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A quantum Gordian Knot
In the quantum measurement scheme (last week): 

• ‘system’, ‘apparatus’ and ‘environment’ become inextricably entangled 

• interaction Hamiltonian ensures outcomes are recorded in the environment 

• ‘tracing over’ the environment leads to apparent wavefunction collapse 

!

!

But, key problems still remain: 

• which definite outcome is actually observed and how? 

• nothing has actually collapsed, how should we think about reality?
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Heisenberg Cut
The macroscopic world is unmistakably unique:!

• effectively suppressing quantum interference effects not enough 

• at some point we need to explain or enforce uniqueness 
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where should we put the cut? 
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Decoherence tells us that quantum systems change behaviour 
when they become entangled with larger systems… if we still 
restrict our attention to that sub-system 

• stops outcomes from locally interfering (no Dead-Alive cats) 

• fixes basis ambiguity so ‘outcomes’ are well defined 

• does not choose outcome: we need an extra step beyond 
measurement, “observation” 

!

!

• decoherence fixes the menu, collapse choses the dish
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Bohr-Einstein debates
Famous debates between Bohr and Einstein starting in 1927 

• Einstein fundamentally disagreed with the dualism 
between possibility and actuality 

“I like to think the moon is there even if I am not looking at it” 

• debates take the form of a socratic dialogue 

• Einstein probes various aspects of QM in an attempt to 
bring out an inconsistency



• an electron goes through slit a 

• its wavefunction diffracts 

• the wave passes through slits b 
and c 

• the wave function interferes with 
itself 

• the electron is localized on the 
screen F at point d 

• when repeated many times, the 
interference pattern is revealed

Einstein originally decided to attack the the idea of wave-particle duality:



Einstein imagined the first screen, S1, on a spring: 

• the electron initially has no velocity in the x direction 

• can only gain velocity in x, needed to go through slit b or 
c by interaction with S1 

• conservation of momentum tells us that this impulse is 
exactly balanced by an opposite impulse given to S1 

• whatever we do to S1 after the electron has passed 
through slit a should not affect the diffraction pattern at F 

• measuring the impulse of S1 (using the spring balance) 
will tell us what slit it went through 

we can determine which slit the electron went through and maintain 
an interference pattern!



Bohr’s response: 

• you can only measure the momentum imparted on S1 if you know it’s 
original momentum before  

• Knowledge of the screen’s momentum precludes knowledge of the slit a’s 
position 

• altering the position of the slit a changes the length of the path a-b-d and 
a-c-d 

• the interference fringes depend on the relative lengths of the two paths 

• uncertain knowledge of slit a’s position means we have to average over a 
range of positions with some distribution 

• averaging over path lengths washes out any interference pattern 

By measuring path information you destroy the wave pattern,                      
QM’s wave-particle duality is consistent



Einstein’s second argument (1930) attacked the energy-time 
uncertainty relation 
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By measuring the mass of the box we can violate the uncertainty 
principle applied to the quantum mechanical photon

• consider a box containing thermal radiation 

• a clock opens a door for       allowing some 
radiation to escape the box 

• the energy of the radiation has an uncertainty 
given by the uncertainty relation 

• E=mc2 means by measuring the mass of the 
box we can know the energy loss to arbitrary 
precision

�t

�E�t � ~
2



Bohr’s response: 

• the mass of the box is measured in a gravitational field 

!

• there is an potential uncertainty in the force associated with the photon’s 
momentum 

!

• Using the equivalence principle, clocks tick slower in larger gravitational fields 

!

• there is a potential uncertainty in the box’s position, and thus its proper time 

!

putting all this together:
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Lessons
• Bohr successfully defended quantum theory’s 

consistency 

• Einstein’s line of argument led Bohr to invoke a 
quantum mechanical treatment of macroscopic objects 
(the screen and the box) 

Heisenberg’s cut sharply divides the world into classical 
and quantum: 

• if the cut does exist, can we maintain consistency? 

• If the cut doesn’t exist, we have to resolve the 
measurement problem



EPR
Einstein’s third attack (1935) focussed on the issue of reality 

!

!

!

!

!

Claimed that QM cannot provide a complete description of reality



For clarity we consider the EPRB (B=Bohm) experiment 
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• A spin-0 object decays into two entangled spin-1/2 objects 

• they move apart until they are space-like separated 

• each experimenter can perform spin measurements on their particle
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If experimenter A performs a measurement of particle 1’s spin along 
an axis “a”: 

• particle 1 collapses into an eigenstate of the observable 

• we know with certainty that particle 2 is in the opposite state 

• If experimenter B measures that observable, she will find that 
result with certainty (e-e link)
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But what if experimenter B measures the spin along a different axis, “b”? 

• particle 2 collapses into an eigenstate of the new observable 

• particle 1 can’t know about B’s change of mind, they are space-like 
separated 

• particle 2’s new eigenstate is also considered to be real 

We have two QM descriptions of the same system, each can be considered “real”. 

• but…spin along axis a or b are incompatible observables, they can’t have 
simultaneous reality

b · �̂



Bohr’s response: 

• the principle of separability (local realism) is not applicable to 
entangled systems 

• the full experimental setup must be taken into consideration 

i.e. particles 1 and 2 can’t be considered separate from one another 
and both can’t be considered separate from the experimental setup 

The EPR thought experiment exposes some weird features of QM: 

• non-separable wavefunctions of entangled states 

• systems can’t be considered independent from the 
experimental setup



Causality and Collapse
Can’t say which measurement “caused” the wavefunction to collapse: frame 
dependent 
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EPR lessons
EPR demonstrated that we can’t consistently interpret QM given a 
set of assumptions: 

• separability of physical states 

• independence of a system from measuring devices 

Bohr pointed out that these classical assumptions were simply 
inappropriate for quantum states 

• have to consider full ‘context’ (S-A-E in modern language) 

• collapse to a single definite outcome (Heisenberg’s cut) 
implies non-local communication or that the cut is subjective



Bohr’s position may be summed up as: 

Everything, including bits of measuring devices, can be quantum 
mechanical… but they can’t be quantum mechanical all at once. 

Asserted the need for a classical “reference frame” in order to 
communicate definite results: 

• can argue that Bohr was a quantum realist and an 
epistemological pragmatist (unlike Heisenberg) 

• classical ‘reference frame’ very similar to the requirement of 
an environmentally robust ‘pointer basis’ (see last week) 

• a ‘reference frame’ is necessary for a meaningful discussion 
of results, but does not solve the measurement problem



Summary
• even with decoherence, QM has a measurement problem 

• how do we select one unique outcome? 

• Heisenberg’s cut simply asserts that it happens somewhere, somehow 
(very general) 

• Bohr-Einstein debates highlight that such a cut is difficult to justify, even in 
principle 

• Bohr’s ‘reference frame’ view mirrors modern understanding of entangled 
quantum measurement 

for a better understanding we must either solve the measurement problem 
directly, or look for alternatives to quantum mechanics that do not have a 

measurement problem



final paragraph, EPR (1935)
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