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1. Introduction  
The existence of a flow of energy and momentum in an 

electromagnetic wave is proved analytically due to the fact that the 
electromagnetic energy of an electromagnetic wave changes in time. The 
energy of a static field is constant in time. Therefore, the applicability of 
the formulas obtained for any field is not obvious. The formulas for the 
energy flux and momentum of a static electromagnetic field are analytically 
derived below. 

 

2. The energy flux density of the 
electromagnetic field 
2.1. Electromagnetic wave energy flux density 
First, we consider a well-known method of obtaining a formula for 

the energy flux density of an electromagnetic wave [1, 2]. The density of 
electric and magnetic energy of a wave 
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𝑊𝑒 =
𝜀𝜀о

2
𝐸2,     (1) 

𝑊𝑚 =
𝜇𝜇о

2
𝐻2.     (2) 

The total density of electromagnetic wave energy 

𝑊 =
1

2
(𝜀𝜀о𝐸2 + 𝜇𝜇

о
𝐻2)    (3) 

Because the 

𝑊𝑒 = 𝑊𝑚     (3а) 
from (1-3) we have: 

𝐸√𝜀𝜀о = 𝐻√𝜇𝜇о.     (3b) 

Consequently, 

𝑊 = 𝜀𝜀о𝐸2 = 𝜇𝜇
о
𝐻2 = 𝐸𝐻√𝜀𝜀о𝜇𝜇

о
= 𝐸𝐻/с. (3с) 

Further from (3) we have: 
𝑑𝑊

𝑑𝑡
=

𝑑

𝑑𝑡
(

𝜀𝜀о

2
𝐸2 +

𝜇𝜇о

2
𝐻2) = (𝜀𝜀о𝐸

𝑑𝐸

𝑑𝑡
+ 𝜇𝜇о𝐻

𝑑𝐻

𝑑𝑡
). (4) 

It follows from Maxwell's equations that 

rot(E) = −𝜇𝜇о
𝑑𝐻

𝑑𝑡
,     (5) 

rot(H) = 𝜀𝜀о
𝑑𝐸

𝑑𝑡
.     (6) 

Consequently, 
𝑑𝑊

𝑑𝑡
= (−𝐸rot(H) + 𝐻rot(E)).     (7) 

The law of conservation of field energy has the form 
𝑑𝑊

𝑑𝑡
= −div(𝑆).     (8) 

The mathematical dependence of the form is known: 

div(H × E) = E ∙ rot(H) − H ∙ rot(E).  (9) 
From (7-9) it follows that 

𝑆 = 𝐸 × 𝐻.      (10) 
From (3b, 10) we obtain 

𝑆 = Wc.      (10a) 
 

2.2. The energy flux density of a moving body with a static 
electromagnetic field 
Consider a design in which the electret and magnet create the vectors 

E and H. An example of such a design is an electret perpendicular to the 
magnet shown in Fig. 1a. In fig. 1c vectors of velocity V, magnetic intensity 
H, electric intensity E, energy flux S are shown. 
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Fig. 1а.    Fig. 1в. 
 

In this design, a static electromagnetic field with a density of 

electromagnetic energy 𝑊 occurs. If this body moves with speed 𝑣, then 
the energy moves at the same speed. According to the concept of Umov 
[3], this means that there is a flow of electromagnetic energy with a density 

𝑆 = 𝑊𝑣.     (11) 
In front of the frontal surface of a moving body, the intensities E 

and H change in time, i.e. derivatives of intensities exist (
𝑑𝐸

𝑑𝑡
,

𝑑𝐻

𝑑𝑡
). 

Therefore, the energy density 𝑊 on the frontal surface of the body satisfies 
equation (4). To conserve energy, the density in other parts of the body 
must also change. These varying intensities satisfy Maxwell's equations (5, 
6). From (4-6) follows, as shown in Section 2.1, equation (10). Thus, in the 
construction under consideration, conditions (10, 11) are satisfied. 

The flow of energy is defined as 

𝑆̅ = 𝑆𝑏,      (12) 

where 𝑏 is the surface area emitting an energy flux. The flow 𝑆̅  is equal to 

the power 𝑃 of the engine, which moves the body (in the absence of 
friction). Consequently, 

𝑆 =
𝑃

𝑏
.       (13) 

From (11, 13) we find the density of electromagnetic energy 

𝑊 =
𝑃

𝑏𝑣
.     (14) 

and  electromagnetic energy of body 
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�̅� = 𝑊𝑉 =
𝑃𝐿

𝑣
.    (15) 

where 𝑉 = 𝐿𝑏 is body volume, 𝐿 - body length. From (15, 3) we obtain: 

�̅� =
𝐿𝑏

2
(𝜀𝜀о𝐸2 + 𝜇𝜇

о
𝐻2)    (16) 

The kinetic energy of the body 

𝑊к
̅̅̅̅ = 𝑉

𝑚𝑣2

2
,     (17) 

where 𝑚 is body weight. In the absence of friction, all engine power is 
spent on the creation of electromagnetic energy. Consequently, 

𝑊к
̅̅̅̅ = �̅�     (18) 

From (16-18) we obtain: 
𝜌𝑣2

𝑉𝑔
= (𝜀𝜀о𝐸2 + 𝜇𝜇

о
𝐻2)    (19) 

 
A moving body with a static electromagnetic field can be considered 

as a moving packet of a static electromagnetic field. The energy and 
energy flow (i.e. power) of this package remains constant. 

The power of the engine which moves the body is partly the power 
of the package, and partly can be spent on the compensation of mechanical 
losses and other needs. 

Formula (19) means that the density of the mechanical energy of the 
body is equal to the density of the electromagnetic energy of a moving 
packet of a static electromagnetic field. Thus, in a moving body with a 
static electromagnetic field, the conversion of mechanical energy into 
electromagnetic energy of a static electromagnetic field occurs. 

 
In the static flow of electromagnetic energy, there is no conversion 

of magnetic energy into electrical energy and vice versa, and therefore there 
is no equality between the terms. 

Let be 
𝐸

𝐻
= 𝛽.     (20) 

From (19, 20) we find: 
𝜌𝑣2

𝑔
= 𝐻2(𝜀𝜀о𝛽2 + 𝜇𝜇

о
).    (21) 

or  
𝜌𝑣2

𝑔
= 𝐸2 (𝜀𝜀о +

𝜇𝜇о

𝛽2 ).   (21а) 

For 𝛽 < 10−3 we have 
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𝜌𝑣2

𝑔
≈ 𝜇𝜇о𝐻2 = 𝐵𝐻.   (22) 

For 𝛽 > 103 we have 
𝜌𝑣2

𝑔
≈ 𝜀𝜀о𝐸2 = 𝐷𝐸.   (22a) 

 
Example 1. 
In [7], a “Device for converting an electromagnetic momentum into 

a mechanical momentum” was proposed, in which such a package is 
created. In this device, a moving magnet creates electrical intensities 

𝐸 = 𝑣𝐵 = 𝑣𝐻𝜇𝜇о.     (23) 
Then 

𝛽 =
𝐸

𝐻
= 𝑣𝜇𝜇

о
.     (24) 

From (21a, 23) we find: 
𝜌𝑣

𝑔
= 𝐸2 (𝜀𝜀о +

𝜇𝜇о

𝛽2
) = 𝐸2 (𝜀𝜀о +

𝜇𝜇о

(𝑣𝜇𝜇о)2
) 

= 𝜀𝜀о𝐸2 (1 +
1

𝜀𝜀о𝜇𝜇о𝑣2) = 𝜀𝜀о𝐸2 ((
𝐶

𝑣
)

2
+ 1) ≈ 𝜀𝜀о𝐸2 (

𝐶

𝑣
)

2
.

 (25) 
From (21, 23) we find: 

𝜌𝑣2

𝑔
= 𝐻2(𝜀𝜀о𝛽2 + 𝜇𝜇о) = 𝜇𝜇о𝐻2(𝜀𝜀о𝜇𝜇о𝑣2 + 1) = 

= 𝜇𝜇о𝐻2 ((
𝑣

𝑐
)

2
+ 1) ≈ 𝜇𝜇о𝐻2 = 𝐻𝐵.  (26) 

From (25, 26) we find: 

𝜌𝑣2

𝑔
≈ 𝜀𝜀о𝐸2 (

𝐶

𝑣
)

2
≈ 𝜇𝜇о𝐻2.   (26а) 

Find more 

𝜀𝜀о𝐸2 = 𝜀𝜀о(𝑣𝐻𝜇𝜇
о
)

2
= 𝐻2 (

𝑣

𝑐
)

2
,  (27) 

i.e. electrical energy can be neglected, i.e. packet energy density 

𝑊 = 𝐻𝐵.       (28) 
We also note that from (23, 28) it follows: 

𝑆 = 𝐸𝐻 = 𝑣𝐵𝐻,      (29) 
which coincides with formula (11). 

 
2.3. Static electromagnetic field energy flux density 
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Formula (10) can be applied to a static electromagnetic field. 
Feynman in [1] describes a speculative experiment in which an electric 
charge and magnet are located side by side. It is stated that in consequence 
(10), a stream of electromagnetic energy circulates around this pair. 
Another example is a DC wire, which creates a static electromagnetic field. 
The flow of electromagnetic energy also circulates in this field, due to the 
existence of dependence (10). However, there is no evidence of the 
applicability of formula (10) for a static electromagnetic field. 

We again use the formula (11). In a static electromagnetic field, we 

know the electromagnetic energy density 𝑊 and the electromagnetic 

energy flux density 𝑆. Therefore, we can determine the energy flux rate 

𝑣 = 𝑊/𝑆.     (30) 
In [8], some phenomena are substantiated on the basis of the 

existence of a flow of electromagnetic energy in a static field. In [8, chapter 
5] on this basis, it is proved that the flow of energy in a direct current wire 
moves inside the wire (and not outside it). In [8, chapter 5a], on this basis, 
the operation of Milroy’s engine is explained. In [8, chapter 7] on this basis, 
it is shown that a flow of electromagnetic energy circulates in a charged 
capacitor and this explains the nature of the potential energy of the 
capacitor. 

 

3. The momentum of the electromagnetic field 
3.1. Electromagnetic momentum of the wave 
First, consider the well-known method of obtaining the formula for 

the momentum density of an electromagnetic wave [4]. The momentum 
density is determined from the assumption that the energy of an 
electromagnetic plane wave incident perpendicularly to the flat surface of 
a weakly conducting body with dielectric and magnetic permeabilities 
equal to unity is converted into the thermal energy of the current excited 
in this body by this wave. It turns out that 

𝐽о = W/c.     (31) 

It is important to note that 𝐽о is a scalar quantity, not a vector. 
In the system of Maxwell equations, Maxwell himself included an 

equation of the form [5] 

𝐵 = rot(А).     (32) 
Maxwell calls quantity A either an electromagnetic pulse at a point or a 
vector potential of electric currents. Currently, this equation is not included 
in the list of initial equations but is derived from the equation 

div(B) = 0     (33) 
and famous identity 
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div(rot(А)) = 0    (34) 

The value A is called the vector potential, and the electromagnetic 
momentum is called that which has the dimension of a mechanical 
electromagnetic momentum and is defined above. What Maxwell had in 
mind when speaking of an “electromagnetic momentum at a point” 
remains unclear. It can be assumed that Maxwell did not have time to finish 
the thought. In the 80s of the last century, it was said that "God himself 
wrote with the hand of Maxwell" [6]. 

We multiply both sides of equation (32) by the electric induction 
vector D. Then we get: 

𝐵 × 𝐷 = rot(А × 𝐷).    (35) 
It can be noted that these quantities have the dimension of momentum 
density. Therefore, the vector-momentum  

𝐽 = rot(А × 𝐷),    (36) 
we will continue to call the density of electromagnetic field and quantity 
(31) is the modulus of this vector. So, from (35, 36) we get: 

𝐽 = 𝐵 × 𝐷.     (37) 
Electric and magnetic induction 

𝐷 = 𝜀𝜀о𝐸, 𝐵 = 𝜇𝜇о𝐻.   (38) 
From (36, 37, 10) we obtain: 

𝜀𝜀о𝜇𝜇о𝑆 = 𝐽     (39) 
or we get the well-known formula 

𝑆

𝑐2
= 𝐽.     (40) 

A momentum propagates along with a stream of energy at the same speed. 
 
3.2. The momentum of a moving body with a static 
electromagnetic field 
So, the pulse propagates with the speed of energy flow and is 

determined by (40). This ratio can be extended to any flow speed. 
Therefore, it can be applied to the flow of a static electromagnetic field 

existing in a body moving with a speed 𝑣. In this case 

𝐽 =
𝑆

𝑣2.      (41) 

From (41, 30) we obtain: 

𝐽 =
𝑊𝑣

𝑣2 .     (42) 

From (41, 11) we obtain: 

𝐽 =
𝑆

𝑣2 =
𝑊𝑣

𝑣
=

𝑊

𝑣
.    (43) 

Electromagnetic momentum 

𝐽 ̅ = 𝐽𝑉,     (44) 
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where 𝑉 is the volume of the electromagnetic field. Suppose that volume 

𝑉 and body volume are the same. Then from (43, 44) we find: 

𝐽 ̅ =
𝑊

𝑣
𝑉.      (45) 

It follows from the law of conservation of momentum that when an 
electromagnetic momentum appears, the body acquires an oppositely 
directed mechanical momentum 

�̅� = −𝐽.̅     (46) 

Therefore, the vector �̅� has the direction of the vector (−𝑆), its module 

|�̅�| =
𝑊

𝑣
𝑉.     (47) 

or 

|�̅�| =
�̅�

𝑣
,     (48) 

where is the electromagnetic energy of the body 

�̅� = 𝑊𝑉.     (49) 
 
Example 2. 
We continue in Example 1. From (17, 18) we find 

�̅� = 𝑊к
̅̅̅̅ =

𝑉𝑚𝑣2

2
    (50) 

From (48, 50) we find 

|�̅�| =
𝑉𝑚𝑣

2
.     (51) 

 
3.3. The momentum of a static electromagnetic field 
In this case, from (30, 41) we obtain 

𝐽 =
𝑆

𝑣2
=

𝑆

(𝑆/𝑊)2
=

𝑊2

𝑆
.   (52) 

Thus, even in a static electromagnetic field, an electromagnetic 
momentum exists. As already mentioned, it follows from the law of 
conservation of momentum that when an electromagnetic momentum 
appears, the body acquires an oppositely directed mechanical momentum 

�̅� = −𝐽.̅      (53) 
Therefore, in a motionless body with a static electromagnetic field, there 
is a mechanical momentum. 
 

Example 3 
Let's consider fig. 2, which shows an electrically conductive magnet 

of length L with induction B, along which current I flows. In this case, an 
Ampere force should occur 
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𝐹𝐴 = L ∙ 𝐼 × 𝐵     (54) 
Experiments show that this force is absent. 

B

F
I

a

b

 
Рис. 2. 

 
The electric and magnetic fields in this magnet are defined as 

𝐸 = r ∙ 𝐼,     (55) 

𝐻 = μ𝐵,     (56) 

where r,∙ μ is the resistance and absolute magnetic permeability of the 
magnet. From (10, 54-56) we find the flux density of electromagnetic 
energy: 

𝑆 = E × H = μr ∙ 𝐵 × 𝐼 = −
μr

L
𝐹. (57) 

From formula (58) it follows that two oppositely directed pulses act 
on the momentum: 

1. an electromagnetic pulse J, depending on the flow of 
electromagnetic energy S according to (52), and applied to the 
free electrons of the current; 

2. mechanical impulse M, depending on the Ampere force F and 
applied to the atoms of the magnet body. 

Since these impulses are equal, oppositely directed (see (53)) and act 
on the elements of the same body, the magnet remains at rest. 
 

Example 4 
Consider the Faraday unipolar motor and select the radius in it that 

is currently attached to the contact. This radius can be considered as a 
permanent electrically conductive magnet (shown in Fig. 2) connected by 
point “a” to the contact and point “b” to the axis. 

1. If the contact is constantly attached to a given radius during 
rotation of the disk, then the force will not act on this radius. 
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2. If the contact slides along the periphery of the disk, then a force 
acts on the radius connected to the contact. 

These facts are established experimentally and are formulated as a 
paradox of a unipolar engine. Experiment 1 is explained in Example 3. 
Experiment 2 can be explained as follows. 

In this case, as in example 3), 
1. an electromagnetic momentum J applied to free current 

electrons; 
2. mechanical impulse M applied to the atoms of the magnet body 

(disk). 

In this case, the magnet body is not rigidly connected to the current line, 
i.e. with free electrons - a mechanical impulse moves the magnet away from 
the streamline in the direction opposite to the direction of rotation of the 
magnet. 
 

3.4. Electromagnetic mass of a static electromagnetic field 
Since there is a mechanical momentum in a motionless body with a 

static electromagnetic field (53), a mass current exists in this body. This 
current, of course, is not related to the actual movement of the mass "from 
point A to point B". Such a mass current can be compared with an electric 
current, where a separate charge does not move from the beginning to the 
end of the wire or compared with a heat flux, where there are also no 
macro-movements of air particles. 

The existence of a mechanical momentum means that in the body a 
certain mass moves with speed, i.e. 

�̅� = 𝑚�̅�,     (58) 

where �̅� is the energy flow rate. From (52, 53, 58) we find: 
1

𝑣
=

𝑊

𝑆
,     (59) 

𝑣2 =
𝑆

𝐽
=

𝑆

𝑀
=

𝑆

𝑚𝑣
    (60) 

or 

𝑚 =
𝑆

𝑣3
= 𝑆 (

𝑊

𝑆
)

3
=

𝑊3

𝑆2
.   (61) 
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