[bookmark: _GoBack]Tristan Smith (Swarthmore Dept of Physics and Astronomy) on electron entanglement, answering a question from yours truly:

PS:  
The concept of "entanglement" comes directly from quantum mechanics mathematics, yes?  That is, quantum mechanics predicts the possibility of entanglement involving two particles at a distance from each other, doesn't it?  Can you briefly explain why this is, in non-mathematical terms?  That is, why entanglement may be one outcome of quantum events.  Quantum physics also predicts electron states other than entanglement, doesn't it?  Also, does quantum physics predict the possibility on a cosmological scale of "multiple worlds" or universes that are separate space-time events yet also mysteriously linked? 


TS:  
Your precise language here is necessary and important: I would say that QM predicts the possibility of entanglement— it was first highlighted by Einstein, Poldosky, and Rosen in the 1930s (when they articulated the famous EPR paradox).  QM does predict other quantum states as well. 

Electrons have a quantum property called spin: up and down. If we have a random electron then its ‘spin state’ is a combination of these two ‘basis states’- and we say ‘this electron does not have a definite spin-state- instead, it is in a superposition of up and down.’ If we then measure the spin-state of this electron there is some probability that it will be measured to be up and some probability it will be measured to be down (the exact mathematical form of the quantum state tells us what those probabilities are).  For example, we may have that an electron has a 50% probability to have an up spin and 50% to have a down spin.  Once we have measured its spin, the quantum state ‘collapses’ to either up or down— if we measure an electron to be down then the spin-state is no longer in a superposition between up and down, but is just down and if we measure the spin-state again, we will get down 100% of the time.  It is important that the measurement changes the quantum state— this is sometimes called the collapse of the quantum state. 

Now imagine two electrons, A and B.  They are said to be in an entangled state if the measurement of one electron affects the quantum state of the other electron.  The typical example is an entangled state where we know with 100% certainty that the two electrons will have opposite spins: either up (A) and down (B) or down (A) and up (B).  In this way their spins are said to be correlated.  This correlation extends to all distances: if two electrons are separated by 1 mile or 100 miles and if the spin of electron A is measured then the spin of electron B will be automatically determined.  For an entangled state, if we measure electron A to have spin up then we know that electron B is in the quantum down state and vice versa. 

As you say, entangled states are just one type of multi-electron quantum state: we can also have what is called product states.  For example, we could have a state where electron A has spin up and electron B also has spin up.  In this case, a measurement of the spin state of electron A will have no effect on the quantum state of electron B.  It is much more common to have a product state than an entangled state. 


The multiple worlds interpretation is not related to the types of quantum states we might have. Instead, it is way to try to understand what happens when a quantum state collapses when it is measured.  We do not have any clear mechanism to explain this collapse (except to say that it happens) and one basic question is: where do the other possibilities go?  The multiple world interpretation says that all possible outcomes of the measurement are realized, but each in a different `world’.  In this interpretation, it is our consciousness flips from one world to the next at each measurement (which can be thought of as a branching point).  
It is important to realize that the multiple worlds interpretation of quantum mechanics is not widely accepted by physicists— and in fact, most physicists do not worry about an interpretation of the collapse of the quantum state— quantum mechanics is one of our best-tested physical theories, and the interpretation of quantum collapse is not necessary for its success in predicting the outcomes of experiments. In physics, many people are of the opinion that it is our job to ‘shut up and calculate’. 
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