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Measuring Bohm Trajectories of Entangled Photons 
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Abstract: We measure, using weak measurement, the Bohmian trajectories of one photon that is 

part of an entangled pair.  Our results shed light on the nonlocality of the Bohm model, as well as 

its so-called “surrealism.” 
OCIS codes: (270.0270) Quantum optics, (000.2658)  Fundamental tests, (270.5585)Quantum information and processing 

 

1. Introduction 

Bohmian mechanics is an interpretation of quantum mechanics that ascribes a real position to quantum particles.  

These quantum particles then follow trajectories, according to a quantum Hamilton-Jacobi equation: 

 

 

Where 
  

 
 is the velocity of the particle, V is the standard potential term, and Q is the so-called “quantum potential”:  

 

 

where R
2
 = |ψ|

2 
is the probability density for the (unknown) position at any time. 

The quantum potential gives rise to many interesting phenomena that; it can be used to explain interference in a 

double slit experiment or the Aharonov-Bohm effect.  In the case of two particles, the quantum potential can also be 

used to explain the sometimes strange behavior of entanglement.  The quantum potential is nonlocal in that the 

potential seen by one particle depends on the position of the other particle.  In [4], it was demonstrated how these 

Bohmian trajectories can be motivated by the weak value of the momentum at a particular position, and in [5] the 

measurement of Bohmian trajectories of single photons was demonstrated experimentally.  An experiment to 

demonstrate nonlocality in Bohmian mechanics was later proposed in[1]. 

In [2], an argument that would be the subject of much attention was made against Bohmian mechanics drawing on 

the observation that in an experiment where a single particle traverses a double slit, the symmetry of the problem 

precludes any trajectories from ever crossing  the x=0 axis midway between the slits.  This means that if a which-

way measurement (WWM) is placed in the lower slit and in the far field a detector is placed in the upper half plane 

(x>0), according to quantum mechanics there will be times when both the detectors click.  According to the 

Bohmian trajectories, the particle came from the top slit and yet the WWM indicated the particle had actually gone 

through the bottom slit.  Thus, the trajectories associated with Bohmian mechanics were deemed “surreal”.  Several 

papers followed, but the situation is presented particularly clearly in [3], where Hiley et. al. show that in order to 

properly calculate the trajectories of the particle, one must take the measurement device into account.  If one does 

this, it amounts to calculating the trajectories for one state of the measurement device separate from the trajectories 

associated with the other state of the measurement device and simply overlaying them.  This way, the particle either 

follows one set of trajectories or the other.  The symmetry of the problem is broken in this case, nothing prevents 

trajectories from crossing the x=0 plane, and thus the apparent contradiction is resolved. 

2. Experiment 

We generate entangled photons in the state |φ+> = (1/  )(|HH>+|VV>) using a spontaneous down conversion source 

based on a Sagnac interferometer.  Photon 2 is sent to an apparatus which can measure its polarization, using 

waveplates and a polarizing beamsplitter.  Photon 1 is sent through an apparatus that accomplishes two tasks: it 

either blocks photon 1 or not, depending on the outcome of the measurement of photon 2, and it measures the 

trajectories of photon 1 through a double slit experiment.  The first task is accomplished by placing a Pockels cell 

between crossed polarizers.  The Pockels cell either flips the polarization of photon 1 or does not, thus blocking the 

photon or allowing it to pass.  The second task is performed in a manner similar to the technique of [5].  First, 

photon 1 is prepared in the polarization state |D> = (1/  )(|H>+|V>).  Next, the x-component of its k vector is 

coupled weakly to its polarization using a piece of birefringent calcite with its optic axis oriented at 42 degrees to 

the normal.  Photon 1’s polarization is then measured (in the |R/L> = (1/  )(|H>+/- i|V>) basis) using a QWP and a 
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beam displacer.  Finally, using a system of three lenses, the photon’s transverse wavefunction is imaged in different 

z planes and recorded on a single-photon CCD camera (Andor iDUS).  The result of the weak measurement is read 

out as the difference in intensity of the bottom and top spot, as a function of horizontal position.  From this 

measurement performed in 90 z planes, we can reconstruct trajectories as in [5]. 

 To demonstrate nonlocality in Bohmian mechanics, we project photon 2 onto the polarization state L and 

measure the resulting trajectories that photon 1 follows.  Alternatively, we project photon 2 onto the polarization 

state R (which is orthogonal to L) and measure the resulting trajectories that photon 1 follow.  This experiment is 

similar to the one proposed in [1]: a phase shift was applied to photon 2, and the trajectories that photon 1 follows 

change as if the phase shift had been applied in the double slit apparatus that contains photon 1.  In figure 1B we 

plot the experimentally measured trajectories that photon 1 follows when photon 2 is projected onto L.  In figure 2A 

we plot two trajectories (plotted red and blue) for two different measurement outcomes of photon 2.  The trajectories 

that photon 1 follows when photon 2 is projected onto L are plotted as solid lines, and the trajectories that photon 1 

follows when photon 2 is projected onto R are plotted as dashed lines. 

 To clarify the arguments of [3], we use photon 2 as a WWM by measuring it in the H/V basis.  Following 

the prescription set out by Hiley et.al., we consider the trajectories followed by photon 1 when photon 2 is projected 

onto H and V.  Each set of trajectories is measured independent of the other and they are plotted on the same axis 

(figure 2b).  Several of the trajectories are seen to cross in position space, however when the plot is extended to 

include the position of photon 2 (figure 2c), the trajectories do not cross. 

  Figure 1. A) Two entangled photons are generated (not pictured).  Photon 2 has its polarization measured by a series of waveplates and a PBS.  

Photon 1 is sent through a double slit apparatus. A fast Pockels switch is triggered upon a detection event from photon 2.  Photon 1’s momentum 
is measured weakly using a piece of birefringent calcite, a QWP, and a beam displacer.  Photon 1’s transverse wavefunction is imaged in 

difference planes using a series of three lenses, and its final position is measured using a single photon camera. B) A set of trajectories for a given 

measurement result (L) of photon 2.   
3.  Conclusions 

In conclusion, we have measured trajectories of photons passing through a double slit apparatus when they are 

entangled with a second photon.  We have thus demonstrated the role entanglement plays in Bohmian mechanics.  

Finally, we have experimentally demonstrated a resolution to the problem of surrealistic trajectories.  When a 

WWM is present, the normal rule about crossing trajectories in position space does not apply, and no “surreal” 

trajectories are observed. 
 

 

Figure 2. A) Two trajectories (plotted red and blue) for two different measurement outcomes of photon 2 (L and R, plotted solid and dashed, 
respectively).  B) The trajectories of photon 1 are plotted, given that photon 2 is used as a WWM device.  C) The same trajectories as in (B), but 

plotted in configuration space, where the WWM degree of freedom is taken into account. 
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