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Is Quantum Mechanics “The Final Theory”? 

1. Is it correct? 

2. Is it complete? 

3. Are we thinking about it in the best way? 
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Search for a Deterministic Theory 

• EPR (1935): Quantum mechanics is incomplete. We 
should look for HV’s (implicitly: local ones) 

• Von Neumann (1932): No deterministic HV theories! 

• Bohm (1952): Explicit hidden variable model inspired 
by De Broglie’s pilot wave. Highly non-local. 

• Bell (1964): Does every hidden-variable model have 
to be non-local like Bohm’s? (Yes!) 
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Deterministic Extensions to QM 

• A deterministic theory must 

– Satisfy Bell’s theorem (Bell, 1964) 

– Exhibit contextuality (Kochen and Specker, 1967) 

– Have microscopic superluminal signaling (Colbeck and 
Renner, 2011) 

– Include the wavefunction as a variable (Pusey, Barret, 
Rudolph, 2012) 
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Bohmian Mechanics 

• Define R, S real such that   𝜓 = 𝑅𝑒𝑖𝑆/ℎ; 𝑃 = 𝑅2 

• Schrodinger’s equation implies: 

– Hamilton-Jacobi equation with a quantum potential 

– Continuity equation: 

𝜕𝑃

𝜕𝑡
+ 𝛻 ∙ 𝑃𝑣 = 0 

• The Bohmian velocity is given by 

𝑣 =
𝑗 

𝑃
=

𝛻𝑆

𝑚
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D. Bohm, Phys. Rev. 85, 166 and 180 (1952) 



Bohmian 
Trajectories  
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|𝜓|2 

𝑆 𝑉 



Weak Measurement 

• Use a pointer with a big uncertainty (relative to the 
strength of the measurement interaction) 

• Allows one to obtain information, without creating 
entanglement between system and pointer (effective 
"collapse") 

• Can be used as a tool for probing and understanding 
subtle quantum features 
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Weak Measurement 

• Pointer-system interaction: 
𝐻 = 𝜒𝑃𝐴 

• 𝜒𝑇 needs to be small 
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Direct Measurement of the Wavefunction 
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J. S. Lundeen et al., Nature 474, 188 (2011) 



Measuring X and P Simultaneously 

• Weak measurements can be used to define a 
“naively observable velocity” (Wiseman, 2007) 

• Perform a weak measurement of 𝑃, followed by a 
strong measurement of 𝑋: 

𝑣(𝑥) =
𝑥 𝑃 𝜓

𝑥 𝜓
 

• This precisely equals the Bohmian velocity! 

𝑣 =
𝑗

𝑃
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Observing the Average Trajectories of Single 
Photons in a Two-Slit Interferometer 
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Kocsis et al., Science  332, 1170 (2011) 



Momentum Measurement 
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 𝑃𝑅 𝑥  
 𝑃𝐿 𝑥  
𝑘𝑥(𝑥) – 
Weak val. 
𝑘𝑥(𝑥) – 
Prob. Cons. 



Trajectory Reconstruction 
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Trajectory Reconstruction 
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Reconstructed trajectories 
Trajectories on top of 
probability distribution 



Double Double-Slit 
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Braverman and Simon, PRL 110, 060406 (2013) 

Trajectory 
Measurement 

Trajectory 
Measurement 



Nonlocal Trajectories 
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Bell Tests 

• Direct probing of Bohmian trajectories in a Bell test 
experiment 
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Trajectory 
Measurement 

Trajectory 
Measurement 



Contextuality 

• Kochen-Specker theorem (1967): Hidden-variable 
theories must be contextual. 

• Let 𝜆 be the set of HV’s.  

• Then, 𝐴 (𝜆) depends on what other commuting 
observables are measured together with it. 

𝐴 𝜆, {𝐵 , 𝐶 } ≠ 𝐴 𝜆, {𝐷 , 𝐸 }  

• Related to the von Neumann proof: 
𝐴 + 𝐵 𝜆 ≠ 𝐴 (𝜆) + 𝐵 (𝜆) 
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Contextuality 

• Construct a qutrit analyzer 
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Trajectory 
Measurement 

• Measurements of 
|0 , |2  are non-
contextual 

• |1  is contextual! 

• Can directly observe 
trajectories change 



• Perform a which-way experiment with a double slit: 
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Surrealist Trajectories 

• Which outcome will be observed? 
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Summary 

• Deterministic extensions to QM are strongly 
constrained, but are nonetheless appealing 

• Weak measurement can be used as a probe of 
quantum and, in the context of deterministic 
theories, sub-quantum features such as trajectories 

• By combining these two paradigms, we can piece 
together a different perspective on many quantum 
behaviours 
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Extras 
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• No theory can have multiple underlying states of 
reality 𝜆 correspond to the same QM wavefunction 𝜓 

• Therefore, 𝜆 uniquely determines 𝜓 

• 𝜓 is one of the “variables” of the model 
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Bohmian Mechanics 
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Trajectory Plots 
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Trajectory Plots 
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Double-Double Slit Implementation 

• To get complete trajectories, need about 18h at 
realistic experimental parameters 
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