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Key points of the presentation 

 

 

• We briefly present a novel general algorithm for calculating probabilities with 
respect to time  in quantum systems. 
 

 

• We apply this Quantum Temporal Probabilities (QTP) method to the tunneling-
time issue with the following results 

 

 1. A rigorous definition of tunneling time. 

 2. A QFT treatment in order to implement relativistic causality. 

 3. A quantitative resolution of the super-luminality paradox in tunneling. 



Tunneling time 



Superluminality? 
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A definitive explanation of the paradox 
requires a QFT treatment of tunneling time. 
 
Local causality is implemented in quantum  
theory, only if the interactions are expressed  
In terms of local quantum fields. 



Time in quantum theory 



Our approach to the tunneling-time issue 
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QTP method 

• In Phys. Rev. A 86, 012111 (2012) we presented a new method for constructing Quantum Temporal 
Probabilities (QTP) associated to general particle detectors.  
 

• Key features 
        1. QTP requires an explicit modeling of the measuring device and of its interaction with the           
        microscopic system.  
        2. QTP applies to any quantum system, including relativistic particles interacting through QFT.  
        3. QTP is algorithmic. For any experiment, the specification of the physics of the particle   
        detection process leads to a unique expression for probabilities with respect to time.  
 
• QTP generalizes to a theory of relativistic quantum measurements, in which the spacetime 

coordinates of a measurement event are random variables rather than external parameters. (C. 
A.+N.S., in preparation) 
 

• Other applications:  
         -- Unequal time correlations in the Unruh effect,  J. Math. Phys. 53, 012107 (2012)  
         -- Modeling particle detectors in high-energy processes/particle oscillations , Phys. Rev. A 86, 012111   
             (2012)  
         -- Probabilities for non-exponential decays, J. Math. Phys. 49, 022103 (2008)  
         -- Time-extended measurements,  J. Math. Phys. 48, 032106 (2007).  

 



Defining features of QTP 

• Include the detector degrees of freedom in the quantum description.  
 (Thus, time-of-arrival probabilities are always defined with reference to a concrete experimental 
 procedure.)  

 

•  Identify the time of arrival as a coarse-grained, quasi-classical variable, 
associated to macroscopic records of detection.  

 (The time of an event corresponds to the instant that the detector clicks---a `click’ is always 
 macroscopic . Hence, it refers explicitly to observed magnitudes, not to unobservable properties.) 

 

• Time of arrival is a special case of transition time, which can be defined in the 
most general context.  

 (These definitions do not depend on specific properties of the system’s Hamiltonian or space of 
 states and thus they apply to all quantum systems, including relativistic ones interacting through 
 QFT). 

 

• QFT employs methods from the decoherent/consistent histories approach, but the interpretative scheme is 
operational quantum theory (or QM in the Copenhagen interpretation), not consistent histories. We 
implement a dual quantum/classical treatment of the macroscopic measurement apparatus. 



QFT description of tunneling 
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Probabilities for the time of arrival 



Probabilities for the time of arrival 



Probabilities for the time of arrival 



Proposed resolution of apparent superluminality 

• For parity-symmetric potentials our results coincide with standard expressions on tunneling time. 
The issue of superluminality then arises.  

 

• Note here that in the experimental configuration described earlier,  there is no actual superluminal 
signal. The events of particle emission and detection are timelike separated. This is because for 
L>>d, the particle spends considerably more time outside the barrier region.  

 

• The observed data correspond to the particle’s time of detection, not to tunneling time. 

 

• The claim that the particle crosses the barrier faster than light follows from a counterfactual 
inference from the experimental data, namely, an inference about what one would observe, if the 
particle were emitted and detected just outside the barrier. 
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Proposed resolution of apparent superluminality 



Proposed resolution of apparent superluminality 

• To summarize, 

 1.  no super-luminal signal can be detected in tunneling. 

 2. the inference of superluminality relies on classical reasoning that is inappropriate 
 for this system. 

 

• Key point: Our resolution to the super-luminality paradox requires a QFT treatment of 
measurements associated to tunneling-time.  

 

• QFT is essential for 

 i. anti-particle bound states in any set-up that involves tunneling. 

 ii. local interactions between particles and measurement apparatus. 

 

• A relativistic treatment without QFT (e.g., with ad-hoc particle-detector couplings) would not 
remove the possibility of superluminal signals.  

 



Conclusions 

• A new approach to tunneling times, based on rigorously constructed probabilities (QTP 
method) in a  well-defined operational set-up. 

 

• The method allows for a QFT treatment of tunneling and leads to a new expression for 
tunneling time. 

 

• We identify the physical mechanisms through which QFT enforces causality in quantum 
measurements, thus proposing a resolution to the superluminality paradox.  

 

                     Future aims: further application of QTP in relativistic quantum measurements  

         (Lorentz covariance, entanglement, transmission of information) 

 


