Wave-Particle Duality
The peculiar, non-intuitive nature of physics at the atomic level is a perfect mystery which seemingly mocks our inability to apply everyday concepts to describe it.  Quantum physics shows undeniably that light and electrons act as if they were some schizophrenic mixture of both waves and particles.   Waves are squiggly lines and are continuous, spreading out over space.  Particles, by contrast, are short and discrete, and are located at points in space.  How can photons of light display the properties of both waves and particles?   The answers that have been proposed by eminent physicists would surprise you.  But, all agree that we cannot simply use our commonsense, everyday experience to understand what is happening at such small distances.  Apparently, physicists have essentially stopped trying to make things intuitive and have settled instead on simply making calculations and predictions based on the very clear algorithms of quantum theory.  Physicists are very practical people and many have become bored with the wave-particle question, but philosophers and the public have clearly not. 
Apparently, reality at its fundamental level is not like our familiar world of separate objects with clearly defined borders.  Reality is very fuzzy, despite the fact that quantum theory allows us to calculate physical phenomena to unbelievable degrees of accuracy.  As humans, we are placed at a level where we find it useful, indeed essential, to view the world in an inescapable dualistic way.   That is, everyday life tells us that things are either continuous (wave-like) or discrete (particle-like).   For us, there’s no in-between. 
The proto-typical quantum experiment that shows the problem of quantum interference is Young’s two slit experiment.  Here is a marvelous (and legal copy) of Wikipedia’s image that conceptually shows the experiment.  (See the next page for the image.)
In the left hand side diagram, photons of light come down and pass through a narrow slit and disperse in a conical shape.  This is caused by some photons hitting the sides of the slit and being deflected outward.  Narrowing the slit will increase the dispersion, since it increases the probability that a side will be hit.  This result is related to the famous “Heisenberg Uncertainty Principle”. 

The cone of photons then approaches a second barrier which has the famous “two slits”.  As the cone of photons passes through the two slits, it is broken into two separate cones of photons. These two cones subsequently impact the last barrier which is called an “observing screen”.   

Over time, a pattern emerges which is shown at the bottom of the left hand side image. It is this observed result which is of such interest to us here. 

These are the basic elements of Young’s experiment.  Often they are discussed in terms of monochromatic light.  What this means is that regular light is first passed through a prism and the prism divides the light into different colors – like a rainbow.  One color is chosen (e.g., red light) and all other colors of the light are then blocked out by a filter.  If you wished, this red light could be run through a prism again, but no further division of color would occur.  The resulting one-colored light is called monochromatic light. 

[image: image1.png]Right lit open

Young's Expelilicll

Sunlight

bserved

r—
Leftslit open

observed

Both sits open

wave theory .
particlc (oo RN

bserved

ted for d




In the right hand side diagram, we see three different setups for the experiment: (1) the right slit is opened, (2) the left slit is opened, and (3) both slits are open.  

The first two of these are self-explanatory.  They just show the photons coming in like bullets, some hitting the sides of the slit, but most collecting on the observing screen directly below the hole.  That is the first two cases; very intuitive, nothing surprising.  It is the third case that creates a mystery and shocks our intuition. The true nature of why things act like the third case has never been explained adequately.  In fact, it has never been explained at all.  Richard Feynman once commented that physicists had given up trying to explain what is happening.  They only use the quantum rules of calculation to get very precise answers to specific applications of the theory.  Remember now that quantum theory is dealing with nearly everything we understand in life, such as the hardness of matter, the color of things, how things taste, possibly even thought itself.  It is intriguing that something so important to us is so magical. 
From a conceptual point of view and prior to the experiment, this mysterious third case has two possible outcomes.  Either the results on the observing screen conform to wave phenomena, with two undulating waves interacting to add together or cancel out, creating bright and dark strips; or they conform to particle behavior producing a bright spot in the middle and gently and uniformly radiating out from the center.  That’s it, only two possible outcomes.  So, which is it wave or particle? 
(Actually we know undeniably that light is composed of individual photons, but keep reading)

The interaction of two waves is called interference and should result in a pattern of bright and dark strips on the observing screen.  The changing brightness is determined by the changing amplitudes of the combined wave – such changes being due to the adding together of two waves – high points on one wave added to high points on the other wave and low points added to low points create large amplitudes, whereas high points added to low points cancel out.  The strips of great brightness are due to “constructive interference”, while the dark spots are caused by “destructive interference”.  

The bottom of the right hand side image above shows the two possibilities, wave and particle, and finally what is actually observed in the experiment.  Of course, as we can see from the image, the wave pattern is confirmed.  That makes us think that light must be “light waves”.   However, we have said that light undeniably comes in individual packets called photons.  The reason we know this is that if the light source is “turned down” sufficiently, it is possible to detect single photons hitting the observation barrier. Just like you beat a drum…thump….thump….thump.  No wave would do that.  Waves are continuous, remember. 
Now here is something amazing.  If we turn down the light source so that we get a stream of photons one by one going through the slits, we still get interference.  That is, the photons come one by one, go through the slits somehow, impact on the observing surface, and accumulate over time.  Nevertheless, we still get the wave pattern forming.  How can individual photons know what each other are doing?  This is the mystery that can’t be explained using our feeble everyday concepts.  

Some physicists have offered up spectacular and rather peculiar explanations, such as the idea that every photon of light is accompanied by its own a pilot wave.  Others have said that the light ghostly goes through BOTH slits, interacting with each other like a wave, and realizing a particular outcome whenever an observation is made on the system.   This is the popular Copenhagen School founded by Niels Bohr.  There is even the multi-universe hypothesis which says that reality splits into two separate universes, one having the photon going through the right slit and the other going through the left slit.  Interference is between the two possible universes.  Reality is a multi-verse.

Surely, results like this should at least give us pause whenever we think that reality easy to understand.  Something magical is happening and the Magician is very good at hiding His tricks. 

