Path 2.

Since the photons are twins, it might not seem strange that they always ex-

hibit the same polarization. Let’s play with an analogy: It is not surprising that 

identical-twin boys exhibit the same eye color. Identical twins are created with 

the same eye color. Consider another property of the twins: the color of sock 

they choose to wear each day. Suppose whenever one twin chooses green, the 

other chooses green that day, even though neither twin had information about 

Figure 12.7
A two-photon cascade
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his brother’s sock-color choice. That would be strange because the twins were not 

created with the same daily sock-color choice.

Can we explain twin-state photons exhibiting identical polarization because 

they were created with, say, vertical polarization, the way the twins were created 

with blue eyes? Not according to quantum theory, which claims no properties 

exist before they are observed. In particular, the polarization of a photon does not 

exist as a physical reality before its observation. That’s why we put no polariza-

tion arrows on the photon twins on their way to Alice and Bob.

(Incidentally, in the case of ordinary unpolarized light in figure 12.6, we

did put arrows on the incident photons because we could assume that the atoms 

emitting them were observed — by the macroscopic fi lament of the light bulb that 

emitted them, for example.)

So here’s the important point: If Alice’s photon happens to be recorded by 

her Path 1 detector, its twin will surely exhibit the same polarization by being 

recorded by Bob’s Path 1 detector— even though Bob’s photon could not possibly 

have received any information of the behavior of its twin at Alice’s polarizer. This 

is like the strange sock-color choice of the twin boys.

Figure 12.8 Alice and Bob with twin-state photons



144 Quantum Enigma

An Explicit Model

To show each photon’s polarization as graphically real, we show it as a “stick.” 

(figure 13.2). The random angle of the stick is the hidden variable that determines 

which path a photon takes upon encountering a polarizer.

A polarizer in this mechanical model is a plate with an 

oval opening whose long dimension is the “polarizer axis.” A 

photon whose polarization stick is close to the polarizer axis 

will pass through the polarizer to go on Path 1. One whose 

polarization is less close will hit the polarizer to go on Path 

2. The important point is that each photon’s behavior at the 

polarizer is determined by a physically real property of that 

photon, the angle of a solid stick, not something created by 

observation. This is our version of the reality assumption 

Bell’s proof starts with.

The stick model does not account properly for all the 

behavior of polarized light. But sticks are simple to visualize 

and fit our purpose well. You will see that our logic ulti-

mately depends on nothing about the stick model except its reality and separabil-

ity. The sticks are merely stand-ins for any hidden variable.

We will describe four Alice-and-Bob thought experiments. These experi-

ments are much like the EPR experiment described in our previous chapter. (In 

fact, Bell’s theorem experiments are sometimes loosely referred to as EPR experi-

ments.) But there is a big difference: In the EPR case, Einstein’s “hidden variables” 

and Bohr’s “influences” led to the same experimental outcome; the disagreement 

between Bohr and Einstein was only a difference of interpretation. In the stick 

model, and in the actual Bell’s theorem experiments, the outcome for Einstein’s 

“hidden variables” and Bohr’s “influences” will be different.

In each of our four experiments, twin-state stick photons with identical po-

larizations (identical stick angles) are emitted in opposite directions from a source 

midway between Alice and Bob. Since the photons fly apart from each other at the 

speed of light, nothing physical, not even light, can get from one experimenter 

to the other in the time between the arrivals of the twin-state photons at their 

respective polarizers. Therefore, we assume that what happens to a photon at 

one polarizer cannot possibly affect its twin at the other. This is the separability 

assumption that Bell’s theorem starts with. As in the EPR case, Alice and Bob 

identify two photons as being twins by their identical arrival times and keep 

track of whether their Path 1 or Path 2 detector recorded each photon.

Figure 13.2 A stick model 
of photons and a polarizer
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Experiment I

This fi rst experiment is essentially a repeat of the original EPR experiment, 

but with our stick photons that have real polarizations and cannot affect each 

other. Alice and Bob each have their polarizer axes aligned vertically. They record 

a “1” every time their Path 1 detector records a photon and a “2” every time their 

Path 2 detector records a photon. They each end up with a long string of random 

1s and 2s.

After recording a large number of photons, Alice and Bob come together and 

compare their results. As in the original EPR experiment, they find their data 

streams identical. Whenever Alice’s photon went on Path 1, its twin, having the 

same stick angle, did the same thing at Bob’s 

polarizer. Whenever Alice’s went on Path 2, so 

did Bob’s. Not a single difference in behavior 

is seen. This confirms that their photons were 

indeed twins.

Alice and Bob find nothing strange in this 

correlation. Their twin photons indeed had 

identical polarization, identical stick angles. 

(In quantum theory, where polarization is 

observer created, the twin-photon correlation 

must be explained by a mysterious “influence” 

instantaneously exerted on a photon by the 

observation of its twin.)

Experiment II

This is the same as experiment I, except 

that this time Alice rotates her polarizer by a 

small angle we’ll call Θ. Bob keeps his polar-

izer axis vertical.

Both experimenters take the same kind of data once more. This time some 

photons that would have gone through Alice’s polarizer on Path 1, had she not 

rotated it, now go on Path 2, and vice versa. We can know what would have 

happened because the behavior of the photons is determined by their real stick 

angles, not by Alice’s observation. This is our reality assumption. Bob’s photons 

are unaffected by Alice’s polarizer rotation or by what happened to their twins at 

Alice’s polarizer — this is our separability assumption.

When Alice and Bob come together this time to compare their data streams, 

Figure 13.3 Experiment I
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they find some mismatches — we’ll call 

them “errors.” When some of Alice’s pho-

tons went on her Path 2, their twins at Bob’s 

polarizer went on his Path 1, or vice versa. 

The percentage of errors would be small for 

small angle, Θ, and would increase for a 

somewhat larger Θ. (In Experiment I, the 

percentage of errors was zero for no angle 

change: Θ = zero.) Let’s say, for example, 

that Alice changed what would have hap-

pened for five percent of her photons. She 

thus caused an error rate of five percent.

Experiment III

This is exactly the same as Experiment 

II, except that Bob rotates his polarizer by 

the angle Θ, while Alice returns hers to the 

vertical. Since the situations are symmetri-

cal, the error rate again would be five percent, assuming that the number of pho-

ton pairs recorded was large enough that statistical error was negligible.

Experiment IV

This time both Alice and Bob each rotate 

their polarizers by the angle Θ. If they each ro-

tated in the same direction, it would amount to 

no rotation at all; their polarizers would still be 

aligned. So Alice rotates hers counterclockwise 

by Θ, while Bob rotates his clockwise by Θ.

Alice, rotating her polarizer by Θ, changes 

the behavior of her photons by the same 

amount as in Experiment II. She changes what 

would have happened to five percent of her 

photons. The situation is symmetrical. Bob’s 

polarizer rotation by Θ changes the behavior 

of five percent of his photons from what would 

have happened.

Since Alice and Bob each changed the 

behavior of five percent of their photons, and 

Figure 13.4 Experiment II

Figure 13.5 Experiment IV
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Figure 13.4 Experiment II

Figure 13.5 Experiment IV
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since every change could show up as an error when their data streams are com-

pared, we might expect an error rate of ten percent. There is no way to get a 

greater error rate with these separable photons in a statistically large sample.

We might, however, get a smaller error rate. Here’s how: It might be that for 

some pairs of twin-state photons, both Alice and Bob each caused their twin to 

change its behavior. The two photons of such twin-state pairs would thus behave 

identically. The data for such twin-state pairs would not be recorded as errors.

As an example of such a double change of behavior, consider almost vertical 

twin-state photons that would both go on Path 1 at Alice and Bob’s polarizers 

if their axes were both close to the vertical. If Alice and Bob each rotated their 

polarizers in opposite directions, as they did in Experiment IV, they could both 

send this pair of twins on their Path 2. They would not record this double change 

as an error.

Because of such double changes, when Alice and Bob compare their data 

streams in Experiment IV, the error rate will likely be less than the five percent 

error rate Alice alone would cause plus the five percent error rate that Bob alone 

would cause. In Experiment IV the error rate they will see is likely less than ten 

percent. In a large statistical sample it cannot be greater.

That’s it! We’ve derived a Bell inequality: The error rate when both polarizers 

are rotated by Θ (in opposite directions) is equal to, or less than, twice the error rate for 

the rotation by Θ of a single polarizer.

As we said above, our polarization sticks were merely stand-ins for any hid-

den variable within a photon. They merely represented some real property of 

the photon determining whether it will go on Path 1 or Path 2 for a particu-

lar polarizer orientation. We could, for example, have said that each photon is 

steered by a little “photon pilot” and that a polarizer is just a traffic sign with its 

orientation being an arrow the pilot looks for. The photon pilot carries a travel 

document instructing him to steer his photon on Path 1 or Path 2 depending on 

the angle of the arrow. The hidden variable is now the physically real instruc-

tion set printed on the pilot’s travel document. Our pilot 

story emphasizes that the only actual assumptions in our 

derivation of Bell’s inequality were the physical reality of 

each photon’s polarization and the separability of the two 

twin-state photons, that is, what happened to one twin 

did not affect the other.

What if experiments with actual twin-state photons 

found Bell’s inequality not violated, that it held true? That 

would be quantum theory’s fi rst-ever wrong prediction. But this result would tell 

us little about reality or separability. 

Suppose actual experiments showed Bell’s inequality to be violated. That 

Figure 13.6 The photon pilot
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In chapter 4 we represented this view with the reductionist pyramid. We 

now see that the classical view of the primitive empirical ground on which phys-

ics rests is challenged by quantum mechanics. In some 

basic sense, physics rests on the phenomenon of wave-

function collapse by conscious observation. Therefore, 

we add a somewhat cloudy consciousness at the base of 

our reductionist pyramid. While, for all practical pur-

poses, science will always be hierarchical, with each level 

in the hierarchy needing its own set of concepts, the new 

view of reduction may change the way we perceive the 

whole scientific enterprise.

But we won’t treat this epistemological issue for now.

Conscious Awareness 
versus Entanglement

Consider once more our atoms in a box pair. We will 

come to a strange question about consciousness. As we 

said in chapter 14, we can demonstrate that a photon coming through one of the 

boxes does not observe whether or not the atom is in that box. It rather joins a 

superposition state with the atom. Should the photon hit an isolated Geiger coun-

ter, that counter just joins the atom – photon superposition state (according to von 

Neumann’s analysis). It is simultaneously fired and unfired, and the atom is still 

simultaneously in both boxes.

Let’s consider a different situation. Suppose that the counter was sitting on a 

table that rests on the fl oor. This not-isolated counter is thus entangled with the 

table, and therefore with the rest of the world — which includes people. The atom, 

entangled with the photon, which entangled with the counter, is now entangled 

with conscious individuals. Nevertheless, if no one looks, no one knows which 

box the atom is in.

Here’s our promised strange question: Does the mere entanglement with 

conscious individuals collapse the atom wholly into a single box? Or does the 

collapse into a single box require conscious awareness of which box the atom 

is in by an actual look at the atom or the Geiger counter? How could we pos-

sibly tell whether the atom has collapsed into a single box or is still simultane-

ously in both? Strictly speaking, without looking at the atom or the Geiger coun-

ter, we can’t. So, although it might seem silly, the atom is perhaps still in both 

boxes.

We can say a bit more about awareness and entanglement. Everything in the 

Figure 16.1 Hierarchy of scientific
explanation revisited



200 Quantum Enigma

someone with just your unique DNA being conceived. (Millions of your possible 

siblings were not conceived. And now go back a few generations.) With those 

odds, you’re essentially impossible. Does your being here need explanation?

Some urge science to shun the “A-word.” The anthropic principle, they claim, 

has explained nothing, and has even had a negative influence. It should there-

fore be rejected as “needless clutter in the conceptual repertoire of science.” We 

can understand how it can dampen the drive for deeper searches. But anthropic 

reasoning can sometimes be fruitful. Consider Hoyle’s energy-level prediction 

for carbon.

Objectors to the anthropic principle, what we now can call the “weak anthropic 

principle,” might be even more averse to the “strong anthropic principle.” Accord-

ing to this view, the universe is tailor-made for us. “Tailor-made” implies a tailor, 

presumably God. That may be something to contemplate. But it should not be an 

argument for Intelligent Design, as is occasionally suggested. Whoever “breathes 

fi re into the equations,” would presumably be omnipotent enough to do it properly 

at the very beginning and not need to tinker with every step of evolution.

We introduced a different version of the strong anthropic principle in quot-

ing Rees at the start of this chapter: We created the universe. Quantum theory 

has observation creating the properties of microscopic objects. Physicists gener-

ally accept that, in principle, quantum theory applies universally. If so, all reality 

is created by our observation. Going all the way, the strong anthropic principle 

asserts the universe is hospitable to us because we could not create a universe 

in which we could not exist. While the weak anthropic principle involves a 

backward-in-time reasoning, this strong anthropic principle involves a strong 

form of backward-in-time action.

Quantum cosmologist John Wheeler back in the 1970s drew an eye looking 

at evidence of the Big Bang and asked: “Does looking back ‘now’ give reality to 

what happened ‘then’?” The provocative sketch has not 

lost impact. At the recent conference honoring Wheeler on 

his 90th birthday, a keynote speaker introduced his talk 

with Wheeler’s sketch.

The anthropic implications of his diagram must have 

been a lot even for Wheeler to buy. After asking the above 

question, he immediately added the comment: “The eye 

could as well be a piece of mica. It need not be part of an 

intelligent being.” Of course, that piece of mica supposedly 

bringing reality to the Big Bang had to be created after the 

Big Bang. 

This strong anthropic principle is in fact too much to 

comprehend. Though quantum mechanics seems to deny 

Figure 17.1 Does looking 
back “now” give reality to what 

happened “then”?
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