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Abstract 

 

        In this paper, basing on the principle of least action, we calculate the forces which act on the momentum 

of a particle in a tensor interaction field. These forces were obtained by Kadić-Edelen within the framework 

of the continuum dislocation theory in analogy with electrodynamics. It is shown that: 1) the centrally 

symmetric force of the tensor interaction field is similar to the Coulomb force. It contains a potential term of 

the Euler hydrodynamics equations and is responsible for the homogeneous motions of the continuous 

medium; 2) the vortex force of the tensor field is similar to the Lorentz force. It coincides with the force of 

Peach-Koehler, in a solid state, and is responsible for the vortex motion of the continuous medium. It is 

concluded that the forces obtained act in any medium, and not only in a solid state, as was previously stated 

in the theory of Kadić-Edelen. 

 

Introduction 

 

        The analogy between the continuum theory of dislocations and electrodynamics was traced in the gauge 

theory of Kadić-Edelen dislocations [1]. In this case, the 4-distortion tensor: 𝜐𝑖 , 𝐴ij,  was set in accordance 

with the 4-vector of the electromagnetic potential: 𝜙, 𝐴𝑗 . In [1, 2], the equations of state for the anti-symmetric 

derivatives of the 4-distortion tensor: 𝜐𝑖, 𝐴ij, were obtained, similarly to Maxwell's equations. The observed 

anti-symmetric intensities in the 4-tensor of distortion, are of the form: 

𝜌ij = −𝑒jkn𝜕𝐴in/𝜕𝑋𝑘 ,                                                                                                          (1) 

 휀ij = −𝜕𝜐𝑖/𝜕𝑋𝑗 + 𝜕𝐴ij/𝜕𝑇,                                                                                              (2) 

where 𝑒jmn is the anti-symmetric tensor of Levi-Civita. 

         Note that this paper uses the definition of the distortion tensor 𝐴ij [3] as a generalization of the spatial 

derivatives of the displacement vector: 𝜕𝑢𝑖/𝜕𝑋𝑗 . As is known, the distortion tensor was introduced into 

theoretical physics to describe plastic deformations in a solid state. Accordingly, the field 𝜐𝑖 is a generalization 

of the time derivative of the displacement vector, 𝑢𝑖/𝜕𝑇 , in a solid state. The tensor distortion of the Kadić-

Edelen theory, 𝐴ij
′ is equal to the distortion tensor 𝐴ij with a minus sign 𝐴ij

′ = −𝐴ij, since the distortion tensor 

𝐴ij in (1) are defined up to a gradient 𝜕𝑢𝑖/𝜕𝑋𝑗 . The intensity 휀ij is also an invariant under the gradient 

transformation: 𝐴ij → 𝐴ij + 𝜕𝑢𝑖/𝜕𝑋𝑗 , 𝜐𝑗 → 𝜐𝑗 + 𝜕𝑢𝑗/𝜕𝑇 (2).  

         Sometimes, in the physical literature, the distortion tensor is understood to be an nonsymmetrical tensor: 

𝑊ij = 𝜕𝑢𝑖/𝜕𝑋𝑗. This definition bears no relation to the distortion tensor 𝐴ij (1), which describes plastic 

deformations. Dislocations occur in plastic deformations, and the tensor 𝑊ij = 𝜕𝑢𝑖/𝜕𝑋𝑗 cancels the expression 

for the dislocation density (1), since the gradient rotor is zero. 

         The vortex intensity of the distortion tensor 𝜌ij (1) is similar in structure to the magnetic induction: 𝐵𝑗 =

𝑒jkn𝜕𝐴𝑛/𝜕𝑋𝑘, and the centrally symmetric intensity 휀ij (2) is similar to the electric intensity 𝐸𝑗 = −𝜕𝜙/𝜕𝑋𝑗 −

𝜕𝐴𝑗/𝜕𝑇. The difference in signature (1, 2) and electrodynamics is due to the symmetry of space-time. 

Therefore, to calculate the distortion tensor one can use the pseudo-Lorentz gauge condition [1, 2]:  
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 𝜕𝐴ij/𝜕𝑋𝑗 = 𝑐−2𝜕𝜐𝑖/𝜕𝑇,                                                                                                    (3)   

where𝑐 is the speed of sound. 

         In the Kadić-Edelen theory the forces of the intensities in the 4-tensor of distortion, similar to the forces 

of Coulomb and Lorentz are calculated: 

𝑓𝑗 = 𝑝𝑖(−𝜕𝜐𝑖/𝜕𝑋𝑗 + 𝜕𝐴ij/𝜕𝑇),                                                                                    (4) 

 𝑓𝑗 = 𝑒jmn𝑝𝑖𝑣𝑚𝜌in,                                                                                                             (5) 

here 𝑝𝑖 is the momentum, 𝑣𝑚, the velocity of the flow. In general, the flow rate 𝑣𝑚 is not equal to the field 

velocity𝜐𝑖. These velocities are equal only in a continuous medium.  

         The substitution 𝑝𝑖 = ρυ𝑖 in (4) shows that the first term of the centrally symmetric force in a continuous 

medium with density 𝜌 corresponds to the potential term of the Euler hydrodynamics equations −𝜐𝑖𝜕𝜐𝑖/𝜕𝑋𝑗 

[4]. The second term of the central symmetric force has no analogue in the Euler equations. In paragraph 2 it 

will be shown that it describes homogeneous movements in gases and liquids. 

         The vortex force (5) is a known Peach-Koehler force: 𝑓𝑗 = 𝑒jnm𝜌in𝜎im [3, 5]. The Peach-Koehler force 

was obtained by calculating the force acting on the dislocation in a solid. Indeed, from the law of momentum 

conservation, the continuity equation in the Kadić-Edelen model takes on the form [1, 2]: 

𝜕𝜎ij/𝜕𝑋𝑗 = 𝜕𝑝𝑖/𝜕𝑇.                                                                                                           (6) 

From this, it follows that𝜎ij = −𝑝𝑖𝑣𝑗 . Substituting this expression into (5), we obtain the Peach-Koehler force.  

         From (4, 5) it is clearly seen that the momentum 𝑝𝑖 acts as a charge for the centrally symmetric 휀ij and 

vortex 𝜌ij intensities of the 4-distortion tensor 𝜐𝑖, 𝐴ij. The analogy between the momentum and the electric 

charge is indicated in [1, 2].   

          In this paper, we calculate the forces (4, 5) acting on the particle momentum р𝑖 as a charge in the tensor 

interaction field 𝜐𝑖, 𝐴ij. These calculations are carried out on the basis of the principle of least action as well 

as on the forces that act on the electric charge in the electromagnetic field [6].  

         The tensor interaction field 𝐴ij is understood as the compensating field of minimal interaction, which 

was obtained in [7] from translational invariance in the Landau theory of phase transitions. In [7] it was proved 

that in a solid the compensating interaction field 𝐴ij introduced from the requirement of translational 

invariance is a distortion tensor [3]. In this case, the charge of the obtained interaction, or the coefficient before 

the compensating field in the elongated derivative, is the wave vector 𝜅𝑖. As is known, the wave vector is 

related to the quantum momentum by the equality: 𝜅𝑖 = 𝑝𝑖/ℏ, where ℏ is the Planck constant.   

         What does it give?  

         First, it proves that the forces (4, 5) do exist. Since the above proof is based on the basic principles of 

modern physics, that of symmetry and the principle of least action. It is obvious that the analogy, which can 

be traced in [1, 2] between physical variables, does not prove anything, it only allows us to trace a relationship 

between physical phenomena and helps to formulate the problem.  

         Second, the forces (4, 5) can be used not only in a solid state, but in any environment, where the gauge 

theory of Kadić-Edelen dislocations can be applied. For example, they can be used in continuum mechanics 

to obtain a generalization of the Euler hydrodynamic equations. It is obvious that these forces can be used in 

any environment, since the momentum is not connected only with the solid state.   

         To calculate the forces (4, 5) from the principle of least action, it is necessary to prove that the 

momentum of a particle, or a physical state, really behaves as a charge in the tensor field of interaction: 𝜐𝑖, 

𝐴ij. To do this, we first need to make clear what kind of momentum we are talking about and what is the tensor 

interaction field?  
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1. Compensating tensor interaction field. 

 

        In [7] it was proved that the distortion tensor is a compensating field 𝐴ij in the elongated derivative for 

the local Landau order parameter𝜓�⃗� , which describes the A-phase of helimagnets in the magnetic field [8-

10].  

           The need to introduce a compensating tensor interaction field 𝐴ij for the order parameter induced by a 

subgroup of elementary translations 𝑎𝑞𝜓�⃗� = exp(𝑖𝛿iq𝑘𝑖𝑎𝑞)𝜓�⃗�  into the inhomogeneous Landau potential was 

dictated by the local representation 𝑘𝑖 = 𝑘𝑖(𝑋𝑗) of the order parameter [11], here 𝛿iq - the Kronecker symbol.  

           Indeed, when: 𝑘𝑖 = 𝑘𝑖(𝑋𝑗), the derivative is not a eigenfunction of the elementary translation 

operator: 𝑎𝑞

𝜕𝜓
�⃗⃗� 

𝜕𝑋𝑗
=

𝜕

𝜕𝑋𝑗
(𝑒ik𝑞𝑎𝑞𝜓�⃗� 

) = 𝑒ik𝑞𝑎𝑞 [𝑖
𝜕(𝑘𝑞𝑎𝑞)

𝜕𝑋𝑗
𝜓�⃗� +

𝜕𝜓
�⃗⃗� 

𝜕𝑋𝑗
]. 

To construct a translationally invariant Landau potential, or the Lagrangian 𝐿, with derivatives of the order 

parameter, we need to extend the derivative:    

 𝐷𝑗𝜓�⃗� = (
𝜕

𝜕𝑋𝑗
− 𝑖 ∑ 𝜅𝑛𝐴nj𝑛 )𝜓�⃗� ,                                                                                             (7) 

with the help of a compensating tensor field 𝐴ij which transforms as: 

𝑎𝑞(𝜅𝑖𝐴ij) = 𝜅𝑖𝐴ij + 𝛿iq𝜕(𝑘𝑖𝑎𝑞)/𝜕𝑋𝑗.                                                                                     (8) 

 

Then the extended derivative (7) is an eigenfunction of the elementary translation operator 𝑎𝑞 and it is possible 

to construct translation-invariant combinations of the form: 𝐷𝑗𝜓�⃗� 𝐷𝑗 𝜓−�⃗� , which contain a field 𝐴ij in the 

Landau potential or the Lagrangian 𝐿.  

         

In this case, the coefficient before the compensating field 𝐴ij in the elongated derivative is a vector𝜅𝑖, which 

is called the interaction charge associated with the interaction coupling constant. The compensating field 𝐴ij 

is a tensor, since the interaction charge is a vector,𝜅𝑖, its components are associated with the corresponding 

components of the translation subgroup by construction (7,8). 

  

        In [7] it is proved that the compensating field 𝐴ij in a solid corresponds to the distortion tensor, and the 

interaction charge 𝜅𝑖  determines the minimum Burgers vector 𝛣𝑖min = 2𝜋/𝜅𝑖. Hence, 𝜅𝑖  is inversely 

proportional to the lattice period, since the minimum Burgers vector is equal to the lattice period𝑎𝑖. This 

implies that in the general case the charge interactions,𝜅𝑖 (7), represent the wave vector of the quantum 

momentum𝜅𝑖 = 𝑝𝑖/ℏ.  

         

  Due to the importance of the connection between the charge of minimal interaction (7) and the quantization 

of the Burgers vector  𝛣𝑖 = −∮ 𝐴ij𝑙
dX𝑗 [3], we present a proof of this fact here. The proof is based on the 

integration of an expression for the stress tensor 𝜎ij = −𝜕𝐿/𝜕𝐴ij conjugated to the distortion tensor 𝐴ij over a 

closed loop𝑙. The invariants containing 𝐴ij have the form: 𝐷𝑗𝜓�⃗� 𝐷𝑗 𝜓−�⃗� , so the stress tensor 𝜎ij has the form 

of the sum of the terms with coefficients of the form: (2𝛻𝑗𝜑 − 2𝜅𝑝𝐴pj)|𝜓�⃗� 
|
2
 (7), where 𝜑 is the phase 𝜓�⃗� . 

Where the stress tensor 𝜎ij is identical to zero, the expressions are equal to zero: (2𝛻𝑗𝜑 − 2𝜅𝑝𝐴pj)|𝜓�⃗� 
|
2
, 𝐴ij 

and 𝜓�⃗�  are the fields which do not equal zero. Therefore, the circulation quantization of the compensating 

field 𝐴ij: −𝜅𝑖 ∮ 𝐴ij𝑙
dX𝑗 = 𝜅𝑖𝛣𝑖 associated with the phase quantization of the wave function 𝜓�⃗� , when 

integrated over a closed loop, is: ∮ 𝛻𝑗𝜑dX𝑗𝑙
= 2𝜋𝑧, where an integer 𝑧 ∈ 𝑍. From this It follows that 𝛣𝑖min =

2𝜋/𝜅𝑖. 
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   Without minimal interaction (7) there is no quantization of vector 𝛣𝑖 = ∫ 𝜌ijdS𝑗𝑆𝑙
 (1). Indeed, the Burgers 

vector 𝛣𝑖 is not quantized in a continuous medium where there is no minimal interaction (7) and hence no 
discreteness.  

     

    Also, the magnetic flux is not always quantized. For example, it is not quantized when the magnetic field 

is pushed out of the superconductor by the Meisner effect. Quantization of the magnetic flux in a mixed 

superconducting state is a consequence of the minimal Ginzburg-Landau interaction [12, 13]. Quantization 

of the flow of the vortex intensity of the compensating field is a consequence of the minimum interaction, 

which has the form of an extended derivative, for example (7). 

         The fact that the wave vector 𝜅𝑖 is the charge of interaction (7) follows from dimensional considerations. 

Indeed, the distortion tensor 𝐴ij is dimensionless, as is the tensor 𝜕𝑢𝑖/𝜕𝑋𝑗. Therefore, vector  𝜅𝑖 (7) has the 

dimension of the wave vector or derivative. Since the wave vector is proportional to the quantum momentum, 

it can be concluded that the interaction charge (7) is a quantum momentum: 𝜅𝑖 = 𝑝𝑖/ℏ. 

         In fact, it is to be expected that momentum is a charge of minimal interaction induced by a subgroup of 

translations. Since the translational symmetry of space is associated with the law of conservation of 

momentum. In the Kadić-Edelen equations of state, the continuity equations have the form of the law of 

momentum conservation (6). However, it is not clear how the momentum can be a charge. It turned out that 

we are talking about a quantum momentum:𝑝𝑖 = ℏ𝜅𝑖, which, in fact, determines the interaction (7). 

        

  It is obvious that the interaction given by the extended derivative (7, 8) can be obtained from the requirement 
of translational invariance with respect to any translation in space, so it is not related only to the solids. This 

interaction is universal and is given by the interaction charge: a wave vector or the quantum momentum: 𝑝𝑖/ℏ, 

which is the coefficient before the compensating field in the extended derivative (7). As you know, the 

quantum momentum exists not only in the solid-state case.  
         

 The extended derivative (7) indicates the minimum interaction between the compensating tensor interaction 

field 𝐴ij and the components of the order parameter𝜓�⃗� . According to the field theory [14], this means that the 

compensating tensor field 𝐴ij is an independent physical variable, similar to the electromagnetic potential 𝐴𝑗 , 

and manifests itself in the form of observed anti-symmetric derivatives (1,2) everywhere, not only in solids. 

          

 The compensating field 𝐴ij(𝑋 )  (7,8) is transformed as a rank 2 tensor in the space of macroscopic coordinates 

{𝑋𝑖}, where 𝑋  stands for a macroscopically small volume of the continuous medium in the Lifshitz formalism 

[15]. The Lifshitz formalism implies that the Landau phase transition can be local in every macroscopic small 

volume related to the coordinate 𝑋 . In this case, the components of the order parameter and its transformation 

properties depend on the coordinate 𝑋 . This is what is assumed in the Lifshitz formalism when it comes to 

spatial fluctuations of the order parameter. The Lifshitz formalism is used everywhere, where it is assumed 

the dependence of the order parameter on the coordinates, including the theory of Ginzburg-Landau [12] for 

the wave function of the superconducting order parameter. Therefore, the coordinates here are denoted by 

capital letters: 𝑋 .  

        The fact that in model (7) with a local representation of the translation subgroup 𝑘𝑖 = 𝑘𝑖(𝑋𝑗) the quantum 

mechanical properties are manifested is the expected result. Since the local representation, 𝑘𝑖 = 𝑘𝑖(𝑋𝑗), in 

fact, means that in any macroscopic small volume with a coordinate 𝑋  the physical state can be described by 

a local wave function, or an order parameter, with some wave vector. But this is the basic postulate of quantum 

mechanics that there exists such a small volume, where the physical state is described by the wave function. 

We only assumed that the dependence 𝑘𝑖 = 𝑘𝑖(𝑋𝑗) is continuous and differentiable, which is logical. 
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         Note that in the deformed low-symmetric state the situation with local translational symmetry 𝑎𝑖 =

𝑎𝑖(𝑋𝑗) in each macroscopic small volume with coordinate𝑋  is realized for the structural parameter of the 

order. In the state with local translational symmetry, dislocations are necessarily present, since the periods of 

neighboring regions do not coincide, and incompatibilities or dislocations occur at the boundaries of the 

regions. Therefore, when describing a low-symmetric deformed state with a crystal lattice from the model: 

𝑘𝑖 = 𝑘𝑖(𝑋𝑗)with𝑎𝑖 = const in (7, 8) [7], it is possible to proceed to the model: 𝑘𝑖 = const and 𝑎𝑖 = 𝑎𝑖(𝑋𝑗) 

that corresponds to the assumption of the Kadić-Edelen theory about the existence of local translational 

symmetry [1]. It should be understood that the local symmetry is not translational symmetry in the space {𝑋𝑖}, 

but the local symmetry of the lattice in each macroscopic small volume related to the coordinate 𝑋 : 𝑎𝑖 =

𝑎𝑖(𝑋𝑗). 

         In order to use the conservation laws associated with translational symmetry, one must go to the dynamic 

model. We introduce time dependence for the order parameter and the compensating fields. As in the Kadić-

Edelen theory, we define the tensor 𝐴ij and concider the fourth component of the compensating tensor field 

as a velocity field 𝜐𝑖. The velocity field 𝜐𝑖 is conjugated to the momentum 𝑝𝑖 = 𝜕𝐿/𝜕𝜐𝑖 and compensates the 

time derivative of the order parameter: 

𝐷0𝜓�⃗� = (
𝜕

𝜕Т
− 𝑖∑ 𝜅𝑛𝜐𝑛𝑛 )𝜓�⃗� .                                                                                                    (9)  

From this, 𝑎𝑞(𝜅𝑖𝜐𝑖) = 𝜅𝑖𝜐𝑖 + 𝛿iq𝜕(𝑘𝑖𝑎𝑞)/𝜕Т. In a solid, the field 𝜐𝑖 is a generalization of the time derivative 

of the displacement vector 𝜕𝑢𝑖/𝜕𝑇. This transformation and transformation (8) follow from (7,9).  

          Thus, we are ready to calculate the forces acting on a particle with a wave vector 𝜅𝑖 in the field 𝜐𝑖, 𝐴ij, 

since the field 𝜐𝑖, 𝐴ij is the compensating field of the minimum interaction (7.9), and the charge of the 

minimum interaction is the vector 𝜅𝑖. What remains, is only a question of terminology. It is associated with 

the original definition of compensating tensor field interactions 𝐴ij (7, 8) and the vortex flux (1) as the 

distortion tensor 𝐴ij and the field density of dislocations 𝜌ij in a solid state [3].  

         Generally speaking, due to the fact that the magnetic flux is quantized in the Abrikosov vortices, 

physicists did not rename the electromagnetic potential 𝐴𝑗  and the magnetic field𝐵𝑗 . It so happened that similar 

fields 𝐴ij, 𝜌ij (1) for minimal interaction (7), were first discovered in discrete form in a solid [3]. However, to 

keep the name of the vortex intensity (1) as the field of dislocation density 𝜌ij, in the case of air, for example, 

is highly advisable. Although, obviously, there are no dislocations in the air.  

         The definition of the dislocation density𝜌ij, clearly indicates the location of atoms in the crystal lattice. 

However, definition (1) is not directly related to discrete dislocations, since they are not present in a 

continuous medium. As is shown above, the discreteness of the Burgers vector is related to the minimal 

interaction (7), which has not been taken into account until now in the continuum theory of dislocations. 

Indeed, translation-invariant combination of the Kadić-Edelen 𝐷𝑗𝑢𝑖 = 𝜕𝑢𝑖/𝜕𝑋𝑗 + 𝐴ij
′  [1, 2] is extended to the 

derivative. There is no interaction charge 𝜅𝑖 in the expressions 𝐷𝑗𝑢𝑖 , that defines the minimum Burgers vector 

𝛣𝑖min = 2𝜋/𝜅𝑖 [7], and there is no minimum interaction that is given by the extended derivative (7). Therefore, 

there is no discreteness in the gauge dislocation theory [1, 2]. 

        Since, by definition, there is no discreteness in a continuous medium, we are not talking about the location 

of atoms. The expression itself, “the density of dislocations in a continuous medium (1) [3],” contains a 

contradiction. Therefore, we propose to use the name “vortex tensor intensity” instead of dislocation density 

𝜌ij for the tensor (1), and to use the name “the tensor interaction field 𝐴ij (7)” for the distortion tensor in 

general. Since the compensating tensor interaction field 𝐴ij has not previously been studied in the field theory 

[14], it cannot be confused with anything else.  

         Indeed, the electromagnetic potential 𝐴𝑗  is transformed as a vector field. The Yang-Mills compensating 

fields also represent a vector in the space{𝑋𝑖}, and are transformed even in the space of internal gauge 
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symmetries. As noted in the introduction [14]:"numerous attempts to associate compensating fields with the 

symmetry of space-time itself have never been successful." The compensating field 𝐴ij is a tensor field by 

constructing the extended derivative (7). The first index is associated with spatial translations, and the second 

with spatial derivatives.  

         Moreover, due to the fact that the subgroup of translations is an Abelian (commutative) one, in [16] the 

construction of electromagnetic interaction was proposed, as a consequence of the locality of the irreducible 

representation of the wave function in time translations. This construction determines the transformational 

properties of the electromagnetic potential 𝐴𝑗  with time inversion, which is still postulated in the field theory, 

since the abstract Abelian gauge group of the electromagnetic Lagrangian symmetry [14] has no relation to 

the space-time symmetry.  

        Thus, the compensating interaction field 𝐴ij (7,8) is a second-rank tensor, and it has not been studied 

previously in the field theory [14], so it cannot be confused with any other interaction field. As is known from 

the field theory, the charge defines the interaction. The knowledge that the wave vector 𝜅𝑖 is the interaction 

charge – the coefficient before the compensating field in the extended derivative (7,9) –  it suffices to calculate 

the forces acting on the particle with the vector charge 𝜅𝑖 in the 4-tensor interaction field 𝜐𝑖 , 𝐴ij from the 

principle of least action. 

 
2. Calculation of forces acting on the quantum momentum of a particle in the tensor interaction field 

based on the principle of least action.  

  

        The action describing the motion of an electron in an electromagnetic field 𝜙, 𝐴𝑗  [6], has the form: 𝑆el =

−
𝑒

𝑐′ ∫(−𝐴𝑗dX𝑗 + 𝜙dT), where 𝑒 is the electron charge, с′, the speed of light. This action is a consequence of 

the electromagnetic minimum interaction, recorded through an extended derivative 𝐷𝑗𝜓 = (
𝜕

𝜕𝑋𝑗
− 𝑖

𝑒

ℏ𝑐′ 𝐴𝑗)𝜓, 

𝐷0𝜓 = (
𝜕

𝜕Т
+ 𝑖

𝑒

ℏ𝑐′ 𝜙)𝜓, where 𝜓 is the wave function of the electron, 𝜙, 𝐴𝑗  ,the 4-vector of the 

electromagnetic potential, which acts as a compensating field, and 𝑒/ℏ𝑐′, the coefficient in front of the 

compensating field, which is called the charge of the minimum interaction. In this case, the electric charge 𝑞 

is the first integral, or the value conjugated to the potential 𝜙: 𝑞 = 𝜕𝐿/𝜕𝜙.   

         Given the space-time signature and the definition of compensating fields 𝜐𝑖, 𝐴ij, as a generalization 

𝜕𝑢𝑗/𝜕𝑇, 𝜕𝑢𝑖/𝜕𝑋𝑗, the interaction of a particle with the wave vector 𝜅𝑖 = 𝑝𝑖/ℏ, which acts as an interaction 

charge in (7,9), assumes the form:                                    

𝑆st = −ℏ𝜅𝑖 ∫(𝐴ijdX𝑗 + 𝜐𝑖dT),                                                                                         (10) 

here ℏ is the scale factor.  

        It is obvious that ℏ in (10) is the Planck constant, since the action (10) has the same physical dimension 

as the Planck constant. In addition, ℏ is a multiplier for the coefficient 𝑒/ℏ𝑐′ before the electromagnetic 

potential in the construction of the electromagnetic action, as shown above. The fact that the coefficient ℏ 

(10) is the Planck constant also follows from the continuity equations, which for the model (7.9) have the 

form of a differential equation corresponding  to the law of momentum conservation (6). Therefore, the 

momentum in the model (7,9) is a charge and can be immediately rewritten as: ℏ𝜅𝑖 = 𝑝𝑖. However, we will 

leave the coefficient ℏ in (10) and make sure after conducting calculations that ℏ𝜅𝑖 is indeed a momentum.  

         Lagrangian action (10) has the form:  

 𝐿st = −ℏ𝜅𝑖𝐴ij𝑣𝑗 − ℏ𝜅𝑖𝜐𝑖,                                                                                                  (11) 

where 𝑣𝑗 = dX𝑗/dT. The generalized momentum dL/dv𝑗 [6], for the Lagrangian 𝐿 = 𝐿0 + 𝐿st, given the 4-

tensor 𝜐𝑖, 𝐴ij (11), will have the form: 

dL/dv𝑗 = 𝑃𝑗 − ℏ𝜅𝑖𝐴ij,                                                                                                       (12) 
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where 𝑃𝑗is the usual momentum, which is dL0/dv𝑗 = 𝑃𝑗 [6]. 

        From the Euler-Lagrange equations 
𝑑

dT

𝜕𝐿

𝜕𝑣𝑗
=

𝜕𝐿

𝜕𝑋𝑗
 for a particle in the interaction tensor field, according 

to (11,12), we obtain:  

 
dP𝑗

dT
− ℏ𝜅𝑖

dAij

dT
= −ℏ𝜅𝑖

𝜕

𝜕𝑋𝑗
(𝐴ij𝑣𝑗) − ℏ𝜅𝑖

𝜕𝜐𝑖

𝜕𝑋𝑗
.                                                              (13)  

From where, differentiating in parts the second summand in the left part (13): 
dAij

dT
=

𝜕𝐴ij

𝜕𝑇
+

𝜕𝐴ij

𝜕𝑋𝑘
𝑣𝑘 and, 

transforming the first summand in the right part by using a known formula from differential geometry: 
𝜕

𝜕𝑋𝑗
(𝐴ij𝑣𝑗) =

𝜕𝐴ij

𝜕𝑋𝑗
𝑣𝑗 + 𝑒jmn𝑒npq𝑣𝑚

𝜕𝐴iq

𝜕𝑋𝑝
   

(here we take into account that 𝑣𝑗 and 𝑋𝑗are independent variables [6]), we obtain: 

 
dP𝑗

dT
− ℏ𝜅𝑖

𝜕𝐴ij

𝜕𝑇
= −ℏ𝜅𝑖

𝜕𝜐𝑖

𝜕𝑋𝑗
− ℏ𝜅𝑖𝑒jmn𝑒npq𝑣𝑚

𝜕𝐴iq

𝜕𝑋𝑝
.  

        Then the expression for the force acting on a particle with a charge has the form: 

𝑓𝑗 = −ℏ𝜅𝑖
𝜕𝜐𝑖

𝜕𝑋𝑗
+ ℏ𝜅𝑖

𝜕𝐴ij

𝜕𝑇
− ℏ𝜅𝑖𝑒jmn𝑒npq𝑣𝑚

𝜕𝐴iq

𝜕𝑋𝑝
.                                                           (14) 

        This force is the sum of two forces: the centrally symmetric force and the vortex force of the tensor 

interaction field. By substitutingℏ𝜅𝑖 = 𝑝𝑖, we get: 

 𝑓𝑗 = −𝑝𝑖
𝜕𝜐𝑖

𝜕𝑋𝑗
+ 𝑝𝑖

𝜕𝐴ij

𝜕𝑇
− 𝑝𝑖𝑒jmn𝑒npq𝑣𝑚

𝜕𝐴iq

𝜕𝑋𝑝
.                                                                   (15) 

         A centrally symmetric force is an expression of the form:  

 𝑓𝑗 = 𝑝𝑖(−𝜕𝜐𝑖/𝜕𝑋𝑗 + 𝜕𝐴ij/𝜕𝑇),                                                                                            (4) 

or 𝑓𝑗 = 𝑝𝑖휀ij, where 휀ij (2) is a centrally symmetric intensity. The structure of the force (4) is indeed analogous 

to the electric Coulomb force [1,2]. 

        In the stationary case, the force (16) has the form: 𝑓𝑗 = −𝑝𝑖𝜕𝜐𝑖/𝜕𝑋𝑗 . In a continuous medium with a 

density 𝜌, when 𝑝𝑖 = ρυ𝑖, the resulting force corresponds to a potential term −𝜐𝑖𝜕𝜐𝑖/𝜕𝑋𝑗 in the Euler 

hydrodynamics equations. It is responsible for the square of velocity, or kinetic energy of a continuous 

medium, in the Bernoulli equation [4]. This indicates the correctness of the above calculations with action 

(10). 

         To understand what is the second term of the force (4), we perform the calculation of 𝐴ij in a continuous 

medium. To do this, we use the gauge condition (3). Condition (3) has the form of a continuity equation; 

therefore, 𝐴ij can be written as a flow velocity field: 𝐴ij = −𝑐−2𝜐𝑖𝑣𝑗. Substituting 𝑝𝑖 = ρυ𝑖 in 𝜎ij = −𝑝𝑖𝑣𝑗 (6), 

we obtain that in a continuous medium, 𝜎ij = 𝜌𝑐2𝐴ij. In gases, 𝜎ij = −𝛿ij𝑝, where 𝑝 is pressure. Therefore, in 

a gas, 𝐴ij = −βδijр, where 𝛽 = 𝑐−2𝜌−1is the compressibility of the gas. Thus, we get that the force (4) in a 

continuous medium in a homogeneous case has the form: 𝑓𝑗 = −ρυ𝑗𝛽𝜕𝑝/𝜕𝑇.  

          Note that here the density𝜌, sound velocity 𝑐 and compressibility 𝛽 are constant parameters of the 

continuous medium, and the dependence of the pressure 𝑝 on the coordinates is given by the tensor 𝐴ij: 

𝜌𝑐2𝐴ij = −𝛿ijр. The dependence of the density 𝜌′ of the medium on the coordinates in [4] is also given by 

the tensor 𝐴ij in this model. Since the tensor 𝐴ij in gas or liquid is symmetric and diagonal, we introduce a 

notation 𝐴ij = −𝛿ij𝐴. Then 𝑐2𝜌𝐴 = 𝑝.   And we get that 𝜌′ = 𝜌𝐴 and 𝑝 = 𝑐2𝜌′ [4], that is, what we wanted 

to show.  

          As it is known, there is no summand −𝜐𝑗𝛽𝜕𝑝/𝜕𝑇 in the equations of Euler hydrodynamics [6]. This 

term is associated with translational, or gradient, invariance of intensity 휀ij (2). Therefore, if there is a force 

−ρυ𝑖𝜕𝜐𝑖/𝜕𝑋𝑗 in the equations of continuum dynamics, there must be a force −ρυ𝑗𝛽𝜕𝑝/𝜕𝑇 (4). 

         The term −𝜐𝑗𝛽𝜕𝑝/𝜕𝑇 has a simple physical meaning, it describes the dynamics of a continuous medium 

in a homogeneous case when the pressure changes with time. Since in the homogeneous case the equations of 
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motion for a continuous medium will have the form: 

𝜕𝜐/𝜕𝑇 = −𝜐𝑗𝛽𝜕𝑝/𝜕𝑇.                                                                                                     (16)  

This equation is easily integrated and its solutions have the form of exponents:  

𝜐𝑗 = 𝜐𝑗0exp(𝛽𝑝0 − 𝛽𝑝),                                                                                                      (17) 

where 𝜐𝑗0 is the initial velocity, and 𝑝0, initial pressure.  

         Relation (17) means that when the pressure decreases, the velocity of the continuous medium increases, 

and when the pressure increases, the latter decreases. Indeed, when the atmospheric pressure decreases, the 

wind increases, and when the pressure increases, the wind subsides. In fact, the exponent (17) shows a relative 

change in atmospheric pressure with a minus sign, since the compressibility of air in the atmosphere is 

inversely proportional to atmospheric pressure.  

         The vortex force of the tensor interaction field in (15), taking into account the expression (1), has the 

form: 

𝑓𝑗 = 𝑒jmn𝑝𝑖𝑣𝑚𝜌in.                                                                                                                      (5) 

Substituting in (5) the expression 𝜎ij = −𝑝𝑖𝑣𝑗 as follows from (6), and, given the anti-symmetric nature of the 

Levi-Civita tensor, we obtain: 𝑓𝑗 = 𝑒jnm𝜌in𝜎im. It is obvious that in a solid it is the Peach-Koehler force [3, 

5], which also proves the correctness of the writing of the action (10) and that ℏ𝜅𝑖 = 𝑝𝑖.  

        Note that although we have proved the equivalence of the vortex force (5) and the Peach-Koehler force 

in a solid state, the meaning of the force (5) and the Peach-Koehler force is diametrically opposite. According 

to the expression (5) obtained by direct calculations from the principle of least action (10), it is not the stress 

tensor 𝜎ij that acts on the dislocation, as Peach and Koehler believed, but the vortex intensity of the tensor 

field of interactions 𝜌ij acts on the momentum flow (5). Similarly, the magnetic induction acts on the flow of 

electric charge by the Lorentz force. 

        In a solid, it is difficult to imagine that the vortex intensity 𝜌ij (1) is a force characteristic. It is even more 

difficult to imagine this in the crystal lattice, for which Peach and Koehler have carried out their calculations. 

However, in a continuous medium, in a gas or liquid, this is obvious.  

        Substitute the expression 𝐴ij = −𝜌−1с−2𝛿ijр in (1) and get: 𝜌ij = 𝜌−1с−2𝑒jki𝜕𝑝/𝜕𝑋𝑘. It follows that in a 

continuous medium the components of the vortex intensity 𝜌ij are proportional to the components of the force 

and are responsible for the vortex motion. It is obvious that the components of the pressure gradient have 

nothing to do with dislocations. Vortex force (4) in a continuous medium, where 𝑣𝑖 = 𝜐𝑖, has the form: 

𝑓𝑗 = 𝑒jmn𝑒nki𝜐𝑖𝜐𝑚𝑐−2𝜕𝑝/𝜕𝑋𝑘.                                                                                                (18) 

         Force (18) describes the vortex motion of a continuous medium caused by the pressure gradient. A more 

detailed study of the vortex motion of a continuous medium is beyond the scope of this article. In the next 

paper it will be shown that the vortex force (5) in a continuous medium contains a vortex term of the Euler 

hydrodynamics equations. 

 

Conclusion 

           

        In this paper, the task was to justify the derivation of the forces (4, 5) obtained from the analogy with 

electrodynamics in the Kadić-Edelen theory. Such justification became possible due to the fact that the 4-

tensor distortion 𝜐𝑖, 𝐴ij is the compensating interaction field (7,9), and the wave vector 𝜅𝑖 is the charge of the 

minimal interaction (7,9) induced by a translation subgroup. As a result of calculations based on the principle 

of least action (10) of the force acting on the wave vector 𝜅𝑖 of the particle as a charge in the field: 𝜐𝑖, 𝐴ij, the 

force (15) was obtained, which is the sum of two forces: 𝑓𝑗 = 𝑝𝑖휀ij + 𝑒jmn𝑝𝑖𝑣𝑚𝜌in. 

         The centrally symmetrical force: 𝑓𝑗 = 𝑝𝑖휀ij (4), is similar to the Coulomb force, and the vortex force: 

𝑓𝑗 = 𝑒jmn𝑝𝑖𝑣𝑚𝜌in (5), is similar to the Lorentz force. These forces coincide with the forces (4, 5) observed by 
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Kadić-Edelen in analogy with electrodynamics.  

         The centrally symmetric force (4) in a continuous medium has the form: 𝑓𝑗 = ρυ𝑖(−𝜕𝜐𝑖/𝜕𝑋𝑗 −

𝛽𝜕𝑝/𝜕𝑇). It describes the dynamics of the continuous medium and is responsible for the stationary potential 

motion: −𝜐𝑖𝜕𝜐𝑖/𝜕𝑋𝑗, described by the Bernoulli equation , and for the homogeneous motion of the continuous 

medium, which has the form: 𝜐𝑗 = 𝜐𝑗0exp(𝛽𝑝0 − 𝛽𝑝) (17). 

         The vortex force 𝑓𝑗 = 𝑒jmn𝑝𝑖𝑣𝑚𝜌in (5) in a solid is equivalent to the Peach-Koehler force: 𝑓𝑗 =

𝑒jnm𝜌in𝜎im. 

         The vortex force (5) in a continuous medium has the form: 𝑓𝑗 = 𝑒jmn𝑒nki𝜐𝑖𝜐𝑚𝑐−2𝜕𝑝/𝜕𝑋𝑘 (18), it 

describes the vortex motions of a continuous medium caused by the pressure gradient.    

         Since the calculation of forces (4, 5) was carried out basing on the principle of least action (10) for a 

particle with a momentum 𝑝𝑖 = ℏ𝜅𝑖 , these forces act wherever there is a momentum, and not only in a solid 

state, where the gauge theory of the Kadić-Edelen dislocations is justified.  

         The quantum nature of the momentum should not lead to the dubious conclusion that the forces (4, 5) 

can be investigated only in a solid state with a crystal lattice. After all, the discreteness of the electric charge 

or, for example, the flow of the magnetic field in the Abrikosov vortices, does not mean that the magnetic 

field is realized only in a discrete form. Therefore, it is possible and necessary to take into account the force 

(4, 5), as in the case of continuum mechanics, as well as in other cases.  

        In our next papers, it will be shown that an analogy between the tensor interaction field 𝜐𝑖, 𝐴ij and the 

electromagnetic potential 𝜙, 𝐴𝑗 , observed by Kadić-Edelen, also exists in the case of phase transitions, when 

the gradient symmetry of the equations of state for the compensating interaction fields is violated: 𝜐𝑖, 𝐴ij and 

𝜙, 𝐴𝑗 .  

         It is known that the violation of the gradient symmetry of the electromagnetic potential 𝐴𝑗  occurs in the 

superconducting state, when the current density becomes proportional to the electromagnetic potential (the 

London equations). A similar violation of symmetry occurs in a continuous elastic medium, when the 

conjugate quantities are mutually proportional: 𝑝𝑖 = ρυ𝑖, 𝜎ij = 𝜌𝑐2𝐴ij. The observability of the compensating 

fields 𝜐𝑖, 𝐴ij leads to the violation of gradient symmetry, in which the minimum interaction disappears (7.9). 

Without minimal interaction (7), there is no quantization of the Burgers vector of p. 1, so there is no 

discreteness in a continuous medium.  
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