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Annotation

A new solution of Maxwell equations for a vacuum, for wire with

constant and alternating current, for the capacitor, for the sphere, etc. is

presented. First it must be noted that the proof of the solution's
uniqueness is based on the Law of energy conservation which is
not observed (for instantaneous values) in the known solution.

The solution offered:

e Complies with the energy conservation law in each moment
of time, i.e. sets constant density of electromagnetic energy
flux;

e Reveals phase shifting between electrical and magnetic
intensities;

e Explains existence of energy flux along the wire that is equal
to the power consumed.

The work offers some technical applications of the solution

obtained. A detailed proof is given for interested readers.
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1. Introduction

“To date, whatsoever effect that would request a modification of
Maxwell’s equations escaped detection” [36]. Nevertheless, recently
criticism of validity of Maxwell equations is heard from all sides. Have a
look at the Fig.1 that shows a wave being a known solution of Maxwell’s
equations. The confidence of critics is created first of all by the violation
of the Law of energy conservation. And certainly "#he density of
electromagnetic - energy  flow (the module of Umov-Pointing  vector) pulsates
harmonically. Doesn't it violate the Law of energy conservation?” [1]. Certainly, it is
violated, if the electromagnetic wave satisfies the known solution of
Maxwell equations. But there is no other solution: "The proof of solution's
uniqueness in general is as follows. If there are two different solutions, then their
difference due to the system's linearity, will also be a solution, but for zero charges and
currents and for gero initial conditions. Hence, using the expression for electromagnetic
feld energy we must conclude that the difference between solutions is equal to zero,
which means that the solutions are identical. Thus the unigueness of Maxwell
equations solution is proved”"  [2]. So, the uniqueness of solution is being
proved on the base of using the law which is violated in this solution.

Another result following from the existing solution of Maxwell
equations is phase synchronism of electrical and magnetic components of
intensities in an electromagnetic wave. This is contrary to the idea of
constant transformation of electrical and magnetic components of energy
in an electromagnetic wave. In [1[, for example, this fact is called "one of
the vices of the classical electrodynamics".

)
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Puc. 1.

Such results following from the known solution of Maxwell
equations allow doubting the authenticity of Maxwell equations.
However, we must stress that these results follow only from the found
solution. But this solution, as has been stated above, can be different (in
their partial derivatives, equations generally have several solutions).

Further we shall deduct another solution of Maxwell equation, in
which the density of electromagnetic energy flow remains constant in
time, and electrical and magnetic components of intensities in the
electromagnetic wave are shifted in in phase.

In addition, consider an electromagnetic wave in wire. With an
assumed negligibly low voltage, Maxwell’s equations for this wave literally
coincide with those for the wave in vacuum. Yet, electrical engineering
cludes any known solution and employs the one that connects an
intensity of the circular magnetic field with the current in the wire (for
brevity, it will be referred to as “electrical engineering solution”). This
solution, too, satisfies the Maxwell’s equations. However, firstly, it is one
more solution of those equations (which invalidates the theorem of the
only solution known). Secondly, and the most important, electrical
engineering solution does not explain the famous experimental fact.

The case in point is skin-effect. Solution to explain skin-effect
should contain a non-linear radius-to-displacement current (flowing
along the wire) dependence. According to Maxwell’s equations, such
dependence should fit with radial and circular electrical and magnetic
intensities that have non-linear dependence from the radius. Electrical
engineering solution offers none of these. Explanation of skin-effect
bases on the Maxwell’s equations, yet it does not follow from electrical
engineering solution. It allows the statement that electrical engineering
solution does not explain the famous experimental fact.
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At last, the existing solution denies the existence of so called
twisted light [65].

2. On Energy Flux in Wire

Now, refer to energy flux in wire. The existing idea of energy
transfer through the wires is that the energy in a certain way is spreading
outside the wire [13]: "... 50 our “cragy’ theory says that the electrons are getting
their energy to generate heat because of the energy flowing into the wire from the field
outside. Intuition wonla seem to tell us that the electrons get their energy from being
pushea along the wire, so the energy shoula be flowing down (or up) along the wire. But
the theory says that the electrons are really being pushea by an electric field, which has
come from some charges very far away, ana that the electrons ger their energy for
generating heat from these fields. The energy somehow flows from the distant charges
into a wide area 0f space ana then inwara to the wire."

Such theory contradicts the Law of energy conservation. Indeed,
the energy flow, travelling in the space must lose some part of the energy.
But this fact was found neither experimentally, nor theoretically. But,
most important, this theory contradicts the following experiment. Let us
assume that through the central wire of coaxial cable runs constant
current. This wire is isolated from the external energy flow. Then whence
the energy flow compensating the heat losses in the wire comes? With
the exception of loss in wire, the flux should penetrate into a load, e.g.
winding of electrical motors covered with steel shrouds of the stator.
This matter is omitted in the discussions of the existing theory.

So, the existing theory claims that the incoming (perpendicularly to
the wire) electromagnetic flow permits the current to overcome the
resistance to movement and performs work that turns into heat. This
known conclusion veils the natural question: how can the current attract
the flow, if the current appears due to the flow? It is natural to assume
that the flow creates a certain emf which "moves the current". Meanwhile,
energy flux of the electromagnetic wave exists in the wave itself and does
not use space exterior towards the wave.

Solution of Maxwell’s equations should model a structure of the
electromagnetic wave with electromagnetic flux energy presenting in it.

The intuition Feynman speaks of has been well founded. The
author proves it further while restricted himself to Maxwell’s equations.

3. Requirements for Consistent Solution of

Maxwell’s Equations
Thus, the solution of Maxwell’s equations must:
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e describe wave in vacuum and wave in wite;

e comply with the energy conservation law in each moment of time,
L.e. set constant density of electromagnetic energy flux;

e reveal phase shifting between electrical and magnetic intensities;

e cxplain existence of energy flux along the wire that is equal to
power consumed.
What follows is an appropriate derivation of Maxwell’s equations.

4. Variants of Maxwell’s Equations
Further, we separate different special cases (alternatives) of
Maxwell’s equations system numbered for convenience of presentation.

Variant 1.
Maxwell's equations in the general case in the GHS system are of
the form [3]:

rot(E )+ £ aa’j _0, M

rot(H)-£9E 47 o, 2
co ¢

div(E)=0, €)

div(H)=0, )

I =0E, ©)

where
I, H, E - conduction current, magnetic and electric intensitions

respectively,
&, i, o - dielectric constant, magnetic permeability, conductivity

wire matetial.

Variant 2.
For the vacuum must be taken £=1, g=1, 0 =0. When the

system of equations (1-5) takes the form:

rot(E )+ laa—lj =0, (6)
1 0E

rot(H )- Pl U

div(E)=0, ®)

div(H)=0. )

The solution to this system is offered in the Chapter 1.
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Variant 3.
Consider the case 1 in the complex presentation:
rot(E)+ia)£H=O, (10)
c
rot(H)—ia)fE—4—”(real(1)+i-imag(1))= 0, (11)
c c
div(E)=0, (12)
div(H )=0, (13)
real(l )= o - abs(E). (14)

It should be noted that instead of showing the whole current, (14)
shows only its real component, i.e. conductivity current. Imaginary
component formed by a displacement current does not depend on
electrical charges.

The solution to this system is offered in the Chapter 4.

Variant 4.
For the wire with sinusoidal current 1 flowing out of an external
source, real(/) may at times be excluded from equations (11-14). It is

possible for a low-resistance wire and for a dielectric wire (for more
details, refer to Chapter 2). As this takes place, the system (11-14) takes
the form of

y7Rels b
E)+——=0, 15
rot( )+ o (15
t(H)—fa—E—4—”I=0, (16)
co ¢
div(E)=0, (17
div(H)=0. (18)

It is significant that current I is not a conductivity current even
when it flows along the conductor.
The solution for this system will be considered in the Chapter 2.

Variant 5.
For a constant current wire, system in alternative 1 simplifies due
to lack of time derivative and takes the form of:

rot(E)=0, 1)

rot(H )— Ly 0, (22)
C

div(E)=0, (24)
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div(H)=0, (25)
I =oF (26)
or
Variant 6.
rot(7)=0, 27)
rot(H )- 4z 1=0, (28)
C
div(r)=0, (29)
div(H)=0. (30)

The solution for this system will be considered in the Chapter 3.

We will be searching a monochromatic solution of the systems
mentioned. A transition to polychromatic solution can be accomplished
via Fourier transformation.

We will employ cylindrical system of coordinates r, ¢, z - see

Appendix 1. Obviously, if solution exists in the cylindrical system of
coordinates, it exists in any other system of coordinates, too.

Apppendix 1. Cylindrical Coordinates
As it is known to [4], in cylindrical coordinates scalar divergence of
H vector, vector gradient of scalar function a(x, y,z), vector rotor of H

vector, accordingly, take the form of

div(H )= ", oH, +1-8H(p MCiEn) @)
r or r Op 0z

oa 1 Oa oa
gfadr(a)ZE, gfad(p(a)z;'%, gradz(a):g, (b)
OH
rotr(H)— laH—Z— ¢ , ©
r op 0z
OH, OH
rotw(H):( 8Zr - 8rZ j’ @
H OoH
rot, ()=~ + =2 1A ©
: r or r Op
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Apppendix 2. Spherical Coordinates
Fig. 1 shows a system of sphetical coordinates p,8,, and Table 1

contains expressions for rotor and divergence of vector E in these
coordinates [4].

/.
S N
e/r
Q Y'
X
Fig. 1.
Table 1.
1| 2 3
1| rot,(E)| E,  OE, OE,
+ - .
pg0) po6  psin(@Pe
2| rot,(E) 0E, E, OE,
psin(@Pe  p  op
3| o, () | E, , OE, OF,
p__Op  pop
4| div(E) E, OE, _E, O .aEq)
p dp pg@) pod  psin(@Pe

10
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Apppendix 3. Some Correlations Between GHS and
SI Systems

Further, formulas appear in GHS system, yet, for illustration, some
examples are shown in SI system. This is why, for reader’s convenience,
Table 1 contains correlations between some measurement units of these
systems.

Table 1.
Name GHS SI
electric current 1 GHS 333-1010 A
voltage 1 GHS 3:-10°V
power, energy flux density 1 GHS 107 Wt
energy flux density per unit 1 GHS 10° Wt/m
length of wire
electric current density 1 GHS 3.33:10° A/m?
3.33-102 A/mm?
electric field intensity 1 GHS 3:10*V/m
magnetic field intensity 1 GHS 80 A/m
magnetic induction 1 GHS 10T
absolute dielectric permittivity 1 GHS 8.85:102 F/m
absolute magnetic permeability 1 GHS 1.26:10® H/m
capacitance 1 GHS 1.1-102F
inductance 1 GHS 10° H
electrical resistance 1 GHS 9-10'"' Om
electrical conductivity 1 GHS 1.1-10'2 sm
specific electrical resistance 1 GHS 9:10° Om'm
specific electrical conductivity 1 GHS 1.1-10'" sm/m

11
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Chapter 1. The Second Solution of

Maxwell's Equations for vacuum

Contents
1. Introduction
2. Solution of Maxwell's Equations
3. Intensities
4. Energy Flows
5. Impulse and momentum
6. Discussion
Appendix 1
Appendix 2

1. Introduction

In Chapter "Introduction” inconsistency of well-known solution of
Maxwell's equations was demonstrated. A new solution Maxwell's
equations for vacuum is proposed below [5].

2. Solution of Maxwell's Equations
First we shall consider the solution of Maxwell equation for vacuum,
which is shown in Chapter "Introduction" as variant 1, and takes the

following form
1 o0H

rot(£ )+ —-———=0,
E)-—
1 oF _
rot(H )- 0,
( ) cot
div(E)=0,
div(H)=0.
In cylindrical coordinates system 7, ¢, z these equations look as
follows:
oF
E’+8E’+l- ‘”+aEZ=O, @
r or r Op Oz
OE
1 0E, _9E, _ M, )
r op Oz

12



Chapter 1. The Second Solution of Maxwell's Equations for vacuum

CE. OF
ro_ Z - M s 3
0z or v ©
E OCOE
Po T 1Oy @
r or r 0@
OH
H’+8H’+l- ”’+6H2=0, ©)
r or r Op Oz
OH
l.ai__‘/’:‘]” )
r O0p Oz
OH, OH
L-—==J_, 7
0z  or ’ @
H, oH
_‘/’+_‘/’_l.%zjz’ (8)
r or r Op
J= la_E, )
c ot
M = _laﬁ ) (10)
c Ot
For the sake of brevity further we shall use the following notations:
co=cos(ap+ yz+wt), (11)
si =sin(ap+ yz + wt), (12)

where @, y, @ — are certain constants. Let us present the unknown

functions in the following form:

J,.=j.(r)o, (13)
J .= Jj,(r)si, (14)
J..= j.(r)si, (15)
H,.=h(r)o, (16)
H,.=h,(r)si, 17)
H_.=h,(r)si, (18)
E.=e(rki, (19)
E,=e,(r)o, (20)
E .=e_ (r)co, 1)
M,.=m (r)o, @1)
M,.=m,(r)si, (22)
M, .=m_(r)si, (23)

where j(r), h(r), e(r), m(r)- certain function of the coordinate r.

13



Chapter 1. The Second Solution of Maxwell's Equations for vacuum

By direct substitution we can verify that the functions (13-23)
transform the equations system (1-10) with three arguments r, @, z

into equations system with one argument r and unknown functions
J(), h(r), e(r), m(r).
In Appendix 1 it is shown that for such a system there exists a

solution of the following form (in Appendix 1 see (24, 27, 18, 31, 33, 34,
32) respectively):

h (r)=0,e.(r)=0. (24)
4

¢, =¢,=r (-a) (25)

h,(r)=e,(r). (20)

h(r)=—e,(r), 27)

¥y =0fc. (28)

where A,c,a, y,® — constants.

Thus we have got a monochromatic solution of the equation
system (1-10). A transition to polychromatic solution can be achieved
with the aid of Fourier transform.

If it exists in cylindrical coordinate system, then it exists in any
other coordinate system. It means that we have got a common solution
of Maxwell equations in vacuum.

3. Intensities
We consider (2.25):
e, =e,=054-r"", O
where (4\2) - the amplitude of the intensities. From (1) it follows that
(€ +e)=a-r2t. ©)
Fig. 1 shows, for example, the graphics functions (1, 2) for
A=-1, «=0.38.
Fig. 2 shows the vectors of intensities originating from the point
A(r, gp). Let us remind that £,(r) =e, () and A, (r)= —e,(r) - see (2.26,
2.27). The directions of vectors e, (r) and e,(r) are chosen as:e, (r)> 0,

e, (r) < 0. Note that the vectors £, H _are always orthogonal. The sum

of the modules of these vectors is determined from (2.17, 2.18, 2.20,
2.21,2.26, 2.27) and is equal to

W=E+H"= (er (r)yi)z + Qe(p(r)yi)Z + (hr (r}?O)2 + (h(ﬂ (}’}’0)2

or

14



Chapter 1. The Second Solution of Maxwell's Equations for vacuum

W= (er (r))2 + (ew (r)) 3

- see also (10) and Fig. 1. Thus, the_density of electromagnetic wave
energv is constant in all points of a circle of this radius.

-0.25

20,3 fr e e e —

-0.35
0.4 P

0.45 /

-0.5 /

0 2 4 6 8 10 12 14 16 18 20

ef(r)

-0.05 T

Aref(rP
o
o

-0.2

-0.25 /
0

2 4 6 8 10 12 14 16 18 20
Fig.1. SecondSolMax.m

Fig, 3.

The solution exists also for changed signs of the functions (2.11,
2.21). This case is shown on Fig 3. Fig. 2 and Fig. 3 illustrate the fact that
there are two possible type of electromagnetic wave circular polarization.

In order to demonstrate phase shift between the wave components
let's consider the functions (2.11, 2.12) and (2.16-2.21). It can be secen,

that at each point with coordinates r, ¢, z intensities H, E are shifted

in phase by a quarter-period.

15



Chapter 1. The Second Solution of Maxwell's Equations for vacuum

Let's consider the functions (2.11, 2.12) and (2.28). Then, we can

find
@ . . @
co=cos(ap+—z+awt), si=sin(ap+—z+wt). @)
C C

Let's consider a point moving along a cylinder of constant radiusr,
where the value of intensity depends on time as follows:
Let's consider a point moving along a cylinder of constant radius
7, at which the value of intensity depends on time as follows:
H,.=h (r)cos(et) ©)
Comparing this equation with (2.16) and taking (4) into account, we can
notice that equation (5) is the same as (2.10), if at any moment of time

a¢+2220 (©)
c
or
w
a-c

Path of the point described by equations (4, 7, 2.28) is a helix. Thus, the
line, along which the point moves in such a way, that its intensity varies
in a sinusoidal manner, is determined by the equation describing a helix.
The same conclusion can be repeated for other intensities (2.17-2.21).
Thus,

path of the point, which moves along a cylinder of given radius in

such a manner, that each intensity value varies harmonically with

time, is described by a helix.

@A)

Fig. 4. . (TokPotok33.m)

16



Chapter 1. The Second Solution of Maxwell's Equations for vacuum

For example, TFig. 4 shows a helix, for which
r=1, ¢=300000, ®=3000, a=-3, p=[0+27]. Fig. 4a shows
helices in the same conditions, but for different radii, where
r= k).S, 0.6, ...1.0, l.lj. Straight lines indicate the geometric loci of

points with equal @.

. 2 .
Fig. 4a. 2 (TokPotok33.m)

The last means (A) that at point I', moving along this helix the
vectors of intensities (2.16-2.21) can be written as follows:

H,.=h (r)cos(ar), H, =h,r) sin(wt), H..= h,(r)sin(er),

E.=e (r)sin(a)t), E,=e,(r) cos(a)t), E . =e/(r) cos(a)t).
It was shown above (see 2.24-2.27), that
h(r)=0,e.(r)=0,e(r)=¢,(r)=¢,(r), h(r)=e, ), h, (r)z —e,,(r).
Therefore, at each point there are only vectors

H,.=-e, (r)cos(ar), H,=e,(r) sin(ar),

E.=e, (r )sin(ar), E,=e,,(r) cos(ar).
In this case resultant vectors H ,=H, +H, and E =E +E  lay in
= erw(r) and |E, |= ew(r). Fig. 4a

shows all these vectors. It can be seen, that when the point I moves

plane r, @, and their moduli are ‘H ro

along the helix, resultant vectors H, , and E, rotate in plane r, .
Their moduli ate constant and equal one to the other. These vectors H,,

and E,, are always orthogonal.

17



Chapter 1. The Second Solution of Maxwell's Equations for vacuum

Erf

Fig, 4b.

So, at each point T, which moves along this helix, vectors of
magnetic and electric intensities:

° exist only in the plane which is perpendicular to the helix axis,
i.e. there only two projections of these vectors exist,

e  vary in a sinusoidal manner,

e  are shifted in phase by a quarter-period.
Resultant vectors:

° rotate in these plane,
e have constant moduli,
e  are orthogonal to each other.

4. Energy Flows

The density of electromagnetic flow is Pointing vector

S=nExH, M
where
n=clir. )
In the SI system 77 =1 and the last formula (1) takes the form:
S=ExH, 3)

In cylindrical coordinates 7, ¢, z the density flow of

electromagnetic energy has three componentsS,, S, S, directed along

BAOAB the axis accordingly. They are determined by the formula

18



Chapter 1. The Second Solution of Maxwell's Equations for vacuum

'S ] E,H. -EH,
S=|S,|=n(ExH)=nE.H -EH, |. @
S EH,-E,H,

From (2.12-2.17, 3.4) follows that the flow passing through a given
section of the wave in a given moment, is:

S, s, - Si’
S= S_(p :77” S, si-co|dr-dg. (5)
S “ls_ -si-co

Z_

where )
s, = (ewhz —e.h,
s, = (ezhr ~ erhz). ©)
s, = (e,h(p —e,h,
In Appendix 1 it is shows that h_(7) =0, e_(r) =0. Consequently,
s, =0, s,=0, ie. the energy flow extends only along the axis 0z and is

equal to

§=S_2=njj[sz~si-coﬁr-d(p. ©
r.e

Lack of radial energy flux indicates that area of wave existence is
NOT growing. Existence of laser provides evidence of this fact.
We'll find s, . From (2.26, 2.27), we obtain:

eh, =e;, ®
e,h, =—e,. ©)
From (7, 8, 9), we obtain:
s, = (e2 +e ) (10)
z r w

In this way,
E=77”[(ef+e;)si~co]ir-d(p. (11
e

Hence, as shown in Appendix 2, it follows that
< c
S = Toam (- COS(40(72'))‘!. ((e,2 +e; )ir) (12)

From (10, 3.12), we obtain:

<. cd (a-1)
S = - (1—cos(40m)).!. Qz 1 )z’r‘ (122)

19



Chapter 1. The Second Solution of Maxwell's Equations for vacuum

Let R be the radius of the circular front of the wave. Then

R (Qa-1)
_ [(2enYy, - R
Sine = ;L(rz D )ir = Ga-1) (13)
Sup = l(1 - cos(4a7z)), (14)
’ a
- A
S= 166—7[Sa1fa5mt . (15)

Fig. 5 shows the function S§,,(@)(13) and Fig. 6 shows the

(). On Fig. 6 the upper and lower curves refer accordingly

to R=200 and R =100. From the formula (15), Fig. 5 and Fig. 6 that
the power flow 1is positive, for example, at A=-1, o =0.8.
A=-1, a=0..
Since the energy flow and the energy are related by the expression
S =W -c, then from (15) we can find the energy of a wavelength unit:
A

W = E SaljaSint ) 17

function S,

N Ny
\ L/
\ /

\/

“02 0 0.2 0.4 0.6 0.8 1 12 02 0 0.2 0.4 0.6 0.8 1 1.2
Fig.5. SecondSolMax.m Fig.6. SecondSolMax.m

Salfaalfa)
Sint(alfa)

A v o N s

In Appendix 2 also shows that the energy flux density on the circle
is determined by function of the form

S, = Qe,z +e, )sin(Zago +4az/c). (18)
From this and from (3.10) we obtain:
S.=d-rY sin(Qag + 4ax/c). (19)

In Fig. 7 shows these functions, when 4=1, ¢ =0.8, r=1, and

the second term has two values: 0; 0.5 - see the solid and dashed lines,
respectively.

20



Chapter 1. The Second Solution of Maxwell's Equations for vacuum

Fig.7. SecondSolMax.m

It follows that
e flux density is unevenly distributed over the flow cross section —
there is a picture of the distribution of flow density by the cross
section of the wave

e this picture is rotated while moving on the axis 0z;

e the flow of energy (15), passing through the cross-sectional area, not
depend on ¢, ¢, z; the main thing is that the value does not change

with time, and this complies with the Law of energy consetrvation.

5. Impulse and momentum

It is known that the flow of energy is associated with other
characteristics of the wave dependency of the following form [21, 25, 63]
(in the SI system):

= 0
S=W-c, @
p=W/e, p=5/¢’, 3
f=p~C,f=S/C, (4)
m=p-r, 5)

where
W - energy density (scalar), kg m-s72
S - energy flux density (vector), kg's ™3,
p - pulse density (vector), kgrm™2-s7!,

f - pulse flux density (vector), kg'm™-s72

21



Chapter 1. The Second Solution of Maxwell's Equations for vacuum

m - density momentum at this point about an axis spaced from
the given point by a distance 7 (vector), kg*s™2,
V' - 06bem saekTpoMarHuTHOTO TOASA (scalar), m?.

It follows from the above that in the electromagnetic wave there
exist energy flows, which directed along a radius, along a circle, along a
axis. Consequently, in the electromagnetic wave there exist pulses, which
directed along a radius, along a circle, along a axis. Also there exist
momentum, which directed along a radius, along a circle, along a axis.

Let's consider the angular momentum about the axis z . According
to (3) we can find this momentum as follows:

L=pr=Srfe. ©)

This is orbital angular momentum, which can be detected in so called
twisted light. Further on, we bring you a reduced quotation from [64].
The fact that the light wave carries not only energy and momentum, but also angular
momentum was known a century ago. At first, of course, angular momentum was
assoctated only with polarization of light. ... But time went by. Lasers were created,
scientists had learnt to control the light emitted by lasers, and a theory describing its
electromagnetic field was developing. And at a certain time it was realized that these
two properties — direction of the light beam and its twisted characteristic — do not
contradict to each other. ... Certain methods of generation and detection of the twisted
light were proposed. Three years after ... practical researchers confirmed that a specially
prepared mode of the laser beam, which have also been known before, is actually
occurred to be the twisted light. ... After that, like an avalanche, researches rushed to

investigate the phenomenon of the twisted light. ... Along with fundamental
researching, various practical applications of the twisted light started to be
developed. .."

However, it should be noted that existence of the twisted light
does not follow from the existing solution of Maxwell's equations. But it
naturally follows from the proposed solution — see (6). In Fig. 7a (taken
trom [64]) "the picture with the twisted light doesn't show the electric field, but the
wavefront (the middle picture shows non-twisted light, and the upper and
lower ones — the light twisted to one or another side). I7 is not flat; in this
case the wave phase changes not only along the beam, but also with shifting in cross-
sectional plane. .. As the energy flow of the light wave is usually directed perpendicular
to the wavefront, it occurs, that in the twisted light energy and momentum not only fly
abead, but also spin around the axis of movement."” This particular fact was
confirmed above — see Fig. 3.4a for comparison.
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Chapter 1. The Second Solution of Maxwell's Equations for vacuum

Fig. 7a.

6. Discussion

The Fig. 8 shows the intensities in Cartesian coordinates. The
resulting solution describes a wave. The main distinctions from the
known solution are as follows:

1.

e

Instantaneous (and not average by certain period) energy flow
does not change with time, which complies with the Law of
energy conservation.

The energy flow has a positive value

The energy flow extends along the wave.

Magnetic and electrical intensities on one of the coordinate
axes r, (, z phase-shifted by a quarter of period.

The solution for magnetic and electrical intensities is a real
value.

The solution exists at constant speed of wave propagation.
The existence region of the wave does not expand, as
evidenced by the existence of laser.

The vectors of electrical and magnetic intensities are
orthogonal.
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9. There are two possible types of electromagnetic wave circular

polarization.

10. The wave and its energy are determined if the parameters

A, o, R, aare specified. For given R, S the parameter «

can be found.

11. The path of the point, which moves along a cylinder of given
radius in such a manner, that each intensity value varies
harmonically with time, is a helix.

Ey

Fig. 8.

Appendix 1

Let us consider the solution of equations (2.1-2.10) in the form of
(2.13-2.23). Further the derivatives of r will be designated by strokes. We
write the equations (2.1-2.10) in view of (2.11, 2.12) in the form

w+e;(r)——e¢(r)0!—l'ez(”)20’ 2
r r

—%-ez(r)anLew(r)Z:mr(’”) @

e, () —e.(r) = m, () o

%fr)‘ +ep(r) - eT(r) a=m_(r), @
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Chapter 1. The Second Solution of Maxwell's Equations for vacuum

h(r)+h()+ ()a+;( h(r)=0, )
r

;'hz(”)a—hq,(r)lzjr(r) (©)

—h, )y —1.(r) = j, (), %
()+h()+ (r)a—jz(r)=0, ®)

=2 R =-Ze )

.]r c ro .](p c Q> .]z c z>

m, :Qhr, m, :—Qh(p, m, :—th, (10)

C C C

We consider travelling wave in vacuum. In this case e, () =0, as
there is no external energy source.

Along with that, according to (9) we obtain j,(r)=0. Then, the
initial system (1, 5-8) will be as follows:

w.}_

e;(r)—e";(r)azo, a7

r
h (r) + 1 (r )+ a+;( h.(r)=0, (18)
; h(ra—h, (g = j. () (19)
—h (= H.(r) = j, (), (20)
()+h()+h(r) =0, (21)

Substituting (9) in (17), we get:
](r)+ ()+J"’() =0, 22

Substituting (19, 20) in (22), we get:
1

—2-hz<r)a—l-h¢,<r>x+l-h;(r)a—h;,<r>z+(— h () ()%= 0
r r r r
or

1 1 ,
b=y () =Bz = b () EE =0 @)

In this case, for calculation of three intensities we obtain three equations
(19, 21, 23). Then, we exclude A, (r) from (21, 23):
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Chapter 1. The Second Solution of Maxwell's Equations for vacuum

iz-hz(r)a—l-h¢(r);(+( h(r)+h(r)—j;( h(r)— 0

ot _—21 h.(r)a=0 or h(r)=0. Thus, in a e (r)=0 condition
r

h_(r)=0 to be respected. This implies

Lemma 1. The equation system (1, 5-9) for e_(r) # 0 is compatible
onlyif h_(r)=0.

If e (r)=0 and & (r)=0, then equations (1, 5-9) will be as
follows — equations (1, 5, 8) can be simplified, and equations (6, 7) taking
(9) into account, can be substituted for the following equations (1.3, 1.4):

M.,.e;(,/)_e(’;(r)a:o, (1.1

h (r) +h(r )+ (12)
%hw(r) = er(r) (1.3)
)

~Lh ()=, ). (1.4
G
r

(1.5)

In a similar way we can prove

Lemma 2. If e_(r) =0, system of equations (1-5, 10) has a solution
only in that case, when A (r)=0.

In this case, similar to equations (24, 28), we can obtain equations

er(r)+e;(r)_e(p—mazo’ (21>
7 r

e, (ry= _%hr (”) @2

e, () = %hw (r), &

e¢(r) + e((p(r) _ er (r). o= 0, (24)

h (r) e )+ 25)

From Lemmas 1and 2 follows
Lemma 3. System of equations (1-10) has a solution only if
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Chapter 1. The Second Solution of Maxwell's Equations for vacuum

h(r)=0, e (r)=0. 3.1
Therefore, initial system of equations (1-10) can be written in the
form of equations shown in lemmas 1 and 2. We combined them for
readers' convenience.

e,(r)

MJre;(r)——05=0, 24
r r
e,(Ny= —%hr(r) (25)
e(r)y = %hw (), 26)
L(r)+e’(r)—er—(r)~a=0, @7)
r
h (r) + 1 )+ (28)
h,(r)y = ?er (r) (29)
—h () = %e (), (30)
h
() h()+h(r) =0. (31)
We multiply equanons (26, 29). Then we get:
2
-0z =2 ¢ 0,0
or
y=alc. (32)
Substituting (32) in (26, 29), we get:
h,(r)=e,(r). 33)

Thus, with condition (32) equation (26, 29) are equivalent to a
single equation (33). A similar equation follows from (25, 30):
h(r)=—e,(r), (34)
Thus, system (24-31) is equivalent to system (24, 27, 28, 31-34).
Below we find a solution for equations (24, 27).
First we shall consider the equation
ay

- + y': 0 5 (ﬁ)
x

The solutions of this equations is as:
y=x" ofr y=0. (8)
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Chapter 1. The Second Solution of Maxwell's Equations for vacuum

(e,,+ew)+M(l—a)=0, (35)
r
We subtract the equatlon (27) from (24):
e —e)+ 2 g”)(1+0:) 0, (36)

In accordance with (a, B) from (35) we find:

(er +e, )= Ar ) yam Qer +e, )= 0. 37
In accordance with (a, B) from (36) we find:
(er -e, ): Cr=) uan (er —e, ): 0. (38)

Adding or subtracting the equation (38) from (37) we find the 4

solutions:

_A )

€ =¢ =7 (39)
e, =—e,= % ) (40)
e, (r)z 1 (Ar_(l_“) + Cr_(”a))
2 (41)
e, (r): % (Arf(lfa) — Crf(]“”)]
¢, =e,=0. 42)

Hereinafter we will consider solution (39). Thus, initial system of
equations (1-10) has a solution in the following form:

h(r)=0,e,(r)=0, 3.1)
x=0olc, (32)
A
er:ew:Er(l ), (39)
h,(r)=e, ) 33)
h(r)=—e,(r). (34)
Appendix 2

In (3.11) it is shown that the energy flow passing through the wave
cross-section, is

§=77H[(ef+e;)si-co]z’r-dgo. 1)
r.e

Let the speed of wave propagation is constant and equal to C. Then,
z=ct. @
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Chapter 1. The Second Solution of Maxwell's Equations for vacuum

Then from (2, 2.11, 2.12, 2.30), we obtain:

co = cos(ap + yz + wt) = cos(ap + Qw/c)k) 3)
and similarly,

si = sin(ap + Qaw/c k). Q)

Due to (3, 4), we can rewrite (1) as:
< 1 .
S= 577” [(er2 +e, )1n(2(a¢) + (2a)/c)z))}7rd(p : ®)
re

Thus, the energy flux density on the circle defined by function of the
form

S = (ef +e, )sin(Za(p +4az/c). (52)

When z=0 on the axis 0z have:
S= %7]” [(ef + ef} )sin(2a(0)]]m’go. ()
.

Further, from (6) we find:

S = g![(ef + e; {J sin(2a¢)d¢}dr} . ™

4

We have:
2z
J.sin(2ago)d¢) = J.sin(2a¢)d(p =2L (1-cos(dra)). ®)
[ 0 a

From (7, 8), we obtain:
S = 4i (1 - cos(4a7r))I ((ef + e; )z’r) )
a -
Substituting here (3.2), we finally obtain:

S = @ (1 - cos(40m))'|j (Qef + e; )ir) (10)

Obviously, for any choice of the point z = 0 on the axis OZ last
relation is maintained.
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Chapter 2. Solution of Maxwell's
Equations for Electromagnetic Wave in the
Dielectric Circuit of Alternating Current

Contents
1. Introduction
2. Solution of Maxwell's Equations
3. Intensities and Energy Flows
4. Discussion
Appendix 1
Appendix 2
Appendix 3

1. Introduction

An electromagnetic field in vacuum is considered in chapter 1. The
evident solution obtained there is extended to a non-conducting
dielectric medium with certain dielectric and magnetic permeability e and
u, respectively. Therefore, the electromagnetic field does also exist in a
capacitor as well. However, a considerable difference of the capacitor is
that its field has a non-zero electrical intensity along on of the
coordinates induced by an external source. The electromagnetic field in
vacuum was examined on the basis of an assumption that an external
source was absent.

The same can be said about an alternating current dielectric circuit.
The system of Maxwell equations is applied to such a circuit. It is shown
that an electromagnetic wave is also formed in this circuit. An important
difference between this wave and the wave in vacuum is that the former
has a longitudinal electrical intensity induced by an external power
source.

Below are considered the Maxwell equations of the following form
written in the GHS system (as in chapter 1, but with e and u which are
not equal to 1):

rot(E)+ £ _, (1)
c Ot
& OF
rot(H )—-——=0, 2
H)-=— 2
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Chapter 2. Solution for Electromagnetic Wave in the Dielectric Circuit of Alternating Current

div(E)=0, €)
div(H)=0, )
where H, E are the magnetic intensity and the electrical intensity,

respectively.

2. Maxwell Equations Solution
Let us consider solution to the Maxwell equations (1.1-1.4) [37]. In
the cylindrical coordinate system r, @, z, these equations take the

form:
OE
ﬂ+6E’+l- ¢+aEZ=O, M
r or r Op Oz
OE
l . aEZ — i =V dH’ N (2)
r 0p Oz dt
OE, OF. dH
- =V ) €
oz or dt
E, 0E, 1 oE  dH.
—t - =V ) )
r or r op dt
OH
H, 8Hr+l' , OH 0. o
r or r Op 0Oz
1 6H. ©OH dE,
. z _ 4 — q r (6)
r O0p Oz dt
OH, OH, dE,
- =q ) ¥
oz or dt
H, 0H, 1 0H, dE
o, 2. - ®)
r or r op dt
where
v=—u/c, ©)
qg=¢fc, (10)

E., E, E, atc the electrical intensity components,
H, H, H, are the magnetic intensity components.

A solution should be found for non-zero intensity component £ .

To write the equations in a concise form, the following
designations are used below:
co =cos(ap+ yz+wt), 11)
si =sin(ap + yz + wt), (12)
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Chapter 2. Solution for Electromagnetic Wave in the Dielectric Circuit of Alternating Current

where a, y, @ are constants. Let us write the unknown functions in the

following form:

H,.=h(r)o, (13)
H,.=h,(r)si, (14)
H_.=h (r)si, (15)
E.=e(rki, (16)
E,=e,(r)co, (17)
E_.=e (r)co, (18)

where h(r), e(r)are function of the coordinate r.

Direct substitution enables us to ascertain that functions (13-18)
convert the system of equations (1-8) with four arguments r, ¢, z, ¢ in

a system of equations with one argument r and unknown functions

h(r), e(r).

Table 1.
Chapter 1 Chapter 2
e, Ape! A- kh(a, 7 r)
1 '
e, Ar®™! E(ew(r)+r~e¢,(r))
e, 0 A-r- e(/,(r)i
a
E®
h, —e,(r) Aaew r)
h, () ~ 4% (r)
cx
h, 0 0

Appendix 1 proves that such a solution does exist. It takes the
following form:

e(p(r) :kh(a, 7> rJ, (20)
e, (r): 1 (e(p (r)+r-e, (r)), @1
a
e.(n=r-e,rL, @
a
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h,(r)= ——e r)— 23)
h()=""¢,C )— @4
h.(r)=0. (25)
where kh() — is the function determined in Appendix 2,
2
q{z—”‘i“’ j 6)
cx

Let us compare this solution with the solution for vacuum,
obtained in Chapter 1- see Table 1. A considerable difference between
these solutions is evident.

6

X 10- 3
1 x 10
) 5000 2
0 -5000 -2
0 , 005 0.1 0 0.05 0.1 0 0.05 0.1
x 10 3
x 10
2000 l 2
£ 1000 J 5 1
0 0
0 0.05 0.1 0 0.05 0.1
x 10°
1 2000 | 0
N O N 1000 : & 2
-1 0 -4 |
0 0.05 0.1 0 0.05 0.1 0 0.05 0.1

Fig.1. (SSB6(3).m)

3. Intensity and Energy Flows

Also, as in Chapter 1, the energy flow density along the coordinates
is calculated by the formula
o2

—77” -si-co |dr-do. 1)

¢

A

I

§:

S, -Si-co

fn| QC/)

where
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s, = (e(phz — ezhw)

S(/) = (ezhr B erhz )’ (2)
s, = (erh(p - ewhr)
n=clir. 3)

Let wus consider functions (2) and e.(r), e, (r), e.(r),
h.(r), h,(r), h.(r). Fig. 1 shows, for example, these functions plotted
for A=1, =55, u=1, ¢=2, y=50, @=300.

4. Discussion

Further conclusions are similar to those of chapter 1. Thus, an
electromagnetic wave propagates via a dielectric circuit and, in particular,
through a capacitor connected to an AC circuit, and the mathematical
description of this wave is the solution of the Maxwell equations. In this
case, the field intensity, the displacement current, and the energy Flow
propagate in the dielectric along a helical path.

Appendix 1.

A solution to equations (2.1-2.8) is considered to be in the form of
functions (2.13-2.18). Derivatives with respect to » will be denoted with
primes. Let us re-write equations (2.1-2.8) considering (2.11, 2.12) in the
form

e’(r)+e;(r)—Lma—l'eZ(r):0, )
r r

—l-ez(r)a+e¢,(r);(—'u—whr -0, @
r C

er(r);(—e;(r)+’u—wh(p =0, 3)

C

L(F)Jre;,(r)—e’—(r)-aJrﬂ—whz =0, @

h(r) h()+ " ot b (r)=0, ©)

—-hz(r)a—hw(r)z——”e, =0, ©

r C

—hr(r)z—h;(r)+%e,,, =0, )
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()+h()+ (’") +%%¢ (1 =0. ®)
C

The correspondence between the formula numbers in Part 2 and in this
Appendix is as follows:

Part 2 21 122 |23 (24 |25 |26 |27 |28
App. 1 1 5 6 7 8 6 7 8

Formulae (1 — 8) will be transformed below. In doing so, the
formula numbering will be retained after transformation (to make easier
to follow the sequence of transformations), and only new formulae will
take the next number.

Assume that

h(r) = 0. )
From (6, 7) it follows that:
h,(r) = ——e r)— (©)
h (r)——e r)— Y
V4
Let us compare (1, 8):
$O )=y =0, 0
o h(>+”(r) +220. (1) =0. ®
r c

From (6, 7) it follows that (1, 8) are identical. Then (8) can be
deleted. Then compare (4) with (5):

L®+e;(r)_L@.a:0’ *

h (r) + 1 (r )+ ©)

From (6, 7) it follows (4, 5) are identical. Hence, equation (5) can
be deleted. The remaining equations are as follows:

—e’(r)+e;(r) ()06 x-e(r)=0, @
r
—l'ez(r)a+e¢(r);(——hr =0, 2
r c
e,y —e.(rn+"2h, =0, ®
c
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L FONRAQ)

+e¢(r)—’—-a:0, (4)
h (r)———e r)— ©6)
h (r)——e (r)— )

Substitute (6, 7) in (2, 3):
—% e.(Na+e, (F)Z_ya)ga) ()—— @)

e, (r)y - e(r)——— ()— 0, ©

or
ﬁ.ez(r)zew(r)(l_ﬂ@lJ @
r c ¢y
e(r)=e (r{ ,ua)ﬂl] ?3)
c ¢y
The remaining equations are as follows:
M_{.e;(’/)_e(’;(”)a_l.ez(r)zo’ (1)
r r
oo (r=e, (r)[z - ”—“’ﬁlj @
r c ¢y
, o ew 1
e (r)= er(r{z—’u———j €)
c ¢y
( ) 4 er (7")
——+e (r) - . =0, ©)
h,(r) = —@er (r)l ©)
¢ v4
Ew 1
h, (r): —e, r)—. ©)
¢ X
Let us denote:
1
q:(l_ﬂg_"’_j (11)
c cy
From (1, 2, 11) it can be found that:
ere;(r) % )a xree,(rg/a=0, (12)
B
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From (4) it can be found that:

er(r):l(e¢(r)+r-e;(r)) (13)
a
e;(r)=l(2e;,(r)+r-e;(r)) (14)
a
From (12-14) it can be found that:
(e o ) (r)J+ (2@ (r)+r- e"(r))— ﬂr-ew(r)zo (15)
a a

For the solution and analysis of this equation, see Appendix 2. This
solution cannot be presented as an analytical expression. Let us call this
solution as a function

e,(n=khl@, z, r) (16)
and its derivative as a function
e, (r)= khl(a, Z, r). 17)

With the known functions (16, 17), the remaining functions can
also be found. Thus, all the functions can be determined from the
following equations:

h(r) =0, 0
e(p(r)zkh(a, 7, r], (16)
e;,(r):khl(a, Z, r), (17)
1
e,_(r):;(e¢(r)+r-e;)(r)), (13)
e (r): 1 (26; (r)y+r- e(; (r)), (14)
a
e.(r)=re, (L, e
a
e(r)=e ), o)
h()———e()— ©)
h, (r)——e r)— ©)
X

For the accuracy of the obtained solution, see Appendix 3.
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Appendix 2.
Let us consider equation (15) from Appendix 1:
(e (r) +e ( )j+ (Ze (r)y+r- e”(r))» qu e (r) 0.
a a

Its simplification gives:

(e ( )+e (r)j

—a’+1 , )
e(p(r)(T—q;(r +3e,(r)+r-e,(r)=0,

"

() =e (r)( +qzj—§e ). o

X 106
10

ef1
]
o
o

ef
N
o
o
o

0 001 002 003 004 005 006 0.07 008 009 0.1
Fig.2. (SSMB6.13)

Equation (2) has not an analytical solution. But the following
functions can be calculated numerically

ew(r)=kh(a, 7 rJ ©)
¢,(n=khile, 7. r) @
e;(r):kh2(a, ya r) ©)

For an example, Fig. 2 shows these functions for

(@=5.5, 7=50)ataradius of R=0.1.
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Appendix 3.

Substitution of the functions found in Appendix 1 in equations (1-
8) enables us to determine a RMS residual error of these equations. Fig. 3
shows this residual error for (a =55, y= 50] at a radius of R=0.1.

A RMS residual error of these equations can be found as a function
of one or other variable. Fig. 4 shows the residual error as a function of
o for y =50 at a radius of R=0.1. Here, the upper window presents
the residual error value, and lower window the residual error logarithm.

x107°
1.4

1
0.8 /

0.6

uu

0.4 /
0.2 /

//
0 001 002 003 004 005 006 007 008 009 0.1
Fig.3. (SSMB6.14)

x 107%

-20 /
25
_—

-35
0

log(N(alfa))

Fig.4. (SSMB6.333)
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Chapter 3. Solution of Maxwell's
Equations for Electromagnetic
Wave 1n the Magnetic Circuit of
Alternating Current

Contents
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3. Intensities and Energy Flows
5. Discussion

Appendix 1

1. Introduction

Chapter 2 deals with the electromagnetic field in an AC dielectric
circuit. The electromagnetic filed in an AC magnetic circuit can be
examined using the same approach. The simplest example of such a
circuit is an AC solenoid. However, if the dielectric circuit has a
longitudinal electrical field intensity component induced by an external
power source, the magnetic circuit features a longitudinal magnetic field
component induced by an external power source and transmitted to
circuit with the solenoid coil.

In this case, the Maxwell equations outlined in chapter 2, are also
used - see (2.1.1-2.1.4).

2. Maxwell Equations Solution
Let us consider solution to the Maxwell equations (2.1.1-2.1.4) [37].
In the cylindrical coordinate system r, @, z, these equations take the

form:

”

oFE
E OB 1% (O _,, (1
r or r Op 0Oz

S sy @
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OE. OF, dH
- =V ) €
oz or dt
E, CE, 1 OF, dH
—t - =Vv—, Q)
r or r Op dt

H, ©H, 1 0H, oH
+—- +

r or r Op Oz

dE

9 _ r 6
r O@ 0z th ©

= =0, 5)

- =q ) )

—+ q—= ®

where
v=—ule, ©)
q=¢/c, (10)
E,., E,, E. are the electrical intensity components,

H,, H,, H, are the magnetic intensity components.

A solution should be found for non-zero intensity component H, (in

Chapter 2 this should be found at non-zero intensity E,).
To write the equations in a concise form, the following
designations are used below:
co=cos(ap+ yz+wt), 11)
si =sin(ap + yz + wt), (12)
where @, y, @ are constants. Let us write the unknown functions in the

following form:

H,=h()o, 13)
H,.=h,(r)si, (14)
H_.=h_(r)si, (15)
E.=e ()i, (16)
E, =e,(r)co, 17)
E . =e(r)co, (18)

where h(r), e(r)are function of the coordinate r.

Direct substitution enables us to ascertain that functions (13-18)
convert the system of equations (1-8) with four arguments r, ¢, z, ¢ in
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a system of equations with one argument r and unknown functions

h(r), e(r).
Table 1.
Chapter 1 Chapter 2 Chapter 3
e A A-kh(a, 7, r) _/“_wh(p(,,)
xc
e, Ar! %(ew (r)+r-e,(r)) Z—Z)h (r)
e, 0 A-r-eq)(r)i 0
o
1 '
R — 4% () —— (o, (") + -1 (1)
cy a
hy, | =h(r) ~4%,(r) khle. 7. r)
X
i 0 0 roh, (gl a

Appendix 1 proves that such a solution does exist. It takes the

following form:
ez (r) = 0 >

h,(r)=khla, 7, r),

1
h, (r): —;(h(p(r) +7- h;,(r)),
h.(r)y=r-h,(r)q/a,

e,(r)= HO h.(r),
xc

e, (r)==2h,(r),
xc

where kh() —is the function determined in Appendix 2 of Chapter 2,

 usw’
CZZ

[

(20)
@D

(22)
(23)

(24)

(25

(26)

Let us compare this solution with the solutions, obtained in
chapters 1 and 2 - see Table 1. Similarity of these equations is illustrated

in Chapters 2 and 3.
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Fig.1. (SSB6.703)

3. Intensity and Energy Flows
Also, as in Chapter 1, the energy flow density along the coordinates

is calculated

TAC

Let

by the formula

S_, s, - si°
S = S_(p :77” S, si-co|dr-dg. 1)
S, “ls_-si-co
R
S, = (ezhr —erhz), @
s, = (erhw - e(phr)
n=clir. 3)

us consider functions (2) and e.(r), e,(r), e.(r),

h.(r), h,(r), h.(r). Fig. 1 shows, for example, these functions plotted

for A=1, =55, u=1, ¢=2, y=50, ®=300. These parameters

are chosen the same as in Chapter 2 - for comparison of the obtained

results.

43



Chapter 3. Solution for Electromagnetic Wave in the Magnetic Circuit

4. Discussion

Further conclusions are similar to the conclusions of chapter 1 and
2. Thus, an electromagnetic wave propagates in an AC magnetic circuit,
and the mathematical description of this wave is a solution to the
Maxwell equations. In this case, the field intensity and the energy Flow
follow a helical trajectory in the considered circuit.

Appendix 1.

A solution to equations (2.1-2.8) is considered to be in the form of
functions (2.13-2.18). Derivatives with respect to » will be denoted with
primes. Let us re-write equations (2.1-2.8) considering (2.11, 2.12) in the
form

&0 gDy =0, W
r r

_l-ez(r)a+e¢(r)}(—ﬂ—a)hr =0, @
% C

e, () - e+ h, =0, o

C

e(ﬂ(r)_’_e;(r)_er(r).a_k%hz :O, (4)

h(r)+h()+ )0!+Z h.(r) =0, ©
p

l-hz(r)a—hw(r)}(——wer =0, ©

7 C

bR+ e, =0 @

h
( Vi )+h (r) +220 (=0, ®

C

The correspondence between the formula numbers in Part 2 and in this
Appendix is as follows:

Part 2 21 |22 |23 |24 |25 |26 |27 |28
App. 1 1 5 0 7 8 6 7 8

Formulae (1 — 8) will be transformed below. In doing so, the
formula numbering will be retained after transformation (to make easier
to follow the sequence of transformations), and only new formulae will
take the next number.

Assume that

e (r)=0. )
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From (2, 3) it follows that:
%(r)pﬂh,m ®

e,(r)y=—"— C)
Let us compare (4, 5).
e¢ (V) ! er (I") :Lla)
—+e¢(r)——~a+—hz=0, (4)
r c
h(r) +(r )+ a+;( h(r)=0, 5)
From (2, 3) it follows that (4, 5) are identical. Then (4) can be

deleted. Then compare (1) with (8):

&0 gin-2D =0, 0

h()+h()+h(r)a=0, ®
r

From (2, 3) it follows (l, 8) are identical. Hence, equation (1) can
be deleted. The remaining equations are as follows:

e, (r) =220, (). @
c
e (r)= _,u_a)hw (r)., 3
xe
h(r) h()+ a+lh(r) 0, ©
—-hz(r)a—hq)(r);(——a)er -0, ©)
r C
b (=) + e, =0, )
( LAY L)+ (’”) a+%2e (r)=0, ®)
C
Substitute (2, 3) in (6, 7):
- h a7 +52 520, (r) =0 ©
xc
—h(r);( h()+‘9 ’;‘(“’h() 0, @)

or
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&) =h, (r)[z - ”—“’@lj ©
r c cyx
B.(r)=—h, (r{z —“—“’@ij o)
c cy
The remaining equations are as follows:
e,(r)= /;(_z) h.(r), @
e.(r)= —’;—wh,,, ), 5
h(’") h()+ a+;( h(r)=0, 5)
& () =h, (r)(z - ”—“’@lj ©
r c ¢y
B(r)=~h, (r{z —”—“’@iJ g
c cy
h
o )+h;,(r)+—hrr(r) a=0, (8)
Let us denote:
(-2
From (5, 6, 11) it can be found that:
h
h’7®+h;(r)+#a+zr-hw(r)q/a=0, (12)
From (8) it can be found that:
1 :
h(r)= —;(hw(r) +rh(r) (13)
1 ! 14
()= —E(2h¢ )+ 7)) (14)

From (12-14) it can be found that:

h,(r)
a( h()j

(e o, (;»)}r e, (r)+r- e"(r)} )92, ., (=0 (15
(04

"

=0,(15)
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It can be observed that this equation is the same as equation (15) in
Appendix 1 of Chapter 2, if variable/,(r) is substituted for variable

e, (7). Therefore, the solution of the equation is a function of

h,(r)=khe, 2, 1), (16)
and its derivative as a function
W (r)=khile, z, r) (17)

With the known functions (16, 17), the remaining functions can
also be found. Thus, all the functions can be determined from the
following equations:

e, (I”) =0, )

h,(r)= kh(a, 7> r), (16)

W (r)=khile, z, r), 17)
1

h(r)= —;(hw(r) +rH (), (13)

()= —% ChL(r)+ 7)) (14)

h.(r)=r-h,(r)q/c«, ()

H.(r)=—h(r)q. 0

e, (r)= 'u—whr(r), @)

xc

e, (r)= —’u—a)h(p(r) . 3

xc
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Chapter 4. The solution of Maxwell's
equations for the low-resistance Wire
with Alternating Current

Contents
1. Introduction
2. Solution of Maxwell's Equations
3. Intensities and currents in the wire
4. Energy Flows
5. Current and energy flow in the wire
6. Discussion
Appendix 1

1. Introduction
The Maxwell equations in general in GHS system have the
following form (see option 1 in the "Preface"):

rot(E )+ ﬁaa_’j _o, M

rot(H)-£%E 3% 5o, 2
co ¢

div(E)=0, ©)

div(H)=0, )

J Z% > (5)

where
J, H, E - conduction current, magnetic and electric intensity
accordingly ,
g, u, p - dielectric permittivity, permeability, specific resistance of
the wire's material
Further these equations are used for analyzing the structure of
Alternating Current in a wire [15]. For sinusoidal current in a wire with
specific inductance L and specific resistance p intensity and current are

related in the following way:
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1 p—iol
. E = 2
priol  p*+(@L
Hence for p << wL we find:

J= E.

Jz_—lE.
wL

Therefore for analyzing the structure of sinusoidal current in the
wire for a sufficiently high frequency the condition (5) can be neglected.
IIpu stom is necessary to solve the equation system (1-4), where the
known value is the current J_ flowing among the wire, i.e. the projection

of vector J on axis oz (see option 4 in the "Preface"):

2. Solution of Maxwell's equations
Let us consider the solution of Maxwell equations system (1.1-1.4)
for the wire. In cylindrical coordinates system », ¢, z these equations

look as follows [4]:
E. OE 1 OE, OF.
+ +—- +

r

=0, @
r or r Op Oz

1 0E, OE, dH

=v—=+, )
r 09 oz dt

OE, OE, dH
0z or dt

E, OE, 1 0E. dH.
e oy @

£=0, )

=q—+- ©)

- =q . 5 ™)

—= q —J.. ®)

where
v=—yu/c, 9)
qg=¢lc, (10)
Further we shall consider only monochromatic solution. For the
sake of brevity further we shall use the following notations:
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co =cos(ap+ yz+ wt), (11)
si =sin(a@ + yz + wt), (12)
where «, y, @ — are certain constants. Let us present the unknown

functions in the following form:

H,.=h(r)o, (13)
H,.=h,(r)si, (14)
H_.=h_(r)si, (15)
E.=e(rki, (16)
E,=e,(r)co, 17)
E .=e (r)co, (18)
J,.= j. (o, 19)
J,=J,(r)si, (20)
J..=j.(r)si, 1)

where h(r), e(r), j(r) - certain function of the coordinate r.

By direct substitution we can verify that the functions (13-21)
transform the equations system (1-8) with four arguments r, @, z, ¢

into equations system with one argument r and unknown functions
h(r), e(r), j(r).

Further it will be assumed that there exists only the current (21),
directed along the axis Z . This current is created by an external source.
It is shown that the presence of this current is the cause for the existence
of electromagnetic wave in the wire.

In Appendix 1 it is shown that for system (1.1-1.4) at the
conditions (13-21) there exists a solution of the following form:

e,(r)=Ar"", (22)
e (r)=e,(r), (23)
e.(r) = z%% re, () 24)

h(r)= 72,/Miﬂe¢,(r), (25)

h,(r)=—h,(r), (26)

h.(r)=0, @27)

5. =L (r) = EZ 4, (28)
47 2re
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where A,c,a,» — constants.

Let us compare this solution to the solution obtained in chapter 1
for vacuum — see Table 1. Evidently (despite the identity of equations)
these solutions differ greatly. These differences are caused by the
presence of external electromotive force withe (#)#0. It causes a
longitudinal displacement current which changes drastically the structure
of electromagnetic wave.

Table 1.
Vacuum Wire
x| 2% eu 72 Meu, 7=+1
c c
E@
i 0 —e.(r
J- in L ()
er
o Ar®! Are™?
(4
e. 0 j—(M_l) N re(p(r)
VM oc
~ | &
h, —e,(r) 2, /M_ye‘” (r)
h | b —h(r)
3 0 0

3. Intensities and currents in the wire
Further we shall consider only the functions j_(7),

e.(r), e,(r), e.(r), h.(r), h,(r), h.(r).Fig. 1 shows, for example, the
graphs of these functions for A=1, =3, u=1, ¢=1, ®=300. The

value j_ (r) is shown in units of (A/mm"2) - in contrast to all the other

values shown in system SI. The increase of function j () at the radius
increase explains the skin-effect.
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x 10°

/

er(r)
N

hr(r)
\

ef(r)
N

hf(r)

0 -2
0 0.5 1 1.5 2
0.1 2
E’ 0.05 i 1
0 : i 0 :
0 0.5 1 1.5 2 0 0.5 1 1.5 2

Fig.1. (SSMB)

The energy density of electromagnetic wave is determines as the
sum of modules of vectors E, H from (2.13, 2.14, 2.16, 2.17, 2.23, 2.24)

and is equal to

W=E+H"= (e,,(r)si)2 + (e(p(r)si) + (hr (r)co)z + (h¢(r)0)
=0 +6,0) )

- see also Fig. 1. Thus, the_density of electromagnetic wave energy is
constant in all points of a circle of this radius.

In order to demonstrate phase shift between the wave components
let's consider the functions (2.11-2.19). It can be seen, that at each point

with coordinates r, @, z intensities H, E are shifted in phase by a

or

quarter-period.
Let us find the average value of current amplitude density in a wire

of radius R:
1
= [[V.Fr-do. ©
.

J. =
R

Taking into account (2.21), we find:
.= U0k do s

Next, we find:
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T - (rﬁ(si.dgo)Jdr.

Taking into account (2) we find:

(r{cos(2a7z+2—z) cos(—z)} r
C

<

T anR?

or

;=

le (cos2ar)-1)-J, ©)

where

R
= [j.CHr. 7)
0
Taking into account (2.28), we find:

J. A;(ga)J-( )1, )

2ra
or
— Azga) R(Z+1 (10)
” 2mala+1)
4.5
L
L4
.0
4 *
L4
L4
L4
..
3.5 -
L4
*
*
'0
g ° K
s o
N . o
= 25 A DY
* *
% o*
. .t
2 0. "‘
\ ......l--l““
1.5 /
\ 4/
1

1 15 2 25 3 35 4 45 5 55 6
Fig.3. (SSMB)

Fig. 3 shows the function J_Z(a) (6, 10) for 4 =1. On this Figure
the dotted and solid lines are related accordingly to R=2 and R =1.75.
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From (6, 8) and Fig. 3 it follows that for a certain distribution of the

value j, (r) the average value of the amplitude of current density J_Z

depends significantly of o .
The current is determined as

J_E9E (1)
c Ot
ot, taking into account (2.13-2.21):
J, .= @er(r)co,
c
EQW .
J,- zTew(r)sz ,
J,.= (@ez (r)+jzjsi. (12)
c

You can talk about the lines of these currents. Thus, for instance,
the current J_. flows along the straight lines parallel to the wire axis. We
shall look now on the line of summary current.

-1 1

Fig.4. (SSMB)

It can be assumed that the speed of displacement current
propagation does not depend on the current direction. In particular, for a
fixed radius the path traversed by the current along a circle, and the path
traversed by it along a vertical, would be equal. Consequently, for a fixed
radius we can assume that

z=y9 &
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where y is a constant. Based on this assumption we can convert the
functions (4b) into

co = cos(a¢ +2 )(ygo), si= sin(a¢+ 2 ;(;/(0) (14
and build an appropriate trajectory for the current. Fig. 4 shows two
spiral lines of summary current described by the functions of the form

co = cos((a + 2)(p), si =sin((e + 2);0)
On Fig. 4 the thick line is built for & =1.8and a thin line fora =2.5.
From (2.19-2.21, 14) follows that the currents will keep their values

for given r, ¢ (independently ofZ) if only the following value is

constant

B=a+27y) (15)
Further, based on (14, 15) we shall be using the formula

co= cos(ﬂ(p), si= sin(ﬂqo). (16)

4. Energy Flows

Electromagnetic flux density - Poynting vector in this case is determined
in the same way as in Chapter 1, Section 4. Although here we repeat the first 6
equations from that Section for readers' convenience. So,

S=nExH, M
where
n=clir. 2)
In cylindrical coordinates 7, ¢, z the density flow of
electromagnetic energy has three components S,, S,, S., directed along

BAOAB the axis accordingly. They are determined by the formula

S E,H -EH,
S = S(p = U(E x H): ’7 EzHr - Eer * (4)
S. EH,-E,H,

From (2.13-2.18) follows that the flow passing through a given section of
the wave in a given moment, is:

2
Sr + Sl

S?"
S = _q, =77” S, si-coldr-dg. )
s.|

9]

S, -Si-co

where
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s, = (e(phz — ezhw)

S, = (ezhr - erhz). ©)
s, = (erh(p - ewhr)
x 107
1 /
S S
= 0.5
a ~
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
x 107

’/,
0
0 02 04 06 08 1 12 14 16 18 2
x 10°
\\
30_5 e
N \\
E
0 02 04 06 08 1 12 14 16 18 2

Fig.5. (SSMB)

It is values density of the energy flux at a predetermined radius
which extends radially, circumferentially along, the axis 0z respectively.
Fig. 5 shows the graphs of these functions depending on the radius at

A=1, a=3, u=1, ¢=1, @=300.
The flow of energy along the axis 0z is
S_z=77”[sz ~si-co}z’r'd(p. ©)
e

We shall find s, . From (6, 2.22, 2.23, 2.26), we obtain:

s.=-2e,h, =7, /Miﬂe;(r) o)

s.=0r"7?, (10)

or
while
0=A} |— (11)

In Chapter 1, Appendix 2 shows that from (7) implies that

S = @ (1 - cos(4a7r))j (sz (r)ir). (12)
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Let R be the radius of the circular front of the wave. Then from (12) we
obtain, as in chapter 1,

t 0
St = r'_[o(sz (- )r)= ﬁRZ‘H : (13)

Sa,fa = l(l - cos(4a7z)), (14)
a

= C
S :ESalﬁzSint' (15)

Combining formulas (11-15), we get:
<_ ¢ 1 2 | € X 2a-1
S, =———~-cosld4ar ——=—R
: 167za( (a1 \ My 2e -1

— gAc(-cos(dar)) | & run
S = R™ .
87a(2a 1) Mu

This energy flow does not depend on the coordinates, and so it
keeps its value along all the length of wire.

or

(16)

Fig. 7  shows  the  function S(a) (10) for

A=1, M =103, =1, £¢=1.On Fig. 7 the dotted and the solid lines
refer respectively to R=2 and R=1.8.
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Fig.7. (SSMB)
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0

Fig.8. (SSMB)

Since the energy flow and the energy are related by the expression
S =W -c, then from (15) we can find the energy of a wavelength unit:
A

W=—""
167

Sa[fa Sint . (1 7)
It follows from (7, 3.16), the energy flux density on the
circumference of the radius defined function of the form

S, =s.sin(2fp). (18)

Fig. 8 shows this function (18) for s_ =77 - see (10). Shows two

curves for two values at & =1.4 and at two values of radius » =1 (thick
line) and » =2 (thin line).

Fig. 9 shows the function § (18) on the whole plane of wire

a-2

section for s, =77 and @ =1.4. The upper window shows the part of

function S graph for which § >0 - called Splus, and the lower window
shows the part § graph for which § <0 - called Sminus, and this part
for clarity is shown with the opposite sign. This figure shows that
S = Splus + Sminus > 0,

i.e. the summary vector of flow density is directed toward the increase of
z - toward the load. However there are two components of this vector:
the Splus component, directed toward the load, and Sminus
component, directed toward the source of current. These components of
the flow transfer the active and reactive energies accordingly.
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Sminus Fig.9. (SSMB)

It follows that
e flux density is unevenly distributed over the flow cross section —
there is a picture of the distribution of flow density by the cross
section of the wave

e this picture is rotated while moving on the axis 0z;

e the flow of energy (15), passing through the cross-sectional area, not
depend on ¢, z; the main thing is that the value does not change

with time, and this complies with the Law of energy consetrvation.

e the energy flow has two opposite directed components, which
transfer the active and reactive energies; thus, there is no need in the
presentation of an imaginary Pointing vector.

5. Current and energy flow in the wire

One can say that the flow of mass particles (mass current) "bears"
a flow of kinetic energy that is released in a collision with an obstacle.
Just so the electric current "bears’ a flow of electromagnetic energy
released in the load. This assertion is discussed and substantiated in [4-9].
The difference between these two cases is in the fact that value of mass
current fully determines the value of kinetic energy. But in the second
case value of electrical current DOES NOT determine the value of
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electromagnetic energy released in the load. Therefore the transferred
quantity of electromagnetic energy — the energy flow, - is being
determined by the current structure. Let us show this fact.

2500

2000

1500

P
[AVAVR/A'R'R

1 3 3.5

J,A,S
>
L
R
L ]
n

l...

Fig.10. (SSMB)
As follows from (3.10), the average value of amplitude density of

current J, in a wire of radius R depends on two parameters: & and 4.
For a given density one can find the dependence between these
parameters, as it follows from (3.10):
A 2raor + I)R"HJ” ‘ 0
YED
As follow from (4.106), the energy flow density along the wire also
depends on two parameters: o and 4. Fig. 10 shows the dependencies

(1) and (4.106) for given J_Z =2, R=2. Here the straight line depicts the

constant current density (in scale 1000), solid line — the flow density,
dotted line — parameter A in scale (in scale 1000). Here A4 calculated
according to (1), the energy flux density - to (4.16) for a given 4 One
can see that for the same current density the flow density can take
absolutely different values.

From equations (4.7, 3.16) above we found energy flux density on a
circumference of given radius as a function (see. (4.18)):

S, = s, sin(2,8(/)). @)
In a similar way from equations (3.5a, 3.16) we can find current
density on a circumference of given radius as a function of

60



Chapter 4. The solution for the low-resistance Wire with Alternating Current

J = = j.sin(Bp). ©)

Jplus 20 20

Sminus 20 20 Jminus 20 20 Fg 11 (SSMB.92)

Function (2) was illustrated on Fig. 9. Left windows on Fig. 11
illustrate the graph of this function S (2), and the right windows, for

comparison purpose, show graph of function Jr (3) drown in the same

way for A=1, a=14, B=1.6, R=19.

From Fig. 11 it can be seen that currents and energy fluxes can
exist in the wire, which are divided into contra-directional "streams".

Combinations of parameters can be selected such that total
currents of contra-directional "streams" are equal in modulus, and at the
same time, total energy fluxes of contra-directional "streams" are also
equal in  modulus. Fig. 13  illustrates  this  case: If

A=1, =18, =2, R=19, then the following integrals over wire

cross-section area Q are equal (it's important that £ is divisible by 2):
J. Splus dQ =— I Sminus - dQ > J.Jplus dQ = —I Jminus-dQ -
0 0 0 0
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Sminus Jminus - Fig.13. (55MB.93)

6. Discussion

It was shown that an electromagnetic wave is propagating in an
alternating current wire, and the mathematic description of this wave is
given by the solution of Maxwell equations.

This solution largely coincides with the solution found before for
an electromagnetic wave propagating in vacuum — see Chapter 1. It was
found that the current in the wire extends along a helical path, and pitch
of the helical path depends on the density

It appears that the current propagates in the wire along a spiral
trajectory, and the density of the spiral depends on the flow density of
electromagnetic energy transferred along the wire to the load, i.e. on the
transferred power. And the main flow of energy is propagated along and
inside the wire.

Appendix 1

Let us consider the solution of equations (2.1-2.8) in the form of
(2.13-2.18). Further the derivatives of 7 will be designated by strokes. We
write the equations (2.1-2.8) in view of (2.11, 2.12) in the form

—e’(r)+e;(r)—Lma—Z'€z(r):0’ 2
7 r
_l‘ez(r)a_'_e(p(},.)l_ﬂ_a)hr:o, (2)
r C
ey —e(r)+ %, =0, o
¢
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L(I") + e’ (I")

o B h =0, )

h(r) +h (r )+ a+;( h.(r)=0, ©)

—-hz(r)a—h(p(r))(——wer -0, ©)
r C

—h () —h(r) + @ew —0, ™

( LA L)+ 2 (V) %ez(r)z%”jz(r), ®)

We multiply (5) on [— ﬂ} . Then we get:
4

h
_poh@) g,y w0 h() o, oo

cy r cy cy r c
Comparing (4) and (9), we see that they are the same, if

h.#0

~E 2 h, ) =e () o
cx

B2 ()= e, (),
cx

ot, if

h =0,

— ’u—h (r) =e (r) ©p)

— hr (r)z e,(r),
y4
where M - constant. Next, we use formulas
—MMh(p(r) =e (r), (10)
94
MLa)hr ()= e,(r), (1
4

where M =1 in the case of (9a). Rewrite (2, 3, 6, 7) in the form:
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e (r)= —e (r)— whr(r) (12)

e(r)=e, (r);(+7h(p(r), (13)

hz(r):%h,p(rﬂég De(r) (14)

, £
B ==h, () +=—=e, (1), a3
Substituting (10, 11) in these equations (12, 13), we get:

e=( 7L )-YDZ ), a6
el(r)= (z——j (r)z—( )ze (). 17)

Substituting (10, 11) in these equations (14, 15), we get:
(1) =(z— o ;’j h(") = 7" ~Mepo’ Y, (r), (19

a oac’y

hl(r)= ( ;(+M8 DK ka()— (02;(2 Meuw® )z (r (19)

Differentiating (16) and comparing W1th (1 7), we find:

M -1 M -
( )l( () - ( WD e, )
or
e, () = e, (7
or
(e(/, (r)+ r-e, (r))z ae,(r). (20)
From (1, 16), we find:
e() e(r) M- L
+e(r) - i 7 —e, (r)=0 23)
From physical cons1derat10ns we must assume that
h (r)=0. (24)
Then from (18) we find
(02;(2 — Meuw® ): 0
or
A ~
;(:;(;,/ng, x ==l (25)

From (16, 25), we find:
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e (r)=(M —1)%%(}"): (MM—_I);A(% Mgluéew(r)

or
(M —1) oeu
e.(N=7% T w ) (25a)
For w << ¢ from (25) we find that
7] <<1. 26)

Then in the equation (23) we can neglect the value y° and obtain an
equation of the form

a-e,(r)=e.(r)+r-e.(r). 27)
From (27, 20) due to the symmetry we find:

e.(r)=e,(r), 28)

a-e,(r)=e, (r)+ r-e, (r) 29)
The solution of this equation is as follows:

e, ()= ar", 30)

which can be checked by substitution of (30) into (29). From (11, 25), we
find

N &
h(r)=% M—ﬂ%(r), G1)

and from (10, 28), we find
h,(r)=—h.(r). 32)

Finally, from (8, 32), we find
J.(r) = i(—m—h;m AR +ﬂez(r>j &3
4 r r c

Taking into account (30.31), we note that the sum of the first three terms
is equal to zero, and then

. E®
J.(r)=——e.(r). (34)
4
So, we finally obtain:
e, ()= ar, 30)
e (r)=e,(r), 28)
(M —1) ofzu
e.(rN=7% I e ) (259)

h(r)= f(waiﬂeq,(f’), 31)
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h,(r)=-h.(r), (32)

h(r)=0, 24

5. =Le (). (34)
4

The accuracy of the solution

To analyze the accuracy of the solution may be for given values of
all constants to find the residual equation (1-7). Fig. 0 shows the
logarithm of the mean square residual of the parameter o -

InN = f(a), when A=1, =300, u=1, ¢=1.

T
NN

N

-20

-25

-30 \
35 \
40 N

-45

log(N(alfa))

1 2 3 4 5 6 7 8 9 10
Fig.0. (SSMB)
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Chapter 5. Solution of Maxwell's
Equations for Wire with Constant Current

Contents
1. Introduction
2. Mathematical Model
3. Energy Flows
5. Discussion
Appendix 1
Appendix 2
Appendix 3
Appendix 4

1. Introduction

In [7, 9-11] was shown that constant current in the wire has a
complex structure, and the flow of electromagnetic energy is spreading
inside the wire. Also the electromagnetic flow

e directed along the wire axis,

e spreads along the wire axis,

e spreads inside the wire,

e compensates the heat losses of the axis component of the

current.
A J B C
—
Rn
D
——

J
Fig. 1.

In [9-11] a mathematical model of the current and the flow has
been. The model was built exclusively on base of Maxwell equations.
Only one question remained unclear. The electric current J Tok and the
flow of electromagnetic energy S are spreading inside the wire ABCD
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and it is passing through the load Rn. In this load a certain amount of
strength P is spent. Therefore the energy flow on the segment AB should
be larger than the energy flow on the segment CD. More accurate,
Sab=Scd+P. But the current strength after passing the load did not
change. How must the current structure change so that che
electromagnetic energy decreased correspondingly? This issue was
considered in [7].

Below we shall consider a mathematical model more general than
the model (compared to [7, 9-11]) and allowing to clear also this
question. This mathematical model is also built solely on the base of
Maxwell equations. In [12] describes an experiment which was carried
out in 2008. In [17] it is shown that this experiment can be explained on
the basis of non-linear structure of constant current in the wire and can
serve as an experimental proof of the existence of such a structure.

2. Mathematical Model

Maxwell's equations for direct current wire are shown Chapter

"Introduction" - see variant 6. In Sl-system they can be written as
follows:
rot(J)=0, @)
rot(H)—4—”J ~J, =0, ®)
c
div(J)=0, ©
div(H)=0. ©)

Here, in these equations we included a given value of density J, of
the current passing through the wire as a load.

In building this model we shall be using the cylindrical coordinates
¥, ¢, z considering

e the main currentJ ,

e the additional currents J,., J o> J.,

® magnetic intensities H,, H,, H_,

e clectrical intensities F |

e clectrical resistivity 0.
The solution requires to find density functions for all intensities and
currents. The current in the wire is usually considered as average

electrons flow. The mechanical interactions of electrons with the atoms
are considered equivalent to electrical resistivity.
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form:

The equations (a-d) for cylindrical coordinates have the following

—L—L4— +—==0, ™
r or r Op Oz
OH

1 0H, _ °—J, ©)
r O0p Oz
OH., OH

ro_ LA , 3
0z or v ©
H, 2 0H
_¢+_¢_l.%:JZ+JU’ )
r or r op

oJ
J O, 1Yy O G)
r or r Op Oz
oJ

A o
r 0p Oz
oJ, 0oJ,

-—=0, v
oz or
J, dJ
_’/’+_<”_l.%:0. ©)
r or r 0@

The model is based on the following facts:
the main electric intensities £ is directed along the wire axis ,

it creates the main electric current J, — the vertical flow of

charges,
vertical current J, forms an annular magnetic field with intensity

H, and radial magnetic field H, - see (4),

magnetic field H  deflects by the Lorentz forces charges vertical
flow in the radial direction, creating a radial flow of charges -
radial current J,

magnetic field H deflects by the Lorentz forces the chatrges of
radial flow perpendicularly to the radii, thus creating an vertical
current J_ (in addition to current J ),

magnetic field H, by the aid of the Lorentz forces deflects the

charges of vertical flow perpendicularly to the radii, thus creating
an annular current J I
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7. magnetic field H, by the aid of the Lorentz forces deflects the
charges of annular flow along radii, thus creating vertical current
J, (in addition to current J ),

8. current J, forms a vertical magnetic field H, and annular
magnetic field H,, - see (2),

9. cutrent J, form a vertical magnetic field /. and radial magnetic

field H, - see (3),
10. current J_ form a annular magnetic field /, and radial magnetic

field H, - see (6),

Thus, the main electric current J, creates additional currents
J,» J,, J. and magnetic fields H,, H,, H.. They should satisfy the

Maxwell equations.

In addition, electromagnetic fluxes shall be such that

A. Energy flux in vertical direction was equal to transmitted

powet,

B. The sum of energy fluxes is to equal to transmitted power plus

the power of thermal losses in the wire.

Thus, currents and intensities shall confirm Maxwell's equations
and conditions A and B. In order to find a solution we part this problem
into three following tasks (that is true, because Maxwell's equations are
linear):

a) to find solution of equations (1-8) without current J ; this
solution occurs to be multi-valued;

b) to find additional limitations on initial solution posed by
conditions A and B; here we take into account current J, and

intensity H,, produced by it.

First of all, we shall prove that a solution of system (1-8) is exist
with non-zero currents J,, J,, J..

14

For the sake of brevity further we shall use the following notations:

co=—cos(ap+ yz), (10)

si =sin(ap + yz), 11)

where «, y — are certain constants. In the Appendix 1 it is shown that
there exists a solution of the following form:

J,.=J, ko, (12

J = J,(r)si, (13)
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J..= J.(r)si, (14
H,.=h()o, (15)
H,.=h,(r)si, (16)
H,_.=h_(r)si, 7

where j(r), h(r)- certain function of the coordinate r.

It can be assumed that the average speed of electrical charges
doesn't depend on the current direction. In particulat, for a fixed radius
the way passed by the charge around a circle and the way passed by it
along a vertical will be equal. Consequently, for a fixed radius it can be
assumed thatA@ =Az. Based on this assumption we can build the
trajectory of the charge motion according to the functions (10, 11).

The figure 2 shows three spiral lines for A@ = Az, described by

functions (10, 11) of the current: the thick line for ¢ =2, y =0.8, the
average line for a=0.5, y=2 and a thin line for

AamHnAa =2, y=1.6.

0

! 474
Fig. 2. (TokPotok33.m)

In Appendix 1 it is shown that the functions satisty the following
equations:

Jo(r) = khe, 7, r) 25)
1
J. )= —;(I},,(V) +r J';(F)), 26)
ja=rj,n%, @)
a
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h.(r)=0, (28)
hy(r)==j, ) 2, 29)
h(r)==j,(r)/ 1. (30)

This solution is analyzed below.
Example 1. On Fig. 3.1 the graphs of functions

51y J,(r), j.(r), h.(r), h,(r), h.(r) are shown. These functions are
calculated with given a=1.6, =50, j (0)=10 and wire radius
R=0.1. The first column shows functions j.(r), j,(r), j.(r), the

second - functions 4,(r), h,(r), h.(r), and the functions shown in the

third column will be discussed later.

-3

x 10
0 \ 0 0
-0.5 "N\
£ p \ = 0.2 a5
-1.5 \ -0.4 -10
0 , 005 0.1 0 0.05 0.1 0 0.05 0.1
x 10 4
6 x 10
0.1 0
4
S ) +=, 0.05 / o 2
0 d/ 0 g™ 4
0 0.05 0.1 0 0.05 0.1 0 0.05 0.1
x 10"
1 0.4 0
N O N 0.2 N2
-1 0 -4
0 0.05 0.1 0 0.05 0.1 0 0.05 0.1

Fig.3.1. (TokPotok33.m)

Fig. 3.2 illustrates functions (12-14), when z =const. The fourth
window shows function

J.(r,p), if J (r,p)>0,
Jpz(r’ (0) ={

0, if J.(r,9) <0.

Let's determine current density in the wire of radius R:

J_z=7ﬂl€2 [[l.Yir-do. 6
re
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Taking into account (14), we find

T BTN Lt o
|0 e S PG I (TR0
Taking into account (11), we find
R
J_Z: ! 5 J‘jz(r{cos(%m+2—a)z)—cos(2—wz)Jdr. (33)
anR” c c

From here it follows that total current J_ is changed depending on z
coordinate. However, total given current with density J, remains

constant.

20 -850

3. Energy Flows
The density of electromagnetic flow is Pointing vector
S=ExH. ©)
The currents are being corresponded by eponymous electrical intensities,
Le.

E=p-J, @
where P is electrical resistivity. Combining (1, 2), we get:
S:,a]xH:EJxB. 3)
U
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Magnetic Lorentz force, acting on all the charges of the conductor
per unit volume - the bulk density of magnetic Lorentz forces is equal to

F=JxB. )
From (3, 4), we find:
F=uS/p. 5)

Therefore, in wire with constant current magnetic Lorentz force density
is proportional to Poynting vector.

Example 1 To examine the dimension checking of the quantities
in the above formulas - see Table 1 in system SI.

Table 1
Parameter Dimension

Energy flux density S kg's™
Cutrrent density J Am™2
Induction B kg's72-A
Bulk density of magnetic Lorentz | F N'm3=kg's > m?
forces
Permeability 7 kg's 2m A2
Resistivity P2 kg's3m3 A2
Hlp plp | ™

So, current with density J and magnetic field is generated energy
flux with density S, which is identical with the magnetic Lorentz force
density F' - see (5). This Lorentz force acts on the charges moving in a
current J , in a direction perpendicular to this current. So, it's fair to say
that the Poynting vector produces an emf in the conductor. Another
aspects of this problem are considered in work [19], where this emf is
called the fourth type of electromagnetic induction.

In cylindrical coordinates 7, ¢, z the density flow of

electromagnetic energy has three componentsS,, S,, S., directed along
BAOAB the axis accordingly.
3.1. In each point of a cylinder surface there are two
electromagnetic fluxes directed radially to the center with densities
Srlzp](sz’ SrZZ_szH(p (6)
- see Fig. 5. Total radially-directed flux density in each point of the
cylinder surface,

S,=8,+S,=pU,H ~J.H,) 0
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Fig. 5.

3.2. In ecach point of a cylinder surface there are two
electromagnetic fluxes directed vertically with densities

Szlz_p](pHr’ Sz2:p]rH(p (8)

- see Fig. 6. Total vertically-directed flux density in each point of the
cylinder surface,

Sz:Sz1+S22:p(JrH¢_J¢Hr) &)

H SzZ J(”

4

Fig. 6.

3.3. In each point of a cylinder surface there are two
electromagnetic fluxes circumferentially directed with densities

Sqol:ﬁ]zHr’ S(pZZ_ﬁ]er’ (10)

- see Fig. 7. Total circumferentially directed flux density in each point of
the cylinder surface,

S¢:S¢1+Sw2:p(JzHr_Jer) (11)
H J
S, z S, z
N Jr I
M - g
Fig. 7.
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In view of the above, we can write the equation for
electromagnetic flux density in a direct current wire:

S, J,H, -J.H,~-J,H,
S=|S,|=pUxH)=p|J.H -J,H +J,H, | (12)
S. JH,-J,H +JH,

The third components in (12) appears due to the fact that energy fluxes
are influenced by current density J, and intensity

H,,=J,r (13)
- see (2.4). From (2.12-2.17, 12, 13) it follows that
S, b= jh, ) sit =T

S=|S, |=p[[[| G~ jh.)si-co+Jhsi  |dr-dp-dz. (19
S e (jrh(p —jwh,,)si-coJrjrco-JOr

z

Fig. 3.1 the right-hand column shows the functions

5.0 [Goh~ i,

50| =| (b, —ih) | 03
s o) LGh i)

Fig. 3.3 shows the functions

5.0.0)| [Gh sk, )si?

S, 0)|=| (b, = j.h.)si-co |. (152
S.(r0)] b, = jh, ) si-co

when z = const . In the fourth window shows the function

S (r,p), if S_(r,p)>0,
Sp.(r,@) =4 = .
0, if S (r,p)<0.
Taking into account designations (15) and equations (2.28), from (14) we obtain:
S ] S (r)-si* = Jr
S=1S, :p”J. S_(p(r)-si-co dr-do-dz. (16)

rezl o . .
S. Sz(r)- si-co+ jco-J,r

or

S_;(”) K& Jr -1
S=p I S_(p(r)dr . _” si-co |dedz |+ p j 0 r ” 0 |dedz |-A7)
' S_(r) 7| si-co "1jd,r 7%l co
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x10°

Sfr

Szmp

0
50 50 50 50 Figas

Appendix 4 contains evaluations of the double integrals from
equation (17). If we apply them for unit wire length z, =1, we obtain the

following:
S,.(r) D, Jr -V
S=,o_|.S_(/,(r)alroD2 +p.|.0 ri-10 | )
' S_Z(I") DZ ' jr']or Dl
where
Vz”d(ﬂdzzbr-zo =2r, (19)
P,z
52 = L , (20)
ay
~ 2 -
D =~—=2D,, @1
274
53 zﬂb—LZﬂb—O.Sﬁz, (22)
2ay

b — number of helical trajectory per unit length.

Through combining (18-22) we finally obtain:
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D,S,.(r) — 2’y
S=p||[| D.S, @)l [+| [|0 dr @3)
| D,S.¢) "12D,J,jr

or

53J.S_r(r)ir —R*J}
S=p 52.[S_¢,(r)dr : @4

52].. (S'_Z(r)+ 2J0jrr)z’r

Second components in the first term of equation (24) is determined as

S, =—pnR’J’, (25)
which is exactly equal to thermal losses power per wire unit length.
However, according to existing assumptions the wire unit length
accommodates an external energy flux directed radially to the wire axis
and determined by (25). Here we see that this flux is internal.

Obviously, these correlations remain the same for any z = 0
position on oz axis.

So, fluxes (23) circulate in the wire. They are internal fluxes. They
are produced by currents and magnetic intensities created by these
currents. In turn, these fluxes generate currents such as Lorentz forces.
In this case total energy of these fluxes is partially spent on thermal
losses, but mainly goes to load.

Example 3. Let's consider the following example. Table 1 shows
initial data and calculation results. Fig. 8 shows energy flux densities from
(23) as function of radius. More specifically, the left windows show

functions Sr:S_r(r) Sf zS_w(r) SZZS_Z(I/'), and the right windows -

functions

D[S

Sr2 ~

52 Dz.[S(p(r)lr ' 26)
=p| . .__

Szl DZJSZ (r)dr

Sz2 r

52 I 2J,j.rdr

Based on these functions we can calculate total energy fluxes (powers)
Sr2full, Sf2full, Sz1full, Sz2full.
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At the present time, the author of these paper has no regular
calculation method. With certain design parameters (see column "Given")
for modeling it's required to vary values of the parameters (see column
"Determined"). Certainly, for this case it is necessary only to show that
an admissible decision exists.

From Table 1 it follows that transmitted power to thermal losses
power ratio Sz2full/Sw=10* So, with given current density J,

transmitted power can take up almost any value depending on parameters

X, «,1ie. current helical trajectory density. Therefore, consumed power

does not depend on current, and is determined by current helical

trajectorv density.

Table 1
Given Found Calculated
R 1 mm (05)() 100 Power lossin | Sw 0.22 Wt
the wire
b 100 o -1.6 Sr2full 5107 Wt
J | 2A\mm? | ¥ -63 Sf2full 6:10 10 Wt
j(’p (0) 2 Sz1full 4107 Wt
Power Sz2full 2000 Wt
transmitted to
the load
x 10"
0
0
» 2 S -0.05 \
4 0.1
0 . 0.05 0.1 0 0.05 0.1
x 10
6
l 0.01
4
& ) / & 0.005 J
0 / 0
0 0.05 0.1 0 0.05 0.1
x 10'° x 10"
.2 52
3 o 3 % 0
0 0.05 0.1 0 0.05 0.1

Fig.8 (TokPotok33.m)
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4. Discussion

Thus, the energy flow along the wire's axis S, is created by the
currents and intensities directed along the radius and the circles. This
energy flow is equal to the power released in the load R, and in the wire
resistance. The currents flowing along the radius and the circle are also
creating heat losses. Their powers are equal to the energy flowsS,, S,

directed along radius and circle.

The question of the way by in which the electromagnetic energy
creates current is considered in [19]. There it is shown that there exists a
fourth electromagnetic induction created by a change in electromagnetic
energy flow. Further we must find the dependence of emf of this
induction from the electromagnetic flow density and from the wire
parameters. There is a well-known experiment which can provide
evidence for existence of this type of induction [17].

It is shown that direct current has a complex structure and extends
inside the wire along a helical trajectory. In the case of constant current
the density of helical trajectory decreases with the decrease of the
remaining load resistance. There are two components of the current. The
density of the first component J is permanent of the whole wire section.

The density of the second component is changing along the wire section
so that the current is spreading n a spiral. In cylindrical coordinates
r, @, zthis second component has coordinatesJ,, J,, J_. They can

be found as the solution of Maxwell equations.

With invariable density of the main current in a wire the power
transmitted by it depends on the structure parameters (&, y) which
influence the density of the turns of helical trajectory. Thus, the same
current in a wire can transmit various values of power (depending on the
load).

Let us again look at the Fig 1. On segment AB the wire transmits
the load energy P. It is corresponded by a certain values of («, y) and

the density of coils of the current's helical path. On the segment CD the
wire transmits only small amount of energy. It corresponds to small value
of y and small density of the coils of current's helical path.
Naturally, the resistivity of the wire itself is also a load. Thus, as the
current flows within the wire, the helic of the current's path straightens.
The dependence of current density and intensity density was
considered in detail in [10]. Generally, the mathematical model presented
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in [10] may be considered as a consequence of the described model for
x—0.

Thus, it is shown that there exists such a solution of Maxwell
equations for a wire with constant current which corresponds to the idea of

e law of energy preservation
e helical path of constant current in the wire,
e cnergy transmission along and inside the wire,

e the dependence of helical path density on the transmitted
strength.

Appendix 1

Let us consider the solution of equations (2.5-2.9) in the form of
(2.12-2.17). Further the derivatives of r will be designated by strokes. We
rewrite the equations (2.5-2.9) in the form

L0, ()+’f)a+z/(r) 0, 0
h(”)+h()+ )a+;( h(r)=0, ©
r
1
—h. (e =,z =j,0) ©
—h, (= H.(r) = j, (), @
h
(r) +h ( )+h(r) a-j.(r)=0, (5)
1 . .
P J.(Na—-j,(rx=0, ©)
—j, - ji(r) =0, ™
Jo (1) ) J, (r) " .
r r
We multiply (5) to (— ;() Then we get:
X h,(r) , “h, )
—%—z-hw(r)—lf'(r)-awjz(r):o, ©)
Comparing (1) and (9), we see that they are the same, if
—h,(Nx=j,0) (10)
—h, )y =, (r). (1)

It is important to note that this comparison is valid only for j (r)#0.
Equations (10, 11) coincide with (3, 4) for h_(r)=0. Consequently, if
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J.(r)#0 and h_(r)=0 equation (1) can be eliminated and the system
(1-5) is simplified and takes the forrn

L (r) +h (r )+ =0, (see (2)) (12)
- h(/, ()= /,(r) (see (10)) (13)
—h () =, (). (see (1) (14)
h ( )

h(wu-h@b J.(r). (see (5)) (15)

Now con51der the case when j_(7)=0. In this initial system will
take the form:

h(r)+h()+ )a+;( h(r)=0, (17)
r
; h (e —h, (g = j,0) (18)
— () = H.(r) = j, (1), (19)
h,(r) 1
(4 ' . —
r-w4m+r@0h 0. 20)
Substituting (18, 19) in (16). Then we get:
1 1 1, , ,
(e = hy (4 KRBy = G + 1) =0
or
1 1
b (e = hy ()7 = ()7 = b ()EE =0 )

Thus to calculate the three intensities obtain three equations (17, 20, 21).
We exclude 4, (r) from the (20, 21):

iz-hz(r)a—l-hw(r);(+( h(r)+h(r)—];( h(r)— 0
r r

or
1
r—z«hz(r)a=0.

Thus, and when j_(r) =0 must comply with conditions 4_(r)=0.

Thus, the system of equations (12-15) is executed for any j_(r) and

wherein
h(r)=0. (22)
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So, equations (1-8) can be substituted for equations (22, 12-15, 6-
8). We rewrite them for readers' convenience:

h.(r) =0, )
i (r) + 1 (r )+ 23)
- h(p (= (r) (24)
—hG Y =J,0), (25)
h ( )

+h,(r )+— h ()= j.(r). (26)
%-jz(r)a—jw(r)l =0 @n
—j, - ji(r)=0 28)

(r )
L") )+j;(r)+—]"(r)-a 29)
r r
When substituting (24, 25) into (29) we can notice that the
equation obtained is the same as (23), and that's why equation (23) can be
excluded from this system.
From (26, 27), we find:

. . 2
TAG RIS L QTS e 69
r r a
From (29), we find:
. Iy, y
5O)==—G, )+ () 36)
Jir)= ——(2J¢,(r)+r Jo (r)) 37)
From (35, 36, 37), we find:
. 2
AU )+J,( )+a]"’() —%r-jw(r) (33)

2

__(jwfr) <>j‘—(21¢<r>+r a0 Ly

o

The solution and analysis of it are described in Appendlx 2. The
solution therein has no analytical form. Let's designate this solution as
function

j,(n=khle, 2 r) (39)
and derivative of this function - as function
jo(r)=khlle, z, r) (40)
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When functions (39, 40) are given, all other functions can be found
using (22, 27, 28, 36, 37, 24, 25). So, for determination of all the
functions we have the following equations:

h(r)=0. (see (22)) (41)
j, (" =kha, z, r) (see (39) “2)
ji(n=khile, z, r) (see (40)) 3)
J.(na=r-j, (r)f (see (27)) (44)
Jir) == (see (28)) (43)
. 1y ,
)=~ (/gz,(r) A (see (36) (46)
Ji)=-— (2J¢(I”) (), (see (37) 1)
h,(r)=—J, (r)/ 7, (see (24)) (48)
h(r)=-j, )/ x. (cm. (25)) 49)

Accuracy of the solution obtained is analyzed in Appendix 3.

Appendix 2.
Consider the equation (38) of Appendix 1:

2

__(J‘/’() ()J——(2]q,(r)+r J;(r))+ ]w() —%F‘J},,(F)- ©)

a
To simplify it, we get:

V“)+%vﬂ @wvnm1<m%a””() 2 (),

. a2_1 2 .y .
Jo () r +xr|=3j,(r)-r-j,(r)=0,

Ji(r) = M@{ o zj—%ﬁ@) ®

Equation (2) does not have an analytical solution. Although
numerical technique allows to find functions

j(p(r)zkh(a, 7 r) ©)
j;,(r):khl(a, ya r} @)
jr(r =k, z, r) 5)
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shown for

For the case in Fig. 13 these functions are
(0{21.5, ZZSOJonradius R=0.1.
200
100
o SR A
0 pesmcssces: tess
0
0 001 002 003 004 005 0.06 007 0.08 009 0.1
3
- //
T S
0 i i
0 001 002 003 004 005 0.06 007 008 009 0.1
0.1
= 0.05 el
/
//
0
0 001 002 003 004 005 0.06 007 008 009 0.1
Fig.13 (forFig13.m)
Appendix 3.

Hereinafter, the equations are numbered according to Appendix 1.
Let's consider accuracy of the solution of system (1-8). Substituting
functions (41-49) in equations (1-8) we can calculate standard residual
error of these equations. Fig. 14 illustrates a graph of these residual error

when (0(=1.5, ;(ZSOJ on radius R=0.1.

The standard residual error of these equations can be found as a
function of a certain parameter. Fig. 130 illustrates a graph of the residual
error as a function of @ when y =50 on radiusR=0.1. Here, the

upper window shows the value of residual error, and the lower window -
logarithmic value of residual error.
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Appendix 4.

First, we find the following values:

Z9 1 z, )
A = J. cos(%+zzjdz =— s1n[%+;(zj =
220 /’{ z=0

_1 sin(% + ;(zoj - sin[%j _1 COS(% + 1z, j sin(yz, )
4 2 2 2

)

4
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A,= fsin(agoa + 2;(2)912 :—L
2y

z=0

’ cos(agoa + 2;ﬁ):
=0

Z:

@)
- _%(008(0«00 +22,)-cos(ap, )= ——sin(ag, + 22, Jsin(zz,)
X X
A4, = 'fcos(a(po + 2;(2)%2 =L ! sin(a% + 27(2):
=0 2% |0 ©)

B 2L (sin(ap, + 272, )-sin(ap, ))=—cos(ap, + 2z, Jsin(z,)
x X

We shall find double integrals:

D, = J [ TCOS(O«D + ZZ)W}ZZ = f [:0(2105 sin(ap + ﬁ)j]dz =

z=0\_¢=0 z=0

= I (1 (sin(ag, + 12)- Sin(ZZ))de _2 J‘ ([Cos{a% +XZJ sin(O!(/?oDJdZ _ @
z=0 2a 0!2:0 2 2
2sin(ag, /2) 7 ( (wﬂo D 24, . [a%j
=7J‘ cos| —=+ yz | |[dz =—sin| —=
a z=0 2 (24 2

z (0 B %
D, = [| [sinQap+222)p |d== | _—lcos(Zaw +272)||dz =
g0\ 20

z=0\ ¢=0 z=0

Z
9

= j (2_01[ (cos(Zaqpo +2 ZZ)‘ cos(2 Zz)))dz :_al T((sin(a(po +2 ;(z)sin(a(po )))dz =0

z=0

__sinlap,) T(Sin(acoo 2 )M = 4,sin(ag, )
a 0 4

W% o 1.
D= | [ [sin’ (g + ;ﬂ)d(p]dz = | LO@—ESIH(MW ZzZ)deZ =

z=0\_@=0 z=0

=2 L [ (inap, +22)-sinC.z s -
2 4o’ ©)
?,

_%_ 1 f(cos(a(po + 2;52)Sin(ag00 ))flz =
2 2a z=0

_p, sin(ap,)} _9p, 4sin(ap,)
S a—— IO (coslag, + 272 )Mz =2 - ==
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When ¢,, z, are given, we can evaluate parameters C, D. From

(1-3) it follows that mean modulus values of parameters A are as follows:

d~L ™

V4

From (4-7) we can evaluate parameter D:

B _24sin(ep,/2) 2 '

©)
a ay
B, Asinap,) 1 9
a ay
53 <P A, s1n(ag00)z&_ 1 ' 10)
2 2a 2 2ay
Suppose
@, =27, (11)
where b - the number of turns of the helical trajectory. Then
53 ~ b — 1 : (12)
2ay
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Chapter 6. Single-Wire Energy

Emission and Transmission

Contents
1. Wire Emission
2. Single-Wire Transmission of Energy
3. Experiments Review

1. Wire Emission

Once again (as in Chapter 2), we deal with an AC low-resistance
wire. It incurs radiation loss, though loses no heat. Emission comes from
the side surface of the wire. Vector of emission energy flux density is

directed along the wire radius and has S value, see 2.4.4 — 2.4.6 in
Chapter 2. So,

S, =n[k, s Jr-do. (1
r,e

where
s, = (6th —e.h, @)
or, with regard to formulas given in the Table 1 of Chapter 2,

24R ¢ 2R e 5,
5, ==e. (R, (R) === |Z ¢ (R)= -~ P’ez Lo
a \u (04 U

where R means a wire radius. In addition, consider formula (see (32) in
the Appendix 1 of Chapter 2).

)(=J_r%1/g HAT ;(zsign()()-%q/cw ,tae sign(y) ==1. @)

Thus, we obtain:

s, = —sign(y)- 2405 poc : )
From (1,5) we obtain:
S_, =—sign(y)- 24 we Rz‘HnJ. si*dg =—sign(y)- 24 ws R*'nr.
With additional (1.4.2), we ﬁnall; obtain:
S_r =—sign(y) -@RM_1 ) ©)
2a

89



Chapter 6. Single-Wire Energy Emission and Transmission

Obviously, the value must be positive, as emission does exist. By
the way, this fact disproves a well-known theory of an energy flux
propagating bevond the wire and entering it from the outside.

As value (0) is positive, condition

—sign(y)-sign(a) =1, @
must assert, i.e. values y, - must be of opposite sign. In this

connection, for later use we take formula of the type
- Awe
S =

e
The formula calculates the amount of energy flux emitted by the wire of

unit length. Correlate this formula with the one (2.4.15) for the density of
energy flux flowing along the wire:

5 A’c. le/ (1 - cos(4a7r))R2,,,1
‘o 8zaa 1) .
Consequently,

- S_r B 47z(2a —l)a)w/g,u 0)
S, c¢-(-cos(dar))’
So, the wire emits a portion of a longitudinal energy flux of

S.=¢-S.. (11)

Let energy flux is S_ZO in the beginning of wire. Energy flux the

R ®)

©)

wire emits along the L length, can be obtained from the following
formula

SrL :Szo(l_é/)L (12>
Energy flux remaining in the wire

—_— ) — — N

SzL = Szo _SrL = SZOQ_(I_Q,)L ) (13>
Thus, we can calculate the length of wire where the flux remains

SzL = ﬂ. Szo . (14>

The length can be found from the expression

p=l-G-¢Y)

L=In(-A)n(1-2). (15)
Example 1. With @ =1.2, ¢=1, u=1, we obtain { #10w/c. If
®=3-10° so will £~3-10-10°/3-10" =10, The length of wire that
keeps 1% of initial flux makes

L=1In(1-0.01)In(1-¢)~9950 sm.

ie.
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2. Single-Wire Transmission of Energy

A body of convincing experiments show the transmission of
energy along one wire.

1. [29] analyses a transmitting antenna of long wire type that finds
its use in amateur short-wave communication. The author says the
antenna has “an adequate circular pattern that allows the communication to be
established almost in all directions”, whereas in the direction of wire axis “a
considerable amplification develops and grows as antenna length increases... As the
length of the increases, the main lobe of the pattern tends to approach antenna axis as
close as possible. In the process, emission directed towards the main lobe gets stronger”.
Both from the fact that long wire emits in all directions and from the
previous part it follows that energy flux flows along the wire. It is
significant that energy flux exists without any external electrical voltage at

the wire tips.

Puc. 1.

2. S.V. Avramenko’s long-known experiment in single-wire
transmission of electrical energy, also named Avramenko’s fork. First, it
was described in [30] and then in [31] -see Fig.1. [30] reported that the
experimental arrangement included a generator 2 up to 100 kWt of
power to generate 8 kHz voltage that went to Tesla’s transformer. One
tip of the secondary winding was loose, while the other end connected
Avramenko’s fork. Avramenko’s fork was a closed circuit that included
two series diodes 3 and 4 , whose common point was connected to the
wire 1, and a load, with capacitor 5 connected in parallel to it. Several
incandescent lamps — resistance 6 (alternative 1) or discharger (alternative
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2) formed the load. Open circuit allowed Avramenko to transmit about
1300 Wt of power between the generator and the load. Electrical bulbs
glowed brightly. Wire current was very weak, and a thin tungsten wire in
the line 1 did not even run hot. That was the main reason why the
findings of the Avramenko’s experiment were difficult to explain.

On the one hand, the structure offers quite an attractive method of
electrical energy transmission, whereas, on the other hand, it apparently
violates laws of electrical engineering. Since then, many authors
experimented with that structure and offered theories to explain
phenomena observed — see e.g. [32-34]. However, no theory has been
universally accepted. the wire tips. Here also energy flux exists without
any external electrical voltage at the wire tips.

3. Laser beam should also be included in this list. Laser obviously
directs energy flux into the laser beam. The energy, that may be rather
considerable, incurs almost no loss when transmitted along the laser
beam and, on its exit, is converted into the heat energy.

4. Known are experiments by Kosinov [35] that showed the
glowing of the burned incandescent lamps. It was reported that
“incandescent lamps burned most often in more than two places, with not only spiral,
but current conductors of the lamp burning. With the first circuit break took place,
over some time lamps light was even brighter than one produced before burning. The
lamps kept glowing until burning of the next portion of the circuit. In this experiment,
inner circuit of one lamp burned in as many as four places! Spiral burned in two
Pplaces, as well as both lead electrodes in the lamp. The lamp went off no sooner than
the fourth leg of the circuit burned, i.e. the electrode where the spiral is attached’.
Here, too, energy flux exists with no external electrical voltage at the wire
tips. It is significant that burned lamp consumes even more power
sufficient to burn the next leg of the spiral.

Consideration of equation for the electromagnetic wave in the wire
cannot reveal physical nature of the wave existence: any component of
intensity, current and density of energy flux can be seen as an exposure
governing all the rest. A longitudinal electrical intensity is accepted to be
such an exposure. Facts reported eatlier testify possible exceptions, e.g.
when exposure is an energy flux at the wire inlet. [19,17] show that
energy flux can be viewed as fourth electromagnetic induction.

Thus, inlet energy flux propagates along the wire, and, (almost with
no loss, see pp.2.3.4) reaches its distant end. Current can propagate
alongside with the energy flux. Yet, this correlation does not need to be
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(see pp. 2,3 above). It is significant output energy flux can be rather
considerable and make a part of the load. The lack of energy flux —to-
current correlation was approached and explained in the Section 2.5.

3. Experiments Review
Return to "long-wire" antenna. It emits in all directions. As is

obvious from the Section 1, §, energy flux emitted makes a part of a

longitudinal §, energy flux, see (1.11). Their coefficient of
proportionality ¢ relies, in its turn, on frequency @- see Example 1.
Because of this, reduction of frequency @ drops emission of energy flux

S..

Section 2.5. considered and correlated currents and energy fluxes in
the wire. It showed that, generally, currents and energy fluxes inside the
wire exist as "jets" of opposite direction. This fits with the existence of

active and re-active energy fluxes.

Sminus Fig.9. (SSMB)

Formation of such "jets" may be assumed in the “long wire”. If
“long wire” emits all the incoming energy, then one of the fluxes (active
power flux) prevails, and the generator wastes its energy to support it. If
“long wire” does NOT emit, energy flux flowing in one direction returns
the opposite way, the generator SAVES the energy (re-active power flux
circulates), and no current forms in the wire. Clearly, there are some
intermediate cases when “long wire” emits only a part of energy it
recetves.
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With some combinations of parameters, total currents in opposing
jets have are equal in absolute value, and, as well as total energy fluxes of
opposing jets. For the sake of readet’s convenience, Fig.9 from the
Section 4 is replicated above. It shows the functions of the opposing jets:

Splus - energy flux jet directed from the energy source;

Sminus - energy flux jet directed to the energy flux;
For illustration, functions plots are shown with the opposite sign. They
obey the following relationships between integrals of sectional area, Q, of
the wire:

J. Splus dQ = — _[ Sminus - dQ,
0 0

_[ Jplus dQ = —'[ Jminus-dQ.
0 0

As follows from experiments (later considered in more details),
currents and jets can complete at the broken wire — see Fig.3, where 1
means a wire, 2 means a direct “jet”, 3 means a reverse “jet”, and 4
means a closing circuit. In this case, there arises the question of the
nature of electromotive force that makes the current to overcome the
spark gap. [19,17] show that energy flux can be viewed as fourth
electromagnetic induction.

Puc. 3.

Consider these experiments. Prominent experiments by Kosinov
[35] evidently prove the hypothesis offered: the arch that forms at the
broken spiral is to have a beginning and an end. Electromotive force
should be applied between them. When expanding arch reaches the next
leg of the spiral, this leg, together with connecting arch, joins a long line
etc. Kosinov observed as many as eight such legs.
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Avramenko’s fork is a circuit that includes two series diodes and a
load — see Fig.1. The circuit forms the arch shown in Fig.3. An air gap of
discharger 7 can serve as a load, an equivalent of arch from Kosinov’s
experiments. Resistor 6 — energy receiver in single-wire energy
transmission system — can, too, serve as a load. Wire 1 of this structure
can be identified with “long wire”. In this case (at low frequency of 8
kHz) the wire 1 does not emit. Consequently, it carries two opposing
energy fluxes but no current.

Which means single-wire energy transmission follows from
Maxwell’s equations without any contradiction.

95



Chapter 7. Solution for a capacitor in constant circuit

Chapter 7. Solution of Maxwell's
equations for a capacitor in constant
circuit. Nature of potential energy of

capacitor.

Contents
1. Introduction
2. System of Equation Solution
3. Intensities and Energy Flows
4. Discussion

1. Introduction

The electromagnetic field of a capacitor in an alternative current
circuit is investigated in [1]. Below the electromagnetic field in a capacitor
being charged as well as the field existing in the charged capacitor are
examined.

We use the Maxwell equations in the GHS system of unit written
in the following form with ¢, x differing from 1:

rot(E )+ /cl 88H 0, @

ror(t)- £ % —0, ®)
div(E)= (), ©
div(H)=0, )

where
H, E - are the current, the magnetic field strength, and the electric
field strength, respectively;
g, u - are the dielectric permeability and the magnetic permeability,
respectively,
O(t) - charge on capacitor plate, which appears and accumulates
during charging.
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This system of partial differential equations has a solution represented by
the sum of a particular solution of this system and a general solution of
the corresponding homogeneous system of equations. Homogeneous
system of equations can be written as follows:

rot(E )+ ﬁa@—i[ =0, M

rot(tr)- 25 ~0, ®
div(E)=0, 3
div(H)=0, Q)

ie. it differs from the system (a-d) by the absence of term Q(f).
Particular solution with given ¢ is a solution, which associates electric
intensity E_(¢) between the capacitor plates with electric charge Q(¢). If

E_(¢) varies with time, then a solution of the system of equations (1-4)

shall exist at given £_(#) . Exactly this solution we're going to seck further
on.

Electromagnetic wave propagation in charging capacitor is
shown, and mathematical description of this wave is proved to be a
solution of Maxwell's equations (1-4). It was shown that a charged
capacitor accommodates a stationary flux of electromagnetic energy, and
the energy contained in the capacitor, which was considered to be
electric potential energy, is, indeed, electromagnetic energy stored in the
capacitor in the form of the stationary flux.

2. System of Equation Solution
Let us consider a solution to the Maxwell equations (1.1-1.4). In
the cylindrical coordinate system r, ¢, z these equations take the

form:

OE
Er+8Er+l‘ ¢+8EZ=O, 0
r or r Op Oz

OF
l . aEZ — i =V dH’ N (2)
r 0p Oz dt

OE. OF. dH
- =V ) 3
Oz or dt

E, O, 1 0E,  dH.

—+ - =V ) )
r or r Op dt
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where

The solution shall be found for non-zero intensity £ .

H, oH, 1 0H, 0H.
+ +—- +

r or r Op Oz

| 0H. @H, dE.
o o Ta
oH, oH.  dE,
oz o T
H, 0H, 1 0H, dE

V4

=0,

r or r O th

v=—ujc,
q=¢fc,

e E,, E, E._ arethe clectric intensities;

e H,H, H, ate the magnetic intensities.

®)

©)

)

®)

©)
(10)

For brevity, the following abbreviated forms will be used below:

co=cos(ap+ yz),
si =sin(ap + yz),

1D
(12)

where @, y are constants. Let us write the unknown functions in the

following form:

H,.=h,(r Yo (exp(er) ~1),

H,.=h,(r)si (exp(a)t) - 1),

H_.=h(r)si- (exp(a)t) — 1),
E.=e(r)i-(1—exp(er)),
E,=e,(r)co- (1 - exp(a)t)),
E .=e_(r)co- (1 - exp(a)t)),

(13)
(14
(15
(16)
17
(18)

where #h(r), e(r)- some functions of coordinate r. Here, the bias

current is

J, = %EZ =-w-e_(r)co-exp(wr)

(19)

Fig. 1 shows these variables as a function of time and their time
derivatives for @ =-300: H_ is shown with solid lines, £, with dashed

lines, and J_ with a dotted line. This provides good evidence that in the

system of equations (1-8) the amplitudes of all strength components
simultaneously approach a constant value and the current amplitude
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tends to zero with t = . These conditions correspond to the capacitor
charging via a fixed resistor.

! ! ! --IIIIIIIIIIIIII.‘.- W
. apubs
= 05 . wa
N “,l
S o**
N 0
<
N 05
o ‘\

R y— |

-1
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

400
200"'.-.
- "Waay,
: lll.llll.ll LA
= 0 nEEAERENNmE
8 200 —
-400

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Fig.1. (SSMB6.1)

After the capacitor becomes charged, the current stops to flow.
However, as shown below, the stationary flow of electromagnetic energy
persists.

Direct substitution of functions (13-18) makes it possible to
transform the system of equations (1-8) with four arguments r, ¢, z, ¢
into a system of equations with one argument » and unknown functions
h(r), e(r). This system of equations has the form:

%rhe;() ()a 7-e.(r) =0, 1)
—%-ez(r)a+e¢(r);(—’u7whr -0, (22)
er(r);(—e;(r)+ﬂh¢ =0, (23)
L(rh . (”) ‘ HOY o, 24
h (r) + 1 (r )+ a+;( h.(r)=0, (25)
;-hz(r)a—h(p(r);(—%e, -0, (26)
—hr(r))(—hz'(r)+%ew -0, @7
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()+h L)+ (r) + %% (r)=0. 28)
C

It is 1dent1cal to the snmlar system of equations for a capacitor in
an alternative current circuit — see chapter 2. The solution of this system
is also identical to the solution obtained in chapter 2 and has the
following form:

e,(r)= kh(a, Z r), (30)
1
er(r): ;(ew(r)+r-e;(r)), €D
_ q
e(r)=r-e,(r)—, (32)
a
E® 1
h,(r) = - (r)—, 33)
h(r)=22 —=¢, r)— (34)
X
h.(r)=0. (35)
where kh() is the function determined in chapter 2,
2
EW
q= [7( -£ > j : (36)
cx
x 10° 3
1 x 10
} 5000 2
£ 05 / o 0 —/ n O —J
0 -5000 -2
0 , 005 0.1 0 005 0.1 0 005 0.1
x 10 3
5 x 10
2000 2
0 . l
. 5 1000 5 1
-10 \ 0 0
0 0.05 0.1 0 005 0.1 0 005 0.1
x 10°
1 2000 | 0
N 0 N 1000 ‘ N2 |
-1 0 -4 ]
0 005 0.1 0 005 0.1 0 005 0.1

Fig.1. (SSB6(3).m)
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Thus, the solution of the Maxwell equations for a capacitor being
charged and for a capacitor in a sinusoidal current circuit differs only in
that the former includes exponential functions of time and the latter
contains sinusoidal time-functions.

3. Intensities and Energy Flows
As in chapter 2, the density of energy flows along the coordinates
can be determined by the formula:

S, s, - si°

S = S_(p :77” S, si-coldr-dg. 1)
S. ", - si-co

where

s, = (e(phz - ezh‘/,

s, = (ezhr — erhz), @

s, = (erh(p - e¢hr)

n=clir. ?3)

Let us consider functions (2) and e.(r), e,(r), e.(r),

h.(r), h,(r), h.(r). Fig. 2 shows, for example, these functions plotted
for A=1, a=5.5 u=1, ¢=2, y=50, ®=300. The conditions of

this example differ from conditions of a similar example in chapter 2 for
a capacitor in an alternative current circuit only in the value of parameter
w which is equal to @ =-300 in this paper (@ =300 in chapter 2). It is
evident that these functions differ only in sign.

It must be emphasized once again that these functions are not zero
at any time moment, i.e. after charging of the capacitor the electric and
magnetic intensities remain and take stationary, but non-zero values.
Only magnetic intensity H_(r) =0 permanently equals zero, and when
charging is completed, offset current interrupts.

The stationary electromagnetic energy flow is also retained. Its
existence does not contradict our physical understanding [3]. The
presence of this flow in a static system was studied by Feynman [13]. He
provides an example of an energy flow in a system consisting of an
electric charge and a permanent magnet which are fixed and closely

spaced.
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Other experiments [38] demonstrating this effect are also available.
Fig. 2 shows an electromagnet which retains its attractive force after the
current is switched off. Edward Leedskalnin is assumed to use such
electromagnets in constructing the famous Coral Castle, see Fig. 3 [38].
In these electromagnets (or solenoids), the electromagnetic energy in not
zero at the instant the current is switched off. This energy can be
dissipated by radiation and heat loss. However, if these factors are not
significant (at least at the initial phase), the electromagnetic energy must
be conserved. With electromagnetic oscillations, the electromagnetic
energy flow must be induced and propagate WITHIN the solenoid
structure. This flow can be interrupted by destructing the structure. In
this case, according to the energy conservation law, the work should be
done equal to the electromagnetic energy which dissipates on destruction
of the solenoid structure. This means that a "destructor" should
overcome a force. It is this fact that is demonstrated in the above-
specified experiments. Mathematical models of similar solenoid
structures based on the Maxwell equations are examined in [39]. The
conditions are identified which are to be met to maintain the
electromagnetic energy flow for an unlimited time period.

Puc. 2.

Thus, a stationary electromagnetic energy flow is formed in a
capacitor. Let us consider the structure of this flow in more details. From
(2.11, 212, 3.1) it follows that at each point in the dielectric the
components of energy flows can be determined using the formula:

S | |s,-si® s, -sin’(ap + yz)
S=|S,|=|s,si-co|=|s, 0.5sinQ(ag+ x))|. @
S, S, -8i-co s.-0.5 sin(2(a(p+ ;(z))
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where, as it follows from (2.30-2.35, 3.2),

:(—ezh(p):%%r-ew(r)-er(r)
=(e.h, )= ——r ey(r) ©

= (erh,,) —e,h, )= —‘;—‘;’(ef ()+eX(r)

For example, let us consider a development of a cylinder with a
given radius 7. At the circle of this radius vector S always points in the

. . . . . . . 2
direction of a radius increase and oscillates in value as sin”(ap+ yz).

The total vector (Sq) + Sz) is always at an angle of arctg(?z / s(p) to the

radius line and its value oscillated as Sin(Z(a(p+ }ﬁ)) Fig. 4 shows the
vector field (Sw +Sz) for ¢ =1.35, y =50. Here, the horizontal line

and the vertical line correspond to coordinates @, z
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4. Discussion

It is demonstrated that an electromagnetic wave propagates
through a capacitor as it is being charged, and the mathematical
description of this wave is a solution of the Maxwell equations. In this

case, in the dielectric body (i.e. where the field intensities e, does exist)
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the electric and the magnetic field intensities components exist. There are
also present:

e the circumferential energy flow S, , which changes its sign

¢) b
depending on ¢,
e the vertical energy flow S, which changes its sign depending

on @,
e the radial energy flow S,, always directed from the center.

This means that the charged capacitor radiates via the side
surface.

The energy flow still persists in the charged capacitor as a
stationary electromagnetic energy flow. It is this flow where the
electromagnetic energy stored in the capacitor circulates. Hence, the
energy which is contained in the capacitor and which is considered to be
the electrical potential energy, is the electromagnetic energy stored in the
capacitor in the form of the stationary flow.

There are experiments exist for detection of magnetic field
between charged plates of a capacitor using a compass [49, 50].
According to the above, in a round capacitor the compass needle shall
deflect perpendicularly to capacitor radius. The observed deflection of
the compass needle from capacitor axis can be explained by non-uniform
charge distribution over the square plate.
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Chapter 7a. Solution of Maxwell's
equations around the end of a
magnet

Above we consider a capacitor with electric charge, where an
electric intensity exist between its plates.

Let's now consider a_gap in an annular magnet. There is a
magnetic intensity between the planes forming this gap.

Due to the symmetry of Maxwell's equations, an electromagnetic
field shall exist in the "gap" of a magnet, similar to the electric field in the
gap of a charged capacitor. The difference between these fields is that in
the field equations electric and magnetic components of intensity change
places. In particular, in a charged round capacitor an electric intensity

(EZ ;tO) exists, and there is no magnetic intensity (HZ :O). In non-

charged capacitor with a magnet a magnetic intensity exists (H L F 0),

and there is no electric intensity (EZ = 0).
Similar to (7.2.30-7.2.35) we obtain:

hy(r)=kh(e, 7, r), (1
1
h(r)= ;(hw(r) + B (), )
h(ry=r-h(r)L, 3)
(04
e, (r) = _He h, (r)l Q)
c X
1
¢, ()=, (r)—, )
¢ x
e.(r)=0. ©

Here, the same as in capacitor, parameter @ is included into
exponential factor exp(et), which characterizes the process of
magnetizing permanent magnet during its formation ("'charging" — similar
to capacitor)
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Chapter 7a. Solution of Maxwell's equations around the end of a magnet

Thus, the electric and magnetic intensities exist in the gap of our
magnet (i.e. where intensity 4, exists).

[Ipu cymecTBOBaHMH STHX HAIpsuKEHHOCTEH in the gap of our
magnet (OPMHPYETCA CTAIIHOHAPHBIN IIOTOK  9AEKTPOMATHHTHOI
seprun. Hamommum dopmyay (7.3.4), xoropad B AAHHOM CAydYae
OIIPEACAACT IPOEKITUHU IIOTOKOB SHEPIUHU OIIPEACAAIOTCA IO POpMyAe:

S s, - si° s, -sin’(ap + yz)

r

S=|S,|=|s, si-co|= s¢-0.55in(2(a(p+;(z)). ©)
S s, -Si-co s.-0.5 sin(2(ago+;(z))

z

where, as it follows from (1-6, 7.3.2),
s, —(h2e¢)— l ,ua)r h,(r)-h, (r)

Sl/’ :(_ erhz):ilu_a)r.h;(r) (8)
a yc

s, =\eh,—e,h, ): —ﬂ(hr2 (r)+ hé (r))
xc

OTCrOAQ CAEAYET, YTO CYIIIECTBYIOT

e the circumferential energy flow S p which changes its sign

depending on ¢,
e the vertical energy flow S, which changes its sign depending

on @,

e the radial energy flow S, , always directed from the center.

As it was shown in Section 1.5, together with these energy flows
the momentums directed along the radius, circumferentially and along
the axis also exist within the electromagnetic wave. There are also the
angular momentums about any radius, any circle and about the axis.

Obviously, these conclusions do not depend on the gap length.
Therefore, we can say that

energy flows, momentums and angular momentums exist around

the end of a magnet.

As it was shown in (1.5.6), angular momentum about the axis of
the magnet in this point of the "gap" (r, 0,z

L.(r.p,z)=S.r/c )

or, taking (7, 8) into account,
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Chapter 7a. Solution of Maxwell's equations around the end of a magnet

L(p.2)=S. 7= "= sin(ap + 2))=
C C (10)

HOr (15 2 : ’
2o B ORI ki 7))

where h, (r) h,(r) are determined by (1, 2). Total angular momentum

along the entire circle of a given radius and at a given distance from the
end

2
Hor
L =1L =—
zr 2')- Z(r,¢,2ﬁ¢ 2102

26 )+ h;(r))f sin((ag + 72) M (11)

Here all the parameters can be found experimentally, and they are
currently unknown. However, it can be said that at non-integer
L #0 always exists.

Appendix

The existence of the angular momentum about the axis of a
magnet could be confirmed experimentally. But the necessary facilities
are not available for the author. That's why we offer to consider the
experiments, which (probably!) demonstrate the existence of angular
momentum about the axis of a magnet.

1. The experiment widely known in the Internet, is shown in Fig. 1,
where

e M - magnet with induction B,

e K -iron ring with a gap V (which is required in order to exclude

the assumption of current in the ring),

e N — thread,

e [, D, A, C,d— dimensions.

When the ring is lowered, at a certain position it starts to rotate fast
and rotates for some time T, then it stops and starts to rotate in the
opposite direction. This rotation lasts for a time t<<T. Rotations with
alternating direction repeat 3-5 times and then stop.

The author carried out this experiment as follows:

Variant 1: B = 1 Tesla, T' = 30 sec,

L, D, A, C, d)=(200, 15, 10, 15, d) mm;
Variant 2: B = 1 Tesla, T' = 20 sec,

L, D, A, C, d)=(200, 20, 05, 15, d) mm.

This experiment can be explained by the existence of a torque,
which in the steady state is equilibrated by the torque of the thread. In
another way this experiment is explained by changing of the thread
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Chapter 7a. Solution of Maxwell's equations around the end of a magnet

torque, when it is pulled due to attraction of the ring K to the magnet M.
This explanation seems to be unconvincing, when doing the experiment
yourself.
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2. In the Internet [46] another experiment is demonstrated — see
Fig. 2, where

e M - magnet,

e K — magnet in the shape of an iron ring,

e S _—wooden rod,

e S - holder of the rod S.

The ring K is held at a certain distance from the end of the magnet
M and rotates on the wooden rod S. The idea of this experiment can be
used for precise experimental proof of existence of the angular
momentum about the axis of a magnet.
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Fig. 2.
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Chapter 8. Solution of Maxwell's
Equations for Spherical Capacitor

Contents

1. Introduction

2. Solution of the Maxwell Equations in the Spherical
Coordinate System

3. The solution of Maxwell's equations for the vacuum

5. Energy fluxes

6. An Flectromagnetic Wave in a Charged Spherical
Capacitor

7. Electromagnetic wave around spherical charge

Appendix 1. Solution of Maxwell's equations for the medium

Appendix 2. Solution of Maxwell's equations for conductive
dielectric

1. Introduction

The electromagnetic wave in a capacitor in an alternating current of
constant current circuit is investigated in raasax 2 m 7. In this paper, a
spherical capacitor in a sinusoidal current circuit or an constant current
circuit is considered. The capacitor electrodes are two spheres having the

same center and radii R, > R, .

2. Solution of the Maxwell Equations in the
Spherical Coordinate System

Let us first consider a spherical capacitor in a sinusoidal current
circuit. Fig. 1 shows the spherical coordinate system (p,8,9).
Expressions for the rotor and the divergence of vector E in these
coordinates are given in Table 1 [4]. The following notation is used:

E - electrical intensities,

H - magnetic intensities,

M - absolute magnetic permeability,

& - absolute dielectric constant.
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Chapter 8. Solution of Maxwell's Equations for Spherical Capacitor

Fig. 1.
Table 1.
1| 2 3
1 rotp(E) E, OF, OE,
+ - .
ptg(@) o6  psin(@pe
2| rot,(E) OE, E, OF,
pin@Pp  p  op
3| rot,(E) | E, 0B, OF,
p_Op pop
4\ div(E) | E, OE, E, OE, OE,
—£ + + +—
p  dp pg@) pod  psin(@Pg

With no charge on and no current between the spherical capacitor
electrodes, the Maxwell equations in the spherical coordinate system take
the form presented in Table 2.

Table 2.

1 2
1 OFE
rotpH—f 2 =0
c Ot
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Chapter 8. Solution of Maxwell's Equations for Spherical Capacitor

3. OE
rot  H _E e 0
c Ot
4. OH
rot E + 270
c Ot
5.
rot, E +ﬁaH‘9 =0
c Ot
6. OH
rot, £ + K _ 0
c Ot
7.| div(E)=0
div(H)=0

Below the solution will be sought for in form of functions £, H

which presented in Table. 3, where the functions of the form E| WCO) to

be calculated. It is important to note that
* these functions are independent of the argument ¢

«if E(9)=sin(@), then

E OF
——+—=2cos(@).
" (€)+ v, cos(@) (11)

Table 3.

1 2
E,=E, (1 )cos(@ )sin(ar)
E,=E, (p)sin(0)sin(cx)
E,=FE wp(p)sin(ﬁ)sin(a)t)
H, = pr(p)cos(é’)cos(a)t)
H,=H gp(p)sin(Q)cos(cot)
H,=H W(p)sin(&)cos(a)t)

We substitute the functions E, H from the Table 3 in Table 1
and take into account (11). Then we obtain Table 4.
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Table 4.
1] 2 3
1 t (£
04, (E) | 2B (6) sin(an)
2| rot, (E E, OF
Io 9( ) _[ o 70 Jsin(ﬁ) sin(awt)
p_op
3 t (£
ro ¢,( ) [& +%J sin(d) sin(wt)
p_op
41 div(E E, OE,\ 2E
( ) ((_ﬂ+_pJ+—9pJCOS(9) sin(rt)
Y2 ap P

Expressions for the rotor and divergence function H differ from
those shown in the Table. 4 only in that instead of factors sin(at) atre
factors cos(at) . Substituting the expression for the curl and divergence
in Maxwell's equations (see Table 2), differentiating with respect to time

and reducing common factors, we obtain a new form of Maxwell's
equations - see Table. 5.

Table 5.
1 2
1 2E, oy
e
2l %Jr@E_w SO =0
p  Op c 7
3| (E OFE
(ﬁ_,_a_ﬁpj_%[_[w:o
p op) ¢

4 (( E,  0E, J L2, J =o
p  Op p

P

gp _ W€

C

PP

0

p  Op

wﬁH_ij_@E o

e
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T (Hy Oy e, _,
,0 ap c (74

8 {(pr +aprj+2H9pJ:0
p  Op P

3. The solution of Maxwell's equations for the

vacuum
First, we consider the equations for a vacuum where in the GHS

system we have: &€= =1. At the same table. 5 takes the following

form:
Table 5a.
1 2
1] 2E
(/4 _
-qgH =0
D o)
2 E_ OE
_[ w4 pr_qup_O
p Op
3\ (E, @E
(ﬁ + HpJ _ qH(pp:
p  Op
4 H E, ,0E, j L 2B, ] .
p  Op p
50 2H
P
-qE =0
D PP
6 H, & oH
( o 4 ij_qup_O
p Op
7 (ng angJ_q o
p 8,0 op
8 ([pr N aprjJr 2HHPJ:O
p  Op p
where

(12)
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Then Maxwell's equations are completely symmetrical with respect to the
intensities E and H. Find the sum pairs of (1-4) and (5-8). Then we get:

2W,,
-qW,, =0, (13)

2
W oW,
—2 4 “’”j+qu =0, (14)
p Op
w, oW,
) _9pj_qW¢p:0, (15)
p  Op
(pr +6prj+2W9p N »
p  Op p

where
W=E+H. (17)

The system of 4 equations (13-16) defines 3 unknown functions -
the system is overdetermined. We show that there is a solution that
satisfies all equations

Direct substitution can be seen that the equations (14, 15) has the
following solution:

W,, = A~_;16><1>(l'q(p—R)+ ). (18)
1 .
w,, = —A-;exp(tq(p—R)+ B), (19)
where 4, R, @, B, ¢ - constants. We find from equations (13, 18):
2W 2A4
oo =7‘”p; = ~R)+pB), (20)
Por i 252 Jexnlutp- )+ ), e
P ap’ p

Substituting equations (19-21) to (16), we see that equation (16)
turns into the identical relation 0=0. Therefore, three functional relations
(18-20) comply with four equations (13-16), which was to be proved.

The decision does not change if instead of (17) will be used

condition
W= (E +H )— (22)
(1 + z)
Next, we will look for a solution in which

E=iH. (23)
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From (76, 77), we find:

2
W=(+i)H-—"—<=2H
( +Z)H(l+i) 4
or
H=W]2. (25)
From (77, 79), we find:
E=Wi/2. (26)
From (18-20, 79, 80), we find:
_A ; .
H, = 2—plexp(lq(p ~R)+ ), @7)
_A :
H, = Zexp(lfz(,o—R)+ B), (28)
_A :
H,, =——expliglo—R)+ B), 29)
ap
4
Ey = ;exp(lq(p—R)+ B), (30)
_ A /
E, = 2—leXp(iqu—R)+ B), (31)
0
_ A ;
E, = qul explig(p—R)+ ). (2)

The solution obtained is a complex value. It is known that the real
part of a complex solution is also a solution. It follows that one can take
the real parts of functional relations (27-32) as a solution instead of these
functional relations:

A .

H,, = 2—Sln(qoo ~R)+f), (33)

Yo,

H, =~ 2cos(g(p-R)+ p). 34)
2p

H, =2 cos(g(p-R)+ ). 45)
qp
A

E, = ZCOS(q(p ~R)+B), (36)

A .
E, = Zsm(q(p - R)+ ,8), (37)
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A sing(o- R)+ B). oo
qp
To check this solution, one can substitute these functions into
equations in Table 3 to make sure that these equations become equalities.
Thus, the solution of Maxwell's equations for the spherical vacuum
capacitor has the form of equations (33-38).
To find all these functions, it suffices to know the values of

Epp -

constants A, R, @, f, ¢. 'This solution means that an

electromagnetic wave does exist in the spherical capacitor in a
sinusoidal current circuit.

The solution of Maxwell's equations for the case when the
dielectric is not a vacuum is given in Appendix 1 and for the case when
the dielectric has some electrical conductivity — in Appendix 2.

4. Electric and magnetic intensities

Let us consider a point T with coordinates ¢, @ on a sphere of
radius p .Vectors Hw and H,, going from this point are in plane P,
tangent to this sphere at point T ({p, 9) - see Fig. 2. These vectors are
perpendicular to each other. Hence, at each point ({0, 9) the sum vector

H¢9:H¢+H9 (39)
is in plane P and has an angle of ¥ to a parallel line. As it follows from
(33, 34) and the Table 3, the module of this vector ‘H (pg‘ and the angle
¥ defined by the following formulas:

H ,, =[H,,[sin(@)cos(ar), (392)
A

H 2, (40)
H, N

cos(y )= =sin| —(p—R)+
|HW| c

or

w=%—9 -R)-5. (41)

C
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u

/
®» = H

[0

Fig. 2.

Similarly, the same relationships exist for the vectors E,, and E,.

At each point (Q, 9) the total vector
E,=E,+E, (42)
lies in the plane P and is directed at an angle ¥, to a line parallel. It

follows from (36, 37) and Table 3, the module of this vector and the
angle i, defined by the following formulas:

A
\EW\—% (43)
E,, 0]
cos(y, )= =cos| —(p—R)+ A
‘EW‘ c
or
v.="(p-R)-p 4
or
T 45
Ve=5—V- ()

The angle between H_, n E , in the plane P is straight.
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Therefore, in a spherical capacitor we can consider only one vector
of the electrical field intensities E , and only one vector of the magnetic

field intensities H ,. As these vectors lie on the sphere, they will be

b,

called spherical vectots.

IEIp TI 72
} B,
| 72
| /2
. 0) . H,
Fig. 3.

In Fig. 3 shows the vectors H , and E , lying in the plane P, and
vectors H  and E , lying on a radius.

Note that there are many solutions distinguished by value £. This

fact reflects the arbitrary rule in the choice of mathematical coordinate
axes.

Angle ¥ (30) is constant for all vectors H , for a given radius p.
This means that the directions of all vectors H , constitute the same

angle  with all parallels on a sphere with a radius of p. This implies in

turn that there are the magnetic equatorial plane inclined to the
mathematical equatorial plane at angle ¥, magnetic axis, magnetic poles,

and magnetic meridians, along which vectors H g0 1€ directed — see Fig.
4, where thin lines mark the mathematical meridional grid, thick lines
mark the magnetic meridional grid, the mathematical axis 777, and
magnetic axis 44 and electric axis bb are shown. It is important to note

that the magnetic axis aa, electric axis /b and all vectors E oo ¥ H o0 A€

perpendicular.

When —=~0 and f =0 the magnetic axis coincides with the
c

mathematical axis.
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Fig. 4.

Spherical vectors depend on Sin(ﬁ). Radial vectors depend on

COS(H) —see Table 3. Therefore, there are the radial intensities only in
locations where the spherical intensity is zero.

5. Energy fluxes
Similarly to Chapter 1, density of electromagnetic energy flux is Poynting
vector

S=nExH, M
where
n=clir. )
In spherical coordinates ¢, 6, p density of electromagnetic
energy flux has three componentsS,, S,, S,, along radial,

circumferential and axial directions, respectively. They can be determined
as follows:

S, E,H,-E,H,
S=|S, |=nExH)=n|E,H,-E,H,|. @
S, E,H,-E,H,
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From this and Table 3 it follows that
sm(&’)sm(a)t)H cos(@)cos(ar) - |
-E, cos(@)sm(a)t)H sin(@)cos(a)t)
E, cos(&’)sm(a)t)H s1n(¢9)cos(a)t) ]
-E, 51n(9)s1n(wt)H op cos(H)cos(a)t)
E, sin(H)sin(a)t)H o sin(H)cos(a)t) —
-E, sin(@)sin(a)t)H op sin(@)cos(ar)

(Egp H,) ng)sin(@)cos(@)sin(a)t)cos(a)t)_
S=n (E oo —E,, pp}m(@)cos(&)sm(a)t)cos(a)t)
_(EWH o~ EgH wp)sm (9)s1n(a)t) cos(at)
or
(Egp pp) Eppng)m(@)cos(H)
S =nsin(wt) cos(wt) (E oo —E,, pp)sm(é’)cos(e)
(Erﬂth?p 6’p op )1112(9)

(Eé’p pp EpﬂHHp }in(ZH)
S :Zsm(Za)t) ( pp </>p wp pp)51n(20) ®)
2( </>p Hp ﬁp (ﬁp)smz(e)
Let's define

y=(qlp-R)+p) ©

Substituting (3.33-3.38, 6) into (5) we obtain the following:
( cos’ () — sinz(;/))sin(ZH)

S= ( cos(y)sin(y) +cos(y) sm(y))sm(26’)
2(s1n () +cos (7))51n2(0)
S, , —sin(26)
S=S,|= 8’7’4 _sin(2a1)| 0 . o
S, i 2sin’(9)
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Therefore, in spherical capacitor with sinusoidal characteristic of
voltage there are two energy fluxes — meridional and radial with
densities, respectively:

_ 2
S, = 8;7;13 sin(2a)t)sin(2<9), (8)
2
S, = 477;4/33 sin(2at)sin®(@). )

6. An Electromagnetic Wave in a Charged
Spherical Capacitor

A solution of the Maxwell equations for a parallel-plate capacitor
being charged (see chapter 7) systems from a solution of these equations
for a parallel-plate capacitor in a sinusoidal current circuit (see chapter 3).
In this paper the method described in chapter 7 will be used in solving
the Maxwell equations for a spherical capacitor being charged.

Electromagnetic wave propagation in charging spherical capacitor
is shown, and mathematical description of this wave is proved to be a
solution of Maxwell's equations. It was shown that a charged spherical
capacitor accommodates a stationary flux of electromagnetic energy, and
the energy contained in the capacitor, which was considered to be
electric potential energy, is, indeed, electromagnetic energy stored in the
capacitor in the form of the stationary flux.

For charged spherical capacitor the system of Maxwell's equations
shown in Table 2 shall be changed so that instead of equation (7) the
following equation is used:

div(E)=00), (@

where Q(t) - charge on capacitor plate, which appeats and accumulates

during charging. The system of partial differential equations obtained in
such a way has a solution represented by the sum of a particular solution
of this system and a general solution of the corresponding homogeneous
system of equations. Homogeneous system is shown in Table 2, ie. it
only differs from this new system by the absence of term Q(t).
Particular solution with given # is a solution, which associates electric
intensity E (f) between the capacitor plates with electric charge Q(¢) . If

E ,(#) varies with time, then a solution of the system of equations from

Table 2 shall exist at given E_(¢). Exactly this solution we're going to
seek further on.
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Let us consider the field intensities in the form of functions
presented in Table 6. These functions differ from functions of Table 3
only by the type of time dependence: in Table 3, E and H functions

depend on time as sin(@t), cos(at), respectively, while in Table 6, E
and H functions depend on time as (l—exp(a)t)) (exp(a)t) —1),

respectively. Although the indicated substitution, the solution of
Maxwell's equations remain unchanged.

Table 0.
1

2
E, = Epp(p)cos(QXI —exp(at))
E,=E,(p)sin(0)l —exp(et))
E,=E, (0 )sin(@ X1 - exp(at))
H,=H, ()cos(@ Yexp(wr) 1)
H,=H,,(p)sin(0 fexp(wt)-1)
H,=H,,(p)sin(@Xexp(ct)-1)
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Bias Current

d
J :EE ,=—0F ()cos(8)exp(ar) (46)

yel
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Fig. 6 presents intensities components and their time derivatives as
well as the bias current as a function of time for @ =-300: H » is shown
with a solid line, with a dashed line, and J . with dotted line. It is evident

that with £ = oo the amplitudes of all intensities components tend to a
constant together, while the current amplitude approaches zero. This
corresponds to the capacitor charging via a fixed resistor.

Similar to (39a, 40, 41) we can write equations for vector H 0 >

modulus of this vector ‘H W‘ and angle ¥ :

H, = ‘Hw‘sin(HXeXp(a)t) —l), (47)
A
‘Hw‘:g» 8)
T w
w="-—(p—R)-5, 49)
2 ¢
where A, R, w, f, ¢ — constants which can be determined

experimentally, R - radius of the external sphere of the capacitor.

Constant @w=——, where 7 - time constant in the capacitor charge
T

circuit.
The structure of the electromagnetic wave remains the same - see
Section 3. As it was shown in this section, electromagnetic wave existing

in a spherical capacitor has only spherical E ,, H , and radial E ,, H

90>
vectors.

Thus, it's fare to say, that spherical capacitor is a device which is
equivalent to both - magnet and, at the same time, electret which axes are
perpendicular.

Let's consider energy fluxes in a charged spherical capacitor.
Similatly to Section 5, we can calculate densities of energy fluxes

S, E,H,-E,H,
S=|S,|=n(ExH)=n|E,H,-E,H,|. (50)
S, E,H,-E,H,

From this and Table 6 it follows that
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E, sin(@ 1 - exp(a)t))pr cos(@ Xexp(wr)—1)-) ]|
-E, cos(@ )1 - exp(wt))ng sin(@ Xexp(awt) — l)j
E, cos(@ )1 - exp(a)t))HW sin(@ \exp(ar) —1)- .
-k, sin(@ )1 - exp(a)t))pr cos(@ Xexp(wr) - I)J
E, sin(@ )1 - exp(a)t))ng sin(@ Xexp(wt) —1)—
—E,,sin @)1 —exp(et) )H o sin(@ \exp(awt) — l)j

or
_(EHppr) EﬂpHep )Sin(e)cos(e)_
= _77(1 B exp(a)t))z (Epprp f/)p pp )Sln(H)cos(H)
_(EprHP - 0p o0 )sz (‘9)
or

(E,,H,, —E, H, kin(26)
S:g(l—exp(a)t))z (pp H,-E, pp)sm(Z@) 1)

_2(Ewp op 9p (pp)smz(g)

From this, similarly to Section 5, we can obtain:

S, —sin(26)
S=|S, |=— (1 exp(a)t))2 : (52)
S, 24P 2sin’(9)

Therefore, in charged spherical capacitor there are two energy
fluxes — meridional and radial with densities, respectively:

S =

) (53)

2
= % (1 - exp(at) ) sin’(@). €D
e

When the capacitor has been charged, current interrupts. However,
stationary fluxes of electromagnetic energy remain. When = o, from
(53, 54) it follows that in charged spherical capacitor two energy fluxes
exist — meridional and radial with densities, respectively:

-nd> .

S, = 260

=200 sin(20), (55)
A°

S, =_sin*(9). (56)
qap
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Thus, the solution of the Maxwell equations for a capacitor being
charged and for a capacitor in a sinusoidal current circuit differs only in
that the former includes exponential functions of time and the latter
contains sinusoidal time-functions.

7. Electromagnetic wave around spherical

charge

Single spherical charge can be considered as a spherical capacitor
with infinitely large radius of external sphere. In this case, all the
properties of charged spherical capacitor are true for this type of charge.
Therefore, we can conclude that around solitary spherical charge exist the
following:

e stationary Coulomb (electric) field,

e clectromagnetic and almost stationary field — see (6.47-6.48),

e clectromagnetic energy fluxes — meridional and radial with

densities in the form (6.55, 6.50), respectively.

Exactly within this flux electromagnetic energy of the electric
charge circulates. Thus, energy of an electric charge, which was
considered to be electric potential energy, is indeed, electromagnetic
energy accumulated around the charge in the form of stationary flux.

Appendix 1. Solution of Maxwell's equations

for the medium
The solution of equations for the vacuum was considered above,
where in the GHS system, & = £ =1. At this time, we take a look at the

more general case, where & # 4.
We consider again Table 5. We shall call
E=gFE', (60)
g=4ule. (61)

Then Table 5 becomes Table 7. We perform simple transforms in Table
7 and get Table 8. In Table 5a:

e Inlines 1, 2, 3, 4 the equations are divided by g,

e At the same time, in lines 1, 2, 3 before variable H appears
coefficient

0 w
q =7ﬂ g =?\/ﬂ8, (62a)

e In lines 5, 6, 7 the coefficient before variable E’ is replaced with

for
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we @
q 278 Z?\/,U& (628)

Therefore, in this case the solution also has the form (33-38). The
only difference is in the value of coefficient q: compare (12) and (62).
Next, intensities E£ are defined by (60). Thus, in this case equations (33-
38) become:

A4 .
H,, =——sin(g(p—R)+ B). (63)
2p
-y
HW =2—cos(q(p—R)+ ﬁ), (64)
Yo
-4
H,, =—=cos(g(p—R)+ p), (65)
qp
E,, =2 cos(g(p— R)+ B). (66)
2p
Ag
E, :—gs1n(q(p—R)+ ﬂ), (67)
2p
Ag .
E, = g2 sin(g(p - R)+ f). (68)
qp
Table 7.
2
1 2E<:>p wH _
5 £ e
| (e P )y _myy
p  Op c 7
31 (E. OF o
(i+a—6pjg __ﬂHW:o
p Op c
4 (E;p . aE;,p}r 2Ey, 20
p  Op p
5| 2H, we .,
> o w8=0
6 H H
_( op +a wp]_%E‘;pgzo
Yo, op c
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7

H=J= cos(a)t)

A
4E—>cos(a)t) if (¢—>0, a—)ooJ

E= cos(wr — @)

= cos (ot )eos(¢)

E

Fig. 11.

Appendix 2. Solution of Maxwell's equations
for conductive dielectric

In Application 1 was considered the solution of equations for the

dielectric, which was & # . Next, assume that the dielectric has a certain

electrical conductivity o . In this case, the equation of the form
(71)

rotH — £0E =0
c ot
(72)

is replaced by the equation of the form
rot ———-0ok =0
c Ot
Instead Table 3 in this case we use the Table 9, where ¢ - the phase

angle between the magnetic and electric field intensities — see Fig. 11.

Table 9.
1 2
E,=E, (p)cos(HXsin(¢) sin(at) + o cos(¢@) cos(a)t))
E,=E, (p)sin(HXsin(¢) sin(awt) + o cos(¢) cos(a)t))
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E,=E, (p)sin(&Xsin(@ sin(at) + o cos(¢) cos(a)t))
H,=H, (p)cos(@)cos(wt)

H,=H ep(p)sin(ﬁ)cos(a)t)
H,=H W(p)sin(&)cos(a)t)

At the same time the system of Maxwell's equations can be
replaced by two independent systems of equations: in the first system is
used the term sin(@)sin(er) from the Table 9, and in the second system
- the term o cos(g)cos(awt) from the Table 9. After receiving the
decision of the system the general solution is defined as the sum of the
solutions found (by the linearity of systems). The solution of the first
system is given in Appendix 1.

Table. 5 for the second system takes the form of Table 10
(modified formulas (5-7)). Next will also argue, as in Application 1. Let

E=gE'". (73)

_ H
&= V&0 cos(p)’ (9

Then the Table 10 takes the form of the Table 11 (similar
transformations are presented in Table 7), and again we obtain Table 5a:

when

e Inlines 1,2, 3, 4 the equations are divided by g,

e At the same time, in lines 1, 2, 3 before variable H appears
coefficient

q= azu/ = %w/,ugo"cos@), (75)

e Inlines 5, 6, 7 the coefficient before variable E’ is replaced with

for

g=o-cos(p)g= %1/;!80"COS(¢). (76)

Therefore, in this case the solution also has the form (33-38). The
only difference is in the value of coefficient q: compare (12) and (75).
Next, intensities £ are defined by (73). Therefore, in this case the
solution also has the form (63-68). The only difference is in the value of
coefficient g - compare (61) and (74).

By combining this solution of the second system with the solution
the first system, we finally obtain:
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~R)+ f3). @)
Hyy =5 Ginla(p=R): B)ssin(g. o= R} £.). 9
Hy =5 eos(a (o= R) B)veostarlo-R)+ ). 9
H,- ;A(ql o =Ry ) Leotuo-)+ )]

2

—

80)

E, =%(gl cos(q, (p— R)+ )+ g, coslg, (o - R)+ ,)). (81

op = %(gl Sin(ql(p—R)+ By )+ &> Sin(%(p_R)“' B, )) (82)

E, = (wsin(g,(o—R)+ B )+ wysin(g, (o- R+ 5,). )
2

where
)
q, =;\/ﬂ€ , (84)
w
q, = ;w/yga-cos((é). (85)
g =45, (86)
&

_ H
82 V g-o-cos(g)’ o7
\/7 / (88)

& _ /W/ cmj=m. (89)

Table 10.
2
1 2E¢7p _%H =0
0 c
2 _ %4_% _% =0
P Op c ”
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(234

3 [@ﬁ%j_%{ -0

p Op c
4 ([Epp N 6Eppj+ 2E€pj:0
p  Op p
5| 2H,
=
6
( ] O'COS(¢)EHP =0
7| (H, L Ot J
ocos(@E =
( ,0 ap [

8 [(pr+aﬁppj+2ﬂgp]:0
p  Op p

Table 11.
1 2
1| 2E oy
___ ¢ __pr =0
P c
2 ~ E¢p+8E g—% .
p  Op c 7
3 @ 8E9p wu -0
D op c
4 ((Epp GEWJJFZE 20
p  Op p
5 2H(/’P g — 0
P
6 H OH
- (ﬂ + —Wj - ocos(qﬁ)Egpg =0
p  Op
71 (H OH
[i+_9pj ~ocos(p)E,,g =0
p  Op

8 ((pr +aprJ+2ngJ:0
p  Op p
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Chapter 9. The Nature of Earth's
Magnetism

It is known that the Earth electrical field can be considered as a
field "between spherical capacitor electrodes" [51]. These electrodes are
the Farth surface having a negative charge and the ionosphere having a
positive charge. The charge of these electrodes is maintained by
continuous atmospheric thunderstorm activities.

It is also known that there is the Earth magnetic field. However, in
this case no generally accepted explanation of the source of this field is
available. "The problem of the origin and retaining of the field has not
been solved as yet." [52].

It was shown above that there are the magnetic equatorial plane,
magnetic _axis, magnetic poles and magnetic meridians, along which

vectors H , are directed — see Fig. 4 in chapter 8. The angle between the

magnetic axis and the axis of the mathematical model can not be
determined from the mathematical model. Moreover, not determined
angle between the magnetic axis and the Farth's physical axis of rotation.

Spherical vectors depend on sin(@). Radial vectors depend on
COS(H) —see table 6 in chapter 8. Therefore, there are the radial
intensities only in locations where the spherical intensity is zero. We find
the angle ¢ of inclination. From Table 6 and the formulas (47-49) in
chapter 8 it follows that
51n(9) w-p-tg(&)

2

(50)

()2 e \

It flows from the above mentioned that the Earth electrical field
is responsible for the Earth magnetic field.
Let us consider this problem in more details.

The vector field quﬁ in a diametral plane passing through the

magnetic axis is shown in Fig. 8. Here, wé" =0.7; p=1. The vector
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field H, in a diametral plane passing through the magnetic axis is shown

in Fig. 9. Here,

H,[=0.4; p=1. The vector field H=H,,+H, in a

diametral plane passing through the magnetic axis is shown in Fig. 10.

Here, [H,,|=0.3; [H,|=0.2; p=1.
15 : : ' r
=E z 05 i 05 1
FIG. 8. (Sfera 88)
1 : : : r
SR S AP DU
G ' :
QY e
e T e ol
0= | =
] e S e ] EE—
B £
/’/1, 5 | \’Q"
g e TN S
Y rE 0 0 1 15
FIG. 9. (Sfera.88)
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1.5 T T T T

FIG. 10. (3®ra.88)

Similarly, can be described the electric field of the Earth.
Importantly, the electric field and the magnetic field are perpendicularly.

Once again, the very existence of the electric field is not in doubt,
and the charge of “Earth's spherical capacitor” is supported by the
thunderstorm activity [51, 52].

Also consider the comparative quantitative estimates of magnetic
and electric intensity of the Earth's field.

In a vacuum, where &€= =1, there is a relation between the

magnetic and electric intensity in any direction in the GHS system [51]
E=H. ©9)
This relation is true if these intensities are measured in the GHS system
at a given point in the same direction. To go to the SI system, one shall
take into account that
for H: 1 GHS unit = 80 A/m
for E: 1 GHS unit = 30,000 B/m
Hence, the equation (9) takes the following form in the SI system:

3000E =80H (10)
or

E=0.03H. (11)
or

H ~30F-tg(p). 12
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An additional argument in favor of the existence of the electric
field of the structure specified is the existence of the telluric currents [2].
There is no generally accepted explanation of their causes. On the basis
of the foregoing, it shall be assumed that these currents must have the
largest value in the direction of the parallels.

It is possible that the electric field of the Earth can be detected
using a freely suspended electric dipole, made in the form of a long
isolated rod with metal balls at the ends. It is also possible that
oscillations of the rod will be recorded at the low frequency of changing
in dipole charges.

Based on the hypothesis suggested, it can be assumed that the
magnetic field shall be observed among planets with an atmosphere.
Indeed, the Moon and Mars, free of the atmosphere, lack the magnetic
field. However, there is no magnetic field at Venus. This may be due to
the high density and conductivity of the atmosphere — it cannot be
considered as an insulating layer of the spherical capacitor.
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Chapter 10. Solution of Maxwell's
Equations for Ball Lightning

Contents
1. Introduction
2. The solution of Maxwell equations in spherical
coordinates
3. Energy
4. The Energy Flow
4.1. Radial Energy Flux
4.2. Spherical Energy Flux
4.3. Total Energy Flux
5. About Ball Lightning Stability
6. About Luminescence of the Ball Lightning
7. About the Time of Ball Lightning Existence
8. About a Possible Mechanism of Ball Lightning Formation

1. Introduction
The hypotheses that were made about the nature of ball lightning are
unacceptable because they are contrary to the law of energy
conservation. This occurs because the luminescence of ball lightning s
usnally attributed to the energy released in any molecular or chemical
transformation, and so it is suggested source of energy, due to which

the ball lightning glows is located in it.
Kapitsa P.I.. 1955 [41]

This assertion (as far as the author knows) is true also today. It is
reinforced by the fact that the currently estimated typical ball lightning
contains tens of kilojoules [42], released during its explosion.

It is generally accepted that ball lightning is somehow connected
with the electromagnetic phenomena, but there is no rigorous description
of these processes.

A mathematical model of a globe lightning based on the Maxwell
equations, which enabled us to explain many properties of the globe
lightning, is proposed in [55]. However, this model turned out be quite
intricate as to the used mathematical description. Another model of the
ball lightning which is substantiated to a greater extent and make is
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possible to obtain less intricate mathematical description is outlined
below [56]. Moreover, this model agrees with the model of a spherical
capacitor — see chapter 8.

When constructing the mathematical model, it will be assumed that
the globe lighting is plasma, i.e. gas consisting of charged particles —
electrons, and positive charged ions, i.e. the globe lightning plasma is
fully ionized. In addition, it is assumed that the number of positive
charges equal to the number of negative charges, and, hence, the total
charge of the globe lightning is equal to zero. For the plasma, we usually
consider charge and current densities averaged over an elementary
volume. Electric and magnetic fields created by the average “charge”
density and the “average” current density in the plasma obey the Maxwell
equations [62]. The effect of particles collision in the plasma is usually
described by the function of particle distribution in the plasma. These
effects will be accounted for the Maxwell equations assuming that the
plasma possesses some electric resistance or conductivity.

And so on based on the Maxwell's equations and on the
understanding of the electrical conductivity of the body of ball lightning,
a mathematical model of ball lightning is built; the structure of the
electromagnetic field and of electric current in it is shown. Next it is
shown (as a consequence of this model) that in a ball lightning the flow
of electromagnetic energy can circulate and thus the energy obtained by a
ball lightning when it occurs can be saved. Sustainability, luminescence,
charge, time being, the mechanism of formation of ball lightning are
briefly discussed.

2. The solution of Maxwell equations in

spherical coordinates
Fig. 1 shows a system of spherical coordinates (p,8,¢) and the

Table 1 gives the expressions for rotor and divergence of vector E in
these coordinates [4]. Here and further

E - intensity of electric field,

H - intensity of magnetic field,

J - currents density,

M - absolute permeability,

& - absolute dielectric permittivity,
o - conductivity.
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Fig. 1.
Table 1.
1] 2 3
1l rot (E)| E, +6E¢_ OE,
pig(0) po6  psin(0pe
2| rot,(E) OE, E, CE,
psin@Pe  p  op
3| 1ot (E) | E, | 0B, OF,
p__Op pop
4| div(E) | E, JOE, E, O, '8E¢,
p op pg®) pod  psin(@Pe

The Maxwell equations in the spherical coordinates in the GHS
system without any non-compensated charges are presented in Table 2.

Table 2.

1 2
rot H—gaEp—J =0
P at P
2.
rotHH—gaﬂ—JQ:O
ot
3. 8E¢
roth—g —Jq, =0
ot
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ot o u e 0
rot E— =
"
5. OoH
rot  E — =0
) H o
6. £ OH,, N
rot F — =
aa
div(E)=0
div(H)=0
HEJEcos(a)t)
\

A E—>cosler) if (-0, o)

E= cos(wt — @)

E = cos(a)t)cos(¢)

.__é..' E —ssin(ar) if (¢—>%, a—)O)

: > .
E, =sin (a)t )sin (¢) Sm(a)t )
Fig. 2.

A monochromatic solution to these equations will be sought for
below. For this purpose, let us write the functions £, H, J in the time

domain in the following form:
H=H, cos(a)t)
E = E, (sin(et )sin(p )+ cos (et )cos(p))
J = E, o cos(wt )cos(¢)
where ¢ is the phase angle between the electric and the magnetic

strength - see Fig. 2. Considering this assumption, the solution to the
Maxwell equations will be sought for in the form of functions

E, H, J presented in Table 3, where the functions of type E op (,0) are
to be determined. It should be noted here that these functions atre

independent of the argument @.
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Table 3.
1 2

E,=E, (p)cos(HXsin(¢) sin(wt) + o cos(¢) cos(a)t))
E,=E,, (p)sin(@Xsin@) sin(at) + o cos(g) cos(a)t))
E,=E, (p)sin(HXsin(¢) sin(awt) + o cos(¢) cos(a)t))
H, = pr(p)cos(ﬁ)cos(a)t)
H,=H gp(p)sin(e)cos(a)t)
H,=H W(p)sin(@)cos(a)t)

It is demonstrated in chapter 8 that this solution exists with

Hyy = Ginla (o= R B)wsinlg. (o= R} £.). )
Hyp =5 eosla o R p)reoslgs(p=R) £2). @
", =;—f(ilcos<qlco—m+ AL oot lo-0)- pz)], .
Epy = 5 o (acos@(o=R)+ B )+ 8205 (o= R ). @

Egop = %(gl Sin(%(p _R)+ B )+ &> Sin(‘]z(p - R)+ B ))’ Q)

E, = %(Wl Sin(%(p - R)+ b )+ W, Sin(% (/0 - R)+ b, ))> ©)

where

q, :%\/E, @)
q, = %\/uw-COS(cé). ®)

(10)
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W =—, (11)

"2 o cos(p)’

A, pB,, B, are the constants.

(12)

It is demonstrated in chapter 8 that instead of the pair of vectors

H , and H, we can consider a single sum vector

H,=H,+H,, (13)

which is in the plane tangent to the sphere of radius p and has an

angle W to the parallel line. The module of this vector and angle ¥ can
be determined from the following correlations:

A
‘HW‘:E’ (14)
v="-2(p—R)-p. (15)
2 c

where R is the radius of the sphere, and f =, = f,. From (14) and
Table 3 it follows that

. A .
H,= ‘H M‘sm(@)cos(a)t) = Esm(é’)cos(wt) , (16)
Similar correlations do exist for the vectors E » and E,, namely:
A
Eo|= 2 a7)

v, =%00—R)—ﬂ (18)

or
T
Ve=2V. (19)
From (17) and Table 3 it follows that
4 . : :
E,,= Z s1n(z9Xsm(¢) sin(wt) + o cos(@) cos(a)t)), (20)

Fig. 3 shows vectors H(p, H,, E(p, E,, H

point T with coordinates (go, 0). The angle between the vectors H , un

00 > E(pg going from

E » in the plane P is right.
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Thus, in a sphere we may consider only one vector of the electrical
field strength E , and only one vector of the magnetic field strength

H ;. As these vectors lie on sphere, we shall call them spherical vectors.
Hence, only spherical H , and E_, and radial H, and E, strength
components exist in the sphere. Fig. 4 shows vectors H_, and E , lying
in the plane P and vectors H ; and E | lying along the radius.

A "

H H

4

[

Fig. 3.

Bear in mind that this solution has been obtained under the
following assumptions: the sphere is conductive and neutral (does not
have any uncompensated charges). Obviously, this solution is not unique.
Its existence means only that in a conductive and neutral sphere, an
electromagnetic wave can exist, and currents can circulate.

2

ﬁp fl 72
I 5
| 72
| Nﬂ/ 2
6. 0) .y
Fig. 4.
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3. Energy

From Table 3 follows that a globe lightning contains the following
energy components

e Active loss energy W, — see the second term in the expression for
the electric strength:

e Reactive electric energy W, — see the first term in the expression
for the electric strength:

e Reactive magnetic energy W, — see the expression for the

magnetic strength

Let us write these characteristics

&, (0)cos(0)) + J
W, = (a cos(@) cos(a)t))2 ” dpd@ ,(21)
J,l(sm«e)(@gp PEAD)
(E (p) cos(@)) + J
W, = (sin(g)sin(er) ) ” dpd0, (22)
g{sinz OXE, ) +E, )
(H (p) cos(é?)) + }
W, = (cos(wt) } ” dpdf. (23
e -1 )

Obviously, the amplitudes of energies W, and W, can be equal
when the 4, B, B, - see (1-6) have certain values. In this case, the

energies W, and W, transform into each other — see multipliers

(sin(a)t))2 and (Cos(a)t))2 in correlations (22, 23). Thus, the
energy conservation law is fulfilled for the globe lighting as a whole in
the obtained solution.

At the same time, Table 3 demonstrates that the energy
conservation law is not met at each point of the sphere. Hence, there are

energy flows between sphere points. This fact will be proved rigorously
below.

4. The Energy Flow
4.1. Radial Energy Flux
There is an electromagnetic energy flux along the radius at each
point of the sphere, see Fig. 5. The density vector of this flux is equal to
S,=E_,xH,,. 24
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S

0

}

H

ol @0

Fig. 5.

As the vectors H ,, E , are perpendicular, from (16, 20) it

90>
follows that:

‘S p‘ = ‘E W“H w‘ = f—i(sin(@Xsin(qﬁ) sin(ar) + o cos(¢) cos(a)t))Xsin(H)cos(a)t))
0

A2

ap

‘S p‘ =— sin’ (H)cos(a)t)(sin(¢) sin(awt) + o cos(@) cos(a)t))

or

2
‘Sp‘ = 4A - sinz(é?(% sin(¢@) sin(2at) + o cos(¢) cosz(a)t)j ©25)
P
In particular, for o =0 we have: sin(¢) =1 and

2
‘S p‘ = é%sin2 (49)5in(2a)t) , (26)

4.2. Spherical Energy Flux

At each point of the sphere, there are two fluxes of the
electromagnetic energy tangent to the sphere, see Fig. 6. The density
vector of these fluxes can be written as

S, =E,,xH,, 27)
S,=H,,xE,. (28)
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A L AL

cC

[

=

@0

&

7(p, 6) 7(p, 6)

Fig. 6.

As the multiplied vectors are perpendicular, from (14, 16, 20) and Table 3

we can obtain:

|Sl| = ‘E W“H p‘ = 2isin(¢9Xsin(¢) sin(at) + o cos(4) cos(a)t))o
P

°H, (p)cos(@)cos(a)t)

—‘H “E ‘— sm(H)cos(a)t)o

o £, (p)cos(HXsm((é) sin(at) + o cos(4) cos(a)t))

or

S | H,,(p)sin(0 )cos(6 )Cos(a)t)[sm(@ sin(ar) + J

cos(g)cos(awrt)

S | E,,(p)sin(@)eos(¢0 )Cos(a)t)(sm(@ sin(r) + j

cos(g)cos(awrt)

As these ﬂuxes are perpendicular, the module of their sum can be
determined by the formula

S 0) o)

29
o sin(0)cos(0 cos(er )(sm(@ sin(at) + j

o cos(@)cos(wrt)

S, =[S, +8,|=

In particular, for o =0 we have sin(¢) =1 and

|S 43 |_ 2p \/(H w(p)+E? PP(P))
. sm(&)cos(@)cos(a)t) sin(at)
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or

\/(H o(P)+ E2sp (,0))

1 =[S, +S,|=| 8p (30)
. s1n(2t9)sin(2a)t)
Considering (3, 0), for o =0 we have

A2

S, = ———sin(20 )sin(2et) . (31)
8p°

1

4.3. Total Energy Flux
Let us find the electromagnetic energy flux divergence for
o =0 from (26, 30):
oS
div(Sp +S3): £ +%:
op 00

= i( 4° sin’ (H)Sm(2a)t)j + i[ A4 2/5 sin(26 )sin(2cr )j -
00\ 8p

op\ 8p’ |
242 A22

5 (32
= sin? (0 )sinRawt) +
8 3 ( ) ( ) 8 3

cos(20 )sin(2r) =

1

_ 4 [q 0s*(9)- (—+1Jsm (e)}m(zm

4p°
Considering (7), we obtain that V2 >>1. Then, from (32) one can find
that: !

a’zv(S +S )— \/_cos(Zﬁ)sm(Za)t) (33)

1
This dlvergence of the total electromagnetic energy flux is not zero
at many points of the sphere. This means that the energy flux passing
through a point is not generally equal to zero. Hence, there is energy
exchange between the sphere points. However, the energy conservation
law is met for the overall sphere (see above). Thus, in the globe lightning:
e the energy conservation law is met,
e there is an electromagnetic energy flux.
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5. About Ball Lightning Stability

The question of stability for bodies, in which a flow of
electromagnetic energy is circulating, has been treated in [43]. Here we
shall consider only such force that acts along the diameter and breaks the
ball lightning along diameter plane perpendicular to this diameter. In the
first moment it must perform work

dR
A=F— (34)
dt
This work changes the internal energy of the ball lightning, i.e.
dw
A=—. (35)
dt
Considering (34, 35) together, we find:
dwW |dR
F=—/]— (36)
dt | dt
If the energy of the global lightning is proportional to the volume, i.e.
W =aR’. 37)
where d — is the coefficient of proportionality, then
aw , dR
—=3aR"—. 38
dt dr o
Thus,
dwW |dR W
F=""/"—=3gR* =" (39)
dt | dt R

Thus, the internal energy of a ball lighthing is equivalent to the
force creating the stability of ball ligchtning.

6. About Luminescence of the Ball Lightning

The problem was solved above considering the electric resistance
of the globe lightning. Naturally, it is nor zero, and when current flows
through it, thermal energy is released. This thermal energy is radiated that
is the cause of globe lighting illumination.

7. About the Time of Ball Lightning

Existence
We can assume that the globe lightning energy is equal to the
amplitude of the electric energy, i.e. according to (22),
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(E,,(p)cos(0)) +
W o ) PP
- (¢)/'['£ Sinz(QX(Eﬂp(p)) +(EW('0)))

The heat loss power is equal to the derivative of the heat loss
energy with respect to time. Expression (23) gives the instantaneous
energy of heat losses. Therefore,

_ E,,(p)cos@)) +
PRl ] o o) + o))

The existence time of the globe lightning is equal to the time the
electrical energy transforms into the heat losses, i.e.

dpd@ . (40)

dpd@ . 41)

T=—. 42
P 42)

From (40-42) we can obtain:
_s@) @) -
V2(ocos(9)) 207

8. About a Possible Mechanism of Ball

Lightning Formation

The leader of a linear lightning, meeting a certain obstacle, may
alter the motion trajectory from linear to circular. This may become the
cause of the emergence of the described above electromagnetic fields and
currents.

In [44] this process was described as follows:

Another strong bolt of lightning, simultaneous with a bang, illuminated the
entire space. 1 can see how a long and dazzling beam in the color of sun beam
approaches to me right in the solar plexus. The end of it is sharp as a razor, but
Surther it becomes thicker and thicker, and reaches something like 0,5 meter. Further I
can't see, as 1 am staring at a downward angle.

Instant thought that it is the end. 1 see how the tip of the beam approaches.
Suddenly it stopped and between the tip and the body began to swell a ball the size of a
large grapefruit. There was —a thump as if a cork popped from a bottle of champagne.
The beam flew into a ball. I see the blindingly bright ball, color of the sun, which
rotates at a breakneck pace, grinding the beam inside. But I do not feel any touch, any
heat.

The ball grinds the ray and increases in sige. ... The ball does not issue any
sounds. At first it was bright and opaque, but then begins to fade, and I see that it is
empty. Its shell has changed and it became like a soap bubble. The shell rotates, its
diameter remained stable, but the surface was with metallic sheen.
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General conclusions

“To date, whatsoever effect that would request a modification of
Maxwell’s equations escaped detection” [36]. Nevertheless, recently
criticism of validity of Maxwell equations is heard from all sides. This
criticism is based mainly on the fact that the known solution of Maxwell's
equations describing the electromagnetic wave, has the following two
properties:

¢ it does not satisfy the law of conservation of energy, because the
electromagnetic energy flux density pulsating harmonically,

e it prove phase synchronism of electrical and magnetic
components of intensities in an electromagnetic wave ; but this is
contrary to the idea of constant transformation of electrical and magnetic
components of energy in an electromagnetic wave.

These properties of known solutions are cleatly visible in Fig. 1.

Fig. 1.

Such results following from the known solution of Maxwell
equations allow doubting the authenticity of Maxwell equations.
However, we must stress that these results follow only from the found
solution. But this solution, as has been stated above, can be different (in
their partial derivatives, equations generally have several solutions).
Above shows another solution of Maxwell's equations. Electric and
magnetic intensities in Cartesian coordinates, obtained as a result of this
decision, are shown in Fig. 2.
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Fig. 2.

The resulting solution describes a wave. The main distinctions
from the known solution are as follows:
1. Instantaneous (and not average by certain period) energy
flow does not change with time, which complies with the
Law of energy conservation.

2. Magnetic and electrical intensities on one of the coordinate
axes phase-shifted by a quarter of period.

3. The vectors of electrical and magnetic intensities are
orthogonal.

4. The flow of electromagnetic energy propagates along a

wave (not only in vacuum but also in the wire).

In addition, consider an electromagnetic wave in wire. With an
assumed negligibly low voltage, Maxwell’s equations for this wave literally
coincide with those for the wave in vacuum. Yet, electrical engineering
eludes any known solution and employs the one that connects an
intensity of the circular magnetic field with the current in the wire (for
brevity, it will be referred to as “electrical engineering solution”). This
solution, too, satisfies the Maxwell’s equations. However, firstly, it is one
more solution of those equations (which invalidates the theorem of the
only solution known). Secondly, and the most important, electrical
engineering solution does not explain the famous experimental fact.
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The case in point is skin-effect. Solution to explain skin-effect
should contain a non-linear radius-to-displacement current (flowing
along the wire) dependence. According to Maxwell’s equations, such
dependence should fit with radial and circular electrical and magnetic
intensities that have non-linear dependence from the radius. Electrical
engineering solution offers none of these. Explanation of skin-effect
bases on the Maxwell’s equations, yet it does not follow from electrical
engineering solution. It allows the statement that electrical engineering
solution does not explain the famous experimental fact.

Now, refer to energy flux in wire. The existing idea of energy
transfer through the wires is that the energy in a certain way is spreading
outside the wire [13]. Such theory contradicts the Law of energy
conservation. Indeed, the energy flow, travelling in the space must lose
some part of the energy. But this fact was found neither experimentally,
nor theoretically. But, most important, this theory contradicts the
following experiment. Let us assume that through the central wire of
coaxial cable runs constant current. This wire is isolated from the
external energy flow. Then whence the energy flow compensating the
heat losses in the wire comes? With the exception of loss in wire, the flux
should penetrate into a load, e.g. winding of electrical motors covered
with steel shrouds of the stator. This matter is omitted in the discussions
of the existing theory.

The obtained solution of Maxwell's equations simulate a structure
of an electromagnetic wave, in which there is a flow of electromagnetic
energy propagating in and along the wire.

The resulting solution describes the electromagnetic wave

e in vacuum,
e in wire with alternating and constant current,
e in magnetic circuit of alternating current,
e in charging and charged capacitor — flat and spherical,
e in ball lightning,
e in the vicinity of solitary electrical charge.
The resulting solution allows us to explain
e twisted of light,
e single-wire transmission of energy,
e nature of the Farth's magnetism,
e nature of energy stored in a charged capacitor,
e nature of the energy stored in ball lightning, and some of its
properties,
e functioning Milroy engine.
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The solution obtained shows that path of the point, which moves
along a cylinder of given radius in such a manner, that each intensity
value varies harmonically with time, is described by a helix. This
statement is true for an electromagnetic wave in the wire, in any
environment, in vacuum - Fig. 4.

Fig. 4. oo (TokPotok33.m)

At each point, which moves along this helix, vectors of magnetic

and electric intensities:

° exist only in the plane which is perpendicular to the helix axis,

L.e. there only two projections of these vectors exist,

e  vary in a sinusoidal manner,

e  are shifted in phase by a quarter-period.
Resultant vectors:

e  rotate in these plane,

e  have constant moduli,

e  are orthogonal to each other.
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