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These equations show that the phase dmB for a moving magnetic dipole represents a superposition of new 
quantum phases for point-like charges of the dipole, being defined by the equality
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which we named as the complementary magnetic AB phase [25; 26]. It is seen that this phase is approximately 
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 times smaller than the magnetic AB phase (2).

Thus, all quantum phases dmE , dpB , dpE , dmB for an electric or magnetic dipole moving in EM field origi-
nate from three fundamental phases for point-like charges: the magnetic AB phase dA (2), the complementary 
electric AB phase dcj (21), as well as the complementary magnetic AB phase dcA (30). A relationship between 
fundamental velocity-dependent quantum phase effects for point-like charges and phase effects for electric 
(magnetic) dipoles is shown in figure, which illustrates their physical meaning.

We found above that the ratio of complementary electric AB phase (21) and electric AB phase (1) has the 
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, and the same result is valid with respect to the ratio of complementary magnetic AB phase (30) 

and magnetic AB phase (2). This observation led us to assume in reference [25] that the phases dcj, dcA could 
represent some relativistic extension of the fundamental electric and magnetic AB phases, correspondingly.

However, later we pointed out [26] that the Schrödinger equation for charged particle in an EM field does 
already contain the terms of order c–2. Nevertheless, it does not include the complementary electric AB phase 
dcj of the same order. This already signifies that the actual situation with respect to physical interpretation of 
the new quantum phases dcj, dcA is more complicated, and this problem is analysed in the next section.

Quantum phase effects for freely moving charges  
in an EM field and re-definition of the operator of momentum

The results, which we obtained above, indicate that a moving point-like charge in the presence of EM field 
is characterised by three quantum phases: the previously known magnetic AB phase (2), as well as the comple-
mentary electric (21) and magnetic (30) AB phases, disclosed via the analysis of quantum phases for moving 
dipoles [18; 19; 25; 26]. Therefore, the determination of physical meaning of these phase effects acquires the 
fundamental importance. 

Analysing this problem, we assume that all quantum phase effects for a moving charge should be directly 
related to its wave vector k and de Broglie wavelength l, which can depend not only on the mechanical mo-
mentum of the particle PM , but also on the EM momentum PEM for a system «charged particle plus external EM 
field». This assumption suggests us to generalise the wave vector in the form
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with the corresponding de Broglie wavelength
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Hence, the corresponding quantum phase dd along the path ds is equal to

Relationship between velocity-dependent quantum phases  
for charged particles and for moving dipoles


