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EDITOR’s CORNER - Comments by Editor in Chief - Bruce Leybourne

Our regular quarterly issue this month includes and interesting cover image from NASA on
an Auroral substorm observed by the FUV ( Far Ultraviolet ) photometers . The tetrahedron  added 
inside the ring current that was rarefied during the auroral substorm is inserted to indicate the possibility of 
a rotating  Delta-Wye circuit  embedded  at the polar-space interface  indicating  the presence  of an electric 
current traversing through the Earth.  The upper middle image portrays  three bright segments  highlighting 
the suspected  effect , although  this is only  somewhat  portrayed  in the other  images . These

 
currents

 
are

 

speculatively

 

suspected

 

to

 

exist

 

in

 

dark

 

mode

 

and

 

interconnect
 

with
 

the
 

Sun
 

and
 

other
 

planets
 

near
 

the
 

heliopause

 

within

 

a

 

rotating

 

Birkeland

 

current

 

associated
 

with
 

the
 

spiraling
 

arm
 

of
 

our
 

galaxy
 

likely
 

related
 

to
 

the

 

~26,000

 

year

 

rotation

 

of

 

the

 

precession

 

cycle .
 

These
 

circuits
 

are
 

mapped
 

out
 

with
 

John
 

Quinn 's
 

deep
 

seated

 

satellite

 

magnetic

 

modeling

 

data

 

delineating
 

Giovanni
 

Gregori 's
 

sea
 

urchin
 

spikes
 

in
 

an
 

Electric
 

Universe

 

(2016)

 

presentation

 

by

 

me.

 

See:

  

https://www.youtube.com/watch?v=Q355Haapq-0

 
in this issue - giF . 31 . laroruA  mrotsbus  devresbo  yb  eht  VUF ( raF  teloivartlU ) sretemotohp  no  EGAMI (

regamI  rof  esuapotengaM - ot - aroruA  labolG  noitarolpxE .)  retfA  ptth //: grps . lss . yelekreb . ude / egami ./ tiderC : ASAN . 
ASAN thgirypoc  eerf  ycilop .

See: Comets like probes of the solar wind Magnetospheres and Cometospheres : innavoiG P. irogerG , curB e A.
byeL enruo  

Announcements on Upcoming Conferences - “CALL FOR PAPERS”

We have initiated planning committees for 2 upcoming conferences:

January/February 2026 – NCGT in Trivandrum, India is being organized by Biju Longhinos (biju. longhinos
@gmail.com), where we are planning about 6 - half day sessions over 4 days with a post conference field trip.
Details to be announced with a “CALL FOR PAPERS”. Please contact Biju, if you wish to become involved in
any aspect of the conference. We are looking for Session Topics, Abstracts , Papers , Session Chairs , Organizers ,
Workers , Financial Contributions etc . Let me and Biju know how you ’d like to be involved , and we may
accommodate.

September 2026 – NCGT in Italy is being organized by Valentino Straser (valentino .straser @ gmail .com )
where we are planning a similar event with details to be determined . Please contact Valentino if you wish to
become involved in any aspect of the conference . Again, we are looking for Session Topics , Abstracts , Papers ,
Session Chairs , Organizers , Workers , Financial Contributions etc . Let me and Valentino know how you ’d like
to be involved , and we may accommodate.
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Abstract: The magnetosphere is a dynamic structure, which represents the 
response of the time-varying flow of solar wind, following the expansion of 
the solar corona. Hence, at every time instant, the magnetosphere represents a 
different physical system, and the magnetosphere is not a closed domain of 
space. The physical mechanisms that determine the structure of the 
magnetosphere imply a time varying exchange of energy content between 
different components parts. This is the focus of the present paper. The problem 
can be tackled from a “top-down” approach - i.e., starting from the laws of 
physics and deriving the expected observations. An alternative approach is 
“bottom-up”, i.e., one relies on available observations and, in some way, one 
constructs an empirical model interpolating over observations. The present 
paper deals with the “top-down” approach. One can tackle the problem 
according to two viewpoints, either in terms of loops of electric currents (or 𝒋-
loops), or in terms of MHD algorithms. Both viewpoints are here discussed 
and the result compared each other. The problem is quite intricate, and this 
implied that this topic is somewhat unfashionable, enjoying some interest only 
in the 1960s and 1970s. In any case, real quantitative applications should 
require observational information that, in general, are at present unavailable. 
However, by clarifying the entire conceptual procedure, we attain a better 
understanding of the real physical mechanisms that govern the magnetosphere. 
All these items are here discussed in detail, including the comparison with a 
few “bottom-up” investigations. 
 
Keywords: neutral sheet – plasmasheet - magnetospheric substorms and 
geomagnetic storms - plasma mantle - current loop formulation - phase space 
approach - steady state - time varying conditions – variational principles - 
minimum potential energy - energy contents, stresses and torques - 
electromagnetic drag of the Earth 
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Introduction  

The present study is based on notes by the senior 
author, written in the late 1960s and early 1970s, when – 
while seeking a physical explanation of the Earth’s 
magnetosphere - he actively investigated the energy 
content and relations between different components of 
the magnetosphere.1 Differently stated, while searching 
for a physical explanation of the formation of the 
magnetosphere - including the neutral sheet and all 
observational details that were collected in those hectic 
years - an obvious concern was about how to compute 
the energy content (and its variation) inside different 
parts of the magnetosphere.  

Indeed, this entire item resulted quite intricate. It has 
been quite a job. Nevertheless, it can be shown how it is 
possible to exploit this analysis, up to some extent, 
depending - however - on available observations. The 
present paper reports this intricate analysis. Owing to the 
intrinsic formal complication, this topic has always been 
somewhat unfashionable, and always implied a 
considerable amount of hard thinking. The reader should 
forgive for some eventually apparently complicated 
formalism, and consider, rather, the underlying physical 
content. 

The magnetosphere is not a closed domain of space. 
Rather, it is a dynamic structure, which represents the 
response of the time-varying flow of solar wind, 
following the expansion of the solar corona. Hence, 
every time instant deals with a different physical system. 
The expanding solar corona is represented by a sphere of 
surface 4𝜋𝑅௘௖௟

ଶ  where 𝑅௘௖௟ ൌ 1 𝐴𝑈 is the mean radius of 
the Earth’s orbit around the Sun. If the magnetosphere 
has a cross-section with a surface, say, 𝜋 ሺ10 𝑅ாሻଶ where 
𝑅ா  is the Earth’s radius, the Earth’ magnetosphere 
interacts with a fraction ~0.45 ൈ 10ିଽ of the expanding 
solar corona. Therefore, we must expect that the 
magnetosphere feels the large scatter of the solar wind 

                                                 
1 This was his first target and achievement, after having entered, 

in the mid-1960s, into the study of solar-terrestrial relations. 

flow. 
The previous literature addressed the entire 

magnetosphere. The present analysis focuses, rather, on 
the energy content inside subvolumes of the instant 
structure of the magnetosphere. It is reasonable to expect 
that, in general, the available instant observational 
monitoring is not sufficiently detailed for computing 
distinct energy contents. However, the discussion, which 
is here carried out, permits to understand the way energy 
migrates between different component parts of the 
magnetosphere. 

In general, two kinds of approach can be 
distinguished: a top-down and a bottom-up approach. 
The top-down approach begins by the laws of 
electromagnetism (e.m.), and attempts to implement a 
formal exhaustive theory of the energy content and 
relations, focusing on the different components of the 
magnetosphere. Conversely, the bottom-up approach is 
semi-empirical, as it begins by a set of experimental 
records and it attempts to implement some energy 
balance that fits with observations. 

The present study focuses the top-down approach - 
while a comparatively limited number of papers, mostly 
in the comparably more recent literature, focus on the 
bottom-up approach, by means of some records collected 
by satellite and space probes. These bottom-up papers 
are here only briefly mentioned for completeness sake, 
with no devoted discussion. 

We must, however, face some drawback, as the 
present generally reported model of the magnetosphere 
relies on a semi-empirical approach, combining laws of 
physics altogether with experimental observations. For 
instance, let us mention the most amazing example, as 
nobody seems to give a physical explanation for the 
formation of the neutral sheet. Therefore, as a first step 
for the exploitation of our top-down approach, we must 
begin and explain a few key physical features of the 
magnetosphere by avoiding every semi-empirical model. 
For brevity purpose, only a few essential items are here 
mentioned, while a somewhat more extended - although 
concise - description is given in Gregori and Leybourne 
(2025m). However, we must beging and mention a few 
basic warning. 

A theorem hold, which is universal and applies 
everywhere - on every scale from the micro-world of a 
tiny water droplet through the huge galactic 
superclusters. This theorem was proven in Gregori 
(2002), even though the author formerly did not realize 
its key relevance. The theorem deals with the rigorous 
proof of the generalized Cowling theorem. In fact, 
Larmor2 (1919a, 1920) gave the first explanation of the 
magnetic field 𝑩 that had been observed on the solar 

2  Sir Joseph Larmor (1857–1942), Irish mathematician and 
physicist.  
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photosphere. The violent endogenous processes of the 
solar interior originate violent motions of the ionized 
environment, thus supplying what is called a “stellar 
dynamo”. This explanation is still generally accepted, 
and the object of extensive modeling. However, in the 
1930s, Cowling3 showed a famous theorem (Gregori et 
al., 2025d), which was soon considered a classical result. 
Cowling showed that, in the case of an ideal cylindrical 
symmetry, no stellar dynamo can originate a 𝑩. Thus, the 
theorem soon became a nightmare for all solar and stellar 
physicists. Several proofs were later given, everyone 
based on different reasonable assumptions, but every 
proof led to the same conclusion.  

Gregori (2002) unexpectedly found a rigorous proof 
of the generalized Cowling theorem4 that can be briefly 
synthesized as follows.  

Under very general conditions, every system of 
charged particles with an internal dynamics - such as, 
e.g., a convection cell - is an effective dynamo that can 
display only either one of the two patterns shown in 
Figure 1. Figure 1a has poloidal 𝑩 and toroidal 𝑬, while 
Figure 1b has poloidal 𝑬 and toroidal 𝑩. The theorem 
states that the case of Figure 1a is unstable, hence never 
observed, while the case of Figure 1b is stable. In 
addition, the argument shows that, in the case of ideal 
cylindrical symmetry, the stable case of Figure 1b has 
null energy – being thus in close agreement with the old-
fashioned classical Cowling theorem.  

Hence, it is concluded that every closed loop of the 
motion of some ionized medium – such as a convective 
cell of any size – operates like a true dynamo, which can 
be named “Cowling dynamo”. 

The next key item claims that every stellar dynamo 
must soon stop due to “Biermann blocking”. In fact, 
Biermann5 (1941) showed that inside sunspots electrons 
cannot cool, due to the violent 𝑩. In fact, it can be shown 
(Gregori, 2002) that every stellar dynamo attempts to 
lock the entire star inside a huge toroidal 𝑩. That is, we 
should not even observe the star. Coversely, the 
enormous endogenous energy causes a continuous 
disruption of the blocking. That is, a star is the balance 
between thermonuclear energy and e.m. blocking. This 
blocking is therefore named Biermann blocking.  

The subsequent step deals with the electrostatics of a 
star. Indeed, a star is composed of electrons and protons, 
ions, etc. The great difference of mass between different 
particles implies a difference of the respective gyration 
radii. Hence, the evaporation process is expected to be 
much more effective on protons and ions than on 
electrons, because they have much larger gyration radii, 
and are therefore less frirmly locked by the stellar 𝑩. 

                                                 
3  Thomas George Cowling, FRS (1906–1990), English 

astronomer. 
4 An extensive account is given in Gregori et al. (2025d). 

Thus, the star progressively acquires a negative total 
electric charge, while the expanding stellar corona 
transports a mainly positive charge. Therefore. when the 
negative charge of the star overwhelms some given 
threshold, enormous van de Graaff accelerators launch 
violent electron jets that break through the photosphere 
of the star. This is the explanation of sunspots (Gregori 
and Leybourne, 2025g). 

 

Figure 1. Idealized scheme of every most general 
dynamo composed of charge matter with some internal 
dynamics. Only two configurations are possible. The 
generalized Cowling theorem proves that case (a) is 
unstable while case (b) is stable. In either case, the system 
attains the maximum possible dynamo performance, even 
though in the case of the perfect cylindrical symmetric 
configuration, the total energy of the stable dynamo of case 
(b) is null. In contrast, with no cylindrical symmetry the 
energy for case (b) is not null. After Gregori (2002), also in 
Gregori et al. (2025d), with kind permission of the late 
Wilfried Schröder. 

 
This explains the observed mainly positive charge of 

the “regular” solar wind, which is eventually crossed by 
sporadic huge clouds of electrons that originate 
spectacular polar auroras and very large e.m. 
perturbations.  

A key feature is related to the internal micro-thermal 
inhomogeneity that originates micro-convective cells, 
hence Cowling micro-dynamos. The consequent result is 
an observed, and otherwise unexplained, self-focusing of 
the solar wind that displays collimation effects into 
filaments.  

In this respect, note that - in the case of infinite 
conductivity 𝜎 of the solar wind - the classical “frozen-
in” concept of Alfvén6 applies, as the solar wind particles 
have a null gyration radius. This implies, however, the 
paradox that, when 𝜎 → ∞, the solar wind is a perfect 
ideal mirror. Hence, we could not even see any kind of 
radiation coming from the Sun, at any frequency. This 
paradox, however, is solved upon considering the 
“illusion” of continuity.  

In fact, it is customary to treat the solar wind by 
means of MHD. That is, the solar wind is considered a 
continuous fluid. However, at very low particle 
concentration, an ideal continuity must imply to smear 

5 Ludwig Biermann (1907-1986), German astronomer.  
6 Hannes Olof Gösta Alfvén (1908-1995), Swedish physicist. 
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every single electron or proton into smaller charged 
particles. Conversely, behind a given limit, we must refer 
to discrete particle collision. That is, the assumption 𝜎 →
∞ no more applies. Thus, the solar wind is not a perfect 
mirror, and we can in fact observe the solar radiation 
within some given frequency band. 

For future reference, let us remind about a classical 
and well known argument. Inside the solar wind the 
kinetic energy density overwhelms the magnetic energy 
density, hence 𝑩 is “frozen-in” the solar wind, and is 
transported by the kinetic field of particles. This 
originates the well-known spiral pattern of the 
interplanetary magnetic field 𝑩௜௡௧, often called IMF. In 
contrast, close to the Earth the magnetic energy density 
overwhelms the kinetic energy density of particles, 
which are therefore trapped and form the radiation belts 
(see below).  

Another key - and often considered - concept is the 
so-called “reconnection” of 𝑩  field lines (Figure 2). 
Suppose that some discontinuity occurs, e.g., in the solar 
wind. Hence, a gap of particles cannot supply the needed 
“regular” continuous flow of the solar wind. It is claimed 
that a “plasma cavity” occurs inside the solar wind. In 
reality, in this way the composition of the system 
changes.  

Conversely, it has become customary to consider, 
intuitively, the Earth’s magnetosphere like a model 
aircraft inside a wind tunnel, where air molecules 
regularly enter into - and exit from - the tunnel. On the 
other hand, the solar wind flow is other than this simple 
model. When the physical system changes composition 
due to missing particles in the solar wind, the general 
topology changes of the e.m. field embedded in the solar 
wind. In any case, if one wants to save the MHD 
formalisms that presumes a “continuous” flow of 
plasma, one must admit that a breaking occurred of 𝑩 
field lines, with subsequent “reconnection” with a 
different pattern. This is obviously in contrast with the 
Maxwell7 law requirement 𝑑𝑖𝑣 𝑩 ൌ 0.  

Given any two most general distributions (in 2D or 
3D) of electric current 𝐶ଵ and 𝐶ଶ,  

I) – when Joule heat can be neglected, either it is 
𝜹𝑼𝒔𝟏 ≡ 𝜹𝑼𝒔𝟐 ≡  െ 𝜹𝑼𝒋 ≡  െ 𝜹𝑾 (1) 

or either one of the following conditions hold 
𝑴𝒂𝒙   𝑼𝒋 𝒎𝒊𝒏   𝑼𝒔𝟏 𝒎𝒊𝒏   𝑼𝒋𝒔𝟐 (2) 
being 

𝜹𝑼𝒔𝟏 ൅ 𝜹𝑼𝒔𝟐 ൅  𝜹𝑼𝒋 ൅ 𝜹𝑾 ൌ  𝜹𝑬 (3) 
where 𝑈௦௞ is the self energy of 𝐶௞ (𝑘 ൌ 1,2), 𝑈௝ is the 

joint magnetic energy of 𝐶ଵ and 𝐶ଶ, 𝑊 is kinetic energy, 
and 𝐸  includes all other forms of energy that are 
eventually either supplied to the system (when positive) 
or released by it (when negative). 

                                                 
7  James Clerk Maxwell, FRS FRSE (1831–1879), Scottish 

physicist and mathematician. 

An additional warning deals with the origin of the 𝑩 
of a celestial object. In addition to the obvious case of an 
iron meteorite - which is a remnant of a disruption of a 
larger magnetized object - four mechanisms can be 
envisaged.  

 

Figure 2. Reconnection”. A lack of supply of the current 
𝒋 [figure (a)], associated, e.g., with a “plasma cavity” in the 
solar wind, compels the system to change its geometry 
[figure (b)], because 𝑐𝑢𝑟𝑙 𝑩 can no more be sustained by 𝒋. 
On the occasion of some extreme case history, the topology 
of the 𝑩 field-lines can even be drastically changed [figure 
(c)], eventually evolving into some new pattern [figure (d)]. 
This process is mathematically described by stating that the 
former 𝑩  field-lines were “cut” and “reconnected”. 
However, this is a mathematical fiction, because it violates 
the Maxwell relation 𝑑𝑖𝑣 𝑩 ൌ 0. After Gregori (1991, 2000, 
2001), and Gregori and Leybourne (2025m). With kind 
permission of SIF. 

 
The aforementioned Larmor dynamo applies to stars 

- equivalently one can consider the generation of toroidal 
𝑩 by Cowling dynamo.  

In addition, the orbital motion, or spin, of objects 
with a non-null electric charge is a source of 𝑩. In fact, 
if the solar wind has a non-null total electric charge (see 
above), all objects in the Solar System experience a 
varying total electric charge. This is nicely shown, e.g.,  
by the four mini-satellites of the Pluto-Charon binary 
system (Gregori, 2016a). 

However, a tide-driven (TD) dynamo is a most 
important and frequent mechanism for the origin of the 
𝑩 of a celestial object. This mechanism applies to large 
objects, which are significantly smaller than stars, and 
that are composed of unbound components that can move 
relative to one another due to tidal pull. This is the focus 
of Gregori (2002). See additional comments in Gregori 
and Leybourne (2025m). 

In the following, we need the “principle of magnetic 
energy variation” (see Gregori et al., 2025e for a general 
account). The proof relies on college physics (see brief 
mentions in section A.6), and the related theorem is as 
follows. 

II) – Whenever Joule heat cannot be neglected, 
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𝑈௦ଵ, and 𝑈௦ଶ  progressively damp off, while 𝑈௝,  is 
transferred step-by-step into either 𝑈௦ଵ,or 𝑈௦ଶ, where it 
later decays by Joule heat.  

We can now focus on some crucial - and generally 
reported as unexplained - features of the Earth’s 
magnetosphere. 

Two viewpoints apply. One viewpoint considers the 
Earth’s magnetosphere as an ensemble of current loops, 
or 𝒋-loops. The other viewpoint applies the phase space 
approach. We discuss separately the two approaches.  

The mathematical formalism is sometimes intricate. 
We refer to the standard symbols that, at present, are 
widely applied in the geomagnetic literature. In this 
respect, we warn the reader about the impossibility to 
report here the detailed definition of every symbol, as 
this can be made only on a devoted textbook. We report 
formulas that can give a feeling of the general approach 
to this intricate problem, while we suppose that the 
reader is acquainted to deal with the geomagnetic 
literature. A few formulas are given in the Appendix, 
being however, only a part of the needed formulas. 

We add that the two viewpoints can be approached 
almost independent each other. The reader who is not 
acquainted with the reference to phase-space methods 
can, in any case, read and understand the paper 
concerning to computations in terms of 𝒋-loops. 

2 - The Earth’s magnetosphere. A model in 
terms of 𝒋-loops 

The present generally accepted model of the 
magnetosphere is largely empirical, and relies on 
observational evidence independent of physical 
interpretation. This model is often reported to have been 
first proposed by Heikkila8 (1972), who synthesized the 
most current beliefs of that time. As already mentioned, 
recall the well-known energy balance argument. Inside 
the solar wind, the kinetic energy density overwhelms 
the magnetic energy density, hence 𝑩 is “frozen-in” the 
solar wind. In contrast, close to the Earth the magnetic 
energy density overwhelms the kinetic energy density of 
particles, which are therefore trapped and form the 
radiation belts. The region where the two kinds of energy 
density approximately balance each other is called 
“magnetopause”. This is emblematically represented by 
a closed surface - and this is the rationale for defining 
the “drop-model” magnetosphere (Figure 3, left panel). 
The drop-model magnetosphere was the generally agreed 
concept before the discovery in the 1960s of the neutral 
sheet, and – in some way – this model favored the 
erroneous intuitive concept of magnetosphere conceived 
like a given closed domain in space. 

                                                 
8 Walter John Heikkila, a nice gentleman, Professor Emeritus at 

the University of Texas at Dallas, TX.  

 

 

Figure 3. (top) A 𝒋-loop of the solar wind approaches the 𝒋-
loop that symbolizes the 𝒋 currents that originate the 𝑩 of the 
Earth. The solar wind 𝒋 -loop contains a 𝒋 -generator, i.e., a 
generator of electric current - not of voltage. The 𝒋-generator is 
indicated by the top-left rectangle. Historically, only the 
gravitational interaction was first considered, and only later 
also the thermodynamic and e.m. implications were addressed. 
After Gregori (2002). With kind permission of the late Wilfried 
Schröder. (bottom) The solar wind is here symbolized (with no 
loss of generality) only by one loop of electric current 𝒋𝟏 and 
the source of the Earth 𝑩 is here symbolized only by one loop 
𝒋𝟐. Within a "drop-model" magnetosphere [Figure (a)] 𝒋𝟏 flows 
all outside the magnetopause and it links no flux Φ2 of the 
magnetic field 𝑩𝟐 generated by 𝒋𝟐. However, whenever some 
physical cause is such that 𝒋𝟏  links as much Φ2 as possible, 
such as it occurs in Figure (b), the Hamilton's principle states 
that - by this and only by this - stable equilibrium can be 
attained. Thus, (a) and (b) can be considered as physically 
possible and meaningful states of equilibrium, although (a) is 
unstable, while (b) is stable. After Gregori (1989, 1998, 1999a), 
also in Gregori and Leybourne (2025m), and after Figure 1 of 
Gregori et al. (2025e). With kind permission of SIF.
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 Figure 4. 3D model 

of the magnetosphere 
(not to scale), to 
investigate the 
topology of 𝒋 currents, 
in the case of an 
“away” sector of 𝑩𝒊𝒏𝒕. 
The 𝑩𝒊𝒏𝒕  field lines 
are shown by red 
arrows, tracked on a 
transparent slab that 
represents the ecliptic 
plane. Note the great 
asymmetry between 
the Northern and 
Southern lobes. Other 
images are in Gregori 
and Leybourne 
(2025m). The top 
figure shows the 
senior author. See text. 
Unpublished figure.

 
Within a "drop-model" magnetosphere [Figure 3a] 𝒋𝟏 

flows all outside the magnetopause and it links no flux 
Φ2 of the magnetic field 𝑩𝟐 generated by 𝒋𝟐. However, 
occasionally some micro-plasma cavity in the solar wind  
permits that 𝒋𝟏 currents link as much Φ2 as possible, such 
as it occurs in Figure 3b. Thus, owing to the Hamilton's 
principle, a stable equilibrium is attained - by this and 
only by this. See additional details below and also in 
Gregori (1999) and in Gregori et al. (2025e). That is, 
Figure 3a and Figure 3b can be considered as physically 
possible and meaningful states of equilibrium, although 
Figure 3a is unstable, while Figure 3b is stable. To our 
understanding, this is the unique ever proposed physical 
explanation for the formation of the neutral sheet, relying 
on the well known Hamilton's variation principle (see 
Gregori et al., 2025e). 

We stress that the concept of magnetopause does not 
imply that the magnetosphere is a closed domain in 
space, where the magnetopause separates the domain of 
interplanetary environment. Conversely, several 
phenomena cross through the magnetopause, due the 
corpuscular nature of the solar wind, which implies 
micro-plasma cavities. These several phenomena are 
well known and are named in different ways - and 
observed by space probes by means of different sensors 
(see some account passim here below). 

The 1960s were hectic years, and space probes 
discovered the “neutral sheet”. At present, the literature 
refers to the aforementioned Heikkila’s model of the 
magnetosphere, relying – however - on an interpolation 
of available observations. In contrast, as already 
stressed, no physical explanation is given for the 
formation of the neutral sheet, which is, rather, here 
explained in terms of a variational principle. Indeed, a 
key concept deals with the Maxwell law 𝑑𝑖𝑣 𝒋 ൌ 0, by 
which all currents 𝒋 can be expressively imagined, e.g., 
as a flow of water inside a water-pipe of varying cross-
section. A comparably more intense 𝒋 is thus associated 
to a smaller cross-section of the pipe, etc. That is, the 
role of particle gaps (or “plasma cavities”) in the solar 
wind is intuitively considered a secondary effect, which 
causes a perturbation of the main pattern – reminding, 
e.g., about an air bubble that flows within the “water-
pipe”.  

Upon a close and detailed analysis, it is found that the 
whole 𝒋-system is surprisingly composed of three loops 
(Figure 5). One 𝒋-loop is denoted by 𝐽ଵ and by a green 
arrow in the left panel of Figure 5. It flows away from 
the Sun, and – when seen from the Sun – it confines the 
Northern lobe of the magnetosphere by a clockwise 
current. In normal conditions the solar wind has mainly 
positive charges. Hence, this loop is composed of 
protons and 𝐻𝑒 ions.  

A similar 𝒋-loop, denoted by 𝐽ଶ , shown by a blue 

Page 481



New Concepts in Global Tectonics Journal 
Volume 13, Number 4, June 2025 

ISSN number; ISSN 2202-0039 
 

 
 

arrow in the top panel of Figure 5, must envelop the 
Southern lobe by a clockwise current – when observed 
from the Sun – although the current must flow towards 
the Sun.  

 

 
Figure 5. The 𝒋-system of Figure 4 is composed of three 

loops. One 𝒋-loop, denoted by 𝐽ଵ, is shown in the left panel 
by a green arrow. It flows away from the Sun, and – when 
observed from the Sun – it confines the Northern lobe of the 
magnetosphere by a clockwise current. Another 𝒋 -loop, 
denoted by 𝐽ଶ , shown in the left panel by a blue arrow, 
confines the Southern lobe of the magnetosphere by a 
clockwise current – when observed from the Sun – although 
the current flows towards the Sun. A third 𝒋-loop is partially 
shown in the left panel by a red arrow. It has a curious and 
unexpected character of “trapped” radiation, and is shown 
in detail by the right panel, where it must be stressed that 
only two, not three, 𝒋-loops are shown. Just one 𝒋-loop, 
denoted by a black circuit, has a unique winding around 
both lobes of the magnetosphere. The other 𝒋-loop, shown 
by grey arrows, winds up twice each lobe of the 
magnetosphere, and crosses twice through the neutral sheet, 
once earthward and once tailward with respect to the 
crossing of the black 𝒋-loop. Only one unique loop like the 
black circuit exists, and an infinite number of loops similar 
to the grey arrows circuit. See text. Figure after Gregori and 
Leybourne (2025m). 

 
This loop is the leading current when intense clouds 

of electrons are ejected from the Sun. Therefore, this 

loop is typically much intensified during magnetospheric 
substorms and geomagnetic storms (see section 3). 

A third 𝒋-loop has a curious and unexpected character 
of “trapped” radiation, and is partially shown in the left 
panel of Figure 5 by a red arrow. The full 𝒋-loop is shown 
by the right panel of Figure 5. Note that only two, not 
three, 𝒋-loops are shown in the right panel of Figure 5. 
One 𝒋 -loop (the black circuit) has a unique winding 
around both lobes of the magnetosphere. The second 𝒋-
loop (the grey arrow) winds up twice each lobe of the 
magnetosphere, and it crosses through the neutral sheet 
once earthward and once tailward with respect to the 
crossing of the black 𝒋-loop. That is, these third 𝒋-loops 
look like curious trapping orbits for electrons, protons 
and ions. 

Note that the anti-sunward flow of 𝒋 -currents 
determines the formation of the neutral sheet and 
plasmasheet, according to the energy rationale expressed 
by Figure 3 (right panel), according to section 3.  

Consider what happens when the Earth’s 
magnetosphere crosses through the so-called 
heliospheric neutral sheet (HNS). In fact, the 𝑩𝒊𝒏𝒕 spiral 
structure is bent, (at 1 𝐴𝑈) approximately by ~45°  with 
respect to the sunward direction. Owing to 𝑐𝑢𝑟𝑙 𝑯 ൌ
ሺ4𝜋/𝛾଴ሻ𝒋  the saparation of “toward” and “away” sectors 
of the 𝑩𝒊𝒏𝒕  spiral structure must contain a sheet of 
electric currents, which are the HNS. Since 𝑩𝒊𝒏𝒕  is 
always recorded to lie almost perfectly in the ecliptic 
plane, the HNS is almost perpendicular to the ecliptic 
plane. The tail of the magnetosphere is directed in the 
radial direction away from the Sun. When the Earth’s 
magnetosphere crosses through the HNS, the HNS looks 
almost like a “blade” of 𝒋-currents that impinge on the 
Earth’s magnetosphere. The spiral pattern of 𝑩𝒊𝒏𝒕 rotates 
with a period of the order of ~27 𝑑𝑎𝑦𝑠, while the Earth 
moves comparably slower, along its orbit around the 
Sun. Hence, the HNS 𝒋 -currents merge with the 
magnetospheric 𝐽ଵ  and 𝐽ଶ  loops, and progressively - 
although “quietly” and regularly - reverse the asymmetry 
between the 𝒋-loops that twist around the two lobes of 
the magnetophere.  

3 - The Earth’s magnetosphere. 
Magnetospheric substorms and geomagnetic 
storms 

When some small or large plasma cavity occurs in the 
solar wind, the magnetospheric 𝐽ଵ and 𝐽ଶ loops of Figure 
5 abruptly experience an either small or large 
perturbation. The relation 𝑐𝑢𝑟𝑙 𝑯 ൌ ሺ4𝜋/𝛾଴ሻ𝒋 requests a 
change of topology due to a lack of 𝒋 supply. That is, 
imagine that an “air-bubble” propagates along the water-
pipes that represent the 𝐽ଵ and 𝐽ଶ 𝒋-loops. 

The physical system is substantially changed, and 
“reconnection” must occur wherever the “air-bubble” (or 
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plasma cavity) is located. Owing to a variational 
principle (see section 2, or Gregori et al., 2025e, and 
references therein), the system must attempt to obviate 
to the missing particle supply by the solar wind. Hence, 
the system uses all available particles from other sources. 
Therefore, all particles that are available downstream are 
accelerated both earthward and downstream in the 
neutral sheet. The result is the observed plasmasheet,- 
which is well known to be a layer a few 𝑅ா  (Earth’s 
radii) thick, with earthward flowing particles, observed 
– like an almost permanent feature – to flow around the 
neutral sheet.  

How far particles in the plasmasheet can penetrate 
earthward? Apply a balance between the kinetic energy 
density of the particles in the plasmasheet, and the 𝑩 
energy density close to the Earth. The argument is 
identical to the aforementioned definition of the drop-
model magnetopause (Figure 3, left panel), although the 
pressure balance is now applied, rather than in 3D, in 2D 
in the approximate plane of the plasmasheet. 

Indeed, the kinetic energy density of the particle flow 
in the plasmasheet is intensified during magnetospheric 
substorms and geomagnetic storm (see below). Hence, 
two types of patterns must be expected, qualitatively 
shown in the cartoon of Figure 6. When the plasma 
cavity is more intense, the aforementioned 
“reconnection” process along the tail occurs for a longer 
time, hence the earthward flow of particles in the 
plasmasheet is more intense. 

Note that a huge flow of particles occurs in the 
plasmasheet, both earthward and downward, even 
though - on the Earth - we detect the effect of the 
earthward flow. Thus, concerning observatios at Earth’s 
surface, polar auroras display the typical morphology 
that Syun-Ichi Akasofu 9  (1964) named “auroral 
substorm” - and he later interpreted the phenomenon 
(Akasofu, 1968, 1977) like a facet of a more general 
magnetospheric substorm. 

A check of this explanation is as follows. The typical 
observed duration of an auroral substorm is ~2 െ
3 ℎ𝑜𝑢𝑟𝑠. The plasma cavity in the solar wind (and of the 
“air bubble” in the water pipe) propagates downstream 
at the mean speed of the solar wind (~400 𝑘𝑚 𝑠𝑒𝑐ିଵ). 
The tail of the magnetosphere is reported having been 
observed with a typical length of the order of ~1,000 𝑅ா. 
Hence, the earthward flow in the plasmasheet should last 
~1,000 𝑅ா/400 𝑘𝑚 𝑠𝑒𝑐ିଵ ≅ 4.4 ℎ𝑜𝑢𝑟𝑠 . That is, the 
order of magnitude is certaintly correct. 
                                                 
9 Syun-Ichi Akasofu (1930-), was the founding Director of the 

International Arctic Research Center of the University of 
Alaska Fairbanks (UAF), and served in that position from the 
Center's establishment in 1998 until January 2007. From 1986 
he had been the previous Director of the University's 
Geophysical Institute. He discovered auroral substorms by 
exploiting a most impressive visual and empirical analysis of 

 

 
Figure 6. Earthward termination of the earthward flow 

of particles in the plasmasheet. The left figure (out of scale) 
shows the typical standard case history observed in the case 
of the Earth. In contrast, when the pressure by the particle 
flux in the plasmasheet is more intense, the earthward 
termination of the plasmasheet affords to surround the 
Earth, i.e., even on the noon side. This typical pattern is 
observed in the case of the Jupiter magnetosphere, and is 
called “magnetodisk”. See text. After Gregori and 
Leybourne (2025m). 

 
Note that, before the onset of the substorm, the 𝑩 

energy density along the tail is responsible for the 
balance between internal and external pressure across the 

the whole set of all-sky camera pictures collected during the 
International Geophysical Year (1957-1959). This impressive 
achievement reminds about the old-fashioned investigations 
carried out with no computer aids. Professor Syun-Ichi 
Akasofu will be remembered in the history of Earth sciences 
for this almost unbelievable achievement.  
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magnetopause. However, owing to the plasma cavity, 𝒋-
currents and the 𝑩 energy density fade off (as per Figure 
5, left panel). Thus, the magnetosphere squeezes the tail, 
almost reminding about a toothpaste tube. In fact, the 
system attempts to use all available particles in the 
plasmasheet, as it must recover from the missing internal 
magnetic pressure. 

Hence, an observer located on the Earth monitors a 
magnetospheric substorm exhausting when the plasma 
cavity (or the “air-bubble” in the water-pipe) gets out of 
the last fringes of the tail. That is, the particle supply 
must exhaust, which is originated by the earthward flow 
of particles in the plasmasheet.  

Conversely, consider that - as a standard - a large 
plasma cavity endures in the solar wind much longer than 
a few hours. Hence, as long as the plasma cavity does not 
fade off, a sequence of substorm starts, as, indeed, we 
observe. Thus, we observe substorms triggered in 
sequence, while a new substorm eventually begins when 
the previous substorm is not over. In summary, the 
phenomenon altogether is the well-known classical 
“geomagnetic storm”, which is observed having a typical 
duration of a few days. 

To our knowledge, this is the unique available 
physical explanation for the occurrence of substorms and 
of geomagnetic storms. In fact, as expected, the recorded 
horizontal component 𝐻  of the geomagnetic field 
displays the typical classical morphology of the reversed 
shape of a lognormal distribution (Campbell, 1996). This 
is consistent with statistics (i.e., with the Kapteyn10 class 
distributions), which implies that the occurrence of an 
event is proportional to the number of already occurring 
similar events (this is the same logic of rush hours; Arley 
and Buch, 1950, or Paparo and Gregori, 2003). That is, 
the probability of the trigger of a new substorm during a 
“geomagnetic storm” is proportional to the number of 
substorms that are already in progress. 

4 - The Earth’s magnetosphere. Forelocks and 
plasma mantle 

Plasma cavities affect “reconnection”, hence they 
affect all phenomena that occur across the 
magnetopause, and that control the flow of particles 
inside the two lobes of the magnetosphere - other than 
what happens inside the neutral sheet. Figure 7 shows a 
single case history.  

In fact, some kind of secondary neutral sheet is 
developed on the pole, because “reconnection” implies 
particles that propagate downstream, much like in the 
neutral sheet. However, owing to the internal micro-
Cowling dynamos (see section 1), particles twist, and 

                                                 
10 Jacobus Cornelius Kapteyn (1851–1922), Dutch astronomer. 
11 The term “forelock” is not found in the literature. 

experience collimation, of the flow downstream, always 
at the mean speed of the solar wind. That is, a 
phenomenon occurs that can be considered like a 
“forelock”11 of 𝑩 flux tube.  

 
 

 

Figure 7. Noon-midnight meridional cross-section [left 
panel] and tail cross-section [right panel] (out of scale) that 
show the formation of “forelocks” of 𝑩 flux tubes caused by 
missing particles (plasma cavities) in the solar wind flow. 
Every “forelock” is collimated by a twisting 𝑩 due to the 
toroidal 𝑩 generated by micro-Cowling dynamos. See text. 
This forerunning sketch is loaned after Gregori (1968) with 
permission by Annales de Géophysique, licensed under 
“Open Access” CC BY 4.0. 

 
In summary, we must expect that filamentary patterns 

are observed inside the magnetopause, and this 
phenomenon occurs above both polar caps. In the case of 
the Earth, the result was named “plasma mantle”12 as 
shown in the cartoon of Figure 8. 

For the sake of completeness, let us remind about so-
called polar wind - which is a steady leakage of a tiny 
fraction of the Earth’s atmosphere over both polar caps. 
This topic is classical, and observations are now 
available, including sunspot cycle dependence, but no 
details are here needed.  

Another closely related – and generally not well 
acknowledged – phenomenon is concerned with the 
palæovariations of the total mass of the atmosphere, 
which imply variations of the palæodensity of the 
atmosphere. There is no need to discuss this item in the 

12 See, e.g., Paschmann et al. (1976), Philipp and Morfill (1976), 
Scopke and Paschmann (1978), Schwenn (1981), etc. 
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framework of the present paper. Refer to Gregori and 
Leybourne (2025m) and references therein. 

 

 
Figure 8. Rough hand-made sketch showing what is called 

“plasma mantle”. The pink region shows where some diffuse 
flux of particles is observed by space probes, originated by the 
penetration of particles across the magnetopause. According to 
the interpretation here given, these particles represent 
temporary “forelocks” of 𝑩 flux tubes. The lower sketch shows 
a transversal cross-section along the tail. See text. The sketch 
is based on an idea after Schulz (1991, p. 157, Figure 26). 
Figure after Gregori and Leybourne (2025m). 

 
Instead, let us consider the effect of the 

“reconnection” process that involves some temporary, 
varying, and more or less extended, area around both 
“singular points” over both polar caps - characterized by 
closed 𝒋-loops encircling them – as shown in the lower 
photographs of Figure 4. 

These “singular points” are a mathematical fiction, 
because, in reality, “reconnection” always occurs due to 
the always present micro-cavity in the solar wind. Thus, 
direct precipitation of solar wind particles occurs 
directly over the high polar atmosphere. The literature 
reports this phenomenon as a “cleft” that penetrates over 
both polar regions, directly from the front side of the 
magnetosphere. In this respect, for the sake of 
completeness, we remind about the PCA (polar cap 
absorption events)13 observed as an abrupt fading off of 
the radio-signals impinging from a celestial source. The 
phenomenon is due to the abrupt enhancement of 
ionization in the upper atmosphere. Thus, the radio-
signal is reflected outward by the ionosphere and 
disappears from the observations at Earth’s surface.  

In addition, a possible phenomenon related to “cleft” 
precipitation deals with noon-side auroræ. “Auroral 
oval” denotes the instant location of polar auroræ. In 

                                                 
13 This topic seems somewhat unfashionable. Some old reviews 

are, e.g., Reid (1963), Lassen (1967, 1969), Hultqvist (1969a). 

contrast, “auroral zone” is named the statistical, time 
integrated, distribution of the auroral oval. The auroral 
zone shows a maximum in the midnight sector, and a 
secondary maximum in the noon sector. In contrast, 
auroræ are less frequent in the sunrise and sunset sectors. 
The noon maximum of the auroral zone could be 
associated, maybe, to the “cleft”. However, another 
realistic possibility is that the earthward penetration of 
the plasmasheet continues on the flanks of the 
magnetosphere (see Figure 6, right panel). In this way, 
the plasmasheet forms a temporary “magnetodisk” 
around the Earth - which, in fact, is observed as a 
regularly feature of the Jupiter’s magnetosphere. These 
features, and others, are briefly mentioned in Gregori and 
Leybourne (2025m), but are not of direct concern for the 
present discussion. 

Before entering into the discussion of the energy 
content in the magnetosphere, we must warn the reader 
about some fashionable and frequently mentioned 
features, which cannot fit into our general physical 
interpretation of the Earth’s magnetosphere, even though 
they are reported as “generally agreed” facts.  

One feature deals with the direction of 𝑩௜௡௧ that, in 
fact, is always observed to lie approximately in the 
ecliptic plane, apart at most a scatter of very few degress. 
In contrast, it is now customary to plot 𝑩௜௡௧ 
perpendicular to the ecliptic plane. This belief derives 
frm the so called “open model” of the magnedtosphere, 
dating back to the late Dungey 14  (1961, 1963). This 
assumption unfortunately bias a large fraction of the 
literature, as follows: 
 The belief that the inversion of the tiny “vertical” 

(North/South) component of 𝑩𝒊𝒏𝒕 is crucial for Earth 
phenomena 

 The formation of a unique “neutral line” crossing 
the night side of the Earth magnetosphere inside the 
neutral sheet, which, in fact, was never observed, 
even though several researchers intensively searchd 
for it. 

 The assumption of “convection” inside the 
magnetosphere - i.e., the magnetosphere in 
conceived like a closed system, with anti-sunward 
flow of particles along the lobes of the 
magnetosphere, and earthward flow inside the 
plasmasheet. 

Our criticism relies on physical arguments that are 
concisely outlined here above. Unfortunately, these 
items are now considered “classical”. However, e.g., the 
often claimed correlation of phenomena, with a tiny 
“vertical” component of the observed 𝑩𝒊𝒏𝒕 , generally 
displays a very low correlation coefficient, thus raising a 

14 James Wynne Dungey (1923-2015), British space scientist, at 
the Imperial College in London, who in 1961 pioneered 
“reconnection” in the Sun–Earth system. 
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serious doubt about the significance of any such a 
correlation. A more extensive critical discussion can, 
however, be pertinent pertinent only in a devoted 
monograph on the Earth’s magnetosphere, and is outside 
the perspective of the present study. 

In addition, as already stressed, no physical reason 
requests that the magnetosphere is a closed system. The 
particle flow inside the magnetopause is part of the solar 
wind flow. The particles, which are detected inside the 
magnetopause, are associated to the aforementioned 
“forelocks” - and share the same fate of other particles 
of the expanding solar corona. No return flow of particles 
occurs inside the magnetosphere, and no “convection” 
can occur inside the Earth’s magnetosphere, which is an 
open system. The earthward flow of particles in the 
plasmasheet must be explained in a different way. In 
addition, as mentioned in section 3, this concept is 
explained in a straightforward way when dealing with 
the 𝒋-loops in the magnetosphere. A better detail of these 
processes is explained in section 7.  

5 - Energy in the magnetosphere 

The investigation of the energy relations in the 
magnetosphere is a way to show how a magnetosphere must 
be considered as a lesser constituent of the whole solar wind 
system, and it cannot be singled out as an independent 
closed entity. At present, owing also to its difficulty, this 
topic seems to be only seldom considered in the literature, 
and - except a few exceptions (see section 9) - in general it 
is only a marginal concern. The reader ought to be warned 
that no systematic search was carried out for papers that can 
be either directly or indirectly related to the treatment here 
given. However, during several decades, no mention was 
found in the whole literature on the magnetosphere, which 
the senior author (GPG) had the chance to scan for other 
purposes. In any case, we must stress that the approach, 
which is here considered, is “top-down” (like some older 
literature), unlike the more recent references that are 
“bottom-up” - and that, therefore, cannot be pertinent for 
the present discussion. 

Compared to the previous “top-down” papers, the 
formal general theory relies on a distinction between 
suitable subvolumes of the Earth’s “magnetosphere”. 
Hence, we deal with a largely original derivation, even 
though – unfortunately – a direct application to 
observational data cannot be straightfoward, as it requires 
devoted collections of records by space probes that – to our 
knowledge - are not yet available. In fact, every application 
ought to rely on formal integration of observed physical 
quantities over suitable geometrically defined surfaces. 
These observations, on the other hand, can often be 
available only by devoted in situ monitoring by space 
probes. Hence, no direct application can be here carried out 
by means of standard available observations. Rather, the 
present discussion is an extensive discussion of the needed 

tools for investigating the energy relations between 
different component parts of the Earth’s magnetosphere. 

In any case, as shown in detail in section 7, it is possible 
to understand on a quantitative ground the specific energy 
flux and exchange between different parts of the 
magnetosphere. That is, the quantitative energy balance is 
awkward – if feasible at all – while the qualitative processes 
can be understood in detail, concerning all phenomena that 
occur at every instant inside the magnetosphere. This is 
certainly an achievement in understanding the energy flux 
between different components of the magnetosphere. 

Our starting point are a few simple formulations that can 
be found in the literature, and that are here extensively 
generalized. The formalism relies on classical 
electromagnetism, and some needed details are eventually 
better specified in other papers or in a devoted appendix. 
These algorithms are classical, although sometimes not 
common. Hence, a standard reader can sometimes find 
some difficulty to follow the arguments. We confirm that 
the whole formulation has been carefully checked in detail, 
and that it is certain that every reader can quickly get rid of 
difficulties and he can follow the entire mathematical 
development. 

A crucial issue is that the energy balance of the system 
can be equivalently formulated by means of either one of 
two approaches, i.e., either in terms of 𝒋-loops, or in terms 
of MHD, i.e., of particle electrodynamics and plasma 
physics. 

We consider first the steady state of the magnetosphere. 
The treatment in terms of 𝒋-currents is the object of section 
5.1, while the treatment in terms of MHD is the focus of 
section 5.2. Time varying conditions are discussed in 
section 6, and this completes the mathematically more 
intricate discussion of the present study. The minimum 
potential energy of the magnetosphere is investigated in 
section 7, while the focus of section 8 is on the energy 
contents, on the stresses and on the torques in 
magnetospheric subvolumes. Some computations dealing 
with specific case histories that are reported in the literature 
are mentioned in section 9. These case histories are, 
however, only marginal applications of the more general 
theoretical formulation that is here briefly illustrated. 

5.1 - Steady state - The current loop 
formulation 

Let us assume that the solar wind is cold, 
collisionless, and infinitely conducting (𝜎 → ∞). This 
implies that the solar wind is everywhere in perfect 
equilibrium. Hence, we can safely use the picture of 
closed 𝒋-loops (as in the Appendix). This is the same as 
the “frozen-in” assumption by Alfvén (see section 1). 
The energy of the system can be described as the integral 
over all space of the magnetic energy density. In fact, the 
electric energy density is negligible. This can be shown 
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by referring to the Poynting theorem,15 in the case of a 
stationary state (with 𝜎 → ∞).  

Hence, we can consider the model with perfectly 
flexible wires. It can be shown that the ratio of the 
electric energy to the magnetic energy density is16  

ሾ1/ሺ8𝜋ሻሿ 𝑬 ൈ 𝑫
ሾ1/ሺ8𝜋ሻሿ 𝑯 ൈ 𝑩

 ൌ  𝛾଴
ଶ 𝜖௥ 𝜇௥  ቀ

𝑣ୄ

𝑐
ቁ

ଶ
  

(4) 

where  𝜖௥  is the relative permittivity. This is a 
dimensionless number, which results ≪ 1  when 
considering all unit systems for which 𝛾଴ ൌ 1. As far as 
the ሺ𝑐𝑔𝑠ሻ௦௬௠  or ሺ𝑐𝑔𝑠ሻீ௔௨௦௦  units are concerned, it is 
𝛾଴ ൌ 𝑐. However, the ratio is a dimensionless number 
and is always the same, and the 𝑬, 𝑫, 𝑯, and 𝑩 units 
must therefore to be defined in such a way as to justify 
such a very dimensionless ratio. Therefore, in a 
stationary state the total e.m. energy of the system is only 
magnetic. This energy equals the work spent by the 
e.m.f. to generate the currents 𝒋 that flow within all 𝒋-
loops.  

As far as the internal origin 𝑩 is concerned, i.e., the 
tide-driven (TD) dynamo (see section 1), consider that 
the present section refers to a perfectly steady state. 
Hence, the system is supposed to be at equilibrium, and 
the 𝒋-loops of the TD dynamo are supposed stationary 
and supplied by their respective TD driver. 

In general, Joule heat is neglected. However, up to 
some extent it can be eventually included, although in 
this case one must envisage an energy input aimed to 
refill the system in order to agree with the steady-state 
assumption. 

The energy of a steady state magnetosphere was 
investigated – according to a “top-down” approach - in a 
series of papers (Chapman, 17  1964; Carovillano 18  and 
Maguire, 1966 and 1968; Maguire and Carovillano, 
1966; Carovillano and Siscoe, 19  1973; Siscoe, 1974), 
where a few theorems are shown under the following 
hypotheses: 

- the magnetosphere is strictly closed, i.e., no 
“reconnection” should occur across the magnetopause; 

- the magnetosphere is piecewise continuous; 
- the magnetosphere is simply connected, i.e., the 

neutral sheet does not exist; 
- the magnetosphere is void of particles, i.e., no 

radiation belt, no ionosphere, but the telluric currents are 
taken into account; 

- the interplanetary field is null, i.e. 
𝑩୧୬୲  ൌ  0 (5) 

Call 𝑩𝑴 the unperturbed purely internal origin field 

                                                 
15 The concept is classical in college electromagnetism. 
16 The symbol ൈ denotes scalar product, the symbol ∧ denoyes 

vector product, and 𝜇௥ is the relative magnetic permeability. 
The constant 𝐾଴ is defined depending on the unit system used. 
Owing to the use of historical models of the geomagnetic field 
- which are based on different unit systems - it is essential to 
use formulas that can refer to every unit system. As already 

(but, there is no need to suppose that it is necessarily 
dipolar). Call 𝑩  the real observed field, and 𝒃  the 
“perturbation” field 

𝑩 ൌ 𝑩୑ ൅  𝒃 (6) 
Owing to (5), the magnetic energy of the system is 

න
𝑩ଶ

8𝜋𝐾଴𝜇௥௏ೞ೎

𝑑𝜏 ൌ න
𝑩ெ

ଶ

8𝜋𝐾଴𝜇௥௏ಮ

   𝑑𝜏 

൅ න
𝑩 ൈ 𝒃

8𝜋𝐾଴𝜇௥௏ಮ

 𝑑𝜏   

൅ න
𝒃ଶ

8𝜋𝐾଴𝜇௥௏ಮ

   𝑑𝜏 

(7) 

where 𝑉௦௖  is the volume of the closed magnetosphere 
(“sc” is the acronym for “surface currents”, i.e., currents 
flowing on an ideal surface identified with the 
magnetopause), 𝑑𝜏 is the volume differential, and 𝑉ஶ is 
all space; (7) can also be written by means of the symbols 
𝑈௦ and 𝑈௝, respectively, of the self- and joint magnetic  
energy of different current systems 

𝑈௦ሺ𝑩ሻ ൌ 𝑈௦ሺ𝑩ெሻ ൅ 𝑈௝ሺ𝑩ெ, 𝒃ሻ  ൅ 𝑈௦ሺ𝒃ሻ (8)  

The aforementioned theorems reported in the 
literature deal with two general cases. 

5.1.1 - Screened Earth’s core 

The perturbation field 𝒃 is supposed to be screened 
(by lithosphere and mantle) from any interaction with the 
internal origin currents 𝒋. That is, it is assumed that a 
volume 𝑉௧௖  exists, enclosed by a surface 𝑆௧௖ , which 
includes all sources of the internal origin field. The 
acronym “tc” is for “telluric currents”, which flow in the 
lithosphere and mantle and represent a supposed ideal 
Faraday screen between the space inside and outside 𝑆௧௖. 
Hence, by this it is supposed that inside 𝑆௧௖ it is 𝒃 ൌ 0. 

The following theorems have been proven 
(respectively by Chapman, 1964, and by Carovillano and 
Maguire, 1966 and 1968): 

𝑈௝ሺ𝑩ெ, 𝒃ሻ  ൌ  0  (9)

𝑈௦ሺ𝒃ሻ ൌ െ
1
2

𝑴 ൈ 𝒃௦௖ሺ0ሻ ൒ 0 
(10)

where 𝑴 is the dipole moment of the Earth, and its field 
is here assumed purely dipolar (the generalization to 
non-dipolar field was given by Maguire and Carovillano, 
1966; see below); 𝒃௦௖ሺ0ሻ  is the 𝒃  contribution at the 
origin where 𝑴  is located, a contribution that is 
originated by the “surface currents” on the 
magnetopause.  

Analogously to the aforementioned 𝑆௧௖  and 𝑉௧௖  , let 

mentioned in a previous footnote, this concern is quite intricate 
and is discussed in detail by Gregori et al. (2025o).  

17 Sydney Chapman FRS (1888-1970). 
18 Robert L. Carovillano (1932-2015). 
19 George L. Siscoe (1937-). 
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us also define in the following 𝑆௦௖  and 𝑉௦௖  that are 
associated with the ideal surface identified with the 
magnetopause, which is assumed to be a perfect Faraday 
screen. 

5.1.2 - Unscreened Earth’s core 

This is a more realistic condition. Since equilibrium 
conditions are considered, it is supposed that 𝒃  is 
constant vs. time. The following theorems were proven 
(Maguire and Carovillano, 1966; Carovillano and 
Maguire, 1968) 

𝑈௝ሺ𝑩ெ, 𝒃ሻ  ൌ 𝑴 ൈ 𝒃ሺ0ሻ ൑ 0 (11) 
where 𝒃ሺ0ሻ is the 𝒃 field at the origin, and 

𝑈௦ሺ𝒃ሻ ൌ  െ 
1
2

𝑴 ൈ 𝒃ሺ0ሻ ൒ 0 
(12)

Theorems (9), (10), (11), and (12) have been shown 
in two different ways: (i) by direct computation, with the 
additional assumption of simple geometry (Chapman, 
1964; Carovillano and Maguire, 1966; Maguire and 
Carovillano, 1966), and (ii) by another method (that is 
here generalized), applied by Carovillano and Maguire 
(1968), and also by Carovillano and Siscoe (1973). A 
third proof of theorem (12) is given by Siscoe (1970) 
under the assumption of vanishing 𝑩୧୬୲ . In another 
paper, Maguire and Carovillano (1968) gave a 
generalization and avoided the assumption (5). They 
used the same conceptual approach as Carovillano and 
Maguire (1968), although at a more limited extent – 
when compared to the treatment outlined here below. 

In contrast, a more realistic magnetosphere is here 
considered. We are not concerned about whether the 
magnetosphere is “open” or “closed”. Therefore, any 
amount of “reconnection” can occur across the 
magnetopause. In addition, a neutral sheet can be 
considered, and also the ionospheric currents and the 
telluric currents. We stress, however, that some less 
realistic assumptions are here implied when some other 
currents are assumed null, i.e., air-earth currents,20 and 
the currents between the telluric current system and the 
geodynamo 𝒋-system. 

On the other hand, every “simple” model must rely 
on some abstraction, suited to simplify the substantial 
and intrinsic great complication of natural reality. Every 
choice of a simplifying assumption ought therefore to be 
suited to focus on some leading and hopefully essential 
“first-order” approximation of the driving mechanisms, 
while eventual suitable subsequent improvements can 
provide some better insight in the details of some 

                                                 
20 This is the most severe physical constraint of our treatment, as 

stressed passim. When the notes for the present study were 
written in the early 1970s, the general feeling was that air-earth 
currents contribute a mean effect that - on the planetary scale 
- can be neglected. Now, several evidences show that this 
Gauss’ reasonable working hypothesis is untenable. On the 
other hand, the opservational knowledge of the real air-earth 
currents is still insufficient, for adding any “correction” to the 

“second-order” effect. 
For the sake of simplicity, for the time being we 

neglect also collision and dissipative phenomena. Hence, 
we neglect Joule heat and we assume 𝜎 → ∞. We neglect 
also electric and magnetic polarizations. These 
assumptions, however, can be easily dropped, only at the 
expense of some formal complication, by generalizing 
the formulas here given. The approach outlined here 
below is identical to the procedure used by Carovillano 
and Maguire (1968). 

 

Figure 9. Schematic model used to compute the energy 
content in the magnetosphere. Subscripts mean: sc surface 
currents (including also solar wind currents) that flow over the 
magnetopause and in the neutral sheet, and are eventually 
connected with the solar wind (see Figure 5); other sc 𝒋-loops 
do not flow on the magnetopause or in the neutral sheet, but are 
only part of the solar wind; VA means Van Allen belts; io 
ionospheric currents; it is supposed that the sc pattern flows in 
the ionosphere only through currents aligned along 𝑩  filed 
lines (Birkeland21-Alfvén currents); tc means telluric currents; 
𝑴  stands for Earth’s dipole/multipole, even though it is 
intended as a suitable 𝒋-loop in the core, responsible for the 
whole internal origin 𝑩  (dipolar and non-dipolar field). We 
assume that the magnetosphere closes somewhere downstream, 
and that the neutral sheet stops somewhere, but this restriction 
is not essential for the present approximate model. A major 
drawback of this whole model is due to neglecting air-earth 
currents, because in the 1960s-1970s air-earth currents were 
considered to play a negligible role, when averaged over to 
planetary scale. Unpublished figure. 

 
Consider the aforementioned Poynting theorem, and 

refer to the simplified scheme outlined by the sketch of 
figure 9, which is self-explanatory, where the acronyms 
VA and io denote, respectively, Van Allen belts and 
ionosphere.  

In general, owing to the very large (practically 
infinite) 𝜎, the electric field 𝑬 spends no work over j, 
while 𝒋 ∧ 𝑩 ് 0, because the 𝒋-loops - which represent 
either one of the VA, or io, or tc, or 𝑴 system - cannot be 

scheme of Figure 565. We can only guess that a computation 
of the energy content in the magnetosphere - when air-earth 
currents are neglected - can be compared in some way with 
actual observations, in order to assess how much air-earth 
currents affect the overall energy processes in the 
magnetosphere. 

21 Kristian Birkeland (1986-1917), Norwegian physicist. 
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depicted like flexible 𝒋 -loops. They are, rather, 
concerned with well defined geometrical constraints. 
One must therefore consider that the currents 𝒋 can flow 
only over these pre-defined geometrical surfaces - or, 
differently stated, if one refers to a model in terms of 
point particles, every particle is said to be subject to 
“holonomic” constraints. Hence, the relation holds 𝐯 ൈ
𝒋 ∧ 𝑩 ൌ  0 , where 𝐯  is the bulk velocity of charged 
particles. That is, the model here considered relies on a 
few implicit assumptions, although - as a first order 
approximation - they can be considered to be reasonably 
satisfactory. 

Call 𝑨 the vector potential of 𝑩 , and according to 
Carovillano and Maguire (1968) consider the identity 
(the present procedure is identical to the treatment 
explained in sections A.1 and A.3) 

𝑩ଶ ൌ  𝑑𝑖𝑣 𝑨 ∧  𝑩 ൅
4𝜋𝐾଴𝜇௥

𝛾଴
𝒋 ൈ  𝑨 

(13)

hence, the self-energy of 𝑩 is (the symbols are self-
explanatory and 𝒏ෝ is the unit vector perpendicular to 𝑆ஶ 
and pointing outward) 

𝑈௦ሺ𝑩ሻ ൌ න
𝑩ଶ

8𝜋𝐾଴𝜇௥௏ಮ

𝑑𝜏

ൌ
1

8𝜋𝐾଴𝜇௥
 ර 𝒏ෝ

ௌಮ

ൈ  𝑨 ∧  𝑩 𝑑𝜎 

൅
1

2𝛾଴
න  𝒋 ൈ  𝑨

௏ಮ

   𝑑𝜏 

(14)

The surface integral in (14) vanishes when (as it is 
here assumed) no singular point exists at any finite 
distance from the origin. That is, the presence is 
neglected of dipoles, multipoles or magnetic layers. If 
they exist one should exclude these singularities by 
enveloping them by additional closed surfaces, etc. 
Hence, if the surface integral vanishes, (14) becomes 

𝑈௦ሺ𝑩ሻ ൌ න
𝑩ଶ

8𝜋𝐾଴𝜇௥௏ಮ

   𝑑𝜏

ൌ
1

2𝛾଴ 
 න  𝒋 ൈ  𝑨

௏ಮ

   𝑑𝜏 

(15)

that is a well-known result (e.g., Stratton, 1941) and it 
coincides with (263).  

Concerning the joint energy of two fields 𝑩ଵ and 𝑩ଶ 
(one field is 𝑩  and the other 𝒃 ) the corresponding 
formulas are

𝑩ଵ ൈ 𝑩ଶ  ൌ  𝑑𝑖𝑣 ሺ𝑨ଵ ∧ 𝑩ଶሻ ൅ 
4𝜋𝐾଴𝜇௥

𝛾଴
𝒋ଶ ൈ 𝑨ଵ ൌ 𝑑𝑖𝑣 ሺ𝑨ଵ ∧ 𝑩ଶሻ ൅

4𝜋𝐾଴𝜇௥

𝛾଴
 𝒋ଵ ൈ 𝑨ଶ 

(16)

where each field 𝑩௞ is generated by a current 𝒋௞ and it is associated with a vector potential 𝑨௞ 

𝑈௝ሺ𝑩ଵ, 𝑩ଶሻ  ൌ  න
𝑩ଵ ൈ 𝑩ଶ

8𝜋𝐾଴𝜇௥௏ಮ

   𝑑𝜏 ൌ
1
𝛾଴

න 𝒋ଵ ൈ 𝑨ଶ
௏ಮ

𝑑𝜏 ൌ
1
𝛾଴

න 𝒋ଶ ൈ 𝑨ଵ
௏ಮ

   𝑑𝜏   
(17)

It is now possible to express the energy of the whole 
system in terms of c-loops linking m-loops (see details 
in section A.2) or in terms of m-loops linking c-loops 
(see details in section A.3), and by this it is possible to 
distinguish:  
(i) the selfenergies, by means of the linking of c- 

and m-loops generated by one and the same 
subsystem of figure 9, and  

(ii) the joint-energies, by means of the linking of c 
and m-loops generated by two different 
subsystems of figure 9. 

Note that, as already mentioned, every term can 
always be equivalently interpreted in a twofold way, 
either in terms of c-loops linking m-loops or in terms of 
m-loops linking c-loops. Thus, it is possible to apply the 
energy variational principles, and specifically the 
“principle of magnetic energy variation” (see 1). 

The relation with theorems (9), (10), (11) and (12) 
ought sometimes to rely on formulas expressed in terms 
of the magnetostatic limit, e.g., when reference is made 
to the geomagnetic dipole 𝑴. This is, however, of no 
direct concern for the present discussion.  

For the sake of completeness, let us recall that 

Maguire and Carovillano (1968) (see also 
Carovillano and Siscoe, 1973) neglect the presence of 
the neutral sheet, although they take into account the 
contribution by a non-vanishing 𝑩௜௡௧ . However, 
compared to the present treatment, they use a 
different algorithm. They introduce one additional 
coil of currents that envelop the magnetosphere. They 
also distinguish the case in which 𝑩௜௡௧  does not 
penetrate into the magnetopause (no-merging case), 
and the case in which 𝑩௜௡௧ completely enters into it 
(complete merging). In the case of complete merging 
an additional shell of currents must be introduced in 
order to forbid 𝑩௜௡௧ to penetrate inside the Earth. The 
formal treatment is identical to the aforementioned 
derivation. They try to consider also the case of an 
intermediate amount of merging. They carry out a 
linear combination of the two extreme cases of null 
or of complete merging. These items, however, are of 
no concern for the present discussion. 
It is now a simple matter of a formal algebra to 

reconsider theorems (9), (10), (11), and (12), and to 
assess how they can be generalized to the more realistic 
model that is here considered. The general starting 
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formula, which is the analytical expression of the 
abstraction and approximations represented by figure 9, 

is 

2 𝑈௦ሺ𝑩ሻ ൌ ሾ𝐼ெ 𝛷ெሺ𝐼ெሻሿ  
൅ ሾ𝐼ெ 𝛷ெሺ𝐼௧௖  ൅ 𝐼௜௢ ൅ 𝐼௏஺ ൅ 𝐼௦௖ሻ ൅ 𝐼௧௖ 𝛷௧௖ሺ𝐼ெሻ ൅ 𝐼௜௢ 𝛷௜௢ሺ𝐼ெሻ ൅ 𝐼௏஺ 𝛷௏஺ሺ𝐼ெሻ  
൅ 𝐼௦௖ 𝛷௦௖ሺ𝐼ெሻሿ  
൅ ሾ𝐼௧௖ 𝛷௧௖ሺ𝐼௧௖  ൅ 𝐼௜௢  ൅ 𝐼௏஺ ൅ 𝐼௦௖ሻ ൅ 𝐼௜௢𝛷௜௢ሺ𝐼௧௖ ൅ 𝐼௜௢ ൅ 𝐼௏஺ ൅ 𝐼௦௖ሻ
൅ 𝐼௏஺ 𝛷௏஺ሺ𝐼௧௖  ൅ 𝐼௜௢  ൅ 𝐼௏஺ ൅ 𝐼௦௖ሻ ൅ 𝐼௦௖ 𝛷௦௖ሺ𝐼௧௖ ൅ 𝐼௜௢ ൅ 𝐼௏஺ ൅ 𝐼௦௖ሻሿ 

(18) 

where the expressions in square brackets represent, 
respectively, 𝑈௦ሺ𝑩ெሻ, 𝑈௝ሺ𝑩ெ, 𝒃ሻ , and 𝑈௦ሺ𝒃ሻ.  

In the case of screened Earth’s core, we have that 
inside 𝑉௧௖ it is 𝒃 ൌ 0. This case history can therefore be 
applied also to perturbed conditions, which can even 
change very slowly - although such a physical 
occurrence should require a different and more correct 
treatment as discussed in sections 6 and 8. 

No details about the formal derivation is here given, 
as it is only a simple matter of algebra. It can thus be 
shown that theorem (9) holds 

𝑈௝ሺ𝑩, 𝒃ሻ ൌ 0 (19) 
while theorem (10) is generalized into (where “magnp” 
is the acronym for magnetopause) 

𝑈௦ሺ𝒃ሻ  ൌ
1
2

 ሾ 𝐼௡௦ 𝛷௡௦ሺ𝑩ሻ ൅ 𝐼௠௔௚௡௣ 𝛷௠௔௚௡௣ሺ𝑩ሻ

൅ 𝐼௜௢ 𝛷௜௢ሺ𝑩ሻ ൅ 𝐼௏஺ 𝛷௏஺ሺ𝑩ሻ ሿ

െ
1
2

 𝑴 ൈ  ሾ𝒃௜௢ሺ0ሻ ൅ 𝒃௏஺ሺ0ሻ

൅ 𝒃௦௖ሺ0ሻሿ 

(20) 

or, upon considering that inside 𝑆௧௖ it is assumed that 
𝒃 ൌ 𝒃௧௖ ൅ 𝒃௜௢ ൅ 𝒃௏஺ ൅ 𝒃௦௖  ≡  0 (21) 

𝑈௦ሺ𝒃ሻ ൌ
1
2

 ሾ 𝐼௡௦ 𝛷௡௦ሺ𝑩ሻ ൅ 𝐼௠௔௚௡௣ 𝛷௠௔௚௡௣ሺ𝑩ሻ

൅ 𝐼௜௢ 𝛷௜௢ሺ𝑩ሻ ൅ 𝐼௏஺ 𝛷௏஺ሺ𝑩ሻ ሿ

൅
1
2

 𝑴 ൈ  𝒃௧௖ሺ0ሻ 

(22)

Let us refer to the case of unscreened Earth’s core. 
Theorem (11) is 

𝑈௝ሺ𝑩ெ, 𝒃ሻ  ൌ 𝐼ெ 𝛷ெሺ𝒃ሻ  ൌ  𝑴 ൈ  𝒃ሺ0ሻ (23) 
that, when 𝒃ሺ0ሻ ൌ 0 , becomes (19). Theorem (12) is 
generalized into 

𝑈௦ሺ𝒃ሻ ൌ 𝑄 െ 
1
2

𝑴 ൈ 𝒃ሺ0ሻ ൌ 𝑄–
1
2

 𝑈௝ሺ𝑩𝑴, 𝒃ሻ 
(24)

𝑄 ൌ  
1
2

 ൣ𝐼௡௦ 𝛷௡௦ሺ𝑩ሻ ൅ 𝐼௠௔௚௡௣ 𝛷௠௔௚௡௣ሺ𝑩ሻ

൅ 𝐼௏஺ 𝛷௏஺ሺ𝑩ሻ ൅ 𝐼௜௢ 𝛷௜௢ሺ𝑩ሻ
൅ 𝐼௧௖ 𝛷௧௖ሺ𝑩ሻ൧ 

(25)

that, when 𝒃ሺ0ሻ ൌ 0, becomes (20). 
Hence, the final expression for the total energy of the 

magnetosphere is  

𝑈௦ሺ𝒃ሻ ൌ
1
2

 𝐼ெ 𝛷ெሺ𝐼ெሻ ൅  𝑄 ൅  
1
2

𝑴 ൈ 𝒃ሺ0ሻ 
(26)

                                                 
22 Ludwig Eduard Boltzmann (1844-1906), Austrian theoretical 

physicist and philosopher.  
23  Bruno Benedetto Rossi (1905-1993) Italian-American 

physicist.  

and by (23) and (24) 
𝑈௝ሺ𝑩ெ, 𝒃ሻ ൌ 2𝑄 െ 2 𝑈௦ሺ𝒃ሻ (27) 

5.2. Steady state - The phase space approach  

5.2.1 - The virial equation 

The energy content in the magnetosphere can be 
treated by making reference to charged particle motions 
and plasma physics. The starting items are some 
moments of the collisionless Boltzmann 22  equation 
(momentum, angular momentum conservation, energy, 
and virial equations). Previous treatments were reviewed 
by Siscoe (1970). The energy content in different 
subvolumes of the magnetosphere can be computed and 
separated according to their different forms (kinetic plus 
thermal, power spent by electric field, magnetic energy). 
The total forces and moments exchanged between 
different subvolumes can also be evaluated. In the 
present treatment the collision terms and the relativistic 
effects are systematically neglected. 

The conceptual basis for this approach can be found 
on several standard books on plasma physics or, e.g., in 
a concise presentation given by Rossi 23  and Olbert 24 
(1970, Ch. 9 and 10). Owing to brevity purpose, no 
extensive review can be here made of this theoretical 
formulation and of its algorithms. The reader who is not 
familiar with these items can, however, take for granted 
only a few starting formulas. Then, he can follow the 
entire physical discussion. In any case, the content of the 
present section 5.2 is not strictly required for the 
remaining discussion, and it is here inserted only for the 
sake of completeness, in order to show how it agrees with 
the results outlined in the previous section, which were 
derived by means of different algorithms and 
approximations. 

The previous literature about this approach began 
with Dessler 25  and Parker 26  (1959), with subsequent 
developments by Parker (1962, 1966a), Sckopke (1966), 
Baker and Hurley (1967), Olbert et al. (1968), 
Carovillano and Maguire (1968) and Siscoe (1970). In 
addition, see also the reviews by Carovillano and Siscoe 
(1973) and by Siscoe (1974). The starting point was the 

24  Stanislaw “Stan” Olbert (1923-1994), Polish-American 
physicist. 

25 Alexander J. Dessler (1928-2023) American physicist. 
26 Eugene Newman Parker (1927– 2022) American physicist.  
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evaluation of the so-called Dessler-Parker-Sckopke 
(DPS) ratio, which is the ratio between 𝑏௭ሺ0ሻ, i.e., the 𝑧-
component of the geomagnetic perturbation field 
extrapolated to Earth’s center, and the intensity 𝐵଴ of the 
unperturbed geomagnetic field at the equator at Earth’s 
surface. The 𝒛ො-axis is along (and opposite to) the Earth’s 
dipole moment 𝑴. The term “DPS ratio” was proposed 
by Olbert et al. (1968), but see also Akasofu and 
Chapman (1972). 

Siscoe (1970) gave some substantial, new and more 
general, expressions for the DPS ratio, and he used a 
more systematic approach by means of the virial theorem 
applied to plasmas. He used some drastic assumptions 
( 𝑩௜௡௧ ൌ 0 , no neutral sheet, no reconnection, no 
ionosphere, no telluric currents). His innovative 
mathematical methods, however, can be used for the 
problem here of concern, and are here generalized. 

Sckopke (1972) is an example of the way this kind of 
energetic relationship in the magnetosphere can be used 
to infer self-consistent models of specific subsets of 
currents 𝒋  that partake to the physical system of the 
magnetosphere. In general, the same geophysical 
assumptions are used, which were already defined in 
section 5.1. Since 𝜎 → ∞ , the 𝑬  contribution can be 
neglected, altogether with the dissipative phenomena 
such as Joule heat. 

The solar wind is assumed perfectly continuous and 
steady, while there is no concern about “merging” or 
“reconnection” across the magnetopause or across the 
neutral sheet. The solar wind must be assumed to be 
infinitely extended, because - if it is finite - we should 
assume that the currents 𝒋 of the sc system must expand 
in space, i.e., this would be just the expansion of the solar 
corona. However, this would contradict the assumption 
of equilibrium conditions. On the other hand, the 
assumption of infinite extension of the solar wind 
introduces divergent terms that, however, can be easily 
handled and subtracted. 

Let us deal with the problem by means of the phase 
space of the charged particles that compose the solar 
wind. Specifically, refer to the virial equation. Reference 
is made, e.g., to Brandstatter (1963), Longmire (1963), 
Olbert et al. (1968), Rossi and Olbert (1970), Siscoe 
(1970), and references therein. In addition, Baker and 
Hurley (1967) and Carovillano and Maguire (1968), and 
references therein, use essentially the same argument, 
although at a more limited extent. Their arguments are 
here generalized, including the arguments by Siscoe 
(1970). 

Let us consider microscopically every 𝒋-loop, i.e., in 
terms of its particles in their phase space (see, e.g., Rossi 
and Olbert, 1970, Ch. 9 and 10). Call 𝒃ଵ  the field 
produced by the particles that are assumed to move in an 

                                                 
27Leopold Kronecker (1823-1891), German mathematician.  

externally applied field 𝑩ଵ  (originated by all other 𝒋-
loops). It is 

𝑩 ൌ 𝑩ଵ ൅ 𝒃ଵ (28) 
Let us suppose that also the total current density 𝑱 

that produces 𝑩 is separated into two parts (note a slight 
change of symbols, as the former 𝒋 is now called 𝑱) 

𝑱 ൌ 𝑱ଵ ൅ 𝒋ଵ (29) 
where 𝑱 , 𝑱ଵ  and 𝒋ଵ  are responsible for 𝑩 , 𝑩ଵ  and 𝒃ଵ , 
respectively. Let us consider a strictly stationary state. 
Thus, the momentum balance equation is as follows, 
when 𝒋ଵ ∧ 𝑩ଵ is considered as an external force and the 
effect of 𝒃ଵ is taken into account through its magnetic 
stress tensor 𝑡௜௝ሺ1ሻ (the convention is here used to raise 
in parentheses any subscript like 1 in 𝒃ଵ whenever there 
is need to specify vector or tensor indexes) 

𝜕
𝜕𝑥௝

ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻ െ 𝛾௜௝ሺ1ሻሿ

ൌ ሺ𝒋ଵ ∧ 𝑩ଵሻ௜ ൅ ෍ 𝒇௜ 

(30)

where 𝑝௜௝ሺ1ሻ is the particle momentum flow tensor and 
𝛾௜௝ሺ1ሻ  is the gravity tensor. It is [see e.g. Rossi and 
Olbert, 1970, p. 298 (10.167)] 

𝑡௜௝ሺ1ሻ ൌ െ
1

8𝜋𝐾଴𝜇௥ 
 ሾ𝒃ሺ1ሻ𝟐 𝛿௜௝

െ 2 𝑏௜ሺ1ሻ 𝑏௝ሺ1ሻሿ 

(31)

where 𝛿௜௝ is the Kronecker27 𝛿-symbol. In addition, the 
contribution of the electric field 𝑬 is neglected, because 
it was already neglected in section 5.1, and it might be 
very easily inserted in the present formulation by means 
only of some unessential complication. Moreover, it is 

𝑝௜௝ሺ1ሻ ൌ 𝖕௜௝ሺ1ሻ ൅ 𝜚ሺ1ሻ v௜ሺ1ሻ v௝ሺ1ሻ (32) 
where, in the non-relativistic approximation, 𝖕ሺ1ሻ is the 
pressure tensor, 𝜚ሺ1ሻ is the mass density, and 𝐯ሺ1ሻ is the 
bulk velocity, i.e., the velocity of the proper frame of the 
plasma (i.e., of the frame where the total momentum 
density vanishes). Moreover, following Siscoe (1970), 
let us introduce the pressures 𝔭෤∥  parallel to 𝑩  and 𝔭෤ୄ 
perpendicular to 𝑩  (note that they are defined with 
respect to 𝑩, not with respect to 𝒃ଵ). Thus, it is 

𝔭௜௝ሺ1ሻ ൌ 𝔭෤ୄሺ1ሻ 𝛿௜௝  ൅ ሾ𝔭෤∥ሺ1ሻ  

െ 𝔭෤ୄሺ1ሻሿ 
𝐵௜ 𝐵௝

𝑩𝟐    

(33)

Finally [see, e.g., Rossi and Olbert, 1970, p. 299 
(10.173)] 

𝛾௜௝ሺ1ሻ ൌ െ
1

4𝜋 𝜅
൤𝑔௜ሺ1ሻ 𝑔௝ሺ1ሻ–

1
2

  𝒈ଶሺ1ሻ 𝛿௜௝ ൨ 
(34)

where 𝜅 and 𝒈 are the gravitational constant and field, 
respectively. 

All previous symbols refer to 𝒃ଵ, which is supposed 
to be generated by particles in their phase space. In what 
follows, whenever reference has to be made to 𝑩 or 𝑩𝟏 
that are produced by other sets of particles in their 
respective phase space, the self-explanatory symbols are 
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used that are defined in Table 16. 
 

Table 16. Symbols for the computation of the energy contents in the magnetosphere in terms of particle phase space ሺ1ሻ 
for         
𝒃ଵ  𝑡௜௝ሺ1ሻ 𝑝௜௝ሺ1ሻሻ 𝖕௜௝ሺ1ሻ 𝜚ሺ1ሻ 𝐯ሺ1ሻ 𝖕෤ୄሺ1ሻ 𝖕෤∥ሺ1ሻሻ 𝒈ሺ1ሻ 𝛾௜௝ሺ1ሻ 
𝑩𝟏  𝑇௜௝ሺ1ሻ 𝑃௜௝ሺ1ሻሻ 𝕻௜௝ሺ1ሻ 𝜚ሺ1ሻ 𝐕ሺ1ሻሻ 𝕻෩ ୄሺ1ሻ 𝕻෩ ∥ሺ1ሻሻሻ 𝑮ሺ1ሻ Γ௜௝ሺ1ሻ 
𝑩  𝑇௜௝ 𝑃௜௝ 𝕻௜௝ 𝜚 𝐕 𝕻෩ ୄ 𝕻෩ ∥ 𝑮 Γ௜௝ 

 
The addendum ∑ 𝒇௜ in (30) is defined as 

෍ 𝒇௜  ൌ  𝒇ெ  ൅ 𝒇௧௖ ൅  𝒇௜௢ 
(35)

which includes the forces exerted by the holonomic 
constraints, which operate respectively on the 𝑴, tc, and 
io 𝒋-systems as a consequence of their fixed geometry. 
For the sake of simplicity, let us hereafter assume that 
𝒇ெ  acts over 𝑴  as a 2D force perpendicular to the 
circular 𝒋-loop, which generates 𝑴 and that is called 𝐿ெ. 
Conversely, 𝒇௧௖  and  𝒇௜௢  are simple 1D radial 
components, perpendicular to their respective spherical 
shells (ss) over which the tc and io currents 𝒋 flow. These 
two ss are called here below 𝑆௧௖ and 𝑆௜௢, respectively.  

These holonomic terms must be inserted in (30) only 

when 𝒃ଵ includes either one (or a few) of the 𝒋-systems 
that are responsible for 𝑴 and/or tc and/or io. When 𝒃ଵ 
does not comprise either one of them, the corresponding 
addendum in (35) must be deleted, because (30) is not 
concerned with the constraints applied for the generation 
of 𝑩𝟏 , rather it deals with constraints on the charged 
particles that originate 𝒃ଵ. 

The corresponding energy relationship can be 
obtained by computing the scalar product of both sides 
of (30) with the radial vector 𝒓 ≡ ሺ𝑥ଵ, 𝑥ଶ, 𝑥ଷሻ  and by 
integrating over a given volume 𝑉  of space that is 
enclosed by a surface 𝑆 

න 𝑥௜
𝜕

𝜕𝑥௝
ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻ െ 𝛾௜௝ሺ1ሻሿ

௏
𝑑𝜏 ൌ න 𝒓 ൈ 𝒋ଵ ∧ 𝑩𝟏

௏
𝑑𝜏 ൅ න ෍ 𝒓 ൈ 𝒇

௏
  𝑑𝜏 

(36)

The last integral is, when 𝑉 includes 𝐿ெ, 𝑆௧௖ and 𝑆௜௢ 

න ෍ 𝒓 ൈ 𝒇
௏

  𝑑𝜏 ൌ  ර |𝒇ெ| 𝑟ெ
௅ಾ

𝑑𝜆 ൅ ර 𝑓௧௖ 𝑟௧௖
ௌ೟೎

𝑑𝜎 ൅ ර 𝑓௜௢ 𝑟௜௢
ௌ೔೚

𝑑𝜎  
(37)

where 𝑑𝜆 is a length differential, and 𝑟ெ is the radius of 
𝐿ெ , and 𝑟௧௖  and 𝑟௜௢  are the radii of 𝑆௧௖  and 𝑆௜௢ , 
respectively. It is also 

න ෍ 𝒓 ൈ 𝒇
௏

  𝑑𝜏 

ൌ  𝑟ெ |𝑭ெ|  ൅ 𝑟௧௖ |𝑭௧௖|  
൅  𝑟௜௢ |𝑭௜௢| 

(38)

where 𝑭ெ, 𝑭௥௖, and 𝑭௜௢ are the resultant total forces of 
the holonomic constraints over 𝐿ெ , 𝑟௧௖  and 𝑟௜௢ , 
respectively. Note that the resultant force 

𝑭 ൌ  𝑭ெ  ൅ 𝑭௧௖  ൅ 𝑭௜௢ (39) 
plays the role of an electrodynamic perturbation on the 
orbital motion of the Earth, originated by the solar wind. 
This item is discussed in sections 6 and 8. 

Let us define the following symbols, where it is 
supposed that 𝑉  contains either the whole 𝐿ெ  or the 
whole 𝑆௧௖  or the whole 𝑆௜௢ , and the corresponding 
holonomic terms must be included  

𝕺 ൌ න ෍ 𝒓 ൈ 𝒇
௏

  𝑑𝜏 ൌ 𝔬ெ ൅ 𝔬௧௖ ൅ 𝔬௜௢ 

𝔬ெ ൌ 𝑟ெ |𝑭ெ|  𝔬௧௖ ൌ 𝑟௧௖ |𝑭௧௖|
𝔬௜௢ ൌ 𝑟௜௢ |𝑭௜௢|  (40)

The left hand side of (36) can be transformed by 
commuting 𝑥௜  and 𝜕/𝜕𝑥௝  and by applying the Gauss’ 
theorem 

ර 𝑛ො௝ 𝑥௜
ௌ

ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻ

െ 𝛾௜௝ሺ1ሻሿ 𝑑𝜎 – න 𝑇𝑟
௏

ሾ𝑝௜௝ሺ1ሻ

െ 𝑡௜௝ሺ1ሻ െ 𝛾௜௝ሺ1ሻሿ  𝑑𝜏 

(41)

where 𝑇𝑟  denotes the trace of a tensor and 𝒏ෝ  is the 
outward unit vector perpendicular to 𝑆 . The trace of 
𝑝௜௝ሺ1ሻ is 2 �̃�ሺ1ሻ, where �̃�ሺ1ሻ is the total kinetic energy 
density of the plasma particles that originate 𝒃ଵ . In 

addition, let us call 𝑘ଵ ൌ ׬  �̃�ሺ1ሻ௏∞
 𝑑𝜏 their total kinetic 

energy. The trace of 𝑡௜௝ሺ1ሻ is minus the magnetic energy 
density of 𝒃ଵ, hence its integral over 𝑉∞ is െ𝑈௦ሺ𝒃ଵሻ. The 
trace of 𝛾௜௝ሺ1ሻ is minus the gravitational energy density, 
and its integral over 𝑉∞ is െ𝑈௚ሺ𝒃ଵሻ being  

𝑈௚ሺ𝒃ଵሻ ൌ െ න
𝒈ଶሺ1ሻ
8𝜋 𝜅௏ಮ

  𝑑𝜏 ൏  0 
(42)

that, in the case of a finite density distribution, is not 
singular.  

The corresponding different symbols for 𝑩ଵ  and 𝑩 
are defined according to the scheme of Table 17, while 
the symbols for the gravitational constant 𝜅 , the 
coordinates 𝑥௜, the unit vector 𝒏ෝ perpendicular to 𝑆, and 
the 𝒇 and 𝑭 vectors, are unchanged. 

 
Table 17. Symbols for the computation of the energy 
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contents in the magnetosphere in terms of particle phase 
space (II) 

for 𝒃ଵ �̃�ሺ1ሻ 𝑘ଵ 𝑈௚ሺ𝒃ଵሻ 
for 𝑩ଵ 𝐾෩ሺ1ሻ 𝐾ଵ 𝑈௚ሺ𝑩ଵሻ 
for 𝑩 𝐾෩ 𝐾 𝑈௚ሺ𝑩ሻ 

 
Therefore (36) can be rewritten as 

ර 𝑛ො௝ 𝑥௜
ௌ

ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻ

െ 𝛾௜௝ሺ1ሻሿ 𝑑𝜎 – න 𝑇𝑟
௏

ሾ𝑝௜௝ሺ1ሻ

െ 𝑡௜௝ሺ1ሻ െ 𝛾௜௝ሺ1ሻሿ 𝑑𝜏

ൌ න  𝒓 ൈ 𝒋ଵ  ∧ 𝑩𝟏
௏

 𝑑𝜏 ൅ 𝕺 

(43)

Let us first suppose 𝑉 ≡ 𝑉∞ , 𝑆 ≡ 𝑆∞ , and thus 
generalize the arguments that can be found in Baker and 
Hurley (1967), Carovillano and Maguire (1968) and 
Olbert et al. (1968). The volume integral on the left hand 

side becomes 

න 𝑇𝑟
௏

ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻ െ 𝛾௜௝ሺ1ሻሿ 𝑑𝜏

ൌ 2 𝑘ଵ ൅ 𝑈௦ሺ𝒃ଵሻ ൅ 𝑈௚ሺ𝒃ଵሻ 

(44)

In contrast, the computation of the first integral on the 
right hand side of (43) is normally much more involved, 
due to its dependence on the geometry of the current 
distribution. Two useful relations can be shown. 

Let us call 𝒃ଵ and 𝒃ଶ the fields produced by any two 
current distributions 𝒋ଵ and 𝒋ଶ [and unlike in (28) we do 
not request 𝒃ଵ ൅ 𝒃ଶ ൌ 𝑩]. It can be shown that 

න 𝒓 ൈ 𝒋ଵ ∧ 𝒃ଶ ൅ 𝒓 ൈ 𝒋ଶ  ∧ 𝒃ଵ
௏ಮ

 𝑑𝜏

ൌ 𝑈௝ሺ𝒃ଵ, 𝒃ଶሻ

൅
𝛾଴

4𝜋
 ර ൣሺ𝒏ෝ ൈ 𝒃ଵሻሺ𝒓 ൈ 𝒃ଶሻ

ௌಮ

൅ ሺ𝒏ෝ ൈ 𝒃ଶሻሺ𝒓 ൈ 𝒃ଵሻ െ ሺ𝒏⏞
ൈ 𝒓ሻ ሺ𝒃ଵ ൈ 𝒃ଶሻ൧  𝑑𝜎 

(45)

which is derived as follows 

න  ሺ𝒓 ൈ 𝒋ଵ  ∧ 𝒃ଶ ൅  𝒓 ൈ 𝒋ଶ  ∧ 𝒃ଵሻ
௏ಮ

 𝑑𝜏 ൌ
𝛾଴

4𝜋
න 𝒓 ൈ ሺ𝑐𝑢𝑟𝑙 𝒃ଵ ∧ 𝒃ଶ ൅ 𝒓 ൈ 𝑐𝑢𝑟𝑙 𝒃ଶ ∧ 𝒃ଵሻ

௏ಮ

 𝑑𝜏

ൌ
𝛾଴

4𝜋
 න 𝑥௠ ൣ𝜀௜௝௞ 𝑏௞/௝ሺ1ሻ 𝑏௛ሺ2ሻ 𝜀௜௛௠ ൅ 𝜀௜௝௞ 𝑏௞/௝ሺ2ሻ 𝑏௛ሺ1ሻ 𝜀௜௛௠൧

௏ಮ

 𝑑𝜏 

ൌ
𝛾଴

4𝜋
න 𝑥௠ ሺ𝛿௛

௝ 𝛿௠
௞ – 𝛿௠

௝  𝛿௡
௞ ሻ ൣ𝑏௞/௝ሺ1ሻ 𝑏௛ሺ2ሻ ൅ 𝑏௞/௝ሺ2ሻ 𝑏௛ሺ1ሻ൧

௏ಮ

 𝑑𝜏 

ൌ
𝛾଴

4𝜋
න ൣሺ𝑥௠ 𝑏௠ሺ1ሻ 𝑏௛ሺ2ሻሻ/௛ ൅ ሺ𝑥௠ 𝑏௠ሺ2ሻ 𝑏௛ሺ1ሻሻ/௛ െ ሺ𝑥௠ 𝑏௛ሺ1ሻ 𝑏௛ሺ2ሻሻ/௠

௏ಮ

െ 𝑥・/௛
௠  ሺ𝑏௠ሺ1ሻ 𝑏௛ሺ2ሻ ൅ 𝑏௠ሺ2ሻ 𝑏௛ሺ1ሻሻ ൅ 𝑥・/௠

௠  𝑏௛ሺ1ሻ 𝑏௛ሺ2ሻ൧  𝑑𝜏 

ൌ  
𝛾଴

4𝜋
න  ሾ𝑛ො௛ 𝑥௠ 𝑏௠ሺ1ሻ 𝑏௛ሺ2ሻ ൅ 𝑛ො௛ 𝑥௠ 𝑏௠ሺ2ሻ 𝑏௛ሺ1ሻ െ 𝑛ො௠ 𝑥௠ 𝑏௛ሺ1ሻ 𝑏௛ሺ2ሻሿ

ௌ∞

 𝑑𝜎

൅
𝛾଴

4𝜋
න ሼെ𝛿௛

௠   ሾ𝑏௠ሺ1ሻ 𝑏௛ሺ2ሻ ൅ 𝑏௠ሺ2ሻ 𝑏௛ሺ1ሻሿ ൅ 3 𝑏௛ሺ1ሻ 𝑏௛ሺ2ሻሽ
௏∞

𝑑𝜏 

 

(46)

where, as already stated, the subscripts 1 and 2 are put in 
parentheses in order to avoid confusion with tensor 
indices. Moreover, we use the Gauss’ theorem, and 𝜀௜௝௞ 
is the elementary anti-symmetric tensor (Ricci’s tensor; 
see Gregori et al., 2025o).  

When 𝒃ଵ ൌ 𝒃ଶ ൌ 𝒃 and 𝒋ଵ ൌ 𝒋ଶ ൌ 𝒋 , (45) becomes  

න  𝒓 ൈ 𝒋 ∧ 𝒃
௏ಮ

 𝑑𝜏 ൌ  𝑈௦ሺ𝒃ሻ

൅ 
𝛾଴

4𝜋
 ර ൤ሺ𝒏ෝ ൈ 𝒃ሻሺ𝒓

ௌಮ

ൈ 𝒃ሻ –
1
2

ሺ𝒏ෝ ൈ 𝒓ሻ 𝒃ଶ൨  𝑑𝜎 

(47)

Note that (45) and (47) hold also for a finite volume 
𝑉  enclosed by a surface 𝑆  (but, 𝑈௝  refers only to a 
volume 𝑉 ⊂ 𝑉∞). The relation (47) is used by Sckopke 

(1972).  
The second relation is shown by Baker and Hurley 

(1967) in the following way. A purely dipolar 𝒃ଶ  is 
considered, let us call it 𝒃஽, and it is 

න 𝒓 ൈ 𝒋ଵ ∧ 𝒃஽
௏ಮ

𝑑𝜏 ൌ   െ𝑈௝ሺ𝒋ଵ, 𝒃஽ሻ 
(48)

This can be shown by representing 𝒃஽  by the 
expression  

𝒃஽ ൌ െ3𝑀
𝑐𝑜𝑠 𝜗

𝑟ଷ   𝒓ො  ൅
𝑀
𝑟ଷ   𝒛ො 

(49)

where 𝒛ො  and 𝒓ො  are unit vectors, being 𝑴 ൌ െ𝑀  𝒛ො  the 
dipole moment vector, and 𝜗  the colatitude reckoned 
from െ𝑴. Thus, it is  
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න  𝒓 ൈ 𝒋ଵ  ∧ 𝒃஽
௏ಮ

 𝑑𝜏 ൌ   െ𝑀  𝒛ො ൈ න
 𝒓 ∧ 𝒋ଵ

𝑟ଷ  
௏ಮ

 𝑑𝜏

ൌ  െ𝑴 ൈ 𝒃ଵሺ0ሻ 

(50)

where 𝒃ଵሺ0ሻ is expressed by means of the Laplace’s law, 

and 𝒃ଵሺ0ሻ  is the 𝒃ଵ  field at the origin where 𝑴  is 
located. Finally, one gets (48) by (23) (even when 𝒃ଵ ൅
𝒃஽ ് 𝑩). From (45) and (48) one gets also (recall that 
according to the present assumption it is 𝑐𝑢𝑟𝑙 𝒃஽ ്  0)  

න  𝒓 ൈ 𝒋஽  ∧ 𝒃ଵ
௏ಮ

 𝑑𝜏 ൌ  
𝛾଴

4𝜋
 න  𝒓 ൈ 𝑐𝑢𝑟𝑙 𝒃஽  ∧ 𝒃ଵ

௏ಮ

𝑑𝜏

ൌ  2 𝑈௝ሺ𝒋஽, 𝒃ଵሻ ൅
𝛾଴

4𝜋
 ර ሾሺ𝒏ෝ ൈ 𝒃஽ሻሺ𝒓 ൈ 𝒃ଵሻ ൅ ሺ𝒏ෝ ൈ 𝒃ଵሻሺ𝒓 ൈ 𝒃஽ሻ െ ሺ𝒏ෝ ൈ 𝒓ሻሺ𝒃ଵ ൈ 𝒃஽ሻሿ

ௌಮ

 𝑑𝜎 

(51)

 
that shows that the two addenda on the left hand side of 
(45) give, in general, quite different contributions. Note 
also that the argument relying on the Laplace’ law in (50) 
can be applied only considering the 𝑙/𝑟ଷ dependence in 
(49), i.e., higher multipolar terms give more complicated 
expressions for (50). Finally, note that (50) and (51) also 
hold for a finite volume 𝑉, the only condition being that 
𝑉 must contain the entire 𝒃ଵ system. 

In summary, the previous results become, when 𝑉 ൌ
𝑉∞ (43),  

𝔖ሺ𝒃ଵሻ  െ  2 𝑘ଵ  െ 𝑈௦ሺ 𝒃ଵሻ  െ 𝑈௚ሺ 𝒃ଵሻ  

ൌ   න  𝒓 ൈ 𝒋ଵ  ∧ 𝑩𝟏
௏ಮ

 𝑑𝜏 ൅ 𝕺 

(52)

where 𝕺 is defined by (40) and 

𝔖ሺ𝒃ଵሻ  ൌ   ර 𝑛ො௝ 𝑥௜
ௌಮ

ሾ𝑝௜௝ െ 𝑡௜௝ െ 𝛾௜௝ሿ 𝑑𝜎 
(53)

where 𝒃ଵ is explicitly indicated as an argument of 𝔖 to 
mean that 𝔖  depends on the choice made while 
separating 𝑩 and 𝑱 according to (28) and (29).  

A comment has to be made dealing with the argument 
𝒃ଵ  that is specified for 𝑈௚ . In order to keep a perfect 
analogy between the gravitational and magnetic fields 
(see Rossi and Olbert, 1970) we should suppose that the 
gravitational tensor (34) should refer only to the 
gravitational field originated by particles that compose 
the current systems that produce 𝒃ଵ . In this case, the 
gravitational field - which is due to all neutral matter in 
the Earth and its environment - should be considered an 
external field that enters as a fourth addendum in 𝕺, i.e., 
in (40). In this case, it is correct to specify 𝒃ଵ  as an 
argument of 𝑈௚. 

An alternative way is to consider 𝛾௜௝  in (34) as 
referring to the total actual gravitational field that is 
experienced by particles, i.e., including also contribution 
by neutral matter. In this case, 𝑈௚ is independent of the 
choice of 𝒃ଵ. It is a volume integral over 𝑉∞ and its value 
is practically unaffected by the current systems. 

As a conclusion, 
(i) either we specify the 𝒃ଵ argument for 𝑈௚ in (52) 

- and we suppose that in (40) a fourth addendum 
must be included in 𝕺 , which is the space 
integral over 𝑉∞ of the gravitational field energy 
density originated by all existing matter (minus 
the matter that is part of the current systems that 

cause 𝒃ଵ); but in this case 𝑈௚ሺ𝒃ଵሻ is negligible 
compared to the aforementioned fourth 
addendum; or  

(ii) we do not specify the 𝒃ଵ argument for 𝑈௚  and 
we add a constant to 𝕺. This second choice is 
formally much simpler.  

A third point of view is to avoid the use of 𝛾௜௝, and to 
describe 𝒈  as a purely external force that acts on 𝒋ଵ . 
According to such a viewpoint, we have to add to 𝕺 a 
term 

𝔖ሺ𝑉ሻ ൌ න 𝜚ሺ1ሻ 𝒓 ൈ 𝒈 
௏

 𝑑𝜏 
(54)

Note that, if we assume a spherically symmetric or 
slightly ellipsoidal distribution, it is 𝒓 ൈ 𝒈 ≅ െ𝑟 𝑔 and 
𝔖 ൏ 0. [When 𝑉 ൌ 𝑉∞  let us call 𝔖ሺ𝑉∞ሻ ൌ 𝔖.] This is 
different compared to 𝑈௚ሺ𝑉ሻ  [where the 𝑉  argument 
means that in (42) the integration volume is 𝑉 ⊂ 𝑉∞ ] 
because the surface integral in (41) does not vanish when 
𝑉 is finite. In the following, such a third viewpoint is 
adopted, and the surface integral of (41) is thus avoided. 

In this same respect, the 𝕺  constraints are simply 
determined by the electrical conductivity 𝜎  of the 
medium where the respective currents flow. The 𝑴 
currents flow in the Earth’s core, and fade off as soon as 
𝜎  decreases. Owing to the Hamilton’s principle (see 
section 2 and Gregori et al., 2025e), these currents 𝒋 tend 
to expand as much as possible, and are thus confined 
inside a finite volume defined by the drop of 𝜎. The same 
argument applies also for the tc currents (indeed, they 
flow as much as possible on the outermost crustal layer, 
unless 𝜎  requests a deeper flow). As far as the io 𝒋-
system is concerned, the currents flows inside a thick 
layer, which is the result both of the local ionization and 
of the interaction of the ionosphere with the 𝑩 that is 
embedded in a rotating and dynamic atmosphere. The 
induced currents 𝒋  are only a part of a much more 
complicated phenomenon, but - strictly speaking - they 
must be comparatively more intense in the outermost 
ionosphere. 

Consider (52) and suppose that all 𝒋-systems, with the 
only exception of sc, can be enclosed inside a finite 
volume. Their contribution to 𝑝௜௝, whenever they enter 
in the definition of 𝒃ଵ , is identically zero at infinity 
(because the particle density-function in phase space, 
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which enters into the 𝑝௜௝ definition, vanishes at infinity). 
Moreover, 𝑡௜௝  tends to infinity like 1/𝑟଺  (i.e., like the 
dipolar component of 𝒃ଵ, while the higher order terms 
decrease more rapidly). Thus, in any case (when 𝒋ଵ does 
not include sc) 

𝔖ሺ𝒃ଵሻ ൌ  0 (55) 
Let us put 𝑩ଵ ൌ 𝑱ଵ ൌ 0 in (28) and (29) (i.e., all 𝒋-

systems contribute to define 𝒃ଵ). Thus, (52) becomes 
𝔖ሺ𝒃ଵሻ ൌ  2 𝔎 ൅ 𝑈௦ሺ 𝑩ሻ ൅ 𝕺 ൅  𝔖 (56) 

where 𝔎 is the total kinetic and thermal energy of all 
particles that generate all 𝒋-systems.  

First, let us neglect 𝕺 ൅  𝔖 and conclude that, in this 
case, 𝔖ሺ𝑩ሻ must be positive and cannot vanish. This is 
the well-known argument by which it is shown that a 
plasma cannot be self-contained, but it must in any case 
expand (see section 6 and, e.g., Brandstatter, 1963, or 
Rossi and Olbert,1970). This is also known as 
Chandrasekhar-Fermi theorem (Chandrasekhar and 
Fermi, 1953). In order to investigate the role of 𝕺 and  𝔖 
in (56), let us suppose that also the sc system is in 
equilibrium, and that it is entirely contained inside a 
finite volume. Thus, also 𝔖 vanishes and (56) gives 

𝕺 ൅  𝔖 ൌ  െ2 𝔎 െ 𝑈௦ሺ 𝑩ሻ ൏ 0 (57) 
that is, 𝕺 ൅  𝔖 should reflect forces directed towards the 
center of the Earth, or - which is the same, as already 
mentioned - that the 𝐿ெ, 𝑆௧௖ and 𝑆௜௢ are stretched outside 
either by self-induction or by the interaction with the 
solar wind.  

Now, let us consider a box of solar wind so huge that, 
at its surface, the effects of all 𝒋-systems other than sc 
can be neglected. In order to keep equilibrium, the wider 
is the huge box of solar wind, the larger should be 𝕺 
[because, if one neglects the gravitational field of the 
solar wind particles, 𝔖 decreases as 𝑙/𝑟ସ, and when one 
considers also the gravitational field of the solar wind 
particles, the increase in 𝔖 is much slower than that the 
increase either of 𝔎 or of 𝑈௦ሺ𝑩ሻ]. This is very unlikely, 
because 𝕺 has to be supposed in any case to be finite. By 
this, it is concluded that in (56) 𝔖ሺ𝑩ሻ cannot vanish, or 
we have to consider an infinitely extended solar wind, 
which is the same thing (otherwise, we should account 
for its actual expansion and we could not consider a 
steady equilibrium situation). This statement implies that 
in (56) 𝔖ሺ𝑩ሻ, 𝔎, 𝑈௦ሺ𝑩ሻ, and 𝔖  tend to infinity when the 
box of solar wind tends to 𝑉∞. However, the quantity 

𝔖ሺ𝑩ሻ െ  2𝔎 െ 𝑈௦ሺ𝒃ሻ  െ  𝔖
ൌ  𝑈௦ሺ𝑩ெሻ ൅  𝑈௝ሺ𝑩ெ, 𝒃ሻ  
൅  𝕺 

(58)

tends, in any case, to a finite limit. An alternate 
expression for  𝑈௝ሺ𝑩ெ, 𝒃ሻ is 

 𝑈௝ሺ𝑩ெ, 𝒃ሻ  ൌ  ሾ 𝔖ሺ𝑩ሻ െ  2𝔎 െ  𝑈௦ሺ𝒃ሻ  െ  𝔖ሿ
െ  𝑈௦ሺ𝑩ெሻ െ  𝕺 

(59)

Moreover, owing to (55) it is 
𝔖ሺ𝑩ሻ ≡ 𝔖ሺ𝒃௦௖ሻ  (60)

where 𝒃௦௖  means 𝒃 contribution originated only by sc. 

Indeed, only a finite portion of the infinitely extended 
solar wind interacts with the geomagnetic field (which, 
physically, must have a finite energy). In section 8 it is 
shown how to compute 𝑈௦ሺ𝒃ሻ on an experimental basis, 
but we are unable to give a practical criterion by which 
we can select a finite volume, inside the solar wind, 
which contains the magnetosphere and the fraction of 
solar wind that actually interacts with it. We can only 
show that its 𝑈௦ሺ𝒃ሻ is finite and it is also possible to 
evaluate its value experimentally. 

Let us apply (52) and state that 𝒃ଵ is the field of any 
set of 𝒋-systems, and 𝑩ଵ the field of the set of all other 𝒋-
systems that are not considered in the definition of 𝒃ଵ 
[they must include all other 𝒋-systems as otherwise the 
momentum balance (30) cannot be satisfied]. Therefore, 
we can exchange the role of the two sets of currents and 
write anew (52). Add the two virial equations that are 
thus found, apply (45) and find anew (56). 

Let us choose 𝒃ଵ ൌ 𝑩ெ  and obtain from (52), (55) 
and (51) (upon assuming that 𝑩ெ is dipolar) 

െ2 𝑘ெ െ 𝑈௦ሺ𝑩ெሻ െ 𝔖
ൌ 2 𝑈௝ሺ𝑩ெ, 𝒃ሻ  

൅
𝛾଴

4𝜋
 රሾሺ𝒏ෝ ൈ 𝑩ெሻ ሺ𝒓 ൈ 𝒃ሻ

൅ ሺ𝒏ෝ ൈ 𝒃ሻ ሺ𝒓 ൈ 𝑩ெሻ െ ሺ𝒏ෝ
ൈ rሻ ሺ𝒃 ൈ 𝑩ெሻሿ  𝑑𝜎 ൅ 𝜎ெ

(61)

where 𝑘ெ is the total kinetic and thermal energy of the 
particles that partake to the 𝑀  system. Similarly, by 
taking 𝒃ଵ ൌ 𝒃 one gets from (52), (48) and (40) (still 
assuming that 𝑩ெ is dipolar)  

𝔖ሺ𝑩௦௖ሻ െ 2 ሺ𝔎 െ 𝑘ெሻ െ 𝑈௦ሺ𝒃ሻ  െ  𝔖 
ൌ െ 𝑈௝ሺ𝑩ெ, 𝒃ሻ  ൅ 𝜎௧௖  ൅ 𝜎௜௢ 

(62)

It can be shown that, if we assume that, 
asymptotically, 𝒃 → 𝒃௦௖ ൌ 𝑐𝑜𝑛𝑠𝑡, the surface integral in 
(61) vanishes. This can be shown by assuming that 𝑆∞ is 
a very large sphere. Then, 𝐵ெ → 𝑙/𝑟ଷ  and 𝑟 𝑑𝜎 → 𝑟ଷ . 
But, owing to the symmetry of the dipole field 𝑩ெ, it can 
be concluded that the integral vanishes. Thus, by (61) 
one finds 

𝑈௝ሺ𝑩ெ, 𝒃ሻ ൌ െ
1
2

ሾ2 𝑘ெ  ൅ 𝑈௦ሺ𝑩ெሻ ൅ 𝜎ெ

൅ 𝔖ሿ

(63)

Finally, skip in (62) the terms with infinite limits [by 
means of (58) and (60)] and find anew (63). Hereafter 
call 

𝒯ெ ൌ 2 𝑘ெ ൅ 𝑈௦ሺ𝑩ெሻ ൅ 𝜎ெ  ൅  𝔖  (64)
Let us consider (43) and suppose that 𝑉  is a finite 

region of space. The surface integral in (43) can be 
expressed [by means of (31), (32), and (33)] in the 
following way 
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𝔖ሺ𝑏ଵ, 𝑺ሻ ൌ න 𝒏ෝ௝ 𝑥௜ ቊ ቈ𝖕ොୄ 𝛿௜௝

ௌ

൅ ሺ𝖕ො∥ሺ1ሻ െ 𝖕ොୄሻ 
𝐵௜ 𝐵௝

𝐵ଶ  

൅ 𝜚ሺ1ሻ v௜ሺ1ሻ v௝ሺ1ሻ቉  

൅
1

8𝜋 𝐾଴ 𝜇௥
  ሾ𝒃ଶሺ1ሻ 𝛿௜௝

െ 2 𝑏௜ሺ1ሻ 𝑏௝ሺ1ሻሿቋ   𝑑𝜎 

(65)

[note that 𝔖ሺ𝒃ଵሻ ൌ 𝔖ሺ𝒃ଵ, 𝔖ஶሻ]. Let us divide 𝑉 into sub-
domains of integration and let us define them, e.g., by 
means of flux tubes of 𝑩 cut by surfaces perpendicular 
to 𝑩 (figure 10). Change the frame of reference in such 
a way that 𝑩 has only its third component different from 
zero. Thus, it is 

𝔭ଵଵሺ1ሻ  
ൌ 𝖕෤ୄ ሺ1ሻ 

𝔭ଶଶሺ1ሻ  
ൌ 𝖕෤ୄ ሺ1ሻ 

𝔭ଷଷሺ1ሻ  
ൌ 𝖕෤∥ ሺ1ሻ 

(66)

𝔭௜௝ሺ1ሻ ൌ  0       ሺ𝑖 ് 𝑗ሻ 

 

 
 
 
 
 
Figure 10. 

Sub-domain of 
integration 
defined as a flow 
tube of a given 
vector field, cut 
by surfaces 
perpendicular to 
the vector field 
itself. 
Unpublished 
figure. 

Over any piece of 𝑆 parallel to 𝑩, (since 𝑛ොଷ ൌ 0) we 
can pose  

𝑛ො௝ 𝑥௜ 𝔭௜௝ሺ1ሻ  ൌ  ሺ𝒏ෝ ൈ  𝒓ሻ 𝖕෤ୄ ሺ1ሻ  (67)

Over any piece of 𝑆 perpendicular to 𝑩 (since 𝑛ොଵ ൌ
𝑛ොଶ ൌ 0) we can pose 

𝑛ො௝ 𝑥௜ 𝔭௜௝ሺ1ሻ  ൌ  ሺ𝒏ෝ ൈ  𝒓ሻ 𝖕෤∥ ሺ1ሻ  (68)

Note that (67) and (68) are independent of the 
reference frame. 

Concerning the 𝑡௜௝  contribution, consider sub-
domains of integration that are flux tubes of 𝒃ଵ (figure 
10). When 𝒃ଵ ൌ 𝑩 and 𝑩ଵ ൌ 0, they coincide with the 
previous sub-domains. Let us change frame of reference. 

The new reference frame is defined in such a way that 
only the third component of 𝒃ଵ is not zero. It is 

𝑡ଵଵ ൌ െ
1

8𝜋 𝐾଴ 𝜇௥
𝒃ଵ

ଶ  𝑡ଶଶ  ൌ െ
1

8𝜋 𝐾଴ 𝜇௥
𝒃ଵ

ଶ 

𝑡ଷଷ ൌ െ
1

8𝜋 𝐾଴ 𝜇௥
𝒃ଵ

ଶ 
𝑡௜௝ ൌ  0    ሺ𝑖 ് 𝑗ሻ  (69)

Over any piece of 𝑆 parallel to 𝒃ଵ, it is (being 𝑛ොଷ ൌ
0) 

𝑛ො௝ 𝑥௜ 𝑡௜௝ሺ1ሻ ൌ െሺ𝒏ෝ ൈ  𝒓ሻ
𝒃ଵ

ଶ

8𝜋 𝐾଴ 𝜇௥
 

(70)

and over any piece of 𝑆 perpendicular to 𝒃ଵ, it is (being 
𝒏ෝଵ ൌ 𝒏ෝଶ ൌ 0) 

𝑛ො௝ 𝑥௜ 𝑡௜௝ሺ1ሻ ൌ ሺ𝒏ෝ ൈ  𝒓ሻ
𝒃ଵ

ଶ

8𝜋 𝐾଴ 𝜇௥
 

(71)

According to usual definitions (refer, e.g., to Rossi 
and Olbert, 1970), (66) is called “pressure tensor”, (69) 
“e.m. pressure tensor”, and 𝜚ሺ1ሻ v௜ሺ1ሻ v௝ሺ1ሻ  the 
“dynamic pressure tensor”. As far as the dynamic 
pressure tensor is concerned, let us consider sub-domains 
of integration defined by flux tubes of 𝐯ሺ1ሻ that are cut 
by surfaces perpendicular to 𝐯ሺ1ሻ (figure 10). According 
to arguments similar to the previous ones, it is shown 
(see, e.g., Rossi and Olbert, 1970) that over any piece of 
𝑆 parallel to 𝐯ሺ1ሻ it is  

𝑛ො௝ 𝑥௜ 𝜚ሺ1ሻv௜ሺ1ሻv௝ሺ1ሻ ൌ 0  (72)

and over any piece of 𝑆 perpendicular to 𝐯ሺ1ሻ it is 

𝑛ො௝ 𝑥௜ 𝜚ሺ1ሻv௜ሺ1ሻv௝ሺ1ሻ ൌ 𝜚ሺ1ሻ 𝐯ଶሺ1ሻ
𝐯ሺ1ሻ  ൈ 𝒓

 |𝐯ሺ1ሻ|
 

(73)

We can thus summarize (72) and (73) and state that 
𝑛ො௝ 𝑥௜ 𝜚ሺ1ሻv௜ሺ1ሻv௝ሺ1ሻ

ൌ 𝜚ሺ1ሻ ሺ𝐯ሺ1ሻ  ൈ 𝒏ෝሻ ሺ𝐯ሺ1ሻ
ൈ 𝒓ሻ

(74)

Equations (67), (68), (70), (71) and (74) are well-
known and give relations among partial magnetospheric 
energies. The scheme of figure 11 can be proposed, 
where the magnetosphere is divided by means of a few 
spherical surfaces and of 𝑩 flux tubes, cut by surfaces 
perpendicular to 𝑩. In addition, we assume that in (28) it 
is 𝒃ଵ ൌ 𝑩  and 𝑩ଵ  ൌ  0 . The argument of the surface 
integral in (43) is:  

- for a piece of 𝑆 parallel to 𝑩 
𝑛ො௝ 𝑥௜ ሺ𝑃௜௝ െ 𝑇௜௝ሻ ൌ 𝑛ො௝ 𝑥௜ 𝔓௜௝𝑖𝑗 ൅ 𝑛ො௝ 𝑥௜  𝜚 𝑉 ௜ 𝑉௝

െ 𝑛ො௝ 𝑥௜ 𝑇௜௝

ൌ ሺ𝒏ෝ  

ൈ 𝒓ሻ ቆ𝕻ୄ ൅
𝑩ଶ

8𝜋 𝐾଴ 𝜇௥
ቇ 

൅ 𝑛ො௝ 𝑥௜ 𝜚 𝑉 ௜ 𝑉௝ 

(75)

- and for a piece of 𝑆 perpendicular to 𝑩 

𝑛ො௝ 𝑥௜ ሺ𝑃௜௝ െ 𝑇௜௝ሻ ൌ ሺ𝒏ෝ ൈ 𝒓ሻ ቆ𝕻∥ െ
𝑩ଶ

8𝜋 𝐾଴ 𝜇௥
ቇ

൅ 𝑛ො௝ 𝑥௜ 𝜚 𝑉 ௜ 𝑉௝ 

(76)
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Figure 11. Definition of sub-domains of integration in the magnetosphere. Dotted lines or shaded areas denote 𝒋-systems. The surfaces 

that confine the sub-domains are indicated according to the following convention: 𝑆௔
∗  confines the sub-domain 𝑉௔

∗ ; 𝑆௔
∗ can be composed 

of a part comparatively closer to the Earth, which is called “internal” and denoted by 𝑆௔௜
∗ , and of an “external” part 𝑆௔௘

∗ ; in addition, a 
surface 𝑆∗ can be either parallel to 𝑩 or perpendicular to it, being denoted by 𝑆∥

∗  and 𝑆ୄ
∗ , respectively. Conventionally, every unit vector 

perpendicular to any 𝑆∗ is always directed outward with respect to the Earth. Note that 𝑉௧௖
∗    is comprised between 𝑆ெ

∗  and 𝑆௧௖
∗ , i.e., sub-

domains never overlap one another. 𝑉௏஺
∗    is approximately toroidal, and it encloses, longitudinally, the Earth. 𝑉௣௦௖

∗    (psc = plasmasheet 
cusp) has a similar shape, but it is not closed longitudinally. 𝑉௦௖ଵ

∗    comprises only field-lines that are “reconnected” across the neutral 
sheet. 𝑉௦௖ଶ

∗    comprises only fieldlines that are “reconnected” across the magnetopause (see figure 8). Concerning the specific properties 
of every 𝑆∗ , no assumption is made dealing with the roughly spherical 𝑆ெ

∗  and 𝑆௜௢
∗  . In contrast, 𝑆௏஺ୄ

∗ , 𝑆௣௦௖ୄ
∗  , 𝑆௦௖ଵୄ

∗  , and 𝑆௦௖ଶୄ
∗   are 

perpendicular to 𝑩, while 𝑆௏஺∥
∗  , 𝑆௣௦௖∥

∗  , 𝑆௦௖ଵ∥
∗  , and 𝑆௦௖ଶ∥

∗   are parallel to 𝑩. 𝑆௦௖
∗   is a surface immediately outside the magnetopause. The 

space outside the magnetopause is called 𝑉௜௡௧
∗   . See text. Unpublished figure.  

 
These expressions can be further simplified whenever 

the 𝑩 energy density is much larger than the kinetic energy 
density (e.g., as it occurs close to the Earth). In this case, 
particles move along 𝑩 field-lines with orbits of the kind of 
the trapped (or quasi-trapped, or ionospheric precipitating 
“Birkeland currents”) particles. That is, the velocity of their 
proper frame is just 𝑽∥, which is their velocity component 
along the 𝑩 field-line. Therefore, 𝑆 is composed of surfaces 
either parallel or perpendicular to both 𝑩 and 𝑽∥  and by 
(74) it is found, from (75) and (76),  

𝑛ො௝ 𝑥௜ ሺ𝑃௜௝ െ 𝑇௜௝ሻ ൌ ሺ𝒏ෝ  

ൈ  𝒓ሻ ቆ𝕻ୄ ൅
𝑩ଶ

8𝜋 𝐾଴ 𝜇௥
ቇ  

(77) 

 and  
𝑛ො௝ 𝑥௜ ሺ𝑃௜௝ െ 𝑇௜௝ሻ ൌ ሺ𝒏ෝ  

ൈ  𝒓ሻ ቆ𝕻∥ െ
𝑩ଶ

8𝜋 𝐾଴ 𝜇௥
ቇ 

൅ 𝜚 𝑉∥ሺ𝐕 ൈ  𝐫ሻ 

(78) 

In figure 11, according to a simplifying abstraction, it is 
arbitrarily assumed that the 𝑴  and tc currents are not 
connected to each other, and that also the tc and io currents 
are not connected. In natural reality the system is much 
more intricate, as mentioned passim. However, an extensive 
discussion of air-earth currents is premature, and should 
request a much larger room, and cannot be exploited in the 
present paper. 

Let us write the energy balance (43) for every volume 
defined in figure 11. The surface integrals that enter into 
these relations are composed by addenda of the kind (67), 
(68), (70), (71) and (74), all of which, in principle, can be 
measured experimentally (e.g., on the basis of measured 
particle fluxes and energies, or on the basis of some 
mathematical model for 𝑩). By this, one can infer – in 
principle for every given volume 𝑉  - an experimental 
relationship among the total magnetic energy, the total 
thermal plus kinetic energy of particles, their gravitational 
energy and eventually the total constraint effects (caused by 
the intrinsic properties of the conducting medium). In 
addition, in section 8 it is shown how to evaluate 
experimentally several partial self- and joint-energies, thus 
improving the general picture of the energetic interactions 
inside the magnetosphere. These relations are (where 
volumes and surfaces are defined in figure 11, and the 
integration volume is indicated before every respective 
equation) 

ሾ𝑉ெ
∗ ሿ 

െ ර 𝜓ଵ
ௌಾ

∗
  𝑑𝜎 ൌ  𝒯ெ

∗  
(79) 

ሾ𝑉௧௖
∗ ሿ 

െ ර 𝜓ଵ
ௌ೟೎

∗ ିௌಾ
∗

  𝑑𝜎 ൌ  𝒯௧௖
∗  
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ሾ𝑉௜௢
∗  ሿ 

െ ර 𝜓ଵ
ିௌ೟೎

∗
𝑑𝜎 ൅ ර 𝜓ଶ

ௌೇಲ∥೔
∗

𝑑𝜎

൅ ර 𝜓ଷ
ௌೇಲ఼

∗ ାௌ೛ೞ೎఼
∗ ାௌೞ೎భ఼

∗ ାௌೞ೎మ఼
∗

𝑑𝜎 ൌ 𝒯௜௢
∗ 

ሾ𝑉௏஺
∗  ሿ 

ර 𝜓ଶ
ିௌೇಲ∥೔

∗ ାௌೇಲ∥೐
∗

𝑑𝜎 ൅ ර 𝜓ଷ
ିௌೇಲ఼

∗
𝑑𝜎 ൌ 𝒯௏஺

∗  

ሾ𝑉௣௦௖
∗  ሿ 

ර 𝜓ଶ
ିௌೇಲ∥೐

∗ ାௌೞ೎భ∥೔
∗

𝑑𝜎 ൅ ර 𝜓ସ
ௌೞ೎భ∥೔

∗
𝑑𝜎

൅ ර 𝜓ଷ
ିௌ೛ೞ೎∥

∗
𝑑𝜎 ൌ 𝒯௣௦௖

∗  

ሾ𝑉௦௖ଵ
∗  ሿ 

ර 𝜓ଶ
ିௌೞ೎భ∥೔

∗ ାௌೞ೎భ∥೐
∗

𝑑𝜎 ൅ ර 𝜓ସ
ିௌೞ೎భ∥೔

∗ ାௌೞ೎భ∥೐
∗

𝑑𝜎

൅ ර 𝜓ଷ
ିௌೞ೎భ఼

∗
𝑑𝜎 ൌ 𝒯௦௖ଵ

∗  

ሾ𝑉௦௖ଶ
∗  ሿ 

ර 𝜓ଶ
ିௌೞ೎భ∥೐

∗
𝑑𝜎 ൅ ර 𝜓ସ

ିௌೞ೎భ∥೐
∗

𝑑𝜎 ൅ ර 𝜓ହ
ௌೞ೎

∗
𝑑𝜎

൅ ර 𝜓ଷ
ିௌೞ೎మ఼

∗
𝑑𝜎 ൌ 𝒯௦௖ଶ

∗  

ሾ𝑉௜௡௧
∗  ሿ 

𝔖ሺ 𝑩ሻ ൅ ර 𝜓ହ
ିௌೞ೎

∗
𝑑𝜎

ൌ 2 𝑘௦௪ ൅ 𝑈௦ሺ𝑩, 𝑉௜௡௧
∗ ሻ

൅ 𝔖ሺ 𝑉 ௜௡௧
∗  ሻ 

where 
𝜓ଵ  ൌ  𝑛ො௝ 𝑥௜ 𝑇௜௝ (80) 

𝜓ଶ  ൌ  ሺ𝒏ෝ  ൈ  𝒓ሻ ቆ𝕻ୄ ൅
𝑩ଶ

8𝜋 𝐾଴ 𝜇௥
ቇ 

(81) 

𝜓ଷ  ൌ  ሺ𝒏ෝ  ൈ  𝒓ሻ ቆ𝕻∥ െ
𝑩ଶ

8𝜋 𝐾଴ 𝜇௥
ቇ ൅ 𝜚 𝐕∥ሺ𝐕∥  

ൈ  𝐫ሻ 

(82) 

𝜓ସ  ൌ  𝑛ො௝ 𝑥௜ 𝜚 𝑉௜ 𝑉௝  (83) 

𝜓ହ  ൌ  𝑛ො௝ 𝑥௜ ሺ𝑃௜௝ െ 𝑇௜௝ሻ (84) 
 𝒯௔

∗  ൌ  2 𝑘௔  ൅ 𝑈௦ሺ𝑩, 𝑉 ௔
∗ ሻ  ൅ 𝔖ሺ 𝑉 ௔

∗ ሻ  ൅ 𝜎௔  
ൌ   𝒯௔  െ 𝑈௦ሺ𝑩, 𝑉ஶ െ 𝑉 ௔

∗ ሻ  
െ  𝔊ሺ𝑉ஶ െ 𝑉௔

∗ሻ 

(85) 

where 𝑎 is any index that denotes a 𝒋-system or sub-domain 
of integration, and it is assumed 𝜎௔ ≡ 0  when 𝑎 ്
 𝑴, 𝑡𝑐, 𝑖𝑜. The relation is also shown between  𝒯ெ

∗ and  𝒯ெ   
defined by (64). 

A reminder is also deserved about the following 
additional properties. 

(I) - It is ∮ 𝑓ିௌ  𝑑𝜎 ൌ  െ ∮ 𝑓ௌ  𝑑𝜎  (𝑓 and 𝑆 arbitrary). 
(II) - The sum of all (79) gives just (56). 
(III) - The shape of the external surface of 𝑉௜௢

∗    is of the kind 
sketched in figure 12. Define it by neglecting the 𝑩 
generated by particles that cross it. Then, describe 𝑩 by 

                                                 
28  Akira Hasegawa (1934-) Japanese theoretical physicist and 

engineer. 

a potential and take two portions (AB and CD) of 
equipotential surface. The external toroidal surface (AD 
and BC) is defined by 𝑩 field-lines.  

(IV) - This same figure can be introduced also for 𝑆ெ
∗    and 

𝑆௧௖
∗ , depending on the distance between 𝑴 and tc, and 

between tc and io. The corresponding surface integrals 
in (79)a and b should be modified by means of (70) and 
(71). 

 
Figure 12. Example of configuration of 𝑆௜௢

∗   (and, possibly, 
also of 𝑆ெ

∗    or of 𝑆௧௖
∗   ). AB and CD are equipotential surfaces, BC 

and AD are meridional intersections of an approximately 
cylindrical surface defined by a portion (BC or AD) of field-line 
longitudinally shifted through 360°. Unpublished figure. 

 
(V) - If one neglects the leakage of trapped particles in the 

atmosphere, the 𝜚 𝑉∥
ଶ   term across 𝑆௏஺ୄ

∗  should be 
neglected in (79)c and d. 

(VI) - The simplification that from (75) and (76) leads to 
(77) and (78) cannot be applied in only three cases:  
 first, across the magnetopause, i.e., the surface 

integral across 𝑆௦௖
∗    in (79)f and (79)g; 

 second, across 𝑆௦௖ଵ∥௘
∗  corresponding to the 

connection of the magnetopause currents with the 
neutral sheet and plasmasheet currents (in this 
respect, note that it is assumed that 𝑉௦௖ଶ

∗    
completely surrounds 𝑉௦௖ଵ

∗   even on the flanks); 
and  

 third, across 𝑆௦௖ଵ∥௜
∗  in the region where the 

plasmasheet particles are injected from 𝑉௦௖ଵ
∗    into 

𝑉௣௦௖
∗    [after which they start to spiral towards the 

atmosphere, and (77) and (78) hold again]. 
(VII) - The total (thermal plus kinetic) energies of the 𝑴, 

tc, io and VA 𝒋-systems are called 𝑘ெ, 𝑘௧௖, 𝑘௜௢, and 𝑘௏஺, 
respectively. The corresponding energy of the 
plasmasheet particles that precipitate along the 
boundaries of the (night) cusp is called 𝑘௣௦௖  (psc = 
plasmasheet cusp). The corresponding energy of all 
particles that wander through 𝑉௦௖ଵ

∗    is called 𝑘௦௖ଵ, and 
contain mainly plasmasheet particles. In this respect, let 
us assume that the plasmasheet particles - which are 
observed to flow earthward, e.g., during a substorm 
post-breakup condition - have been accelerated by 
“reconnection” of 𝑩 field-lines in the neutral sheet (i.e., 
by a mechanism similar to the auroral particle 
acceleration, see, e.g., Hasegawa, 28 1971). Hence, the 
thickness of 𝑉௦௖ଵ

∗    should be identified, roughly, with 
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the thickness of the plasmasheet, and no more than that. 
Concerning 𝑘௦௖ଶ, it deals with particles that move inside 
𝑉௦௖ଶ

∗   , such as the polar wind and, possibly, also the day-
cusp particles (see figure 8). 

(VIII) - The surface integral over 𝑆௦௖
∗    can be explicitly 

expressed in a more direct and intuitive form, depending 
on the kind of experimental information, which is 
supposed to be available dealing with “reconnection” 
and particle flux across the magnetopause.  

(IX) - The surface integrals over 𝑆௦௖ଵ∥௘
∗  of 𝑛ො௝ 𝑥௜ 𝜚 𝑉௜  𝑉௝ in 

(79)f and (79)g are relative to the neutral sheet and 
plasmasheet particle exchange between 𝑉௦௖ଵ

∗    and 𝑉௦௖ଶ
∗   . 

(X) - Particle and current exchanges are neglected across 
𝑆ெ

∗ , 𝑆௧௖
∗ , 𝑆୚୅∥୧

∗   and 𝑆୚୅∥ୣ
∗  . 

(XI) - Concerning the last expression (79)h, one can use 
(56) in order to get rid of divergent terms. The total 
thermal plus kinetic energy of the solar wind inside 
𝑉௜௡௧

∗    is called 𝑘௦௪. Let us call 𝑘୫ୟ୥୬୮ the total thermal 
plus kinetic energy of particles that flow on the 
magnetopause. It is  

𝒦 ൌ 𝑘௦௪ ൅ 𝑘௦௖
∗  (86) 

𝑘௦௖
∗ ൌ  𝑘௠௔௚௡௣  ൅ 𝑘௦௖ଶ  ൅ 𝑘௦௖ଵ ൅ 𝑘௣௦௖  ൅ 𝑘௏஺

൅  𝑘௜௢  ൅ 𝑘௧௖ ൅ 𝑘ெ 
(87) 

𝑉ஶ ൌ 𝑉௜௡௧
∗  ൅ 𝑉௦௖

∗  (88) 
Hence, from (79)h it follows, 

ර 𝑛ො௝ 𝑥௜ ሺ𝑃௜௝ െ 𝑇௜௝ሻ
ௌೞ೎

∗
𝑑𝜎 

ൌ 2 𝑘௦௖
∗  ൅ 𝑈௦ሺ𝑩, 𝑉 ௦௖

∗  ሻ  ൅  𝔒
൅  𝔖ሺ 𝑉௦௖

∗ ሻ 

(89) 

that could be inserted in (79)g and that immediately results 
also by applying (43) to 𝑉௦௖

∗ . 
Concerning the possibility of applying experimentally 

(79), a few comments are needed. 
(i) - In general the gravitational terms can be neglected. 
(ii) - Magnetic self-energies can be supposed to be 

computed, either experimentally as per section 8, or by 
means of some mathematical 𝑩 model. 

(iii) - All surface integrals (with the only exception of the 
integral over 𝑆௦௖

∗ ) can be supposed to be deduced on the 
basis of averaged experimental data (some difficulty can 
arise for 𝑆௦௖ଵ∥௘

∗ ).  
(iv) - Some quantities can hardly be estimated 

experimentally. They include all thermal plus kinetic 
energies 𝑘  (7 unknowns) plus the three holonomic 
constraint terms 𝜎ெ , 𝜎௧௖ and 𝜎௜௢ . If (89) is used to 
compute the surface integral over 𝑆௦௖

∗ , the other 7 
equations permit, in principle, to compute 2𝑘ெ  ൅ 𝜎ெ, 
2 𝑘௧௖ ൅ 𝜎௧௖ , 2𝑘௜௢ ൅ 𝜎௜௢ , 𝑘௏஺ , 𝑘௣௦௖ , 𝑘௦௖ଵ  and 𝑘௦௖ଶ , 
respectively. 
Consider (89) and, upon recalling (7), decompose  
𝑈௦ሺ𝑩, 𝑉 ௦௖

∗  ሻ  ൌ 𝑈௦ሺ𝑩ெ ሻ  ൅ 𝑈௝ሺ𝑩ெ, 𝒃 ሻ  
൅ 𝑈௦ሺ𝒃 ሻ െ 𝑈௦ሺ𝑩, 𝑉 ௜௡௧

∗  ሻ 
(90) 

thus, obtain  

𝑈௦ሺ𝑩, 𝑉௦௖
∗ ሻ ൌ ර 𝑛ො௝ 𝑥௜ ሺ𝑃௜௝ െ 𝑇௜௝ሻ

ௌೞ೎
∗

𝑑𝜎 

൅ 𝑈௦ሺ𝑩, 𝑉 ௦௖
∗  ሻ െ  2 𝑘௦௖

∗

െ 𝑈௦ሺ𝑩ெ ሻ െ 𝑈௦ሺ𝒃 ሻ െ 𝔒
െ 𝔖ሺ 𝑉௦௖

∗ ሻ 

(91) 

Note the similarity of this relation with (59), while (91) 
can be obtained from (59) by skipping the divergent 
contribution from the square bracket in (59). 

Relations (27), (63) and (91) link the quantities 𝑈௦ሺ𝒃 ሻ, 

𝑈௝ሺ𝑩ெ, 𝒃 ሻ , 𝒬 , 𝒯ெ ,  ቂ∮ 𝑛ො௝ 𝑥௜ ሺ𝑃௜௝ െ 𝑇௜௝ሻ
ௌೞ೎

∗ 𝑑𝜎ቃ , 𝑘௦௖
∗ െ 𝑘ெ , 

𝜎௧௖ ൅ 𝜎௜௢ , and 𝔖ሺ 𝑉௦௖
∗ െ 𝑉ெ

∗ ሻ. For instance, we can either 
solve them with respect to 𝑈௝ሺ𝑩ெ, 𝒃 ሻ , 𝑈௦ሺ𝒃 ሻ and to the 
surface integral, or we can eliminate 𝒯ெ in (91) by means of 
(63) and thus get 

𝑈௝ሺ𝑩ெ, 𝒃 ሻ ൌ 2 ሺ𝑘௦௖
∗ െ 𝑘ெሻ ൅ 𝑈௦ሺ𝒃 ሻ ൅ 𝜎௧௖

൅ 𝜎௜௢ ൅ 𝔖ሺ 𝑉௦௖
∗ െ 𝑉ெ

∗ ሻ

െ ර 𝑛ො௝ 𝑥௜ ሺ𝑃௜௝ െ 𝑇௜௝ሻ
ௌೞ೎

∗
𝑑𝜎

െ 𝑈௦ሺ𝑩𝑴, 𝑉 ௦௖
∗  ሻ 

(92) 

Compare this relation with formula (41) in Carovillano 
and Siscoe (1973). This relation, when the 𝔬 and 𝔖 terms 
and the last addendum are neglected, is used by Siscoe 
(1970) in order to compute the DPS ratio (see below). In 
reality, he considers what is here called 𝑀+tc as the source 
of the internal origin 𝑩, and he treats it as a dipolar field. 
Thus, 𝜎௧௖ should be skipped from (92), and the gravitational 
term 𝔖ሺ 𝑉௦௖

∗ െ 𝑉ெ
∗ െ 𝑉௧௖

∗ ሻ  should be used. Moreover, a 
perfect similarity between (92) and the Siscoe’s result can 
be obtained by defining 𝑆௦௖

∗   as a surface immediately inside 
the magnetopause, so that 𝑘௠௔௚௡௣ should be skipped from 
(87). This is only a matter of convention. It is here preferred 
to define 𝑆௦௖

∗    as containing also the magnetopause 
currents, because - in the opposite case - we should account 
for the penetration of magnetopause currents 𝒋  into the 
neutral sheet, thus introducing a formal and useless 
complication. 

Another relation obtained by (27), (63) and (91) is 

ර 𝑛ො௝ 𝑥௜ ሺ𝑃௜௝ െ 𝑇௜௝ሻ
ௌೞ೎

∗
𝑑𝜎

ൌ 3 𝑈௦ሺ𝒃 ሻ െ 2𝒬 ൅ 2 ሺ𝑘௦௖
∗

െ 𝑘ெ
∗ ሻ ൅ 𝜎௧௖ ൅ 𝜎௜௢

൅ 𝔖ሺ 𝑉௦௖
∗ െ 𝑉ெ

∗ ሻ െ 𝑈௦ሺ𝑩, 𝑉 ௜௡௧
∗ ሻ 

(93) 

which is the generalization of another result by Siscoe 
(1970) [his formula (31)+1], who however neglects all 
addenda on the right hand side of (93), except the first one. 
Compare (93) also with formula (43) of Carovillano and 
Siscoe (1973). Several other similar relations can be 
obtained by means of (27), (63) and (91). 

A more direct comparison with previous treatments can 
be inferred upon introducing the nonphysical assumption of 
no “reconnection” and no particle flow across the 
magnetopause. In such a case, 𝑉 ௦௖ଶ

∗   collapses to zero and 
let us call 𝑆௦௖ଵ∥௘

∗   the internal surface of the magnetopause. 
The relations that are thus obtained are the generalization 
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of the Siscoe’s (1970) treatment. Moreover, let us call 𝑆௦௖
∗    

the surface immediately outside the magnetopause, and let 
us consider the volume 𝑉௠௔௚௡௣

∗    defined by the thin layer 

between 𝑆௦௖ଵ∥௘
∗   and 𝑆௦௖

∗  (figure 13). Let us apply (93) to 
𝑉௠௔௚௡௣

∗   . It is [by (75) and (76), and upon assuming that no 
particle is found immediately inside the magnetopause]

ර ሺ𝒏ෝ  ൈ  𝒓ሻ 
𝑩ଶ

8𝜋 𝐾଴ 𝜇௥ௌೞ೎భ∥೐
∗

𝑑𝜎 ൅ ර ቈሺ𝒏ෝ ൈ 𝒓ሻ ቆ𝔓ୄ ൅
𝑩ଶ

8𝜋 𝐾଴ 𝜇௥
ቇ ൅ 𝑛ො௝ 𝑥௜ 𝜚 𝑉 ௜ 𝑉௝቉

ௌೞ೎
∗

𝑑𝜎 

ൌ 2 𝑘௠௔௚௡௣  ൅ 𝑈௦൫𝑩, 𝑉௠௔௚௡௣
∗ ൯ ൅ 𝔖൫ 𝑉௠௔௚௡௣

∗ ൯ 

(94) 

Note that the dynamic pressure term vanishes far 
downstream, where – asymptotically - the solar wind flows 
parallel to the magnetopause. In contrast, on the front-side 
of the magnetopause, this is the well-known dynamic 
pressure - which is computed by the assumption of single 

solar wind particles that strike on the magnetopause and are 
stopped by it (they are not reflected, otherwise a factor 2 
ought to be introduced) (see, e.g., Poeverlein, 1972 and 
Gregori and Leybourne, 2025m, or section 2 and figure 3). 

 

 

 
 
 
 
Figure 13. Definition of 𝑉 ௠௔௚௡௣

∗  as a volume 
comprised between 𝑆௦௖

∗  , which is immediately outside 
the magnetopause, and 𝑆௦௖ଵ∥௘

∗ , which is immediately 
inside it. See text. Unpublished figure. 

Let us suppose that the following approximations can be 
used:  
(i) no particles are found on the internal side of the 

magnetopause,  
(ii) 𝑩௜௡௧ vanishes outside the magnetopause,  
(iii) the thickness of the 𝑉 ௠௔௚௡௣

∗  layer tends to zero 
[thus 𝑈௦൫𝑩, 𝑉 ௠௔௚௡௣

∗  ൯  and 𝔖൫ 𝑉 ௠௔௚௡௣
∗ ൯  are 

negligible],  
(iv) 𝑘௠௔௚௡௣ is neglected.  

Then (94) becomes the well-known pressure balance (in 
reality, its scalar product with 𝒓 ) between an external 
pressure (dynamic plus thermal) and the internal (magnetic) 
pressure. This balance has been computed by several 
authors (Choe et al., 1973 and references therein; but see 
also Gregori and Leybourne, 2025m and section 2 and 
figure 3). In the final analysis, this is an important item of 
the present quantitative models of the magnetopause. 

We can write relation (94) also when some 
“reconnection” and flow across the magnetopause is taken 
into account. However, the relation, which is thus obtained, 
is of little help, due to the difficulty while estimating, even 
approximately, the difference between the particle flows 
across 𝑆௦௖

∗  and 𝑆௦௖ଵ∥௘
∗ . This is essentially the explanation of 

the difference between the present (92) and the analogous 
Siscoe’s (1970) result, and this is related to the quantitative 
estimate of the plasma mantle (see figure 8). 

Finally, note that if one considers 𝑉 ௦௖
∗  instead of 𝑉 ௠௔௚௡௣

∗  
he should obtain (89) in which the surface integral 

coincides with the integral over 𝑆௦௖
∗  that appears in (94) 

(always upon relying on the aforementioned assumption of 
no “reconnection” and so no particle flow). In this case, if 
𝑝௘ 𝒏ෝ is the external pressure on the magnetopause due to 
the solar wind, (89) becomes  

ර 𝑝௘ 𝒏ෝ ൈ 𝒓
ௌೞ೎

∗
𝑑𝜎 ൌ 2 𝑘௦௖

∗  ൅ 𝑈௦ሺ𝑩, 𝑉 ௦௖
∗  ሻ ൅ 𝔒

൅ 𝔖ሺ 𝑉௦௖
∗ ሻ 

(95) 

In addition, note that, if it is assumed that 𝑩௜௡௧ ൌ 0, then 
𝑈௦ሺ𝑩, 𝑉 ௦௖

∗  ሻ is given by (26). 
Expressions such as (95), i.e., in terms of a pressure 

𝑝௘ 𝒏ෝ , are extensively used by Siscoe (1970), who also 
computes the power that is spent by the solar wind to cause 
time variations in the figure of the magnetopause. He uses 
expressions like 𝑝௘ 𝒏ෝ ൈ 𝑽𝑑𝜎, where 𝑽 is the velocity of the 
motion of the magnetopause (see also section 6). 

This entire formalism is very helpful for the 
computation of the DPS ratio, of the forces and torques 
exchanged between different space domains of the 
magnetosphere, and finally also of their energy relations. 

5.2.2 - The Dessler-Parker-Sckopke (DPS) ratio 

The Dessler-Parker-Sckopke (DPS) ratio was named by 
Olbert et al. (1968) (but, see also Akasofu and Chapman, 
1972). It is the ratio between 𝑏௭ሺ0ሻ , which is the 𝒃 
component, at the origin, i.e., at Earth’s center, along the 
direction െ𝑴, and 𝐵଴, which is the intensity at the equator 
at Earth’s surface of the unperturbed 𝑩. By (11) it is  

Page 500



New Concepts in Global Tectonics Journal 
Volume 13, Number 4, June 2025 

ISSN number; ISSN 2202-0039 
 

 
 

𝑈௝ሺ𝑩ெ, 𝒃 ሻ ൌ 𝑀 ൈ 𝒃ሺ0ሻ ൌ െ𝑴 𝑏௭ሺ0ሻ (96) 
moreover, since it is (in the dipolar approximation, which 
is here used for the sake of simplicity; additional 
generalization is discussed in section 8)  

𝑈௦ሺ𝑩ெ, 𝑉ஶ െ 𝑉௘ ሻ ൌ න
𝑩ଶ

8𝜋 𝐾଴ 𝜇௥௏ಮି௏೐

𝑑𝜏

ൌ
1
3

  𝑀 𝐵଴ 

(97) 

where 𝑉 is the Earth’s volume, it is found 
𝑏௭ሺ0ሻ

𝐵଴
ൌ െ 

𝑈௝ሺ𝑩ெ, 𝒃 ሻ
3 𝑈௦ሺ𝑩ெ, 𝑉ஶ െ 𝑉௘ ሻ

 
(98) 

The self-energy (97) is well-known (see, e.g., Verosub and 
Cox, 1971). 

We can substitute for 𝑈௝ሺ𝑩ெ, 𝒃 ሻ  anyone of the 
previously given expressions [with the only exception of 
(11) and (96)], i.e., (27), (59), (63), (91) or (92) or any other 
expression obtained by combining (27), (63) and (91).  

The ratio (98) has also been used to infer partial effects 
of single 𝒋-systems. For instance, when dealing with VA, let 
us use (43), with 𝑉 ൌ 𝑉ஶ , while avoiding (as already 
mentioned) 𝛾௜௝  and choosing 𝒃ଵ ൌ 𝒃௏஺ . Then , by (48), 
state that  

න 𝒓 ൈ 𝒋௏஺ ∧ 𝑩ଵ
௏ಮ

𝑑𝜏 ൌ െ𝛼 𝑈௝ሺ𝒃௏஺, 𝑩ெሻ 
(99) 

where 𝛼  is a constant that we can suppose close to 1 , 
because the real 𝑩  field - in which the trapped particle 
move - is reasonably well described by the 𝑩ெ  field. 
Moreover, if one neglects the solar wind, i.e., if sc 𝒋 -
currents do not exist, the surface integral in (43) vanishes, 
and one gets [compare with Carovillano and Siscoe, 1973, 
eq. (35)] 

𝑈௝ሺ𝒃௏஺, 𝑩ெሻ ൌ
1
𝛼

  ሾ2 𝑘௏஺ ൅ 𝑈௦ሺ𝒃௏஺ሻ  

൅  𝔖൫ 𝑽௏஺൯ሿ 

(100) 

where 𝑉௏஺ is the space domain that contains all VA orbits 
(note that, approximately, 𝑉௏஺ coincides with 𝑉௏஺

∗ defined in 
figure 11). 

When all these assumptions are avoided, a correct 
expression for (100) should be obtained by means of 
anyone of the aforementioned expressions for 𝑈௝ሺ𝑩ெ, 𝒃 ሻ, 
and by separating it in two parts 

𝑈௝ሺ𝒃௏஺, 𝑩ெሻ  ൌ  𝑈௝ሺ𝑩ெ, 𝒃 ሻ  െ 𝑈௝ሺ𝒃
െ 𝒃௏஺, 𝑩ெሻ 

(101) 

where 
𝒃 െ 𝒃௏஺  ൌ  𝒃௧௖  ൅ 𝒃௜௢  ൅ 𝒃௦௖ (102) 

then, by computing the partial joint energies according to 
section 8. However, if only the particles exist that are 
trapped in the 𝑩ெ field, (100) is rigorous with 𝛼 ൌ 1. Then, 
the coefficient 𝛼 can be supposed to remain and considered 
a slight correction. Note that this statement cannot be 
generalized to 𝒋-systems other than VA, because - in general 
- we cannot state that - while we neglect a few given 𝒋-
systems - the equilibrium state of the remaining currents 𝒋 
is only slightly different compared to what is observed in 
natural reality.  

Let us suppose that 𝒃ሺ0ሻ ൎ 𝒃௏஺ሺ0ሻ (this seems to be 
what has to be expected, although it has not been properly 
shown), and insert (100) into (98). Thus, it is found 

𝑏௭ሺ0ሻ
𝐵଴

ൌ െ
1

3 𝛼
2 𝑘௏஺ ൅ 𝑈௦ሺ𝒃௏஺ሻ ൅ 𝔖൫ 𝑽௏஺൯

𝑈௦ሺ𝑩ெ, 𝑉ஶ െ 𝑉௘ ሻ
 

(103) 

Such a relation, with no 𝑈௦ሺ𝒃௏஺ሻ and 𝔖൫ 𝑽௏஺൯ and by 
putting 𝛼 ൌ 1 , has been shown for axisymmetric 𝒋 -
distributions by Dessler and Parker (1959), Parker (1962), 
Sckopke (1966). Generalization to the asymmetric case 
(discussing also ionospheric effects) was given by Parker 
(1966a). See also the review by Parker and Ferraro (1971) 
and - for a few mentions - Rossi and Olbert (1970) and 
Poeverlein (1972). The terms 𝑈௦ሺ𝒃௏஺ሻ and 𝔖൫ 𝑽௏஺൯ have 
been taken into account, independently, by Baker and 
Hurley (1967), Carovillano and Maguire (1968), and Olbert 
et al. (1968). 

Insert (92) into (98) and obtain a much more general and 
more correct expression, upon taking into account the entire 
𝒃 perturbation (and not only 𝒃௏஺). This expression has been 
given the first time by Siscoe (1970) who neglects the 𝜎௧௖, 
𝜎௜௢ and 𝔖 terms and the last addendum in (92). Compare 
this with a formula in Carovillano and Siscoe (1973, p. 
305). 

Insert (27) into (98) and get 
𝑏௭ሺ0ሻ

𝐵଴
ൌ

2 ሾ𝑈௦ሺ𝒃 ሻ െ 𝒬ሿ
3 𝑈௦ሺ𝑩ெ, 𝑉ஶ െ 𝑉௘ ሻ

 
(104) 

which is the generalized form of eq. (31) of Siscoe (1970) 
who neglects 𝒬.  

Let us investigate the variational principle that is 
satisfied by the DPS ratio. Define it in terms of 𝑈௦ሺ𝑩ெ ሻ 
instead of 𝑈௦ሺ𝑩ெ, 𝑉ஶ െ 𝑉௘ ሻ. This cannot be achieved in the 
framework of the magnetostatic formalism. Thus, let us 
suppose that 𝐿ெ  is, e.g., a circular wire of radius 𝑅  and 
cross-section of radius 𝑟 with a current 𝑰ெ flowing inside it 
(for a more general treatment see section 8). Owing to (11) 
let us state that it is 

𝑈௝ሺ𝑩ெ, 𝒃 ሻ ൌ 𝐼ெ 𝛷ெሺ𝒃ሻ  
ൌ െሾ𝐼ெ 𝜋 𝑅ଶሿ 𝑏௭ሺ0ሻ  
ൌ െሾ𝐼ெ 𝑓ଵሺ𝑅ሻሿ 𝑏௭ሺ0ሻ 

(105) 

where 𝐼ெ is the current flowing in 𝐿ெ and 𝑓ଵሺ𝑅ሻ is a proper 
constant, which depends only on the real geometry of the 
𝑴 𝒋-system, which is 𝜋 𝑅ଶ for a simple circular loop 𝐿ெ. 
Upon comparing (105) with (96) it is concluded that 

𝐼ெ 𝑓ଵሺ𝑅ሻ ≡  𝑀 (106) 
where 𝑀 is the intensity of the dipole moment of the Earth. 
We can therefore assume that 𝑓ଵሺ𝑅ሻ is positive. Moreover, 
if 𝑎 ൐ 𝑅 is the radius of the Earth and 𝐵଴ is the field at the 
equator at Earth’s surface, pointing upward, it can be stated 
that 

𝐵଴ ൌ 𝑓ଶሺ𝑅, 𝑎ሻ 𝐼ெ (107) 
where 𝑓ଶሺ𝑅, 𝑎ሻ ൐ 0  is a constant that depends on the 
geometry of the 𝑴 𝒋-system. Then, by I.7.19) it is 
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𝑈௦ሺ𝑩ெሻ ൌ
1
2

  𝐿 𝐼ெ
ଶ

ൌ െ
𝐿

2 𝑓ଵሺ𝑅ሻ 𝑓ଶሺ𝑅, 𝑎ሻ 
 𝑈௝ሺ𝑩ெ, 𝒃 ሻ

𝐵଴

𝑏௭ሺ0ሻ
 

ൌ െ𝑓ሺ𝑎, 𝑅ሻ 𝑈௝ሺ𝑩ெ, 𝒃 ሻ 
𝐵଴

𝑏௭ሺ0ሻ
 

(108) 

where 𝑓ሺ𝑅, 𝑎ሻ ൐ 0  is a constant that depends on the 
geometry of the 𝑴 𝒋-system, and 𝐿 is the self-inductance of 
the 𝑴 𝒋-system that, when it is a circular wire of radius 𝑅 
and cross-section radius 𝑟, is [as mentioned while dealing 
with comets (Gregori and Leybourne, 2025m), see, e.g., 
Durand (1968) or also Becker (1933) or Bruhat29 (1963)] 

𝐿 ൌ  4𝜋 𝑅 ൬𝑙𝑜𝑔 
8𝑅
𝑟

– 
7
4

 ൰ 
(109) 

By (108) it follows 
𝑏௭ሺ0ሻ

𝐵଴
ൌ െ fሺa, Rሻ 

𝑈௝ሺ𝑩ெ, 𝒃 ሻ
𝑈௦ሺ𝑩ெሻ

 
(110) 

It is possible to attempt to “parameterize” - although in 
some oversimplified way - the natural system by 
considering the 𝑅, 𝐿, 𝐶 parameters of an equivalent circular 
loop made like a toroid of some given simple geometry. 

The self-inductance 𝐿 of a toroid, which consists of 𝑁 
turns and has a rectangular cross-section with inner radius 
𝑎, outer radius 𝑏, and height ℎ (figure 14) is 

𝐿 ൌ
𝑁𝛷஻

𝐼
𝜇଴𝑁ଶℎ

2𝜋
𝑙𝑛 

𝑏
𝑎

 
(111) 

where 𝛷஻ is the 𝑩 flux through the toroid. 
The source is Liao et al. (2004, p. 11-7), i.e., 

the MIT study guide, or 
http://web.mit.edu/8.02t/www/materials/ 
StudyGuide/guide11.pdf. 

Another formula that seems, perhaps, better suited for 
the present case history is the approximate inductance of a 
circular toroid30 (figure 15) 

𝐿 ൎ
𝜇଴𝑁ଶ𝐴

2𝜋𝑟
 

(112) 

where 𝐴 is the cross-section area, and 𝑟 is the toroid radius 
to centerline. We can pose, e.g., 𝑟  equal to the Earth’s 
radius and we can guess some conventional value for 𝑁ଶ𝐴. 
Thus, we can estimate 𝐿 and its value can be put inside an 
𝐿 , 𝑅 , 𝐶  circuit, where 𝑅  is some resistance, which is 
estimated according to some reasonable guess dealing with 
the Earth’s interior, etc. This should finally fit with some 
observed cyclic feature in the natural environment, 
including some climatic phenomenon that seems 
approximately periodical. 

This is certainly a rough and approximate procedure, 
although it might, perhaps, lead to some indicative and 
roughly correct estimate of some order of magnitude. 

 
Figure 14. A toroid with 𝑁 turns. After Liao et al. (2004, p. 11-7; figure 11.2.3). © 2004 Sen-ben Liao, Peter Dourmashkin, and John 

Belcher. With kind permission of The MIT Press. 
 

 
Figure 15. A circular toroid. After 

https://www.quora.com/What-is-a-toroidal-electromagnet, with 
kind free permission granted by Quora. 
 

A slightly improved and more realistic  “simple” 
terrella-model might be attempted, perhaps, (see details in 
Gregori aand Leybourne, 2021) by constructing in the 

                                                 
29 Georges Bruhat (1887-1945), French physicist. 

laboratory some tentative model that ought to be 
representative of the MOR-“cage”, i.e., roughly a 
tetrahedron with edges suitably curved for matching Earth’s 
curvature. In addition, take into suitable account the related 
scaling factors dealing with cable resistance, cross-section, 
reduction to Earth’s radius etc. 

Moreover, some inference can be intuitively guessed by 
means of some simple consideration of large scale 
morphological features. For instance, is it well-known that 
every auroral electrojet can be roughly described like a 
circular ring of electric currents “posed” over a polar cap. 
Since the MOR-“cage” includes a circular segment at 
constant negative latitude - which is extended almost along 
360°  in longitude - in this large region the MOR runs 
approximately roughly parallel to the southern auroral 
electrojet. Hence, these are two roughly parallel circular 
loops located at a reciprocal position suited to optimize 
their mutual e.m. induction. That is, this is likely to be a 
preferred “door” for the e.m. induction effects by the solar 
wind on the Earth’s circuits (maybe at periods ≫ 1 𝑑𝑎𝑦). 

30  After the Georgia State University website, 
http://hyperphysics.phyastr. 
gsu.edu/hbase/magnetic/indtor.html. 
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Differently stated, the two auroral electrojets, and the MOR 
“cage”, can be considered like windings of a transformer. 
On the other hand, air-earth currents are such that this is a 
leaking transformer. This entire perspective is more 
explicitly discussed in Leybourne et al. (2025) and in 
Gregori et al. (2025x). No additional detail is here given. 

In any case, owing to the principle of magnetic energy 
variation (see section 1), equilibrium is attained by an 
increase of 𝑈௝ሺ𝑩ெ, 𝒃 ሻ  and by an equal decrease of 
𝑈௦ሺ𝑩ெሻ. Hence, it can be concluded that, at equilibrium, 
the DPS ratio is minimum (hence, in the case that it is 
negative, its absolute value is maximum). 

The DPS ratio is negative if the currents 𝒋 alone of the 
ring current are taken into account, as it can be shown by 
(103) [as 𝔖൫ 𝑽௏஺൯ is in any case negligible]. In contrast, in 
the most general case, the sign of the DPS ratio can be 
inferred from expressions such as (104) or (110). From 
(110) it is inferred that the sign is opposite to the sign of 
𝑈௝ሺ𝑩ெ, 𝒃 ሻ or, by (63) and (64), it is the same as for 𝔗ெ. By 
(64), 𝔗ெ is composed of two positive addenda [i.e., 2 𝑘ெ 
and 𝑈௦ሺ𝑩ெሻ], 𝔖ሺ 𝑽ெ

∗ ሻ is negative, and 𝜎ெ can be presumed 
to be negative (and, as it is shown in sections 6 and 8, it 
cannot be neglected). Thus, in the general case, no general 
statement can be made about the sign of the DPS ratio. 

Note that the DPS ratio can be measured experimentally 
(see section 8), as 𝒃ሺ0ሻ can be inferred from measurements 
of 𝒃 at the Earth’s surface, which can be extrapolated to 
Earth’s center by means of a SHE. In any case, 𝒃 should not 
include storm or perturbed conditions, rather only very 
regular quiet time variations. 

Previous attempts to evaluate the DPS ratio dealt with 
(103) (based on the aforementioned simplifications) in 
order to estimate the kinetic energy 𝑘௏஺ of the ring current, 
etc. That is, the experimental computation of DPS’ ratio, 
which is here discussed, is comparatively much more 
accurate. 

This computation is rigorous as far as we can neglect 
air-earth currents. This is certainly incorrect, even though 
the present available evidences are insufficient for 
implementing an approximate geometrical model to be 
included in figure 11. A computation by assuming a 
negligible role of air-earth currents can be useful for an a 
posteriori evaluation of the role of air-earth currents in the 
energy processes that control magnetospheric phenomena.  

5.2.3 – Forces 

The forces that are applied and exchanged between 
different magnetospheric domains can be evaluated as 
follows. Owing to (286), the potential energy (apart a 
constant quantity) equals െ𝑈ሺ𝒃, 𝑩ெሻ. Then, by (11) and 
(96) it follows 

𝑭ெ ൌ 𝑔𝑟𝑎𝑑 𝑈௝ሺ𝑩ெ, 𝒃 ሻ ൌ െ 𝑀 𝑔𝑟𝑎𝑑 𝑏௭ሺ0ሻ (113) 
that can be computed by means of the experimental values 
for 𝑴 and 𝑏௭ሺ0ሻ. 

The result can be generalized by computing the 
gradients with respect to other independent co-ordinates. 
Moreover, the force 𝑭ெ was defined for (38) and (40). This 
result can be generalized by direct consideration of the 
momentum equation (30). That is, let us say that 𝒃ଵ ൌ 𝑩ெ 
and 𝑩ଵ ൌ 𝒃 and thus find 

𝑭ெ ൌ න ൜
𝜕

𝜕𝑥௝
ሾ𝑝௜௝ሺ𝑀ሻ െ 𝑡௜௝ሺ𝑀ሻሿ െ ሺ𝑰ெ

௏ಾ
∗

∧ 𝒃ሻൠ 𝑑𝜏 – න 𝜚 𝒈 
௏ಾ

∗
𝑑𝜏 

(114) 

where 𝑉ெ
∗  is defined in figure 11 and the argument 𝑀 for 

𝑝௜௝ and 𝑡௜௝ means that reference is made to the 𝑴 𝒋-system 
alone. Apply Gauss’ theorem and, since the 𝒋 exchanges are 
neglected between 𝑀 and tc, let us put 𝑝௜௝ ൌ 0 over 𝑆ெ

∗  and 
get  

𝑭ெ ൌ െ ර 𝑛ො௝ 𝑡௜௝ሺ𝑀ሻ
ௌಾ

∗
 𝑑𝜎 – න 𝑰ெ

௏ಾ
∗

∧ 𝒃  𝑑𝜏 – න 𝜚 𝒈
௏ಾ

∗
 𝑑𝜏 

(115) 

The first addendum on the right hand side can be 
computed on the basis of any model for 𝑩ெ (however, the 
𝑀 currents must be supposed to be entirely contained inside 
𝑆ெ

∗ ). The second addendum can be computed when the 
geometrical figure of 𝐿ெ is assumed (e.g., a simple circular 
wire with current 𝐼ெ) and 𝒃 is experimentally known inside 
𝑉ெ

∗ . The gravitational term must be extended to include all 
electrons (or charged particles) that enter into the 𝑴  𝒋-
system [otherwise, let us claim that we compute ሺ𝑭ெ ൅

׬  𝜚 𝒈௏ಾ
∗  𝑑𝜏ሻ]. In any case, it can be interesting to compare 

the values obtained by (113) and (115).  
Similarly, let us apply (30) as in (114). However, the 

integral is over 𝑉௧௖
∗ , and the result is (upon neglecting the 𝒋 

exchanges between tc and io)

𝑭௧௖ ൌ െ ර 𝑛ො௝ 𝑡௜௝ሺ𝑀ሻ
ିௌಾ

∗ ାௌ೟೎
∗

𝑑𝜎 – න 𝒋௧௖ ∧ ሺ𝑩 െ 𝒃௧௖ሻ
௏ಾ

∗
𝑑𝜏 െ න 𝜚 𝒈

௏ಾ
∗

𝑑𝜏 
(116) 

where the two first addenda can be computed by means of 
the aforementioned experimental 𝒃 model, and by applying 
a formal separation of internal and external origin 
components of 𝒃, thus obtaining a model for 𝒃௧௖  and 𝒋௧௖ 
(see, e.g., Matsushita, 1967). 

Similarly, let us extend the integration volume to 𝑉௜௢
∗  

and get 
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𝑭௜௢ ൌ െ ර 𝑛ො௝ ሾ𝑝௜௝ሺ𝑖𝑜ሻ െ 𝑡௜௝ሺ𝑖𝑜ሻሿ
ିௌ೟೎

∗ ାௌ೔೚
∗

𝑑𝜎 – න 𝒋௜௢ ∧ ሺ𝑩 െ 𝒃௜௢ሻ
௏೔೚

∗
𝑑𝜏 െ න 𝜚 𝒈

௏೔೚
∗

 𝑑𝜏 
(117) 

However, unlike for (115) and (116), it is not easy to 
separate 𝒃௜௢  from 𝒃௏஺ ൅ 𝒃௦௖ . For instance, this could be 
achieved by analyzing satellite measurements of quiet time 
𝑩 over the external surface of 𝑉௜௢

∗ , although practically it 
results difficult to state what measurements are to be used. 
This difficulty can be avoided by integrating over larger 
volumes. Indeed, note that, when the integration is carried 
out over either 𝑉௏஺

∗  or 𝑉୮ୱୡ
∗  or 𝑉ୱୡଵ

∗  or 𝑉ୱୡଶ
∗ , it is (e.g., in case 

of 𝑉௏஺
∗ )  

න 𝒋௏஺ ∧ ሺ𝑩 െ 𝒃௏஺ሻ
௏ೇಲ

∗
 𝑑𝜏

ൌ ර 𝑛ො௝ ሾ𝑝௜௝ሺ𝑉𝐴ሻ
ିௌೇಲ∥೔

∗ ିௌೇಲ఼
∗ ାௌೇಲ∥೐

∗

െ 𝑡௜௝ሺ𝑉𝐴ሻሿ  𝑑𝜎 െ න 𝜚 𝒈
௏ೇಲ

∗
 𝑑𝜏 

(118) 

Note also that, owing the action-reaction principle, if a 
and b are two 𝒋-system indices, it is 

න 𝒋௔ ∧ 𝒃௕
௏ೌ∗

 𝑑𝜏 ൌ  െ න 𝒋௕ ∧ 𝒃௕௔
௏್∗

 𝑑𝜏 
(119) 

Integrate over 𝑉௦௖
∗  and get 

𝑭ெ  ൅ 𝑭௧௖  ൅ 𝑭௜௢  

ൌ  ර 𝑛ො௝ ሾ𝑃௜௝

ௌ೟೎
∗

െ 𝑇௜௝ሿ  𝑑𝜎 – න 𝜚 𝒈
௏೔೎

∗
 𝑑𝜏 

(120) 

where the first addendum on the right hand side can be 
computed whenever one assumes to know the amount of 𝑩 
“reconnection” and particle flow across the magnetopause. 
For instance, if “reconnection” and particle flow are 
neglected, by (69) it follows 

ර 𝑛ො௝ ሾ𝑃௜௝ െ 𝑇௜௝ሿ
ௌೞ೎

∗
 𝑑𝜎 ൌ  ර 𝒏ෝ

𝑩𝟐

8𝜋 𝐾଴ 𝜇௥ 
  

ௌೞ೎
∗

 𝑑𝜎 
(121) 

Note that the gravitational term includes also the 
gravitational integrals of (115), (116) and (117). Let us 
assume that we include the gravitational integral in the 
definition of 𝑭ெ , 𝑭௧௖  and 𝑭௜௢ , and that we neglect the 
gravitational integrals over all volumes  external to 𝑉୧୭

∗ . 
Thus, we can safely avoid to mention at all the gravitational 
terms in expressions such as (115) through (120). Note also 
that, in (121), ሾ 𝒏ෝ Bଶ 8𝜋 𝐾଴ 𝜇௥⁄ ሿ is the internal pressure 𝒑௜ 
that acts on the magnetopause. Thus, express (120) in terms 
of 𝒑௜, neglect the gravitational term, and also 𝑭௧௖ and 𝑭௜௢ 
with respect to 𝑭ெ. By (113) the approximate expression is 
thus finally found  

െ 𝑀 𝑔𝑟𝑎𝑑 𝑏௭ሺ0ሻ= ∮ 𝒑௜ௌೞ೎
∗  𝑑𝜎 (122) 

 that was given by Siscoe (1970).  

5.2.4 – Torques 

The same argument that leads to (113) can be applied to 
evaluate the torque 

න 𝒓 ∧ 𝒇ெ
௏ಾ

∗
𝑑𝜏 ൌ  𝑴 ∧ 𝒃ሺ0ሻ 

(123) 

which is a well-known result in the case of a pure dipole 
[when (11) applies]. 

If 𝐿ெ  is represented by some more complicated loop, 
one should compute the components of the torque by means 
of 𝜕𝑈௝ሺ𝑩ெ, 𝒃 ሻ/𝜕𝜗  and 𝜕𝑈௝ሺ𝑩ெ, 𝒃 ሻ/𝜕𝜑  where 𝜗  and 𝜑 
are two given polar coordinates. 

A more formal and general approach can be carried out 
by means of the momentum equation (30) and by 
computing the vector product with 𝒓 of both sides 

𝜀௛௜௞ 𝑥௛ 𝜕
𝜕𝑥௝

ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻሿ

ൌ ሾ𝒓 ∧  ሺ𝒋ଵ ∧ 𝑩ଵሻሿ௞  

൅ ෍ሺ𝒓 ∧  𝒇ሻ௞  

൅ 𝜚 ሺ𝒓 ∧  𝒈ሻ௞ 

(124) 

Since 𝜀௛௜௞  is antisymmetric it is possible to commute 
𝜕/𝜕𝑥௝ with ሺ𝜀௛௜௞ 𝑥௛ሻ. Integrate over any given volume 𝑉 
and apply the Gauss’ theorem 

ර 𝜀௛௜௞ 𝑥௛ 𝑛ො௝ ሾ𝑃௜௝ െ 𝑇௜௝ሿ
ௌ

𝑑𝜎

ൌ න ቄሾ𝒓 ∧  ሺ𝒋ଵ ∧ 𝑩ଵሻሿ௞  
௏

൅ ෍ሺ𝒓 ∧  𝒇ሻ௞  

൅ 𝜚 ሺ𝒓 ∧  𝒈ሻ௞ቅ 𝑑 𝜏 

(125) 

The right hand side is the torque of all forces that are 
externally applied. The left hand side should be computed. 
For instance, in special case histories, one can use the 
simplified expressions (66), (69) etc. Owing to brevity 
purpose, formal details are not here given. However, one 
can compute the torque, which acts on every current loop. 
If it is chosen 𝑉 ൌ 𝑉௦௖

∗  , one can express the torque in terms 
of 𝑝௜ or 𝑝௘ [as for (122)] and thus get another approximate 
result that was already given by Siscoe (1970). 

5.2.5 - The work spent by the electric field (the energy 
equation) 

The momentum equation (30) was used to infer forces, 
torques (by cross product with 𝒓 ), and partial energies 
through the virial theorem (obtained by scalar product with 
𝒓). Additional energy relationships can be obtained directly 
by means of the energy equation.  

For the sake of generality, let us separate 𝑱  and 𝑩 
according to (28) and (29). Moreover, separate analogously 
also the electric field 𝑬 

𝑬 ൌ 𝒆𝟏 ൅  𝑬ଵ (126) 
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Represent 𝒋ଵ  either by a peculiar 𝒋-system, or by the 
ensemble of all particles inside a given volume 𝑉, or by any 
given subset of particles. Consider a stationary situation, 
treat 𝒆𝟏  and 𝒃𝟏  in terms of e.m. energy density and of 
Poynting vector, while 𝑬ଵ and  𝑩ଵ are likened to forces that 
are externally applied. It is 

𝑑𝑖𝑣 ሾ𝑐ଶ 𝒈ሺ1ሻ ൅ 𝒔ሺ1ሻሿ
ൌ  𝑬ଵ  ൈ 𝒋ଵ ൅ 𝜚ሺ1ሻ𝒈 ൈ  𝐯ሺ1ሻ

൅ ෍ 𝒇 ൈ 𝐯ሺ1ሻ 

(127) 

where 𝒈ሺ1ሻ is the total momentum density of the particles 
that originate 𝒋ଵ 

𝒔ሺ1ሻ  ൌ  𝛾଴  
𝒆𝟏  ∧ 𝒃𝟏

4 𝜋
  

(128) 

is the Poynting vector, and ∑ 𝒇  represents the holonomic 
constraints (35). Note that, when the aforementioned 
simplifying assumptions are used, since 𝒇 is supposed to be 
perpendicular to the surface over which particles flow, it is 
𝒇 ൈ 𝐯ሺ1ሻ ൌ 0.  

Equation (127) can be written (in the non-relativistic 
case, see, e.g., Rossi and Olbert, 1970) also by substituting 

𝑐ଶ 𝑔௜ሺ1ሻ  ൌ   ൜൤
1
2

  𝜚ሺ1ሻ 𝐯𝟐ሺ1ሻ

൅ 𝜀் ሺ1ሻ൨ v௜ሺ1ሻ  ൅  𝔭௜௝ሺ1ሻ  

൅ 𝑞௜
∗  ሺ1ሻൠ 

(129) 

where 𝜀் ሺ1ሻ is the thermal energy density of the 𝒋ଵ system, 
and 𝑞௜

∗ ሺ1ሻ  is the heat flow vector. More precisely, one 
should add inside the square bracket in (129) the rest 
energy, i.e., 𝜚ሺ1ሻ 𝑐ଶ, and delete 𝑞௜

∗ ሺ1ሻ. Then, by means of 
the continuity equation, the rest energy is transformed into 
heat flow vector (see, e.g., Rossi and Olbert, 1970). This 
ought to be recalled when 𝒈ሺ1ሻ is used in the time varying 
equations (see section 6). An alternative and much simpler 
expression for 𝒈ሺ1ሻ is 

𝒈ሺ1ሻ ൌ 𝜚ሺ1ሻ 𝐯ሺ1ሻ (130) 
Integrate (127) over 𝑉 and apply Gauss’ theorem 

ර 𝒏ෝ ൈ ሾ𝑐ଶ 𝒈ሺ1ሻ ൅ 𝑠ሺ1ሻሿ
ௌ

 𝑑𝜎

ൌ න 𝑬ଵ ൈ 𝒋ଵ
௏

  𝑑𝜏

൅ න 𝜚ሺ1ሻ𝒈 ൈ  𝐯ሺ1ሻ
௏

 𝑑𝜏

൅ ෍ න 𝒇
௏

 ൈ 𝐯ሺ1ሻ 𝑑𝜏 

(131) 

that is self-explanatory, and the 𝒈ሺ1ሻ flux includes (i) the 
net change of “thermal” and kinetic energy caused by the 
plasma flow across 𝑆 , (ii) the work done by “pressure” 
forces, and (iii) the heat flow.  

Let us consider the Poynting theorem, referring to an 
arbitrary pre-chosen volume 𝑉 confined by a surface 𝑆, 

 

න 𝑬 ൈ 𝒋
௏

 𝑑𝜏 ൅
𝜕
𝜕𝑡

න ሾ1/ሺ8𝜋ሻሿ ሺ𝐾௘௟,଴ 𝜖௥ 𝑬ଶ ൅ 𝐾଴ 𝜇௥𝑯ଶሻ
௏

𝑑𝜏 ൅ න ሾ𝛾଴/ሺ4𝜋ሻሿ 𝑬 ∧ 𝑯 ൈ 𝑑𝜎ሬሬሬሬሬ⃗
ௌ

ൌ 0 
(132) 

where 𝑑𝜏  is the volume differential, 𝑑𝜎ሬሬሬሬሬ⃗  is the surface 
differential over 𝑆 and it is defined in terms of a differential 
vector oriented outward (where the “internal” side is 
defined as that part of space with respect to 𝑆  that is 
identified with 𝑉). This is the Poynting theorem. The first 
addendum in (132) is Joule heat; the second addendum is 
the time variation of the electric energy density 

ሾ1/ሺ8𝜋ሻሿ 𝐾௘௟,଴ 𝜖௥ 𝑬ଶ ൌ ሾ1/ሺ8𝜋ሻሿ 𝑬 ൈ 𝑫 (133) 
plus the magnetic energy density 

ሾ1/ሺ8𝜋ሻሿ 𝐾଴ 𝜇௥𝑯ଶ ൌ ሾ1/ሺ8𝜋ሻሿ 𝑯 ൈ 𝑩 (134) 
The third addendum is the flux of the Poynting vector 
ሾ𝛾଴/ሺ4𝜋ሻሿ 𝑬 ∧ 𝑯 across 𝑆.  

Refer to the first addendum in the Poynting theorem 
(132). When adopting the MHD assumptions, the total 
current is essentially the conduction current 

𝑗 ൌ 𝜎 ൤𝑬 ൅
1
𝛾଴

 𝐯 ∧ 𝑩൨ 
(135) 

where 𝐯 is the bulk velocity of particles. Therefore 

න 𝑬 ൈ 𝒋
௏

 𝑑𝜏 ൌ න ሺ𝒋ଶ/𝜎ሻ
௏

 𝑑𝜏

൅ ሺ1/𝛾଴ሻ න 𝐯 ൈ  𝒋 ∧ 𝑩
௏

 𝑑𝜏 

(136) 

Hence, the first addendum in (136) is Joule heat, while the 
second addendum is the effective work done by 𝑩 over a 
sample of matter that has bulk velocity 𝐯. In the case that 𝜎 
is infinite, in order to keep 𝒋 finite, in (135) it must be 𝑬 ൅
ሺ1/𝛾଴ሻ 𝐯 ∧ 𝑩 ൌ  0. In this case the Joule term vanishes in 
(136). 

Moreover, the total body-force acting on a sample of 
matter is 

𝜚௘௟ 𝑬 ൅ ሺ1/𝛾଴ሻ 𝒋 ∧ 𝑩 (137) 
where 𝜚௘௟  is the net charge density. But in general the 
contribution by 𝑬 can be shown to be negligible. Thus, the 
second addendum in (136) is the power spent by the body 
force (e.g., for deforming the “flexible wires” of the “water-
pipe” model of the water-pipe model (see sections 2 and 3). 

As a particular case, apply the Poynting theorem (132) 
to the case of a stationary state (with infinite 𝜎). Consider 
the model with perfectly flexible wires. From (136) it 
follows 

න 𝑬 ൈ 𝒋
௏

𝑑𝜏 ൌ 0 
(138) 

With reference to (131), note that the 𝑬ଵ ൈ 𝒋ଵ  term 
cannot be simplified by means of (136), which deals with 
the whole 𝑬 . By means of (129) and (33) the purely 
dynamic term in (131) can be expressed as 
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𝒏ෝ  ൈ 𝑐ଶ 𝒈ሺ1ሻ ൌ  ൤ 
1
2

  𝜚 𝐯ଶሺ1ሻ ൅  𝜀் ሺ1ሻ ൅ 𝔭෤ୄሺ1ሻ൨ ሺ𝐯ሺ1ሻ ൈ 𝒏ෝሻ ൅ ሺ𝔭෤∥ െ 𝔭෤ୄሻ
ሾ𝑩 ൈ 𝒏ෝሿ ሾ𝑩 ൈ 𝐯ሺ1ሻሿ 

𝑩𝟐  ൅ 𝒏ෝ  ൈ 𝒒∗ ሺ1ሻ 
(139) 

Moreover, when 𝒃𝟏 ൌ 𝑩 and 𝑩𝟏 ൌ 0, (131) becomes  

ර 𝒏ෝ ൈ ሾ𝑐ଶ 𝕾ሬሬ⃗ ൅ 𝑺ሿ
ௌ

 𝑑𝜎 ൌ න 𝜌 𝒈 ൈ 𝑽 𝑑𝜏 ൅ ෍ න 𝒇
௏

ൈ 𝑽𝑑𝜏 
(140) 

where 𝕾ሬሬ⃗  is the momentum density vector and 𝑺  is the 
Poynting vector.  

If the Poynting vector 𝑺 is not used, (140) can also be 
written as

ර 𝒏ෝ  ൈ 𝑐ଶ 𝕾ሬሬ⃗
ௌ

 𝑑𝜎 ൌ න 𝑬 ൈ 𝑱
௏

𝑑𝜏 ൅ න 𝒈 ൈ 𝑽 𝑑𝜏 ൅ ෍ න 𝒇
௏

ൈ 𝑽𝑑𝜏 
(141) 

When it is possible to refer to the forzen-in 
approximation, i.e., 𝑬 ൅ 𝐯 ∧ 𝑩 ൌ 0, such as, e.g., inside the 
solar wind, the 𝒏ෝ ൈ 𝑺 term in (140) can be expressed as

ර 𝒏ෝ  ൈ 𝑺
ௌ

 𝑑𝜎 ൌ െ 
𝛾଴

4𝜋
 ර 𝒏ෝ  ൈ ሺ𝑽 ∧ 𝑩ሻ ∧ 𝑩ሻ

ௌ
𝑑𝜎 ൌ

𝛾଴

4𝜋
ර ሾ𝒏ෝ ൈ ሺ𝑽ሻ𝑩𝟐 െ ሺ𝒏ෝ ൈ 𝑩ሻ ሺ𝑽 ൈ 𝑩ሻሿ

ௌ
 𝑑𝜎 

(142) 

[equivalently, the simplification (136) can be used in 
(141)]. Moreover, when the “reconnection” across the 
magnetopause is neglected, it is 𝒏ෝ ൈ 𝑩 ൌ 0 in (139) and 
(142), etc. 

In general, expressions like (131) can be used to 
compute the 𝑬ଵ ൈ 𝒋𝟏 integrals. Indeed, the surface integral 
can be supposed to be evaluated on the basis of 
experimental models that represent physical conditions 
over 𝑆 , while, compared to the work spent by 𝑬 , the 
holonomic constraints and gravity terms are likely to be less 
important. By (131), in principle, it is possible to evaluate 
the work spent over 𝒋𝟏  by the 𝑬  generated by all other 
particles. By (141) it is possible to compute the total work 
spent by the total 𝑬 over the total ensemble of particles 
inside 𝑉 (and the surface integral requires no experimental 
model for 𝑬). If one knows a model for both B and 𝑬 over 
𝑆, by (140) it is possible to estimate how far the gravity and 
constraints terms can be neglected. 

Let us consider the simplest case history. Let 𝑉  be a 
huge box (as far as it can be physically defined) of solar 
wind that contains the whole magnetosphere, and let us 
assume that, over 𝑆, all quantities 𝑽, 𝑩, 𝑬, 𝜚, 𝔓෩ ∥, 𝔓෩ ୄ, 𝜀் 
are constants. Evaluate the left hand side of (141). By 
means of (139), since 𝑑𝑖𝑣 𝑽 ൌ 0 and 𝑑𝑖𝑣 𝑩 ൌ 0  (and as 
long as also 𝑑𝑖𝑣 𝒒∗ ൌ 0), it can be concluded that the left 
hand side of (141) is zero. This means that the total power 
spent by 𝑬, 𝒈 and ∑ 𝒇 over all particles is zero. But, by 
(142), and by the same argument, it can also be shown that  

ර 𝒏ෝ ൈ 𝑺
ௌ

 𝑑𝜎 ൌ ර 𝑬 ൈ 𝑱
ௌ

 𝑑𝜎 ൌ  0 
(143) 

that also implies 

න ቀ𝜚 𝒈 ൅ ෍ 𝒇ቁ ൈ 𝑽
௏

 𝑑𝜏 ൌ 0 
(144) 

The same conclusion holds also when the huge box 
collapses into a smaller volume 𝑉, which always encloses 

the magnetosphere, and such that the solar wind properties 
can be presumed constant all over its surface. 

Consider a volume 𝑉 defined by a surface 𝑆, which is 
just inside the magnetopause, and assume that no particle 
flows across 𝑆, except the particles that enter or leave the 
currents 𝒋  of the neutral sheet. Assume also that these 
currents 𝒋  have constant 𝜚 , 𝑽 , 𝜀் , 𝔓෩ ∥ ,  𝔓෩ ୄ , and that 𝑩  is 
constant on both lateral borders of the neutral sheet (and 
that 𝑑𝑖𝑣 𝒒∗ ൌ 0). By (139) it can be seen that (owing to the 
change in direction of 𝒏ෝ on the two borders of the neutral 
sheet) the left hand side of (141) vanishes. 

Relation (143) should be compared with (138) that had 
been obtained on a simpler basis of MHD and infinite 
conductivity hypotheses. Compared to (143), the relation 
(138) is much more compulsory. However, (143) allows for 
a comparably more detailed investigation of the influence 
of the approximations introduced in the description of 
magnetospheric plasmas and fields. 

5.2.6 - Summary 

Let us briefly summarize the results of the present 
section. Dissipative phenomena are neglected. The 
collisionless Boltzmann equation is considered, and a few 
of its moments: the momentum, the angular momentum, 
plus energy and virial equations. 

The previous results available in the literature were 
essentially concentrated on the virial theorem and on the 
computation of DPS ratio. They are extensively reviewed 
by Siscoe (1970). 

Substantial generalizations of the Siscoe’s (1970) 
results are here given. First of all, the Siscoe’s virial 
theorem approach is generalized. Several different 
expressions for the DPS ratio are given, and it is shown that, 
at equilibrium, the DPS ratio has to be minimum (relative 
value). 

It is also shown that (i) the currents 𝒋 in the Earth’s core, 
(ii) the currents 𝒋 induced in the Earth’s crust and mantle, 
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and (iii) the ionospheric currents 𝒋, all of them should flow, 
as far as possible, on their respective outermost layers, 
compatibly with local resistivity. Moreover, several other 
relationships are given that, potentially, can be applied to 
experimental measurements, and by which it is possible to 
evaluate the total kinetic plus thermal energy content inside 
every given sub-volume of the magnetosphere. 

An additional generalization, similarly to the virial 
equation, relies on consideration of the momentum and 
angular momentum equations, which provide with 
relationships of the forces and of the torques produced by 
the solar wind on the ionosphere and on solid Earth. This 
can be useful, e.g., for the investigation of the anomalies of 
the astronomical motion of the Earth associated with solar 
activity, as it is discussed in better detail in section 8. 
However, a full discussion is outside the main scope of the 
present paper. 

In addition, the energy equation provides with 
relationships on the total power that is spent by 𝑬 inside 
every given sub-volume. 

6. The energy of the magnetosphere - Time 
varying conditions 

The formal treatment of section 5.2 is here generalized 
to the case of time varying conditions. The result looks 
formally much more complicated. Hence, from the view 
point of numerical application to experimental 
measurements, they are practically less useful. However, 
they are required for the sake of completeness, and as a 
premise for subsequent theoretical treatment. In any case, 
as shown in section 7, it is possible to explain, by means of 
the approach that is here outlined, the laws that control the 
energy flux between different components of the 
magnetosphere. 

A generalization is here made of a formulation 
originally appeared in Siscoe (1970) and dealing with the 
solar wind power (SWP), which is spent to modify the 
magnetosphere. 31  The heuristic possibilities of the more 
general formulation that is here presented can be 
appreciated only by comparison with the case history of a 
steady state system. 

Concerning the time variation - and as a premise for a 
first operative approach - one additional physical 
assumption is needed. Consider the role of the formal terms 
that must be added to the steady state formulas. In addition, 
for the time being let us first suppose that the physical 
system changes vs. time following a sequence of quasi-
equilibrium states. This is not always correct. For instance, 
from a strictly rigorous viewpoint, a formal MHD modeling 
cannot justify 𝑩 “reconnection” in terms of changes of the 

                                                 
31 For completeness sake, also “simpler” models have sometimes 

been proposed. For instance, Bryunelli and Pudokin (1966) 
use a model in terms of two 𝒋-loops. One 𝒋-loop is supposed to 
represent the Earth’s 𝑩, and it is assumed to be steady in time. 
The other 𝒋 -loop is the ring current that, during a storm, 

system through quasi-equilibrium states. Analogous 
limitations hold also for the phase-space approach. 

In any case, as long as the physical system of the 
magnetosphere is arbitrarily represented - such as in figure 
11 in terms of an approximate model where different spatial 
domains are distinguished - such an approximation is a 
simplifying assumption that unavoidably implies some loss 
of physical rigor. 

On the other hand, even when formulas no more hold, it 
is possible to liken both the initial and the final states to 
approximately steady equilibrium states. Hence, the steady 
state formulas can be approximately applied to both states. 
Then, their energy contents can be compared with each 
other, and also the reciprocal forces and torques, the powers 
being spent, etc. In this way it is possible to infer some 
physical information about the system, either before or after 
the change. Section 7 contains some better discussion about 
the way by which such an approximation can be dropped. 

Let us begin and refer to the current loop formulation. 
Call 

𝑩 ൌ 𝑩ெ ൅ 𝒃 ൅ 𝒃’ (145) 
where 𝑩ெ is the field generated by the 𝑴 𝒋-loop, 𝒃 is the 
steady state “perturbation” field, i.e., generated by all other 
𝒋-loops, and 𝒃’ is an additional superimposed perturbation 
of period, say, shorter than a few decades. The system is 
also assumed  to oscillate, always remaining in a quasi-
steady or quasi-equilibrium state. 

Owing to theorem (9), i.e., (19), it is 
𝑈௝ሺ𝑩ெ, 𝒃 ൅ 𝒃’ሻ ൌ 𝑈௝ሺ𝑩ெ, 𝒃ሻ (146) 

that means that the joint energy, or the potential energy, of 
the system remains constant. This is obvious in (11), (96) 
and (63), while (27) implies that both 𝔔 and 𝑈௦ሺ 𝒃 ൅ 𝒃’ሻ 
fluctuate in time, although their difference remains 
constant. The relations (91), (92), and other relations 
similar to them, which must be applied to derive (146), look 
comparatively much more intricate. 

Consider the phase space approach, and generalize the 
energy, momentum, angular momentum, and virial 
equations to the case of time varying conditions.  

The energy equation (127) becomes (see, e.g., Rossi and 
Olbert, 1970) 

𝜕
𝜕𝑡

൤
1
2

𝜚ሺ1ሻ 𝐯𝟐ሺ1ሻ ൅ 𝜀்ሺ1ሻ ൅ 𝜀௘௠ሺ1ሻ൨

൅ 𝑑𝑖𝑣 ሾ𝑐ଶ 𝒈ሺ1ሻ ൅ 𝒔ሺ1ሻሿ
ൌ 𝑬𝟏 ൈ 𝒋𝟏 ൅ 𝜚ሺ1ሻ 𝒈 ൈ 𝐯ሺ1ሻ

൅ ෍ 𝒇 ൈ  𝐯ሺ1ሻ 

(147) 

where 𝜀௘௠ሺ1ሻ is the e.m. energy density associated with the 
electric and magnetic fields 𝒆𝟏  and 𝒃𝟏  produced by 𝒋𝟏 , 
defined in (28). A corresponding integral must be added on 
the left hand side of (131), (140) and (141). When the 

progressively intensifies vs. time. However, this kind of 
“simple” model is of no direct concern for the present 
discussion.  
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volume of integration is constant in time, the time 
derivation can be commuted with the integration. 

The momentum equation (30) becomes 
𝜕
𝜕𝑡

  ቈ𝒈𝒊ሺ1ሻ ൅
𝒔𝒊ሺ1ሻ

𝑐ଶ ቉  ൅
𝜕

𝜕𝑥௝  ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻሿ

ൌ ሺ𝒋ଵ ∧ 𝑩ଵሻ௜ ൅ ෍ 𝒇௜

൅ 𝜚ሺ1ሻ 𝒈𝒊 

(148) 

The corresponding integral of the time varying term 
extended over a suitable volume must be subtracted on the 
right hand side in equations (114), (115), (116), (117), (118) 
and similar equations, (120) and (122). The integration can 
be commuted with time derivation when the integration 
volume is constant in time. 

Concerning the angular momentum equation (124), an 
addendum must be added on the left hand side 

𝜀௛௜௞ 𝑥௛ 𝜕
𝜕𝑡

ሾ𝒈𝒊ሺ1ሻ ൅ 𝒔𝒊ሺ1ሻ 𝑐ଶሿ  
(149) 

The corresponding volume integral to be added on the left 
band side in (125) becomes (when 𝑉 is constant in time) 

𝜕
𝜕𝑡

න 𝒓 ∧ ൤𝒈ሺ1ሻ ൅
𝒔ሺ1ሻ

𝑐ଶ ൨
௏

 𝑑𝜏 
(150) 

In the virial theorem equation (36), an addendum, which 
is here called 𝔄, must be added on the left hand side, and it 
can be transformed in the following way (𝑉 is supposed 
constant in time)

𝔄 ൌ
𝜕
𝜕𝑡

න  𝒓 ∧ ൤𝒈ሺ1ሻ ൅
𝒔ሺ1ሻ

𝑐ଶ ൨
௏

 𝑑𝜏

ൌ
𝜕
𝜕𝑡

 ቊ
1
2

න  𝑑𝑖𝑣 ൤ 𝒓𝟐  ൬𝒈ሺ1ሻ ൅
𝒔ሺ1ሻ

𝑐ଶ ൰൨
௏

𝑑𝜏 െ
1
2

න 𝒓𝟐 𝑑𝑖𝑣 ൤𝒈ሺ𝟏ሻ ൅
𝒔ሺ𝟏ሻ

𝒄𝟐 ൨    
௏

𝑑𝜏ቋ 

(151) 

𝔄 is the virial of the system. When 𝑉 is a huge sphere of 
solar wind that contains the magnetosphere - and such that 
over its surface the solar wind parameters are constant - it 
can be shown, by (139) and (142), that the first integral on 

the right hand side of (151) vanishes. The second integral, 
by (147), is 

െ
1
2

 න  𝒓𝟐 𝑑𝑖𝑣 ቈ𝒈ሺ1ሻ ൅
𝒔ሺ1ሻ

𝑐ଶ ቉
௏

 𝑑𝜏

ൌ
1
2

 
𝜕ଶ

𝜕𝑡ଶ  න   𝒓𝟐 1
𝑐ଶ  ൤

1
2

 𝜚ሺ1ሻ𝐯𝟐ሺ1ሻ ൅ 𝜀் ሺ1ሻ ൅ 𝜀௘௠ሺ1ሻ൨  
௏

 𝑑𝜏

െ
1
2

 
𝜕
𝜕𝑡

 න 𝒓𝟐 1
𝑐ଶ ቂ𝑬𝟏 ൈ 𝒋𝟏 ൅ 𝜚ሺ1ሻ 𝒈 ൈ 𝐯ሺ1ሻ ൅ ෍ 𝒇 ൈ 𝐯ሺ1ሻቃ  

௏
 𝑑𝜏 

(152) 

and the first integral on the right hand side of (152) can be 
interpreted in terms of the moment of inertia of the system 
of particles that cause 𝒋𝟏 in (28) 

ℑ௜௞ ൌ න  𝑥𝒊  𝑥𝒌   
1
𝑐ଶ  ൤

1
2

 𝜚ሺ1ሻ𝐯𝟐ሺ1ሻ ൅ 𝜀் ሺ1ሻ
௏

൅ 𝜀௘௠ሺ1ሻ൨ 𝑑𝜏 

(153) 

while the second integral in (152) can be interpreted as 1/2 
the time derivative of the moment of inertia associated with 
the relativistic mass density, equivalent to the power spent 
by the external forces over the system. Finally, (36) is 
transformed into

𝔄 ൅ න 𝑥௜
𝜕

𝜕𝑥௝
ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻሿ

௏
  𝑑𝜏 ൌ න ቂ 𝒓 ൈ 𝒋ଵ ∧ 𝑩𝟏 ൅ ෍ 𝒓 ൈ 𝒇 ൅ 𝜚ሺ1ሻ 𝒓 ൈ 𝐠ቃ  

௏
𝑑𝜏 

(154) 

The expression 

𝔄 ൌ
1
2

 
𝜕ଶℑ௜

.௜

𝜕𝑡ଶ  െ
1
2

 
𝜕
𝜕𝑡

 න 𝒓𝟐 1
𝑐ଶ  ቂ𝑬𝟏 ൈ 𝒋𝟏 ൅ 𝜚ሺ1ሻ 𝒈 ൈ 𝐯ሺ1ሻ ൅ ෍ 𝒇 ൈ 𝐯ሺ1ሻቃ  

௏
 𝑑𝜏 

൅
1
2

 
𝜕
𝜕𝑡

 ර 𝒓𝟐 𝒏ෝ ൈ ൬𝒈ሺ1ሻ ൅
𝒔ሺ1ሻ

𝑐ଶ ൰
ௌ

𝑑𝜎 

(155) 

(where, as already mentioned, the last integral vanishes if 𝑆 
lies in the solar wind and the solar wind parameters can be 
assumed constant) must be added on the left hand side of 
(43), (52), (56), (58), (61), (62), (79), (89), (94) and (95) 
[the integration volume needed to define ℑ௜

.௜  and in the 
second addendum of (155) has to be properly and 
differently defined for every formula]. The addendum 𝔄 
must be added on the right hand side in equations (57), (59) 

and (91); 𝔄/2 must be added on the right hand side of (63). 
In contrast, (92) and (93) are remarkably independent of 𝔄 
(but this does not mean that they are constant in time). 
Consider therefore explicitly 

𝔄 ൅ 𝔖ሺ 𝑩ሻ ൌ 2𝔎 ൅ 𝑈௦ሺ𝑩ሻ ൅ 𝔒 ൅ 𝕾 (156) 
where, as we have shown, 𝔎, 𝑈௦ሺ𝑩ሻ, 𝔖ሺ 𝑩ሻ ൐ 0, and 𝔒, 
𝕾 ൏ 0, hence 

𝔄 ൌ ሾ2𝔎 ൅ 𝑈௦ሺ𝑩ሻሿ െ ሾെ𝔒 െ 𝕾 ൅ 𝔖ሺ 𝑩ሻሿ (157) 
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where each square bracket is positive. Consider the case [as 
it is for (56)] that in (126) it is 𝑬ଵ ൌ 0 and write (155) in 
the form

𝔄 ൌ
1
2

 
𝜕
𝜕𝑡

 ቊ
𝜕
𝜕𝑡

 ℑ௜
.௜ െ න 𝒓𝟐  ቂ𝜚ሺ1ሻ 𝒈 ൈ 𝐯ሺ1ሻ ൅ ෍ 𝒇 ൈ 𝐯ሺ1ሻቃ

௏
𝑑𝜏 ൅ ර 𝒓𝟐 𝒏ෝ ൈ ൬𝒈ሺ1ሻ ൅

𝒔ሺ1ሻ
𝑐ଶ ൰

ௌ
 𝑑𝜎ቋ 

(158) 

Let us consider a plasma that is entirely contained inside 
a finite region of space. Assume that 𝑉 contains this whole 
region. If the plasma is in equilibrium, by (157) [and (55)] 
it is 

𝔄 ൌ 2𝔎 ൅ 𝑈௦ሺ𝑩ሻ െ ሾെ𝔒 െ 𝕾ሿ ≡ 0 (159) 
that is, the gravity and the holonomic constraint terms are 
essential in order to keep the plasma at equilibrium. This is 
a different way of stating the Chandrasekhar-Fermi 
theorem (Chandrasekhar and Fermi, 1953). 

Suppose that the plasma is not in equilibrium, but it is 
contracting. In (158) it is, by definition, ሺ𝜕/𝜕𝑡ሻ ℑ௜

.௜ ൏ 0. 
We can safely assume also that 𝒈 ൈ 𝐯ሺ1ሻ ൐ 0 and ∑ 𝒇 ൈ
 𝐯ሺ1ሻ ൐ 0, because gravity and holonomic constraints are 
generally pointed towards the origin, where the source of 
the gravity field is located. The third addendum in curl 
brackets can also be supposed negative for a contracting 
plasma, because we can expect a contraction both of the 
momentum flow vector and of the Poynting vector. The 
virial 𝐴 is still defined by (159), but it is no more 𝔄 ൌ 0. 
Hence, when 𝔄 ൐ 0, the negative bracket in (158) increases 
in value. Therefore, either it tends to some limiting 
asymptotic value, i.e., toward an equilibrium state, or it 
should change sign, and by some finite time lag it should 
become positive. However, a positive bracket in (158) 
means, in general, an expanding plasma. That is, in general, 
if 𝔄 ൐ 0 the plasma has to be expected to expand, and if 
𝔄 ൏ 0 (as it occurs in the case of a collapsing star) the 
plasma has to be expected to contract. 

As a conclusion, from (157) it follows that the plasma 
expands or contracts, respectively, when 

2𝔎 ൅ 𝑈௦ሺ𝑩ሻ ൐ or ൏ 𝔖ሺ 𝑩ሻ െ 𝔒 െ 𝕾 (160) 
and, at equilibrium, 𝔖ሺ 𝑩ሻ, 𝔒 and 𝕾 are the external forces 
necessary to contain the plasma inside a limited region of 
space. 

The larger are the energies 𝔎 and 𝑈௦ሺ𝑩ሻ contained in 𝑉, 
the larger must be |𝔒 |, |𝕾|  and/or |𝔖ሺ 𝑩ሻ | in order to 
contain them. 

Moreover, let us suppose to switch off these external 
forces and to leave the plasma free to expand. Let us 
separate 𝑩 ൌ 𝑩𝟏 ൅ 𝑩𝟐 ሺ𝑩𝟏and 𝑩𝟐 arbitrary). Owing to the 
principle of magnetic energy variation (see section 1), the 
potential energy െ𝑈௝ሺ𝑩𝟏, 𝑩𝟐ሻ  decreases by െ𝛥𝑈 , the 
kinetic plus thermal energy 𝔎  increases by 𝛥𝑈 , and the 
self-energies 𝑈௦ሺ𝑩𝟏ሻ  and 𝑈௦ሺ𝑩𝟐ሻ  decrease, each one, by 
𝑈௦ሺ𝑩𝟏ሻ, and 

𝛥ሾ2𝔎 ൅ 𝑈௦ሺ𝑩ሻሿ ൌ ൅𝛥𝑈 (161) 
or, which is the same, when we switch on again the external 
forces, the right hand side of (160) must be larger than it 
was before plasma expansion, or, which is the same, in 
general, we can state (even though not in a strictly proper 

sense) that the external forces must be stronger after the 
plasma expansion (and the stronger they must be, the farther 
the plasma has expanded). 

Actually, we can rigorously state that the right hand side 
in (160) must be larger, and in general (but not always) the 
larger െ𝔒, the stronger ∑ 𝒇 should be, etc. Then, if at a 
given time instant 𝔒 and 𝕾 are not sufficient to contain the 
plasma, it is unlikely that they are sufficient to contain it at 
any later time. An equivalent statement is that the farther 
the plasma has expanded, the lower is its potential energy. 
Similar consideration can be applied to every other 
expression that contains 𝔄. 

Let us consider the case that also the surfaces, which 
define the different subdomains, change in time, i.e., 
consider how to deal with moving surfaces. The most 
obvious example is the displacement of the magnetopause 
under the influence of solar wind fluctuations. This 
theoretical approach leads to evaluate the solar wind power. 
Two possible methods can be envisaged. 

The first method is to consider equations for time 
varying conditions with varying integration volumes 𝑉 . 
Call 𝔙ሬሬሬ⃗  the velocity field of the surface 𝑆 that envelopes 𝑉.  

Hence, 𝔙ሬሬሬ⃗  is defined only over S. During a time lag 𝛥𝑡, 
the volume 𝑉 changes by 

𝛥𝑉 ൌ න 𝔙ሬሬሬ⃗ ൈ 𝒏ෝ  𝑑𝜎 𝛥𝑡  
௏

 𝑑𝜏 
(162) 

In general, we deal with expressions of the kind (where 
ℭ is any arbitrary function or vector) 

න
𝜕
𝜕𝑡

ℭሺ𝑥, 𝑦, 𝑧ሻ  
௏

𝑑𝜏 

ൌ
𝜕
𝜕𝑡

න ℭሺ𝑥, 𝑦, 𝑧ሻ
௏

𝑑𝜏 – lim
௱௧→଴

1
𝛥𝑡

 න  ℭሺ𝑥, 𝑦, 𝑧ሻ
∆௏

(163) 

When ℭ is a vector  ℭሬሬ⃗ ሺ𝑥, 𝑦, 𝑧ሻ, the first term on the right 
hand side of (163) is the time derivative of the total resultant 
of all vectors  ℭሬሬ⃗ ሺ𝑥, 𝑦, 𝑧ሻ that are applied to 𝑉. The second 
term can be expressed in the following form 

lim
௱௧→଴

1
𝛥𝑡

න ℭሬሬ⃗ ሺ𝑥, 𝑦, 𝑧ሻ  
∆௏

𝑑𝜏

ൌ න ℭሬሬ⃗ ሺ𝑥, 𝑦, 𝑧ሻሺ𝔙ሬሬሬ⃗  
ௌሺ௧ሻ

ൈ 𝒏ෝ ሻ 𝑑𝜏  

(164) 

where 𝑆ሺ𝑡ሻ is the position of 𝑆 at time 𝑡. That is, (164) can 
be interpreted as the volume integral of  ℭሬሬ⃗ ሺ𝑥, 𝑦, 𝑧ሻ  over the 
volume (let us still call it 𝛥𝑉) which is spanned by 𝑆ሺ𝑡ሻ 
during a unit time interval. 
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When  ℭሺ𝑥, 𝑦, 𝑧ሻ  is a scalar quantity, if ℭሺ𝑥, 𝑦, 𝑧ሻ  ൌ
𝑑𝑖𝑣 ℭሬሬ⃗ ଵሺ𝑥, 𝑦, 𝑧ሻ, the second term on the right hand side of 
(163) can be rewritten as 

lim
௱௧→଴

1
𝛥𝑡

 න  ℭሺ𝑥, 𝑦, 𝑧ሻ  𝑑𝜏  
∆௏

ൌ lim
௱௧→଴

1
𝛥𝑡

  ቊන 𝒏ෝ  ൈ  ℭሬሬ⃗ ଵሺ𝑥, 𝑦, 𝑧ሻ 𝑑𝜎 െ න 𝒏ෝ  ൈ   ℭሬሬ⃗ ଵሺ𝑥, 𝑦, 𝑧ሻ 𝑑𝜎  
ௌሺ௧ሻ

 
ௌሺ௧ା∆௧ሻ

ቋ

ൌ  න ൛𝑑𝑖𝑣 ℭሬሬ⃗ ଵሺ𝑥, 𝑦, 𝑧ሻൟ
ௌሺ௧ሻ

 ൫𝔙ሬሬሬ⃗ ൈ 𝒏ෝ൯ 𝑑𝜎

ൌ න 𝑑𝑖𝑣 ൛ൣ𝑑𝑖𝑣 ℭሬሬ⃗ ଵሺ𝑥, 𝑦, 𝑧ሻ൧ ൈ 𝔙ሬሬሬ⃗  ൟ  𝑑𝜏
௏ሺ௧ሻ

ൌ  න  ൛𝑔𝑟𝑎𝑑 𝑑𝑖𝑣 ℭሬሬ⃗ ଵሺ𝑥, 𝑦, 𝑧ሻ ൈ 𝔙ሬሬሬ⃗ ൅ 𝑑𝑖𝑣 ℭሬሬ⃗ ଵሺ𝑥, 𝑦, 𝑧ሻ 𝑑𝑖𝑣 𝔙ሬሬሬ⃗  ൟ  𝑑𝜏
௏ሺ௧ሻ

ൌ  න  ൛𝑐𝑢𝑟𝑙 𝑐𝑢𝑟𝑙 ℭሬሬ⃗ ଵሺ𝑥, 𝑦, 𝑧ሻ ൈ 𝔙ሬሬሬ⃗ ൅ ∆ଶ ℭሬሬ⃗ ଵሺ𝑥, 𝑦, 𝑧ሻ  ൈ 𝔙ሬሬሬ⃗
௏ሺ௧ሻ

൅ 𝑑𝑖𝑣 ℭሬሬ⃗ ଵሺ𝑥, 𝑦, 𝑧ሻ𝑑𝑖𝑣 𝔙ሬሬሬ⃗ ൟ 𝑑𝜏 ൌ etc. 
 

(165) 

where 𝑉ሺ𝑡ሻ is the volume 𝑉 at time 𝑡.  
In the energy equation it is [by (147)] 

ℭሺ𝑥, 𝑦, 𝑧ሻ   ൌ
1
2

 𝜚ሺ1ሻ 𝐯𝟐ሺ1ሻ ൅ ൅𝜀்ሺ1ሻ

൅ 𝜀௘௠ሺ1ሻ 

(166) 

and the limit in (163) is the energy content inside the 
volume 𝛥𝑉 spanned by 𝑆ሺ𝑡ሻ in a unit time interval. 

In the momentum equation, it is 

ℭሬሬ⃗ ሺ𝑥, 𝑦, 𝑧ሻ ൌ 𝒈ሺ1ሻ ൅
𝒔ሺ1ሻ

𝑐ଶ  
(167) 

(164) applies and it represents the total content of 
momentum flow vector and of Poynting vector within 𝛥𝑉. 

In the angular momentum equation, it is  

ℭሬሬ⃗ ሺ𝑥, 𝑦, 𝑧ሻ ൌ 𝒓 ∧ ൤𝒈ሺ1ሻ ൅
𝒔ሺ1ሻ

𝑐ଶ ൨ 
(168) 

and (164) applies. 
In the virial theorem equation, the first term on the right 

hand side of (163) is what has been called 𝔄, i.e., (155). The 
second term in (163) becomes [by (151), (152), (153), and 
(165)]

lim
௱௧→଴

1
𝛥𝑡

 න   𝒓 ൈ ൤𝒈ሺ1ሻ ൅
𝒔ሺ1ሻ

𝑐ଶ ൨   𝑑𝜏
∆௏

ൌ
1
2

ර 𝑑𝑖𝑣 ൤𝒓𝟐  ൬𝒈ሺ1ሻ ൅
𝒔ሺ1ሻ

𝑐ଶ ൰൨
ௌሺ௧ሻ

 ൫𝔙ሬሬሬ⃗ ൈ 𝒏ෝ൯ 𝑑𝜎 ൅
1
2

 lim
௱௧→଴

1
𝛥𝑡

 
𝜕ℑ௜

.௜ሺ∆𝑉ሻ
𝜕𝑡

 

െ
1
2

 lim
௱௧→଴

1
𝛥𝑡

 න   
𝒓𝟐

𝑐ଶ ቂ𝑬ଵ ൈ 𝒋ଵ ൅ 𝜚ሺ1ሻ 𝒈 ൈ 𝐯ሺ1ሻ ൅ ෍ 𝒇 ൈ 𝐯ሺ1ሻቃ   𝑑𝜏  
∆௏

 

(169) 

The first term on the right hand side of (169) can be 
transformed into

1
2

ර 𝑑𝑖𝑣 ൤𝒓𝟐  ൬𝒈ሺ1ሻ ൅
𝒔ሺ1ሻ

𝑐ଶ ൰൨
ௌሺ௧ሻ

 ൫𝔙ሬሬሬ⃗ ൈ 𝒏ෝ൯ 𝑑𝜎

ൌ ර 𝒓 ൈ ൤𝒈ሺ1ሻ ൅
𝒔ሺ1ሻ

𝑐ଶ ൨
ௌሺ௧ሻ

൫𝔙ሬሬሬ⃗ ൈ 𝒏ෝ൯ 𝑑𝜎 ൅
1
2

ර 𝒓𝟐 𝑑𝑖𝑣 ൬𝒈ሺ1ሻ ൅
𝒔ሺ1ሻ

𝑐ଶ ൰ ൫𝔙ሬሬሬ⃗ ൈ 𝒏ෝ൯
ௌሺ௧ሻ

 𝑑𝜎   

(170) 

Moreover, owing to the continuity equation, it is [in the 
non-relativistic approximation and assuming 𝑑𝑖𝑣 𝒒∗ሺ1ሻ  ൌ
 0] 

𝑑𝑖𝑣 𝒈ሺ1ሻ ൌ െ
𝜕𝜚ሺ1ሻ

𝜕𝑡
 

(171) 

Finally, the last addendum in (170), by taking into account 
(132), can be transformed into  

1
2

ර 𝒓𝟐 ൤
𝜕𝜚ሺ1ሻ

𝜕𝑡
൅

𝜀௘௠ሺ1ሻ ൅ eଵ ൈ 𝐣ଵ

𝑐ଶ ൨ ൫𝔙ሬሬሬ⃗
ௌሺ௧ሻ

ൈ 𝒏ෝ൯ 𝑑𝜎  

(172) 

The resulting total expression is somewhat intricate that 
must be added on the left hand side of the virial (36). Every 
term can be interpreted in terms of virial, moment of inertia, 
energies, etc. These lengthy expressions are useless until a 
specific choice of 𝑆ሺ𝑡ሻ and 𝖁ሬሬሬ⃗  has been made.  
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A second method of approach is: (i) to consider any 
differential equation for time varying conditions (i.e., 
momentum, energy, angular momentum, virial, or any other 
moment of the density function in phase space); (ii) to 
consider some smooth extrapolation to all space of the 𝖁ሬሬሬ⃗  
function, which had been defined only over 𝑆 (with the only 
condition that the extrapolated function coincides, over 𝑆, 
with the original function); and (iii) to multiply (scalar or 
vector product) both sides of the differential equation by 
any function of 𝔙ሬሬሬ⃗  (and, eventually, also of other variables). 

Let us consider only one example. We want to get the 
general, not approximate, expression equivalent to the 
Siscoe (1970) treatment by means of the virial equation - 
which was already mentioned in section 5.2 - of the solar 

wind power defined as ∮ 𝒑𝒄 ൈ 𝖁ሬሬሬ⃗ௌೞ೎
 𝑑𝜎.  

Let us consider the momentum equation (148), apply a 
scalar product with with 𝖁 , and integrate over 𝑉௠௔௚௡௣

∗    
(that can change in time)

න   𝔙௜  
𝜕
𝜕𝑡

ቈ𝑔௜ሺ1ሻ ൅
𝑠௜ሺ1ሻ

𝑐ଶ ቉ 𝑑𝜏
௏೘ೌ೒೙೛

∗
൅ න 𝖁𝒊

𝜕
𝜕𝑥௝

ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻሿ  𝑑𝜏  
௏೘ೌ೒೙೛

∗

ൌ   න   𝔙𝒊 ቂሺ𝒋𝟏 ∧ 𝑩𝟏ሻ௜ ൅ ෍ 𝒇𝒊 ൅ 𝜚ሺ1ሻ 𝑔𝒊ቃ 𝑑𝜏
௏೘ೌ೒೙೛

∗
 

(173) 

The second term on the left hand side of (173) can be 
transformed into

න   𝖁𝒊  
𝜕

𝜕𝑥௝
ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻሿ  𝑑𝜏  

௏೘ೌ೒೙೛
∗

ൌ ර 𝔙𝒊 𝑛ො𝒋   ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻሿ
ௌಾೌ೒೙೛

∗
𝑑𝜎 െ න ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻሿ

𝜕𝖁𝒊 
𝜕𝑥௝   𝑑𝜏  

௏೘ೌ೒೙೛
∗

 

(174) 

where 𝑆ெ௔௚௡௣
∗  is the surface that encloses 𝑉௠௔௚௡௣

∗ , which is 
formed [according to the treatment of (94)] by a surface 
immediately outside the magnetopause ( 𝑆௦௖

∗ ) and by a 
surface immediately inside it (𝑆ୱୡଵ∥ୣ

∗ ) (see figure 13). 

The first addendum in (174) can be transformed, by 
(31), (32) and (33), into 

ර 𝔙𝒊 𝑛ො𝒋   ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻሿ
ௌಾೌ೒೙೛

∗
  𝑑𝜎

ൌ ර 𝔙𝒊 𝑛ො𝒋   ൜𝖕෤ୄሺ1ሻ 𝛿௜௝ ൅ ሾ𝖕෤∥ሺ1ሻ െ 𝖕෤ୄሺ1ሻሿ 
𝐵௜ 𝐵௝

𝑩ଶ    ൅  𝜚ሺ1ሻ v௜ሺ1ሻ v௝ሺ1ሻ
ௌ೘ೌ೒೙೛

∗

൅
1

8𝜋 𝐾଴ 𝜇௥
  ሾ 𝒃ଶሺ1ሻ 𝛿௜௝ െ 2 𝑏௜ሺ1ሻ 𝑏௝ሺ1ሻ ሿൠ   𝑑𝜎 

ൌ ර  ൝൫𝖁ሬሬሬ⃗ ൈ 𝒏ෝ൯ ቈ 𝖕෤ୄሺ1ሻ ൅
 𝒃ଶሺ1ሻ

8𝜋 𝐾଴ 𝜇௥
቉ ൅

൫𝖁ሬሬሬ⃗ ൈ 𝑩൯ሺ𝒏ෝ ൈ 𝑩ሻ

𝑩ଶ  ሾ𝖕෤∥ሺ1ሻ െ 𝖕෤ୄሺ𝟏ሻሿ
ௌ೘ೌ೒೙೛

∗

൅ 𝜚ሺ1ሻ൫𝖁ሬሬሬ⃗ ൈ 𝐯𝟏൯ ሺ𝒏ෝ ൈ 𝐯𝟏ሻ െ
1

8𝜋 𝐾଴ 𝜇௥
൫𝖁ሬሬሬ⃗ ൈ 𝒃𝟏൯ሺ𝒏ෝ ൈ 𝒃𝟏ሻൡ 𝑑𝜎 

 

(175) 

Let us separate the integration surface 𝑆௠௔௚௡௣
∗  and 

distinguish its two contributions 𝑆௦௖
∗  and 𝑆ୱୡଵ∥ୣ

∗ . Assume 
that 𝑩௜௡௧ ൌ 0 in the interplanetary environment, and that, 

close to the magnetopause, just inside it, the space is void 
of particles [moreover, let 𝒃ଵ ൌ 𝑩 inside (28)], thus (175) 
becomes (note also that in this case it is 𝑩 ൈ 𝒏ෝ ൌ 0)

ර … … .
ௌಾೌ೒೙೛

∗
  𝑑𝜎 ൌ ර … … .

ௌೞ೎
∗  ିௌ ೞ೎భ∥೐

∗
  𝑑𝜎

ൌ ර ൣ൫𝖁ሬሬሬ⃗ ൈ 𝒏ෝ൯𝕻෩ ୄ ൅ 𝜚ሺ1ሻ൫𝖁ሬሬሬ⃗ ൈ 𝑽෡൯ ൫𝒏ෝ ൈ 𝐕෡൯൧
ௌೞ೎

∗  
𝑑𝜎 െ ර ൫𝖁ሬሬሬ⃗ ൈ 𝒏ෝ൯

 𝑩ଶ

8𝜋 𝐾଴ 𝜇௥ௌ ೞ೎భ∥೐
∗

  𝑑𝜎 

(176) 

where the first term on the right hand side is the scalar 
product of 𝖁ሬሬሬ⃗  with the “thermal-like” pressure in the solar 
wind ൫𝒏ෝ𝔓෩ ୄ൯, the second term [analogously to (94)] is the 

scalar product of 𝖁ሬሬሬ⃗  with the dynamic pressure, and the third 
term is minus the scalar product of 𝖁ሬሬሬ⃗  with the internal 
magnetic pressure. Hereafter, let us assume that 𝑉௠௔௚௡௣

∗    
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collapses, in a limit process, to a vanishing thickness. In 
analogy with Siscoe (1970), let us call solar wind power 

(SWP) the integral over 𝑆௦௖
∗  , and insert it into (174), then 

into (173), and get 

𝑆𝑊𝑃 ൌ ර 𝔙௜ 𝑛ො௝  ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻሿ
ௌೞ೎

∗  
  𝑑𝜎 

ൌ ර 𝔙௜ 𝑛ො௝  ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻሿ
ௌ ೞ೎భ∥೐

∗  
  𝑑𝜎

൅ න   ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻሿ 
𝜕𝔙௜ 
𝜕𝑥௝  𝑑𝜏  

௏೘ೌ೒೙೛
∗

– න  𝔙௜  
𝜕
𝜕𝑡

 ቈ𝑔௜ሺ1ሻ ൅
𝑠௜ሺ1ሻ

𝑐ଶ ቉  𝑑𝜏  
௏೘ೌ೒೙೛

∗

൅ න  𝔙𝒊  ቂሺ𝒋𝟏  ∧  𝑩𝟏ሻ௜ ൅ ෍ 𝒇𝒊 ൅ 𝜚ሺ1ሻ 𝑔𝒊ቃ 𝑑𝜏
௏೘ೌ೒೙೛

∗
 

(177) 

The first term on the right hand side of (177) is the 
power spent against the internal pressure. The second term 
is connected to the strain/torsional properties of the 
interaction between 𝖁ሬሬሬ⃗  and 𝑝௜௝ሺ1ሻ  and 𝑡௜௝ሺ1ሻ . The third 
term is connected to the rate of change of the total 
momentum density inside 𝑉௠௔௚௡௣

∗ . The fourth term is the 

power spent by 𝖁ሬሬሬ⃗  against the “external” forces. These 
terms could be further transformed and discussed in detail, 
term by term. 

Let us just mention the limit when the thickness of 
𝑉௠௔௚௡௣

∗  vanishes. The time derivative of the total 
momentum density integral is concerned with changes in 
the structure of the magnetopause. As far as the term is 
concerned that deals with the external forces, when 𝑩ଵ ൌ 0 
[in (28)] and since the ∑ 𝒇  do not apply on the 
magnetopause, this term reduces to the power spent against 
the gravitational field. When 𝖁ሬሬሬ⃗  is constant, also the 
𝑔𝑟𝑎𝑑 𝖁ሬሬሬ⃗  (strain/torsional) term vanishes. The remaining 
expressions (i.e., integrals over 𝑆௦௖

∗  or 𝑆 ௦௖ଵ∥௘
∗  that, in the 

limit, coincide) can be further separated in dynamic, 𝔓෩ ୄ 
and 𝔓෩ ∥ and magnetic pressure terms, as it is done by Siscoe 
(1970) (although according to his approximations). 

Recall that 𝑘௦௖
∗   [see (87)] is the total kinetic plus 

thermal energy of all particles inside 𝑆௦௖
∗   (i.e., including 

𝑘୫ୟ୥୬୮
∗ ), and call 𝜀௘௠ሺ𝑉௦௖

∗   ሻ  the total e.m. energy inside 
𝑉௦௖

∗  . As it has been here previously assumed, neglect 𝑬 and 
assume  

𝜀௘௠ሺ𝑉௦௖
∗   ሻ ≅ 𝑈௦ሺ𝑩, 𝑉௦௖

∗ ሻ (178) 
The total energy inside 𝑉௦௖

∗   is therefore 
𝑘௦௖

∗ ൅ 𝑈௦ሺ𝑩, 𝑉௦௖
∗ ሻ (179) 

 Since 𝑉௠௔௚௡௣
∗  (either with vanishing thickness or not) 

completely envelops all other parts (defined in figure 11), 
which are internal to the magnetopause, and since every 
energy change inside the magnetosphere must be supplied 
by the solar wind, every change of (179) must cross through 
𝑉௠௔௚௡௣

∗ . Owing to the meaning of every addendum in (177), 
it is concluded that 

𝑆𝑊𝑃 ൌ ර 𝔙௜ 𝑛ො௝  ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻሿ
ௌೞ೎

∗  
  𝑑𝜎 

ൌ
𝑑
𝑑𝑡

ሾ𝑘௦௖
∗ ൅ 𝑈௦ሺ𝑩, 𝑉௦௖

∗ ሻሿ 

(180) 

which is the generalized expression of formula (43) in 
Siscoe (1970). 

Additional relations can be obtained by means of (89), 
but these developments are not here considered in detail. 

In summary, in the present section the formal time-
varying terms have been included into the formulas derived 
in section 5.2 that applied to steady state conditions. 
Compared to the steady state equations, the corresponding 
relationships deal with a larger number of terms, and are 
practically less useful for experimental application. 
Nevertheless, they are useful to enlighten the formal role in 
the entire theory of gravity and holonomic constraints in 
order to keep the 𝑀 , tc and io 𝒋 -systems inside their 
respective regions of space. The entire physical rationale is 
much better outlined in section 7. 

As far as the formal treatment is concerned that deals 
with arbitrary moving surfaces, no relevant result can be 
obtained on a very general basis. However, some concept, 
such as the solar wind power (SWP) that is spent while 
modifying the geometry of the magnetosphere and its 
structure, can be treated in full generality (this item was 
formerly introduced by Siscoe, 1970 under much more 
restricting hypotheses). These relationships can be applied 
to the time varying magnetosphere, but, at present, it is 
difficult to foresee the real practical usefulness of these time 
varying formulas from the viewpoint of a numerical 
application to experimental data. See some results reviewed 
in section 9. 

7. The minimum potential energy of the 
magnetosphere 

The formation of the neutral sheet, and the concept of 
“reconnection”, have been physically and briefly 
introduced in sections 1 and 2. Similarly, the earthward 
termination of the neutral sheet - and the Jupiter’s 
magnetodisk - have been explained in section 3 by means 
of the same physical rationale. Let us reconsider these same 
items according to the more complicated formal approach 
of sections 5.1 through 6. 

When dealing with time-varying conditions, a 
distinction had to be made between quasi-steady state and 
“step-like” variations. In reality, every natural phenomenon 
is never “step-like”. Rather, it simply looks “step-like” 
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when the monitoring time resolution is not sufficiently 
detailed. Even an e.m. signal takes a physical time-lag to 
justify e.m. forces. The time-lag is not known for the 
gravitational interaction, and this is a great concern of 
present theoretical physics. Refer to Gregori et al. (2025w) 
and references therein. 

A “quasi-steady state” variation occurs whenever one 
can suppose that equilibrium conditions are approximately 
attained at every intermediate instant of time. This 
definition is usually related to the specific kind of 
formulation that is adopted - and, in general, for every given 
formulation an upper limit for frequencies is usually 
specified, while for higher frequencies one must rely on a 
different approach. 

In general, quasi-steady variations are not a frequent 
occurrence in the magnetosphere, because abrupt and very 
rapid changes in the solar wind affect the microstructure of 
the magnetopause. The effect is a change of the topology of 
the general 𝑩, through “merging” or “reconnection” of 𝑩 
field-lines, occurring either across the magnetopause or 
across the neutral sheet. 

In the final analysis, this is a matter of application of the 
continuity approximation, by which the solar wind flow is 
supposed to occur according to MHD, which fundamentally 
relies on the continuity abstraction. In contrast, the real 
physical picture must be in terms of discrete particles (see, 
e.g., Willis, 1971 and 1972, or Gregori et al., 2025w, and 
refrences therein). That is, one must introduce the concept 
of “merging” or “reconnection” in order to keep the MHD 
formalism, even though - according to Maxwell’s laws - 
this concept per se is just absurd. Differently stated, 
“merging” or “reconnection” are an aspect of a 
mathematical concern, as they are raised when one wants to 
treat a physical system, which is composed of discrete 
particles, by means of an algorithm that refers to the 
continuity abstraction. Therefore, this item is of direct 
concern for books or reviews dealing with MHD, while it is 
not directly related to the fundamental physical discussion 
of the present study. 

A conspicuous amount of studies have been concerned 
- and are still presently discussed - about the so-called 
microstructure of the magnetopause and/or “reconnection” 
phenomena. This kind of studies are not here considered, 
and the interested reader must refer to an extensive 
literature. We give here only a brief reminder of a few 
general properties that can be suitable for some aspects of 
the present discussion. 

Let us briefly recall the concepts of Alfvén’s layer and 
Dessler’s vacuum merging.  

An Alfvén’s layer occurs whenever two almost parallel 
layers occur, which are close to each other, each one with 
an electric charge of opposite sign to the other (Alfvén, 
1968). For instance, in a region of space where the magnetic 
energy density is overwhelming, positive ions and electrons 
have different gyration radii, hence a separation occurs in 
space, generating distinct regions of positive and negative 
charge. Alfvén’s layers, synonymous of electric double 

layers, are explicitly considered while delaing with the 
earthward termination of the neutral sheet (section 3). In 
addition, Alfvén’s layers are the logical key of the 
electrostatic hypothesis for the sunspot cycle (see section 
1). The same mechanism was also hypothesized, e.g., for 
the magnetopause, although the magnetic energy density 
and the kinetic pressure of solar wind particles are, in that 
region of space, comparable to each other, and no 
overwhelming 𝑩 can be envisaged (see section 2). 

The Dessler “vacuum merging” was formerly proposed 
by Dessler (1968) and later applied by Dessler (1971). The 
term “vacuum” reminds about the need to refer to regions 
characterized by a plasma pressure that is insufficient for 
keeping separated points with oppositely directed 𝑩. That 
is, the concept is the same as in the case of a lack of particle 
supply, such as it occurs in the case of a “plasma cavity” in 
the solar wind. In the final analysis, from a strictly physical 
viewpoint, both concepts of “vacuum merging” and of 
“reconnection” refer to local differential features, 
independent of the behavior of the whole integral pattern of 
the physical system of concern, which is rather the 
viewpoint implied by every variational principle.  

These concepts are therefore almost synonymous of 
“reconnection”, which can be eventually triggered by any 
phenomenon by which the particle supply has a gap (i.e., a 
“plasma cavity”). Differently stated, a particle gap is 
interpreted like a “step-like” phenomenon, as the primary 
composition of the physical system is changed, thus causing 
an inconsistency with the continuity abstraction. However, 
no smooth, although “fast”, transition occurs of any 
physical process, rather, just a change of physical system. 
That is, both the system before, and the system after, the 
“event” refer to objectively different and non-comparable 
objects. Therefore, per se no physical law can justify such 
a “transition”, as in fact no “transition” occurred. 

One additional general remark is that particles are 
accelerated by “reconnection” of 𝑩 field-lines, and that 𝑩 
energy is transformed into kinetic energy. This holds for 
every kind of plasma instability, as this is a simple 
consequence of the energy balance and of the formal 
algorithm that is used, which relies on the continuity 
abstraction (see, e.g., Hasegawa, 1971, 1975). 
Subsequently, the particle kinetic energy can be eventually 
back-transformed into 𝑩 energy, and this can occur in every 
suitable region of space. The balance between the two 
amounts of kinetic energy – which are produced and later 
back-transformed - affects the potential energy or of 
thermal and/or kinetic energy density of the system, etc. 

Note that a false appearance of “reconnection” can be 
produced anywhere by a very rapid and true physical 
transition, whenever the system is monitored with an 
insufficient time resolution. This occurs, e.g., due to a 
violent Cowling dynamo, whenever a large thermal 
gradient is sufficient to generate an almost “impulsive” 
convective motion that supplies a dynamo effect - where 
“impulsive” means that the transformation happens during 
a time lag shorter than what can be detected by the available 
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monitoring device. However, in general, such a very rapid 
occurrence is rare inside a plasma of very low density; 
hence, in such a case, the aforementioned “plasma cavity” 
scenario is  more realistic.  

In any case, we must consider every given system in its 
whole integrity, while local “infinitesimal” phenomena are 
a prerequisite of “continuous” differential equations, which 
are per se inconsistent with the corpuscular nature of every 
electric current 𝒋 . That is, we must distinguish between 
every skillful MHD treatment, which in the final analysis 
mainly tackles a mathematical problem, and the objective 
physics in natural reality. 

Refer to the “principle of magnetic energy variation” 
(see section 1). For the present purpose, according to the 
formalism of sections 5.2 and 6, the best suited form is by 
looking for maximum 𝑈௝ሺ𝑩ெ, 𝒃ሻ . Different expressions 
have been proposed for 𝑈௝ሺ𝑩ெ, 𝒃ሻ, i.e., (23), (27), (59), 
(63), (91), (92), (96) and several expressions similar to (91) 
and (92). The best suited expression is maybe (27). 
Concerning other forms, just note that (23) and (96) imply 
to maximize  

𝑈௝ሺ𝑩ெ, 𝒃ሻ, ൌ 𝑴 ൈ 𝑏ሺ0ሻ ൌ െ𝑀 𝑏௭ሺ0ሻ (181) 
that means that 𝑏௭ሺ0ሻ  should be minimum (in relative 
value).  

As far as (59), (63), (91), (92), and similar expressions 
are concerned, (59) and (63) seem to be of little help. 
Indeed, from (63) it is concluded that 2 𝑘ெ ൅ 𝑈௦ሺ𝑩𝑴ሻ 
should be minimum. However, at the same time, 𝔬ெ ൅
𝔊ሺ𝑉ெሻ  should be minimum, and this last expression in 
general must be negative, otherwise, as shown in sections 
5.2 and 6, the 𝑀  system cannot be constrained inside a 
limited volume of space. In reality, these four terms are not 
independent of one another. Owing to the same reason, the 
relations (91), (92) and similar ones, which contain a 
surface integral, are of little help, as they rely on several 
interdependent addenda. 

The form (27) seems to be the most useful expression. 
Refer to the definition of 𝔔 given by (25). As far as the ns 
(for neutral sheet) and magnp addenda are concerned, the 
separation has been here used, which indeed is more 
symbolic than formal, 

𝐼௦௖ 𝛷௦௖ሺ𝑩ሻ ൌ 𝐼௡௦ 𝛷௡௦ሺ𝑩ሻ
൅ 𝐼௠௔௚௡௣ 𝛷௠௔௚௡௣ሺ𝐵ୄሻ 

(182) 

Note that, while considering 𝐼௦௖ 𝛷௦௖ሺ𝑩ሻ, one is concerned 
with the whole set of all possible flux tubes of the actual 
total 𝑩. Separate these flux tubes into smaller tubes. One 
set of these tubes goes across the neutral sheet and 
contributes with a term that is symbolically indicated by 
𝐼௡௦ 𝛷௡௦ሺ𝑩ሻ. The flux tubes of another subset merge with 
𝑩𝒊𝒏𝒕 across the magnetopause, thus becoming part of 𝑩𝒊𝒏𝒕 
flux tubes. This subset contributes with the term that is 
symbolically indicated with 𝐼௠௔௚௡௣ 𝛷௠௔௚௡௣ሺ𝐵ୄሻ . 
Therefore, every given 𝒋-loop, which is part of the very 
intricate sc 𝒋-system, can contribute several times, either to 
the ns contribution, or to the magnp contribution, or to both 

of them, or it contributes every time when reference is made 
to every “elementary” 𝑩 flux tube. 

Consider (27) and a huge box in the solar wind that 
contains the whole magnetosphere. In section 5.2 it has 
been shown that, when the huge solar wind box tends to 
include all space, according to the assumptions here used, 
both 𝔔 and 𝑈௦ሺ𝒃ሻ tend to infinity. On the other hand, by 
(23) and (58) it is known that 𝑈௝ሺ𝑩ெ, 𝒃ሻ remains finite. The 
𝔔 addendum in (25) that tends to infinity [to compensate 
the infinite limit of 𝑈௦ሺ𝒃ሻ in (27)] is the magnp term, as 
shown in detail here below. Concerning 𝑈௦ሺ𝒃ሻ, owing to 
the “principle of magnetic energy variation”, whenever 
equilibrium has not yet been reached, all joint energies tend 
to increase, and all self-energies tend to decrease. 

These statements hold in the “quasi-steady” 
approximation. It is thus concluded (i) that 𝑈௦ሺ𝒃ሻ must be 
minimum, and this is well suited also for (27), and (ii) that 
at equilibrium 𝔔 must be maximum. 

The 𝔔  contribution to 𝑈௝ሺ𝑩ெ, 𝒃ሻ  takes into account 
“reconnection” across the neutral sheet and/or the 
magnetopause. This can be considered from two different 
viewpoints.  

One viewpoint is consistent with the aforementioned 
case history of a “quasi-steady” phenomenon. 

The other viewpoint deals with a formal treatment of an 
abrupt change in the solar wind. For instance, let us think 
about an abrupt decrease in solar wind conductivity 𝜎. This 
causes, in general and locally, 𝑩  “reconnection” and 
particle acceleration. Let us describe this event in terms of 
a step function, and let us consider the total magnetic 
energy of the system before and after the step. 

A step-like phenomenon must be considered as a local 
occurrence. However, it is possible to investigate whether 
the system is shifted - by the step - towards a state of lower 
total magnetic energy, or not. If the total magnetic energy 
is lower, we can presume that the process is somewhat 
favored by the system. If the total magnetic energy is 
increased by the step, it is likely that the system will try to 
avoid it – as far as possib1e - and to oppose the trend toward 
a higher energy, although the phenomenon is per se 
compulsory and forced by the solar wind. Indeed, this is the 
rationale of the “squeezing” of the plasmasheet that 
supplies the earthward particle flux during the recovery 
phase of a magnetospheric substorm (see section 3). 
Consider, however, that this statement holds only as long as 
the assumption is accepted about the real physical 
significance of a “step-like” phenomenon.  

The meaning of every term that enters in the definition 
in (25) can be highlighted as follows. 

𝐼௡௦ 𝛷௡௦ሺ𝑩ሻ 

According to the sign rule, this term is positive, 
as the 𝐼௡௦  loops are clockwise (as seen from the 
Earth) in the southern lobe of the tail, and 
counterclockwise in its northern lobe. In addition, 
the larger this term is, the longer the neutral sheet, 
and also the tail. According to the first 
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aforementioned view point, maximize 𝑈௝ሺ𝑩ெ, 𝒃ሻ 
and conclude that the neutral sheet expands as far as 
possible both earthward and downstream. Thus, also 
the tail must be as long as possible, compatibly with 
𝑩 flux conservation.  

Equivalently, one can also state that the larger is 
the “reconnection” across the neutral sheet, the 
shorter is the tail due to 𝑩 flux conservation in the 
tail. Thus, the lower 𝐼௡௦ 𝛷௡௦ሺ𝑩ሻ , the lower 
𝑈௝ሺ𝑩ெ, 𝒃ሻ is, and the higher the potential energy of 
the magnetosphere. Hence, there must be as less 
“reconnection” as possible across the neutral sheet. 
Equivalently, one can also state that the solar wind is 
injected inside the neutral sheet across the tail, in 
order to link as much 𝑩 flux as possible. 

Consider the second aforementioned viewpoint. 
Consider one additional new “reconnection” of a 𝑩 
flux tube across the neutral sheet. Suppose that, in all 
other regions of space, the state of the whole 
magnetosphere is unaffected by the “reconnection” 
of this additional 𝑩 flux tube.  

Note, however, that this approximate argument 
can lead to a wrong conclusion. In fact, it is 
𝛥𝑈௦ሺ𝑩𝑴ሻ ≅ 0 , 𝛥𝔔 ൌ 𝛥ሾሺ1/2ሻ 𝐼௡௦ 𝛷௡௦ሺ𝑩ሻሿ ൏ 0 , 
and, by (23) and (27), 𝛥 𝑈௝ሺ𝑩ெ, 𝒃ሻ  ൌ 2𝛥𝔔 െ
2𝛥𝑈௦ሺ𝒃ሻ ൌ 0 . This implies that 𝛥𝑈௦ሺ𝒃ሻ ൌ 𝛥𝔔 . 
Hence, 𝛥ሾ𝑈௦ሺ𝑩𝑴ሻ ൅ 𝑈௝ሺ𝑩ெ, 𝒃ሻ ൅ 𝑈௦ሺ𝒃ሻሿ ൌ 𝛥𝔔 ൏
0, which is a wrong conclusion, as it is known on the 
basis of the rigorous argument based on the first 
aforementioned viewpoint. 

Therefore, it is incorrect to assume that the entire 
magnetosphere is unaffected by the “reconnection” 
of the 𝑩 flux tube across the neutral sheet. 

Nevertheless, even with these approximations, 
the second viewpoint can lead to a correct result, if 
it is claimed that the “reconnection” of just one 𝑩 
flux tube across the neutral sheet is equivalent to a 
collapse of that 𝑩 flux tube into a 𝑩 flux tube having 
a smaller flux. Indeed, in section 6, it was shown that 
the collapse of orbits and/or 𝑩  field-lines is, in 
general, equivalent to the collapse of whole plasma. 
In addition, a collapsed plasma has a higher potential 
energy. Hence, we can conclude that, in general, 
“reconnection” across the neutral sheet increases the 
potential energy. 

However, note that this last conclusion, which 
holds only in general, is less compulsory than the 
inference implied by the first viewpoint. 

𝐼௠௔௚௡௣ 𝛷௠௔௚௡௣ሺ𝑩ሻ 

                                                 
32 An obvious objection is that the Earth’s mantle and lithosphere 

screens the Earth’s core from e.m. signal originated from the 
solar wind. In reality, the Earth has the structure with several 
sea-urchin spikes, which act like antennæ that ensure an 

Let us call “loop 2” the set of all 𝒋-currents that 
flow in the solar wind, magnetosphere, ionosphere 
and telluric currents (i.e., sc, VA, io, and tc), and 
let us call “loop 1” the Earth’s core, i.e., the 𝑀 𝒋-
currents that originate the internal origin 
geomagnetic field. Consider the form 𝑈௝ ൌ
𝐼ଵ 𝛷ሺ𝑩𝟐ሻ . It is concerned with the 𝑩  flux that 
reaches the Earth’s core, notwithstanding the 
screening by the Earth’s crust and mantle. This 𝑩 
flux cannot vanish, due to a strict physical 
requirement of the action-reaction principle.32 

Consider a 𝑩𝟐 flux tube that leaves the Sun and 
crosses through interplanetary space. Whenever a 
merging occurs across the magnetopause, this 𝑩𝟐 
flux tube links the 𝐼ଵcurrents in the Earth’s core - 
and the sign rule is always such that 𝑈௝  is 
increased. Then, whenever this is possible by any 
kind of process, “merging” must occur.  

From the second viewpoint, let us consider a 
step-phenomenon that leads to “reconnection”, 
across the magnetopause, of a 𝑩 flux tube that was 
formerly “reconnected” across the neutral sheet. 
Such a 𝑩 flux tube crosses through interplanetary 
space before closing on the opposite polar cap. 
This is equivalent to expand, abruptly, i.e., by a 
step-like process, a closed 𝑩 flux tube, eventually 
up to “infinity”. Since it has been here shown that 
in general this is equivalent to expand the plasma, 
it is inferred that the potential energy is decreased. 

This is equivalent to the statement of classical 
electromagnetism that all 𝒋-loops - and hence also 
their 𝑩 flux tubes (see, e.g., Bruhat, 1963) - tend 
to expand in space as much as possible. 

It can therefore be concluded that as much 
“reconnection” as possible should occur across the 
magnetopause, because by this, in general, the 
potential energy of the magnetosphere is lowered. 
In the ultimate analysis, this is the dfetail of the 
argument behind the right panel of figure 3. 

On the other hand, owing to the conceptual 
limitation of step-like phenomena, the physical 
system can lack the time to reach the ideal final 
condition of maximum 𝑩  “merging”. Owing to 
this reason, a limited occurrence of “merging” can 
be justified. Nevertheless, the most important 
inference is that, whenever any local phenomenon 
on the magnetopause can favor the occurrence of 
“reconnection”, “reconnection” must occur.  

This agrees with the experimental evidence 
associated - in general, though not always - with 
the effects of the North to South flip of the vertical 
component of 𝑩௜௡௧ . This is related to the so-

efficient e.m. connection with the external inducing signals. 
See, e.g., Gregori (2002) and Gregori and Leybourne (2021), 
and references therein. 
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cellaed “open model” of the magnetosphere, 
mentioned in section 4, by which it has become 
frequent and customary in the literature to assume 
(erroneously) that 𝑩௜௡௧  is perpendicular to the 
ecliptic plane - contrary to every observational 
evidence that 𝑩௜௡௧ lies in the ecliptic plane, apart 
at most a scatter of very few degrees. In fact, a 
slight change of the vertical component of 𝑩௜௡௧ 
causes a gentle change of the amount of 
“reconnection” across the magnetopause. This 
implies some observed effects, although in any 
case the correlation coefficient is always 
insignificantly low, between flip of the vertical 
component of 𝑩௜௡௧and any given observed effect.  

𝐼௏஺ 𝛷௏஺ሺ𝑩ሻ 

Refer to (100). The larger (100), the larger 𝑘௏஺ 
and 𝑈௦ሺ𝒃௏஺ሻ, as it had to be intuitively expected. 
That is, the larger the kinetic and thermal energy 
of trapped particles, and the larger the self-energy 
of their 𝑩, the lower the potential energy is of the 
magnetosphere. That is, the more the radiation 
belts are filled up, the lower the potential energy is 
of the magnetosphere.  

Note that this is the physical justification of the 
plasmasphere. That is, as it is well known, the 
radiation belts are replenished by trapped particles 
as much as possible, compatibly with the 
temporarily available particle flux in the 
environment. 

𝐼௜௢ 𝛷௜௢ሺ𝑩ሻ and 𝐼௧௖ 𝛷௧௖ሺ𝑩ሻ 

These terms are quite similar, because two 
roughly spherical shells were assumed, even 
though - according to the present model - no other, 
even qualitative, pattern can be envisaged for 
them. Moreover, owing to the actual resistivity of 
the ionosphere and of the Earth’s mantle, in the 
case of a strictly steady state, Joule heat should 
quickly quench every 𝒋. On the other hand, the 
observed temporal variations (e.g., even Sq) 
almost steadily induce new io and tc currents. 

The energy, which is transformed into Joule 
heat, is taken from the selfenergy of the solar wind 
and of the 𝑀 system. The self-energy of the 𝑀 𝒋-
system can be restored, in principle, by time 
variations in the solar wind of opposite sign, 
although this can occur only for very low 
frequency, due to the screening by the tc system. 
This low frequency constraint, however, is less 
compulsory than it ought to be expected, due to the 

                                                 
33 It is curious that no author applied this same concept to the Sun, 

and thus nobody envisaged the electrostatic hypothesis of the 
sunspot cycle (see section 1). 

34 In any case, upon considering a lengthy critical discussion of 
the fundamenals of physics (Gregori et al., 2025w), all natural 

role played by the sea-urchin spikes that act like 
effective antennæ (see Gregori, 2002, and Gregori 
and Leybourne, 2021, and references therein) that 
ensure an excellent e.m. coupling between solar 
wind and deep Earth. In fact, the phenomenon 
occurs through the mechanism of the TD dynamo 
performance (see section 5.1). 

In any case, consider some average condition. 
A reasonable guess is to assume that the induced 
currents (either in the ionosphere or in the Earth’s 
crust and mantle) should reflect the general trend 
of nature to decrease the potential energy of the 
system or, equivalently, to increase the magnetic 
joint energy. In fact, in the opposite case, these 
currents 𝒋 should not be triggered at all.  

Thus, it can be concluded that the larger the 
number is of the free charges that are available to 
supply such a kind of j-currents, the higher their 
positive contribution should be to 𝔔 in order to 
lower as much as possible the potential energy of 
the magnetosphere. 

As already stressed, the major drawback of this 
model is the incapability to give a model for air-
earth currents that, in some way, are a cause of 
damping of the 𝒋 -currents below and above 
Earth’s surface. 

 
Energy relationships can be formally considered also 

inside an Alfvén layer. Magnetospheric Alfvén’s layers 
were envisaged and supposed to be located either in the 
neutral sheet (Dessler, 1971), or at the magnetopause 
(Alfvén, 1968), or at the earthward termination of the 
plasmasheet (Schield et al., 1969).33 

As far as the neutral sheet and the magnetopause case 
histories are considered, no remark is needed in addition to 
what has already been stressed above. The solar wind is 
continuously renewed due to the solar corona expansion. 
Thus, “reconnection” across the magnetopause and/or the 
neutral sheet is just the result of the continuous attempt by 
the magnetosphere to reach an equilibrium configuration. 
However, equilibrium is never attained, because the solar 
wind continuously flows and renews itself.34 

Some comments are needed about the earthward 
termination of the plasmasheet. Consider that the direction 
of 𝑩 inside - and its direction outside - an Alfvén’s layer 
can or cannot be parallel to each other. In addition, while 
referring to the region downstream with respect to the layer, 
we can either suppose that the magnetic energy density is 
larger, or smaller, than the kinetic energy density. Wherever 
the magnetic energy density is larger, there is no reason to 
consider “reconnection” because 𝑩  dominates particle 

phenomena are a steady search for equilibrium that is never 
attained. Therefore, the never reached equilibrium of the solar 
wind flow is the correct occurrence, not an exceptional 
property. 
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motion both inside and outside the layer. In this case, we 
can hardly liken this pattern (i.e., the neutral sheet) to an 
Alfvén’s layer. In contrast, wherever the magnetic energy 
density is lower than the kinetic energy density, magnetic 
properties are dominated by particle dynamics, and 
particles drive 𝑩 flux tubes. In this case, the argument is 
identical as for the magnetopause. 

The result is a balance between the kinetic energy 
density of the particles, which flow earthward in the 
plasmasheet, opposite to the internal pressure or magnetic 
energy density, etc. As long as the magnetic energy density 
is larger than the kinetic energy density, particles spiral 
along pre-existing 𝑩  field-lines. In this way, particles 
increase either the flux of quasi-trapped radiation, or the 
particle population inside the plasmasphere. 

Whenever the kinetic energy density is larger than the 
magnetic energy density, plasmasheet particles blow 
earthward the embedded 𝑩  field. Locally, the physical 
system is changed due to the input of a previously non-
exiting large number of particles. Hence, previously 
“reconnected” 𝑩  field-lines are “broken” and opened, 
compared to the previous (approximately) dipolar 
geomagnetic field-lines. 

The result is a practical “stretching” of geomagnetic 
field-lines, and an increase of 𝑩 flux through both lobes of 
the tail. This is the same as to state that there is, locally, 
more availability of solar wind particles to be injected into 
the geomagnetic flux tubes, so that the neutral sheet can be 
further extended earthward. 

Differently stated, there is a great similarity between the 
interaction (i) at the magnetopause and (ii) at the earthward 
termination of the neutral sheet, although the two 
phenomena are usually described in a different way. The 
magnetopause is usually explained in terms of a 
dynamically dominated solar wind flow, and by means of 
an MHD pressure balance. Viceversa, the same 
phenomenon which occurs at the earthward termination of 
the plasmasheet is more commonly interpreted in terms of 
particles that spiral along approximately fixed 𝑩  field 
patterns. As already mentioned, the two view points are 
complementary to each other and, as a rule, they are equally 
wrong wherever, like in an Alfvén’s layer, the two energy 
densities (magnetic and kinetic) are comparable to each 
other. 

As far as the end of the tail is concerned, the tail must 
be as long as possible, in order to minimize the potential 

                                                 
35 Franco Mariani (1927-), Italian physicist. 
36 Norman Frederick Ness (1933-2023), American geophysicist. 
37 This holds, however, only upon assuming the air-earth currents 

can be neglected. This is the standard and well assessed 
assumption dating back to Gauss. However, at present, we 
know that this formerly “reasonable” assumption is challenged 
by the huge e.m. effects associated with strong soil exhalation 
in tectonically active regions as inferred, e.g., by the Quinn’s 
inversion analysis of 6 𝑚𝑜𝑛𝑡ℎ𝑠  of records by the magnetic 
satellite CHAMP (see Quinn et al., 2025). When this 
fundamental effect is taken into account, several details must 

energy of the magnetosphere. The end of the tail is 
controlled by instant 𝑩 “reconnection” across both neutral 
sheet and/or magnetopause. Owing to the fluctuations in the 
microstructure of the solar wind - including its transient 
micro-”plasma cavities” - the end of the tail will always 
result to be very far from any averaged and quiet condition. 
Or the tail has a filamentary structure, similar to Type I 
comet tails, and this feature has been observed 
experimentally since a long time (e.g., Mariani 35  and 
Ness,36  1969). Cometarty tails, conceived like cometary 
magnetospheres (or “cometospheres”) are specifically 
discussed in Gregori and Leybourne (2025m). 

8. Energy contents, stresses and torques in 
magnetospheric subvolumes 

The present section is concerned, first of all, with the 
evaluation of the hypothetical total energy of the 
geomagnetic field in the case that the solar wind had never 
been switched on, or - in the opposite case - when the solar 
wind would be hypothetically switched off. The next item 
is the experimental evaluation of 𝑈௝ሺ𝑩𝑴, 𝒃ሻ and of its time 
derivative. Therfore, the concern is about the 𝒋-currents of 
the Earth’s core, including 𝑈௦ሺ𝑩𝑴ሻ extended over all space, 
i.e., by avoiding to exclude any volume that envelops the 
dipole singularity (i.e., the so-called “characteristic” 
singularity at 𝒓 ൌ 0 of Laplace’ equation, see Courant and 
Hilbert, 1953) as it is usually done (e.g., by Verosub and 
Cox, 1971). 

Independent of any choice of some specific model for 
the deep Earth’s 𝒋-currents, it is possible - on the basis of 
ground based geomagnetic data alone - to compute37 the 
following quantities, except a constant factor 𝐶  (or, 
equivalently, apart the arbitrary choice of 𝐼ெ): (i) the self-
inductance of the 𝑴 loop; (ii) its equivalent surface, which 
links the total 𝒃  flux, and (iii) the geometrical factor 
expressed by the ratio 𝐵଴/𝐼ெ, where, as already mentioned, 
𝐵଴ is the intensity of 𝑩 at the equator at Earth’s surface. 

The same mathematical formalism is also applied to 
compute 𝑈௦ሺ𝒃ሻ. In principle, its value is finite even though 
a priori it might even be 𝑈௦ሺ𝒃ሻ → ∞, as it is shown section 
5.2. However, 𝑈௦ሺ𝒃ሻ must be finite, as it is shown upon 
considering the energy of the real interaction between solar 
wind and geomagnetic field that, owing to physical 
requirements, involves only a limited portion of the 

be changed of the treatment that is given in the present 
computations. In fact, the present treatment was implemented 
when the Gauss’ working hypothesis seemed reasonably 
correct. On the other hand, the observational information 
about air-earth currents is still insufficient for improving the 
“simple” scheme that is here envisaged. In addition, the 
exploitation of the evaluations - which are here envisaged on 
the basis of actual observations - can be an indirect way the 
check the quantitative relevance of air-earth currents in the 
energy balance of geomagnetic phenomena.  
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infinitely extended solar wind.38 An eventual finite value 
obtained for 𝑈௦ሺ𝒃ሻ corresponds to this fact. On the other 
hand, it is impossible to guess the size of the volume that 
encloses the magnetosphere and that contains only this 
portion of solar wind. 

The final step is the generalization of the same method 
for estimating the selfenergy of the tc 𝒋-currents induced 
into crust and mantle and of all associated joint-energies 𝑈௝. 

It is thus possible to get a complete picture of all self-
energies 𝑈௦  and joint energies 𝑈௝  in the magnetosphere, 
with the only exception of the separation between 
ionospheric, trapped particle, and plasmasheet’s particles 
that precipitate on the ionosphere, because we lack any 
physical information capable to separate and distinguish 
their respective 𝑩 contribution. This completes the picture 
that can be inferred according to the discussion carried out 
in section 5.2. 

It is also possible, by means of this same formalism, to 
evaluate the influence on the astronomical motion of the 
Earth caused by the e.m. interaction with the solar wind. 
This important and much complicated and multi-faceted 
item requires an extensive discussion that is outside the 
perspective of the present paper.  

In any case, we assume that the electric field 𝑬  is 
negligible all over the Earth’s surface. When suitable 
approximations are assumed, It is here shown how to 
evaluate the total force and relative torque that acts on the 
Earth. This ought to be carried out at least at three time 
instants, i.e., before an eventual perturbation occurring on 
the solar wind flow, at the time of maximum effect, and 
after its recovery. 

The role of Joule heat is neglected - and its role should 
require an extensive discussion that cannot be here given..  

8.1 - The geomagnetic field in absence of solar wind  

Call 𝑈௦ሺ𝑩ெஶሻ  the self-energy of the geomagnetic 
(dipole) field when, according to a hypothetical 
“Gedankenexperiment”, the solar wind is at infinity. Then, 
progressively move the solar wind until its real location, 
apply the “principle of magnetic energy variation” (see 
section 1), and get 

𝑈௦ሺ𝑩ெஶሻ ൌ 𝑈௦ሺ𝑩ெሻ ൅ 𝑈௝ሺ𝑩ெ, 𝒃ሻ (183) 
that can be evaluated experimentally, as it will be here 
shown. Moreover, substitute for 𝑈௝ሺ𝑩𝑴, 𝒃ሻ any expression 
among (23), (27), (59), (63), (92), or (96), or any other 
expression obtained by combining (27), (63) and (91). The 
substitution of (23) or (96) is equivalent to insert the 
experimental value for 𝑈௝ሺ𝑩𝑴, 𝒃ሻ  (see below). The 
substitution with (63) gives 

𝑈௦ሺ𝑩ெஶሻ ൌ
1
2

 ሾ𝑈௦ሺ𝑩ெሻ െ 2 𝑘ெ െ 𝔬ெ

െ 𝔊ሺ𝑉ெሻ ሿ 

(184) 

                                                 
38 In fact, the e.m. interaction is formally extended up to infinity, 

although this is a consequence of the continuity 
approximation. If the interaction is explained through photons 

where (i) 𝑘ெ  is the kinetic plus thermal energy of the 
particles that are responsible for the 𝑀 𝒋-system; (ii) 𝔬ெ is 
related to the holonomic constraints that act on them; and 
(iii) 𝔊 is the gravitational energy inside their volume 𝑉ெ. If 
ሾ𝔬ெ ൅ 𝔊ሿ is neglected, it is concluded that the intensity of 
the dipole of the Earth has been increased by the e.m. 
induction by the solar wind. 

By (108) it also follows 

𝑈௦ሺ𝑩ெஶሻ ൌ 𝑈௝ሺ𝑩ெ, 𝒃ሻ ൤1 െ 
𝑓ሺ𝑎, 𝑅ሻ

𝑏௭ሺ0ሻ/𝐵଴
൨ 

(185) 

The definition of the geometrical factor 𝑓ሺ𝑎, 𝑅ሻ is given in 
(108), where 𝑎 is the Earth radius, and 𝑅 is the radius of the 
𝑀  𝒋 -circuit. Equivalently, as far as the magnetostatic 
formalism is concerned, it is [by (106), (108) and (110)] 

|𝑀ஶ|
|𝑀|

ൌ
𝐼ெஶ

𝐼ெ
ൌ ඨ

𝑈௦ሺ𝑩ெஶሻ
𝑈௦ሺ𝑩ெሻ

  

ൌ ඨ1 ൅
𝑈௝ሺ𝑩ெஶ, 𝒃ሻ

𝑈௦ሺ𝑩ெሻ
 

ൌ ඨ1 െ
1

𝑓ሺ𝑎, 𝑅ሻ
 
𝑏௭ሺ0ሻ

𝐵଴
  

(186) 

that can also be evaluated experimentally on the basis of 𝑓 
and DPS ratio.  

8.2 - 𝑈௝ሺ𝐵ெ, 𝑏ሻ and its time derivative 

The joint-energy 𝑈௝ሺ𝑩ெ, 𝒃ሻ and its time derivative can 
be evaluated experimentally. 𝑈௝ሺ𝑩ெ, 𝒃ሻ can be computed 
in the dipolar approximation by means either of (23) or of 
(96), or, in the most general case, by standard SHEs of the 
geomagnetic potential (details are classical and cannot be 
here reported).  

Owing to (146), its time derivative 𝑈ሶ௝ሺ𝑩ெ, 𝒃ሻ can differ 
from zero only on the time scale of several decades (at 
least), i.e., let us say on the secular scale. Therefore, there 
is need to know the SV of both the internal origin Gauss 
elements of terrestrial magnetism, and also of 𝒃ሺ0ሻ, i.e., of 
Sq. 

Let us suppose that these data are available, hence also 
reliable estimates are available of 𝑈௝ሺ𝑩ெ, 𝒃ሻ  and of 
𝑈ሶ௝ሺ𝑩ெ, 𝒃ሻ. Note that (23), (96), or the standard classical 
formulas, are valid even for quasi-static time variations, as 
it can be shown by considering the way by which (105) has 
been derived. Moreover, note that, according to section A.6, 
it follows that 

𝑈ሶ௝ሺ𝑩ெ, 𝒃ሻ = − 𝑈ሶ௦ሺ𝑩ெሻ = − 𝑈ሶ ௦ሺ𝒃ሻ (187) 
Consider expressions for 𝑈௝ሺ𝑩ெ, 𝒃ሻ other than (23) or 

(96). By (27), owing to the same reasons as for (23) and 
(96), it is 

etc. the volume of the interaction is necessarily finite. The 
concept is analogous to the discussion on the meaning of 
“monad”. See Gregori et al. (2025w).  
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𝔔ሶ  ൌ  െ 
1
2

  𝑈ሶ௝ሺ𝑩ெ, 𝒃ሻ 
(188) 

By (59) it is found, upon taking into account (187) 
𝑑
𝑑𝑡

 ሾ 𝔖ሺ𝑩ሻ െ  2𝔎 െ  𝔊 െ 𝔒ሿ ൌ  െ 𝑈ሶ௝ 
(189) 

and by (63) 
𝑑
𝑑𝑡

ሾ2 𝑘ெ  ൅ 𝜎ெ  ൅  𝔖ሺ𝑉ெሻሿ  ൌ  െ 𝑈ሶ௝ 
(190) 

Similar expressions can be inferred by means of (91), 
(92) and (93). Finally, insert into (180) the expression (89) 
for 𝑈௦𝑠ሺ𝑩,  𝑉௦௖

∗   ሻ, then insert (93), take into account (188) 
and (63), and get 

𝑈ሶ௝ ൌ
𝑑
𝑑𝑡

 𝑘௦௖
∗ െ 𝑆𝑊𝑃 െ

𝑑
𝑑𝑡

𝑈௦ሺ𝑩, 𝑉 ௦௖
∗  ሻ 

(191) 

that is remarkably simple, even simpler than the more 
approximate expression used by Siscoe (1970) for his 
formula (46). Note that (191) can be more simply derived 
also from (180) and (187). 

8.3 - The Earth’s core 

Reconsider (107) and write it, more properly, by means 
of Laplace’ law in terms of 𝒋 density distribution, and by 
giving to 𝐵଴ the meaning of its average along the equator 
over all geomagnetic longitudes 𝜑 

𝐵଴ ൌ
1

2 𝜋
 න 𝑑𝜑  න

𝒋ெ  ∧ 𝒓
𝒓ଶ  𝑑𝜏  

௏ಮ 
  

ଶగ

଴
ൌ 𝐼ெ 𝑓ଶ 

(192) 

Apply the average theorem in integration, and find the same 
expression as (107), which corresponds to the case of a 
single loop with a current 𝐼ெ inside it.  

Let us reconsider (108), where 𝐿 is the self-inductance 
of the circuit. This can be considered to be derived from 

𝑈௦ሺ𝑩ெሻ ൌ ሺ1/2ሻ ׬ 𝒋ெ ൈ 𝑨ெ 𝑑𝜏  ௏ಮ , where 𝑨ெ  is the 

vector potential for 𝑩ெ, which derives from the solution of 
Poisson’s equation39 (according to the approach in terms of 
the magnetostatics formalism). Thus, if the entire 𝒋 -
distribution is multiplied by a constant, then 𝑨ெ increases 
also by the same factor, and 𝑈௦ሺ𝑩ெሻ by the square of this 
factor. However, in general, very little is known about the 
real 𝒋-distribution in the Earth’s core, and it is therefore 
reasonable to deal with (108) as a proper expression, where 
𝐼ெ  is defined in (192), and where 𝐿  is assumed to be 
independent of time. Differently stated, the geometry of the 
circuit is assumed constant, at least on a time scale smaller 
compared to the geological time range. 

Insert 𝐿 into (108), as it is derived from (192) 

𝑈௦ሺ𝑩ெሻ ൌ
1
2

 
𝐿

𝑓ଶ
ଶ 𝐵଴

ଶ 
(193) 

This expression can be derived with respect to time, and 
written [by (187); let us skip the argument of 𝑈௝] 

1
2

 
𝐿

𝑓ଶ
ଶ ൌ  െ

𝑈ሶ௝
ௗ

ௗ௧
𝐵଴

ଶ
˙ 

(194) 

                                                 
39 Baron Siméon Denis Poisson, FRS FRSE, (1781-1840), French 

mathematician, engineer, and physicist.  

Finally, insert (194) into (193) and get 

𝑈௦ሺ𝑩ெሻ ൌ
𝑈ሶ௝

ௗ

ௗ௧
 ln

ଵ

஻బ
మ

 
(195) 

which is rigorous, because (192) is rigorous. 
Let us skip the hypothesis of time-invariance of 𝑓ଶ and 

𝐿. It can be shown that, at least in principle, it is possible to 
check experimentally their constancy in time. Indeed, there 
are sound reasons to believe that the internal structure of the 
Earth experiences relevant changes in time. Therefore, 
derive (193) with respect to time, take into account the 
“principle of magnetic energy variation” (see section 1), 
and get 

െ 𝑈ሶ௝ ൌ
𝑑
𝑑𝑡

ቈ
1
2

𝐿
𝑓ଶ

ଶ   𝐵଴
ଶ቉ 

(196) 

then, integrate (196) and find out 

𝑈௝ ൌ െ
1
2

𝐿
𝑓ଶ

ଶ  𝐵଴
ଶ ൅ 𝐴 

(197) 

where 𝐴 is a strictly constant and unknown quantity (such a 
statement holds in both cases, either that 𝐿/𝑓ଶ

ଶ is constant 
in time or not). In contrast, 𝑈௝  and 𝐵଴

ଶ are experimentally 
known, and also their time variation, while the form factor 
of the Earth 𝐿/𝑓ଶ

ଶ is unknown, whether it is constant or a 
function of time. 

In the case that it is a constant, (197) is the equation of 
a straight line in the (𝒙ෝ, 𝒚ෝ) plane, where 𝑥 ≡ 𝐵଴

ଶ and 𝑦 ≡ 𝑈௝. 
Suppose that several measurements of 𝑈௝  and 𝐵଴

ଶ  are 
available, referring to different time instants. Plot them in 
the (𝒙ෝ, 𝒚ෝ ) plane. As long as they look aligned along a 
straight line, it is possible to get a least square estimate of 
both െሺ1/2ሻሺ𝐿/𝑓ଶሻ  and 𝐴 . The value of െሺ1/2ሻሺ𝐿/𝑓ଶሻ 
should coincide with the value of (194). 

If they do not appear significantly aligned, fit them by 
assuming the following expression for the form factor 

െ
1
2

𝐿
𝑓ଶ

ଶ ൌ 𝜉଴ ൅ 𝜉ଵ 𝑡 ൅ 𝜉ଶ 𝑡ଶ൅ . .. 
(198) 

and find out, by the least square method, the constants 𝜉଴, 
𝜉ଵ, 𝜉ଶ, etc.  

From a practical point of view, if the Earth’s radius 𝑎 
did not change significantly in time (Hoppers and Van 
Andel, 1970; but a long devoted discussion should be 
needed that cannot be here given) it is easy to estimate 

𝐵଴ ൌ
𝑀
𝑎ଷ 

(199) 

as a function of time, on the basis of the known SV of 𝑀 
(see Merrill et al., 1996 and references therein). However, 
since the SV of 𝒃ሺ0ሻ is poorly known, this analysis is not 
straightforward.  

In any case, it is possible to investigate the present trend 
of variation of the Earth’s core structure, even though it is 
very unlikely that we will ever get information on the 𝒃ሺ0ሻ 
trend on the geological time scale.40 Note also that the entire 

40 This refers to the approach discussed in the present section, 
while much more detailed investigations should require a long 
devoted discussion that cannot be here given. 
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previous derivation is independent of the assumption of 
dipolar approximation. 

Let us derive the analogous, although approximate, 
expression by means of (105) that, owing to (17), should be 
written (where 𝒂 is the vector potential of 𝒃)  

𝑈௝ሺ𝑩ெ, 𝒃ሻ ൌ න 𝒋ெ ൈ 𝒂 𝑑𝜏  
௏ಮ 

 
(200) 

Let us take off the integration sign, and refer to some mean 
current 𝐼∗ (let us choose 𝐼∗ ൌ 𝐼ெ) such that the remaining 
integral equals 1/𝐼∗ times the 𝑈௝ value given according to 
the standard classical formalism of geomagnetim (not here 
shown in detail). Let us assume that the classical ሼ𝑔, ℎሽ and 
ሼ𝛼, 𝛽ሽ coefficients of geomagnetism, and 𝐼ெ, all change in 
time, but 𝑔/𝐼ெ and ℎ/𝐼ெ are constant in time, where ሼ𝑔, ℎሽ 
are the Gauss elements of terrestrial magnetism, and ሼ𝛼, 𝛽ሽ 
are the analogous coefficients for the SHE of 𝒃. 

All this is formally correct. Only the time independence 
of 𝑔/𝐼ெ and ℎ/𝐼ெ must be explicitly assumed. In any case, 
since it is here shown how to evaluate 𝐼ெ  and its time 
derivative, it is possible to check, a posteriori, the self-
consistency of the approximations that are introduced in the 
framework of any tentative formal model of the currents j 
in the Earth’s core.  

There is need to state that every expression for 𝑈௝  - 
which is expressed according to the standard classical 
formalism of geomagnetism - can be substituted by an 
expression with a single term, which is formally identical 
to the case of a pure dipole. Then (200) can be written like 
(105). In this case insert 𝐼ெ - as obtained from (105) - into 
(108) and get the following relation [let us skip the 
argument of 𝑏௭, like in (193) and in subsequent formula] 

𝑈௦ሺ𝑩ெሻ  ≅  
1
2

 
𝐿

𝑓ଵ
ଶ

𝑈௃
ଶ

𝑏௭
ଶ    

(201) 

where 𝑓ଵ is a geometrical factor.  
In the case that the form factor ሺ1/2ሻሺ𝐿/𝑓ଵ

ଶሻ  is constant 
in time, it is possible to carry out the time derivative of 
(201). Then, take into account the “principle of magnetic 
energy variation” (as above), and find 

1
2

 
𝐿

𝑓ଶ
ଶ ൌ  െ

𝑈ሶ௝
ௗ

ௗ௧

௎ೕ
మ

௕೥
మ

˙ 
(202) 

𝑈௦ሺ𝑩ெሻ  ൌ  
𝑈ሶ௝

ௗ

ௗ௧
 ln

௕೥
మ

௎ೕ
మ

˙ 
(203) 

In case that the form factor is not constant in time, by 
(201) and by the “principle of magnetic energy variation”, 
it is found 

െ𝑈ሶ௝ ≅
𝑑
𝑑𝑡

 ቈ
1
2

 
𝐿

𝑓ଶ
ଶ

𝑈௝
ଶ

𝑏௭
ଶ  ቉ 

(204) 

and, upon integration, 

𝑈௝ ≅ െ
1
2

 
𝐿

𝑓ଵ
ଶ  

𝑈௝
ଶ

𝑏௭
ଶ ൅ 𝐴∗ 

(205) 

Analogously to the previous procedure, plot the 
experimental values on a (𝒙ෝ, 𝒚ෝ) plot, being 𝑥 ≡ 𝑈௝

ଶ/𝑏௭
ଶ and 

𝑦 ≡ 𝑈௝ . If a straight line is found, the form factor 
ሾെሺ1/2ሻሺ𝐿/𝑓ଵ

ଶሻሿ is time invariant. In the opposite case, call  

െ
1
2

𝐿
𝑓ଵ

ଶ ൌ 𝜉଴
∗ ൅ 𝜉ଵ

∗ 𝑡 ൅ 𝜉ଶ
∗ 𝑡ଶ൅ . .. 

(206) 

A third derivation is obtained by inserting for 𝐼ெ, into 
(108), once the value obtained by (107) and once that one 
obtained by (105), thus finding 

𝑈௦ሺ𝑩ெሻ ≅ െ
𝐿

2 𝑓ଵ 𝑓ଶ
𝑈௝  

𝐵଴

𝑏௭
ൌ  െ𝑓

𝑈௝

𝐷
   

(207) 

where 

𝐷 ൌ
𝑏௭

𝐵଴
  

(208) 

is the DPS ratio and 

𝑓 ൌ
𝐿

2 𝑓ଵ 𝑓ଶ
  

(209) 

is a new form factor. 
Assume that 𝑓  is time invariant, carry out the time 

derivative of (207), take into account the “principle of 
magnetic energy variation”, and get  

𝑓 ≅
𝑈ሶ௝

ௗ

ௗ௧

௎ೕ

஽

˙ 
(210) 

𝑈௦ሺ𝑩ெሻ ≅
𝑈ሶ௝

ௗ

ௗ௧
 ln

஽

௎ೕ

˙ 
(211) 

In case that 𝑓 changes with time, by (207) and by the 
“principle of magnetic energy variation”, it is found 

െ 𝑈ሶ௝ ≅ െ
𝑑
𝑑𝑡

൤ 𝑓
𝑈௝

𝐷
൨    

(212) 

and, upon integration, 

𝑈௝ ≅ െ𝑓
𝑈௝

𝐷
െ 𝐴∗∗ 

(213) 

Let us use an (𝒙ෝ, 𝒚ෝ) plot with 𝑥 ≡ 𝑈௝/𝐷  and 𝑦 ≡ 𝑈௝ . 
When the plotted points appear aligned along a straight line, 
𝑓 is time invariant. In the opposite case, call 

𝑓 ≅ 𝜉଴
∗∗ ൅ 𝜉ଵ

∗∗ 𝑡 ൅ 𝜉ଶ
∗∗ 𝑡ଶ൅ . .. (214) 

etc. Note that the strictly constant quantities 𝐴, 𝐴∗, and 𝐴∗∗ 
should satisfy the following equalities 

𝐴 ≅ 𝐴∗ ≅  𝐴∗∗ (215) 
because their definition and sign was hosen in such a way 
that 

𝑈௦ሺ𝑩ெሻ ൌ െ𝑈௝ ൅ ൝
𝐴

𝑜𝑟 𝐴∗

𝑜𝑟 𝐴∗∗
   

(216) 

The procedure can be clearly generalized by defining 
additional form factors, everyone being associated with 
some quantity that can be measured experimentally (i.e., 
analogous to our treatment for 𝐵଴, 𝑏௭, 𝐷, and 𝑈௝). 

The eventual discrepancy between (203) or (211) and 
(195) is indicative of the reliability of the dipolar 
approximation used to derive (202) and (108).  

If we accept the approximate description in terms of a 
single current loop with current 𝐼ெ  (or even in terms of 
several 𝒋 -loops but with the same current intensity 𝐼ெ 
flowing inside them), it is possible to evaluate, on 
experimental basis, 𝐼ெ , 𝑓ଵ , 𝑓ଶ  and 𝐿 , apart a unique 

Page 520



New Concepts in Global Tectonics Journal 
Volume 13, Number 4, June 2025 

ISSN number; ISSN 2202-0039 
 

 
 

arbitrary constant 𝐶 . In fact, insert (105) and (108) into 
(187), and get 

𝑓ଶ 𝑓 
𝑑
𝑑𝑡

 𝐼ெ
ଶ  ≅  

𝑑
𝑑𝑡

 ሺ𝐼ெ 𝑏௭ሻ 
(217) 

that can be integrated. Then, one should substitute (192) to 
give 

𝐼ெ  ≅
𝐶

  𝑓 𝐵଴  െ 𝑏௭
 

(218) 

where 𝐶  is an arbitrary constant. Finally, 𝑓ଵ  is obtained 
directly by (105), 𝐿 by (202), and 𝑓ଶ by (194). 

The constant 𝐶  cannot be determined, because the 
available experimental information deals with products 
such as ሾ𝐼ெ 𝑓ଵሿ, ሾ𝐼ெ 𝑓ଶሿ, and ሾ𝐿 𝐼ெ

ଶ ሿ that are independent of 
𝐶. Equivalently, we can state that we vary the geometrical 
dimension of the 𝒋-loop and change correspondingly the 
intensity of 𝐼ெ  while leaving unchanged energies and the 
observed 𝑩.41 

The constant 𝐶 can, however, be evaluated as explained 
in detail in Gregori (2002), according to a method that can 
be briefly summarized as follows. If the internal origin 𝑩 is 
represented by a spherical shell (ss) of arbitrary radius, the 
energy is finite only if this radius is larger than an 
asymptotic value, which results - as a matter of 
observational evidence - close to the ICB (inner core 
boundary) determined by seismological evidence. Hence, if 
the seismic radius is taken for granted, one can guess a 
reasonable value for the total energy, hence for 𝐶. That is, 
we feed into the aforementioned computation the additionsl 
observational evidence of seismology.42 

Moreover, independent of all these real physical 
implications, the previous formulas are consistent with the 
general treatment made in the preceding sections, dealing 
with magnetospheric energy contents and relationships. 
Therefore, their numerical evaluation is necessary in order 
to evaluate several other energetic processes in the 
magnetosphere. 

Consider (216). It means that 𝑈௦ሺ𝑩ெሻ and 𝑈௝ change by 
opposite amounts, consistently with the “principle of 
magnetic energy variation”, while 𝐴 or 𝐴∗ or 𝐴∗∗ (hereafter 
briefly called 𝐴) remains constant in time. The “principle of 
magnetic energy variation” deals with e.m. induction 
process between two sets of 𝒋-loops. The 𝐴  contribution 
refers to every other source of 𝑩 that cannot be associated 
with simple e.m. induction. 

Since 𝑈௦ሺ𝑩ெሻ  and 𝑈௝  can be quantitatively evaluated 
from observations, it is possible to check whether 𝐴 is null 
or not, etc. In addition, if 𝐴 is not constant in time, (198), 
(206) and (214) can be applied, etc. This item has some 

                                                 
41 A more complete and systematic treatment is given in Gregori 

(2002). 
42  For the sake of completeness, it should be mentioned that 

Zidarov and Petrova (1974) computed a simple model, 
including its secular variation (SV), in terms of a simple 
circular loop. They found a radius ∼ 1,500 𝑘𝑚 . Several 
analogous computed models are reported in the literature, 
although they are not here of concern. 

additional implication. However, let us first note that, in 
principle, it is possible to carry out an experimental estimate 
of the aforementioned form factors of the Earth.  

By (194) or (198), (202) or (206), and (18) or (214) we 
know experimental estimates of 𝐿/𝑓ଶ

ଶ , 𝐿/𝑓ଵ
ଶ , and 𝑓 or 

𝐿/ሺ𝑓ଵ 𝑓ଶሻ , respectively. That is, we know √ 𝐿/𝑓ଵ  and 
√ 𝐿/𝑓ଶ, and we have one additional relation that can be used 
for a self-consistency check. 

It is possible to evaluate 𝐼ெ, 𝑓ଵ, 𝑓ଶ and 𝐿. By (214) it is 
𝐿 ൌ 2 𝑓 𝑓ଵ 𝑓ଶ (219) 

hence, it is sufficient to compute 𝐼ெ , 𝑓ଵ , 𝑓ଶ . From the 
“principle of magnetic energy variation” and by (105) it 
follows, respectively, 

𝐼ெ 𝑓ଶ ൌ 𝐵଴ (220) 

𝐼ெ 𝑓ଵ ൌ െ
𝑈௝

𝑏௭
   

(221) 

and by (108), after inserting (219), we get a self-consistency 
check for (220) and (221) 

ሺ𝐼ெ 𝑓ଵሻ ሺ𝐼ெ 𝑓ଶሻ ൌ  
𝑈௦ሺ𝑩ெሻ

𝑓
   

(222) 

Moreover, 𝑓ଵ and 𝑓ଶ are related by (222) [see below].  
Thus, the problem is concerned only with the separation 

of 𝐼ெ either from 𝑓ଵ or from 𝑓ଶ. Indeed, 𝐼ெ is the result of 
an abstraction, i.e., of an arbitrary choice when we cut into 
small 𝒋 -loops the 𝒋 -distribution on the approximately ss 
layer of currents 𝒋 that flow on the ICB.43 Then, 𝐼ெ must be 
supposed to be unavoidably largely arbitrary, and 𝑓ଵ and 𝑓ଶ 
must be deduced from (220) and (221). Note that the 
smaller is 𝐼ெ , the more intricate is the set of the 
aforementioned small 𝒋-loops, and, as it has to be expected, 
the larger are 𝑓ଵ and 𝑓ଶ. In addition, it must be pointed out 
that the whole previous derivation requires no assumption 
on the time invariance of the form factors. 

For the sake of completeness, note that a formally 
identical treatment can be applied to 𝑓ሚଵ , 𝑓ሚଶ , 𝑓ሚ, 𝐿෨  and 𝐼ሚெ , 
which are defined and briefly discussed at the next section 
8.4(IV). But 𝐼ሚெ is arbitrary; hence, it can be chosen, e.g., 
𝐼ሚெ ≡ 𝐼ெ . On the other hand, there appears to be no 
advantage to know, e.g., the self-inductance of the 
magnetosphere, etc.  

All these computations are feasible in principle. On the 
other hand, in general they request an observational 
database that very often is not yet available. Hence, this 
entire speculation remains only in the realm of an intriguing 
theoretical possibility. 

In addition, as already stressed, the drawback must be 
taken into account of the relevant role played by air-earth 
currents that flow mainly across areas of high crucial 

43 This is according to the simple model here considered in terms 
of 𝒋-loops. In reality, the IC ought to be in “magpol” state (see 
Gregori et al., 2025w). Hence, as far as the computation is 
concerned that is considered in the present section, this fact 
implies that the IC ought to appear to be the location of an 
approximately spherical body with permanent magnetization. 
The role of e.m. induced currents 𝒋 is an additional superposed 
time-varying effect. 
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fracturing, according to the evidence recently found by the 
late John M. Quinn (see Quinn et al., 2025). In principle, 
one can implement all aforementioned evaluations based on 
available observations, and one can thus check how far air-
earth currents bias and enter into the whole previous 
computation of the energy balance of geomagnetic 
phenomena. An alternative approach can be, in principle, to 
exploit a theoretical derivation similar to the development 
that is here envisaged, while referring, however, to a 
geometry of 𝒋 -loops that is substantially other than the 
pattern that was here used. That is, the whole computation 
ought to be re-started since the beginning. However, present 
observations can allow for no realistic model, other than 
stating that some leakage 𝒋-currents exist between 𝑗-circuits 
below and above Earth’s surface. 

A substantially different discussion deals with the 𝒋-
distribution inside deep Earth, as it can be inferred upon 
combining the energy balance with the information derived 
from seismic evidence. This is the leading anthem in 
Gregori (2002), but this topic cannot be considered in the 
present paper. 

Re-consider (216) and the aforementioned comment. If 
𝐴 is strictly constant - and if the deep Earth’s structure does 
not change vs. time - every variation in 𝑈௦ሺ𝑩ெሻ must be 
ascribed to a corresponding variation of 𝑈௝, i.e., to a SV of 
the solar wind and of its e.m. induction into the Earth. In 
contrast, if a secular trend 44  exists in the deep Earth 
structure, the corresponding variation in 𝑈௦ሺ𝑩ெሻ causes a 
related variation in 𝑈௝, thus affecting the solar wind. 

These phenomena can be investigated by the following 
mathematical treatment. 

Since we are concerned with variations on a geological 
time scale, we can explicitly refer to the dipolar 
approximation (but this approximation could be easily 
dropped). We can suppose to know 𝑈௦ሺ𝑩ெሻ  by (193), 
where the form factor is given either by (194) or by (198) 
[and we can suppose that 𝜉଴ coincides with (194)], and 𝐵଴ 
is given by (199). Let us insert them into (216), where also 
𝐴 is known, and solve with respect to 𝑏௭ 

𝑏௭ ൌ
1
𝑀

  ቈ
1
2

  
𝐿

𝑓ଶ
ଶ  

𝑀ଶ

𝑎଺ – 𝐴቉ 
(223) 

If 𝑎 is supposed not to have significantly changed with 
time, by (223) we can infer the SV of 𝑏௭. Note that this one 
includes both the effects of e.m. induction by the solar wind 
and the variation of the deep Earth’s structure. If we 
suppose that ሺ1 2⁄ ሻ 𝐿  𝑓ଶ

ଶ⁄   is represented by 𝜉଴  alone 
[which should coincide with (194)], we should thus 
succeed, in principle, to distinguish the solar wind effect 
alone. 

In reality, all these statements are tautological, because 
we need to know experimentally the SV of 𝑏௭ in order to 

                                                 
44 This really occurs on the secular and geological time scale, 

being the mechanism of the Earth’s “battery”. See Gregori 
(2002), and some mentions in Gregori and Leybourne (2021).  

estimate the form factors and 𝐴 . Then, by (223), we 
compute again the SV of 𝑏௭. 

On the other hand, (223) is useful for the following 
extrapolation vs. time. Suppose that the internal structure of 
the Earth does not change with time. Then, by means of the 
knowledge of the present trend of the SV of 𝒃  we can 
evaluate the form factors and 𝐴. In this way, (223) permits 
to estimate the SV of 𝑏௭ on a much longer time lag, deriving 
from the knowledge of the SV of 𝑀. A similar argument 
applies if we suppose to know some explicit expression for 
the time variation of the form factor that appears in (223). 

Finally, note that the secular change in 𝑈௦ሺ𝒃ሻ follows 
directly from (216) after applying the transformation (228). 
Hence, the SV of the total energy of 𝑩 can be expressed as 

𝑈௦ሺ𝑩ሻ ൌ 𝑈௦ሺ𝑩ெሻ ൅ 𝑈௝ሺ𝑩ெ, 𝒃ሻ ൅ 𝑈௦ሺ𝒃ሻ
ൌ െ𝑈௝ሺ𝑩ெ, 𝑏ሻ ൅ 𝐴 ൅ 𝐴ሚ 

(224) 

For the sake of completeness, note that if (203) or (207) 
are used instead of (193), the 𝑏௭  formulas analogous to 
(223) are 

𝑏௭ ≅
1
𝑀

ቈ
1
2

𝐿
𝑓ଵ

ଶ  𝑀ଶ  – 𝐴∗቉ 
(225) 

𝑏௭ ≅
1
𝑀

ቈ𝑓
𝑀ଶ

𝑎ଷ   – 𝐴∗∗቉ 
(226) 

Owing to (215), by comparing (223), (225) and (226) it 
is concluded 

𝑓ଵ ≅ 𝑎ଷ 𝑓ଶ (227) 

8.4 - 𝑈௦ሺ𝒃ሻ  and the total magnetic energy of the 
magnetosphere  

All 𝒋-systems other than the 𝑀 𝒋-system, which deal 
with the geometry of the tc + io + VA + sc 𝒋-systems, 
produce 𝒃 , and can be formally treated in a perfectly 
symmetrical way as for 𝑩ெ.  

This same formalism can therefore be applied, apart 
suitable changes, to the field 𝒃  instead than to 𝑩ெ . 
Consider 𝑈௦ሺ𝒃ሻ. The entire previous treatment has been 
essentially concerned with the interaction of two sets of 
currents 𝒋 that flow, each one, on closed loops, i.e., the 𝒋-
currents of the Earth’s core and the set of all other 𝒋 -
currents. The Earth’s core 𝒋-currents are responsible for 𝐵଴, 
the others for 𝒃. In addition, the form factors 𝑓ଵ, 𝑓ଶ and 𝐿 
are relative to the Earth’s core 𝒋-currents. 

Exchange the role of 𝐵଴  and 𝑏௭  and define the 
analogous form factors for the second set of currents 𝒋 , 
which are called 𝑓ሚଵ, 𝑓ሚଶ, 𝑓ሚ, 𝐿෨. All previous formulas can be 
re-obtained by simple application of the following 
equivalence table  

𝑏௭ ⇒ 𝐵଴ 𝑈௦ሺ𝑩ெሻ  ⇒  𝑈௦ሺ𝒃ሻ   
𝐵଴ ⇒ 𝑏௭  𝜉 ⇒  𝜉ም   
𝐼ெ ⇒ 𝐼ሚெ  𝜉∗ ⇒  𝜉෩ ∗   
𝑓ଵ ⇒ 𝑓ሚଵ  𝜉∗∗ ⇒  𝜉ሚ∗∗  (228) 
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𝑓ଶ  ⇒  𝑓ሚଶ  𝐴 ⇒  𝐴ሚ   
𝑓 ⇒  𝑓ሚ  𝐴∗  ⇒  𝐴ሚ∗  
 𝐿 ⇒ 𝐿෨  𝐴∗∗  ⇒  𝐴ሚ∗∗  

A comment is required about the time variation of the 
form factors. When dealing with the 𝒋 -currents in the 
Earth’s core, the concern was about the natural evolution of 
the deep Earth’s interior, i.e., in any case about a slow 
process. In contrast, 𝑓ሚଵ, 𝑓ሚଶ, 𝑓ሚ, 𝐿෨ refer to 𝒋-loops responsible 
for the external origin 𝑩. Hence, we must expect that these 
form factors change very rapidly with time and that 
formulas such as (198), (206) and (214) are inadequate. On 
the other hand, since such a kind of magnetospheric-like 
phenomena are introduced in our theory only by means of 
𝒃ሺ0ሻ, reference is here made only to SV changes, i.e., to 
changes on a ∼ 𝑛・10 𝑦𝑒𝑎𝑟𝑠 scale. Hence, the treatment 
here considered can be meaningful – and also (198), (206) 
and (214) appear therefore suited for our purposes. 

As a conclusion, it is found 

𝑈௦ሺ𝒃ሻ  ≅  
𝑈ሶ௝

ௗ

ௗ௧
 ln

ଵ

ୠ౰
మ ሺ଴ሻ

˙ 
(229) 

𝑈௦ሺ𝒃ሻ  ≅  
𝑈ሶ௝

ௗ

ௗ௧
 ln

஻బ
మ

௎ೕ
మ

˙ 
(230) 

𝑈௦ሺ𝒃ሻ  ≅  
𝑈ሶ௝

ௗ

ௗ௧
 ln

ଵ

஽௎ೕ

˙ 
(231) 

The 𝑈௦ሺ𝒃ሻ value, in general, is finite. It seems, however, 
impossible to envisage any criterion suited to define - inside 
the infinitely extended solar wind - a finite portion of it that 
actually interacts with the geomagnetic field. However, this 
finite 𝑈௦ሺ𝒃ሻ  value, which directly derives from 
experiments, provides a finite and physical figure for such 
a separation. 

The total magnetic energy of the physical system of the 
magnetosphere is given by 𝑈௦ሺ𝒃ሻ ൅ 𝑈௝ሺ𝑩ெ, 𝒃ሻ ൅ 𝑈௦ሺ𝑩ெሻ, 
and it can be computed by means of the numerical values 
of every addendum. 

8.5 - Other self- and joint energies and their 
respective currents and geometrical factors. Partial 
DPS ratios and their time derivatives  

The process that was applied to 𝑈௦ሺ𝑩ெሻ  can be 
generalized and applied to other 𝒋 -systems. Some 
preliminary remarks are that: 
(i) 𝑈௝ሺ𝑩ெ, 𝒃ሻ and  𝑈௦ሺ𝒃௧௖ሻ can be computed on the basis of 

the aforementioned ss 𝒋-system for the tc 𝒋-currents; 
(ii) it is 

𝑈௝ሺ𝑩ெ,  𝒃௜௢ ൅ 𝒃௏஺ ൅ 𝒃௦௖ሻ
ൌ 𝑈௝ሺ𝑩ெ, 𝒃ሻ െ 𝑈௝ሺ𝑩ெ, 𝒃௧௖ሻ 

(232) 

(iii) 𝑈௦ሺ 𝒃௜௢ ൅ 𝒃௏஺ ൅ 𝒃௦௖ሻ can be computed by the method 
that is described here below, and briefly called JS; 

(iv) it is 

𝑈௝ሺ𝒃௧௖, 𝒃௜௢ ൅ 𝒃௏஺ ൅ 𝒃௦௖ሻ
ൌ 𝑈௦ሺ𝒃ሻ െ  𝑈௦ሺ𝒃௧௖ሻ
െ 𝑈௦ሺ 𝒃௜௢ ൅ 𝒃௏஺ ൅ 𝒃௦௖ሻ

(233) 

In contrast, it is impossible to separate either self- or 
joint-energies inside the composite system [io + VA + sc] 
unless it is possible to distinguish between  𝒃௜௢ , 𝒃௏஺ 
and𝒃௦௖.  

The general method of computation - in addition to the 
simple aforementioned relations - can be formally applied 
in a way similar to the 𝑩ெ case. Suppose to deal with two 
𝒋-systems, call them ℎ and 𝑘, and call 

𝑈௝ሺ𝑩௛, 𝑩௞ሻ ≅ െ 𝑓ሚଵ 𝐼௛෩  𝐵௞ሺ0ሻ (234) 

𝐵௛଴ ൌ 𝑓ሚଶ 𝐼௛෩  (235) 

𝑈௦ሺ𝑩௛ሻ ൌ
1
2 

𝐿෨  𝐼ሚ௛
ଶ  

(236) 

Express 𝐼௛  by means either of (234) or of (235). 
Substitute these two expressions into (236). Take time 
derivatives, and get, analogously to (193), (194), (201), 
(202), (108) and (210)  

𝑈௦ሺ𝑩௛ሻ ൌ
1
2

𝐿෨

𝑓ሚଶ
ଶ  𝐵௛଴

ଶ    
(237) 

1
2

𝐿෨

𝑓ሚଶ
ଶ ൌ െ

𝑈ሶ௝
ௗ

ௗ௧
𝐵௛଴

ଶ  
˙ 

(238) 

𝑈௦ሺ𝑩௛ሻ ൌ
1
2

𝐿෨

𝑓ሚଵ
ଶ  

𝑈௝
ଶ

B୩
ଶሺ0ሻ

˙ 
(239) 

1
2

𝐿෨

𝑓ሚଵ
ଶ ≅ െ

𝑈ሶ௝
ௗ

ௗ௧
 

௎ೕ
మ

୆ౡ
మሺ଴ሻ

˙ 
(240) 

𝑈௦ሺ𝑩௛ሻ ≅ െ𝑓ሚ 
𝑈௝

𝐷෩
˙ 

(241) 

𝑓ሚ ≅
𝑈ሶ௝

ௗ

ௗ௧

௎ೕ

஽෩

˙ 
(242) 

where the DPS ratio is  

𝐷෩ ൌ
B୩ሺ0ሻ 

B୦଴
˙ 

(243) 

When 𝑈௝ is known, it is possible to evaluate (238), (240) 
and (242), hence also  𝑈௦ሺ𝑩௛ሻ and  𝑈௦ሺ𝑩௞ሻ by the same 
procedure as for 𝑈௦ሺ𝑩ெሻ and 𝑈௦ሺ𝒃ሻ. This method is here 
called JS (acronym for “from joint- to self-energies”). 

In contrast, when 𝑈௦ሺ𝑩ெሻ is known, it is possible to 
compute 𝑈௝ሺ𝑩𝒉, 𝑩𝒌ሻ . In fact, from (240), by (187) it is 
found 

𝑈ሶ௦ ≅ െ
1
2

𝐿෨

𝑓ሚଵ
ଶ 2

𝑈௝

𝐵௞
ଷሺ0ሻ

ൣ𝐵௞ሺ0ሻ 𝑈ሶ ௦ ൅ 𝐵ሶ ௞ሺ0ሻ𝑈௝൧ 
(244) 

and, by (239) 

𝑈ሶ ௦ ≅ െ2
𝑈௦

𝑈௦𝐵௞ሺ0ሻ
ൣ𝐵௞ሺ0ሻ 𝑈ሶ ௦ ൅ 𝐵ሶ ௞ሺ0ሻ𝑈௝൧ 

(245) 

that gives 

𝑈௝ ≅ െ
2 𝑈௦𝐵௞ሺ0ሻ𝑈ሶ௦

𝑈ሶ ௦𝐵௞ሺ0ሻ ൅ 2 𝑈௦𝐵ሶ ௞ሺ0ሻ
  

(246) 

Analogously, from (242), (241) and (187) it is easily 
found 
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𝑈௝ ≅ െ
𝑈௦𝑈ሶ௦𝐷෩

ௗ

ௗ௧
൫𝑈௦𝐷෩൯

  
(247) 

These expressions permit to carry out a self-consistency 
check of the approximations introduced in the definition of 
to 𝑓ሚଵ, 𝑓ሚଶ, 𝑓ሚ, 𝐿෨ , 𝐼ሚ௛, 𝐼ሚ௞, etc. If one wants to know the actual 
values of these geometrical parameters and of these 𝒋 -
currents, they can be computed, apart an arbitrary constant 
factor 𝐶, by means of a method that is strictly identical to 
the procedure applied to the aforementioned 𝑀  case 
history. However, in general there is no equivalent way to 
estimate such a constant factor 𝐶. 

Partial DPS ratios can be defined by (243), and can be 
expressed in terms of self- and joint-energies by (241)  

𝐷෩  ≅  െ𝑓ሚ 
𝑈௝

𝑈௦
 

(248) 

The equality is approximate according to the 
assumptions explicitly discussed for (201) ... ... (211). Their 
time derivatives can be estimated. Note that, owing to 
(146), (149) and (187), the classical DPS ratio 𝑏௭ሺ0ሻ/𝐵଴ 
can vary in time only on a secular time scale (rapid changes 
might be considered only when one subtracts from 𝒃 the 
𝒃௧௖  contribution; these rapid changes are discussed by 
Siscoe, 1970). 

8.6 - The electromagnetic drag of the Earth 

The physics, the drivers, and the implications of the e.m. 
interaction of the solar wind with the Earth, and the 
associated effects on its astronomical motion (l.o.d. and 
pole motion, etc.), are the concern of an extensive 
discussion that cannot be given in the present paper. In 
particular, the treatment, which is here given, is a direct 
connection with the formalism of the present paper. It was 
prepared in the early 1970s, and it contains a review of the 
pre-existing state of the art available at that time. This is 
pertinent in the present framework. The more updated 
review, and its discussion, should equire a long devoted 
discussion that, owing to brevity requirements, cannot be 
here given. 

Gribbin and Plagemann (1973) (see figure 16) reported 
the anomalous change in the spin rate of the Earth, 
following the great solar storm of August 1972. They gave 
a tentative interpretation in terms of a variation of the 
general circulation of the atmosphere. 

The Gribbin and Plagemann (1973) finding triggered a 
revival of interest on this topic. Hines (1974) confirmed that 
the drag on the polar ionosphere exerted by the 
interplanetary 𝑬 can give no significant contribution to this 
effect. Papagiannis (1973) calculated the torque on the 
magnetopause, while Carovillano and Siscoe (1973), Olson 
(1973) and Siscoe (1974) used the formula originally given 
by Siscoe (1970) (see section 5.2).  

A simple Earth’s dipole 𝑴 is supposed to be embedded 
in an external magnetic field 𝒃 , and the formalism of 
elementary magnetostatics is used. Olson (1973) calculated 
the effect, on the tilt angle of the dipole, of the torque that 

acts on the Earth, and also of the total force that affects its 
orbital motion. 

 

 

Figure 16. (a) l.o.d. vs. date in 1972, when a huge solar 
storm was observed. One datum every day is plotted, according 
to measurements carried out only at one site, i.e., at the U. S. 
Naval Observatory, Washington, as - unlike at present - at that 
time global averaged data were provided - as a standard - only 
once every 5 𝑑𝑎𝑦𝑠. The Julian date is indicated. During the 
middle of August, the spin rate of the Earth abruptly slowed 
down. During a few subsequent days, the spin rate increased 
anew, in order to recover along the main unperturbed trend. 
This phenomenon is tentatively explained in terms of the 
concept intuitively represented in figure 17. Figure (b) shows a 
detail of figure (a). Unpublished figure, adapted after Gribbin 
and Plagemann (1973).

 
However, his estimates were based on a well-known 

mathematical model of the magnetosphere, which 
neglected the effects of the ring current, of radiation belts, 
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of the ionosphere, and of the telluric currents induced in the 
Earth. Moreover, since he used an averaged model of the 
magnetosphere, his evaluation can give only mean values 
for the torque and for the total force, while it is not suited 
to provide any instant value. Instantaneous effects ought to 
require to extrapolate 𝒃 , i.e., the external origin 
geomagnetic field, from Earth’s surface to Earth’s center. 
However, this raises problems concerning the e.m. 
screening by the Earth’s interior. 

 

 
Figure 17. Principle idea for explaining the effect observed 

in figure 16. A temporary torque 𝜞ሺ𝑡ሻ operates on the crust 
acting like a brake on a wheel. The solid body is supposed to 
be composed of two solid components, having moment of 
inertia 𝐼ଵ and 𝐼ଶ, respectively, mutually linked by a viscoelastic 
coupling. As soon as the externally applied torque 𝜞ሺ𝑡ሻ fades 
off, the inner solid component re-accelerates the outer shell, 
and it brings it back along the unperturbed “regular” dynamic 
regime. Upon a formal least square fit on the data of figure 
16(b) it is possible to estimate the thickness of this outer layer 
of the Earth. The result - in the order of magnitude of ∼
100 𝑘𝑚 - is perfectly consistent with the hypothesis that the 
outer shell is the lithosphere (see Gregori, 2002, and Gregori 
and Letbourne, 2021, unpublished figure, in cooperation with 
Bruno Alessandrini). Unpublished figure. 

 
Hence, short time variations, such as the aforementioned 

August 1972 event, in principle cannot be accounted for by 
means of a point source, such as a dipole, and by neglecting 
telluric currents. On the other hand, such a warning is 
substantially avoided due to the role of the aforementioned 
sea-urchin spikes, which act like very effective antennas 
and permit a direct e.m. coupling between solar wind and 
deep Earth (see Gregori, 2002, and some mentions in 
Gregori and Leybourne, 2021). Note, however, that at 
present it appears difficult to compute any even 
approximate quantitative estimate of this effect. 

A different method of computation is here envisaged of 
the e.m. drag on the Earth as a consequence of the e.m. 
interaction with the solar wind. This method is suited also 
for instantaneous events. It is here shown how to compute: 

(i) the torque that acts on the Earth at every given instant of 
time, and also (ii) the total force that acts on the Earth and 
affects its orbital motion. 

The required observational information are the 𝑬 and 𝑩 
fields measured at Earth’s surface. Since 𝑬  is poorly 
known, it is here simply neglected, or, equivalently, it is 
formally assumed 𝑬 ൌ 0  all over the globe. This is 
consistent with the present generally agreed belief.45 Let us 
call 

𝑩 ൌ 𝑩ଵ ൅ 𝒃𝟏 (249) 
𝒃ଵ ൌ 𝑩ெ ൅ 𝒃௧௖ 𝑩ଵ=𝒃௜௢+𝒃௏஺+𝒃௦௖ 

and apply (125), where 𝑉 and 𝑆 are the Earth’s volume and 
surface, respectively. It is, by (31) and upon assuming 𝑩 ൌ
0 all over 𝑆  

𝑡௜௝ሺ1ሻ ൌ െ
1

8𝜋 𝐾଴ 𝜇௥
   ሾ𝒃ሺ1ሻଶ 𝛿௜௝

െ 2 𝑏௜ሺ1ሻ 𝑏௝ሺ1ሻሿ 

(250) 

and, by (32) and (33) 

𝑝௜௝ሺ1ሻ ൌ 𝔭෤ୄሺ1ሻ 𝛿௜௝ ൅ ሾ𝔭෤∥ሺ1ሻ െ 𝔭෤ୄሺ1ሻሿ 
𝐵௜ 𝐵௝

𝑩ଶ

൅ 𝜚ሺ1ሻ v௜ሺ1ሻ v௝ሺ1ሻ 

(251) 

where 𝔭ሺ1ሻ  is the pressure tensor of the particles 
responsible for 𝒃ଵ, ϱ(1) is their density, and 𝐯ሺ1ሻ is their 
bulk velocity. On the other hand, it is here supposed that all 
these particles flow either inside 𝑉, or at most - although by 
a smaller amount - over 𝑆. In any case, let us substitute 
(251) into (125). The first and third addenda on the right 
hand side of (251) give a vanishing contribution. The 
second addendum gives a contribution 

ර ሾ𝔭෤∥ሺ1ሻ െ 𝔭෤ୄሺ1ሻሿ ሺ𝑩 ൈ 𝒏ෝሻ ሺ𝒓 ൈ 𝑩ሻ 𝑑𝜎
ௌ

  
(252) 

that can be neglected, if - as already mentioned - only a 
negligible part flows over 𝑆  of the particles that are 
responsible for 𝒃ଵ, so that 𝔭෤∥ሺ1ሻ and 𝔭෤ୄሺ1ሻ can be assumed 
to be close to zero.  

Moreover, the second and third addenda on the right 
hand side of (125) identically vanish, because, for a 
spherical Earth, both the gravitational acceleration 𝒈 and 
the holonomic constraints 𝒇௧௖ are antiparallel to 𝒓. 

Summarizing, the torque of the e.m. drag that acts on 
solid Earth is 

න ሾ𝒓 ∧ ሺ𝒋ଵ ∧ 𝑩ଵሻሿ𝒌
௏

𝑑𝜏

ൌ െ ර  𝜀௛௜௞ 𝑥௛ 𝑛ො௝ 𝑡௜௝ሺ1ሻ 𝑑𝜎
ௌ

 

(253) 

Formally insert (250) into (253). Note that the 𝛿௜௝ term 
vanishes (because its contribution is proportional to 
r∧𝒏ෝ=0). Hence, the result is

න 𝒓 ∧ ሺ𝒋ଵ ∧ 𝑩ଵሻ 
௏

𝑑𝜏 ൌ െ 
1

4𝜋 𝐾଴ 𝜇௥
ර ሺ𝒏ෝ ൈ 𝒃𝟏ሻሺ𝒓 ൈ 𝒃𝟏ሻ 𝑑𝜎

ௌ
ൌ

𝑎
4𝜋 𝐾଴ 𝜇௥

ර 𝑏ଵ௥
ଶ   𝑑𝜎

ௌ

ൌ
𝑎

4𝜋 𝐾଴ 𝜇௥
 න න 𝑏ଵ௥

ଶ 𝑠𝑖𝑛 𝜗 𝑑𝜗
గ

଴
𝑑𝜑

ଶగ

଴
 

(254) 

                                                 
45 An extensive critical discussion cannot be here given. 
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that is, the moment of the e.m. drag on solid Earth is equal 
to 1/4𝜋 𝐾଴ 𝜇௥ times the integral over 𝑆 of the square of the 
radial component of 𝒃ଵ, multiplied by the Earth radius 𝑎. 
This moment can be evaluated by means of the available 𝑩 
measurements. Just separate 𝑩 into 𝑩ଵ and 𝒃ଵ, i.e., into its 
external and internal part, respectively.46 Then, (254) can 
be computed by means of the internal part 𝒃ଵ. 

If the Gribbin and Plagemann (1973) result is 
interpreted according to the model of figure 17, this 
interpretation can be expressed in quantitative terms by 
means of the results of (254), evaluated before, during, and 
after the anomalous change of Earth’s spin rate.  

The total force of the e.m. drag that acts on the Earth can 
be computed as follows. Consider the formal splitting 
(249), use (30) and integrate over 𝑉. Thus, get 

න  
௏

𝜕
𝜕𝑥௝

ሾ𝑝௜௝ሺ1ሻ െ 𝑡௜௝ሺ1ሻሿ 𝑑𝜏 ൌ න ሺ𝒋ଵ ∧ 𝑩ଵሻ𝒊

௏
𝑑𝜏 ൅ 𝐹ெ

௜ ൅ 𝐹௧௖
௜ ൅ න 𝜚ሺ1ሻ 𝑔௜

௏
 𝑑𝜏 

(255) 

Let us: (i) transform the left hand side into a surface 
integral, and (ii) neglect the contribution by 𝑝௜௝ሺ1ሻ because 

the charged particles responsible for 𝒃ଵ flow deep inside 𝑉, 
and only a negligible portion of them flows over 𝑆 . As 
mentioned above, neglect E and insert (250). The result is 

1
8𝜋 𝐾଴ 𝜇௥

ර  𝒃ሺ1ሻଶ 𝒏ෝ 𝑑𝜎
ௌ

െ
1

4𝜋 𝐾଴ 𝜇௥
ර ሾ𝒏ෝ ൈ 𝒃ሺ1ሻሿ 𝒃ሺ1ሻ𝑑𝜎

ௌ

ൌ න ሺ𝒋ଵ ∧ 𝑩ଵሻ
௏

𝑑𝜏 ൅ 𝑭ெ ൅ 𝑭௧௖ ൅ න 𝜚ሺ1ሻ 𝒈
௏

𝑑𝜏 

(256) 

The right hand side is, by definition, the total force that 
acts on the orbital motion of the Earth. The first addendum 
is the e.m. drag, and the second and third addenda are the 
result of the holonomic constraints. The final term is the 
resultant gravitational force that acts on all charged 
particles that are responsible for 𝒃ଵ  and are distributed 
inside 𝑉 with density distribution 𝜚ሺ1ሻ. 

Note that, if the Earth is a sphere and 𝜚ሺ1ሻ has spherical 
symmetry, this term vanishes. That is, the gravitational term 
is presumably negligible. In addition, owing to symmetry 
reasons, also the holonomic terms are presumably 
negligible. In summary, it is presumable that the main part 
of the total drag is the e.m. force. However, in any case, the 
computation of the left hand side of (256) gives the total 
force that acts on the orbital motion of the Earth. 

It ought to be emphasized that the assumption 𝑬 ൌ 0 all 
over the globe is the weak point of this entire derivation. 
Apart this concern, the total force that acts on the Earth can 
be easily computed by means of (254) and (256), 
respectively. There is only need (i) to separate47 the external 
and internal components of 𝑩, i.e., 𝒃ଵ and 𝒃ଵ, respectively, 
and (ii) to compute an interpolated value for 𝒃ଵ all over the 
globe. This method permits to compute instantaneous 
estimates. 

A comparison with the Olson’s results can give an 
indication on the influence of the approximations that are 
used either in the Olson’s computation or in the method that 
is here proposed. Unfortunately, the normal magnetograms 
for these events, such as the aforementioned August 1972, 
are usually very confused and practically useless. Hence, a 
concrete evaluation of this e.m. drag is a quite a difficult 
job. 

                                                 
46Note, however, that the aforementioned air-earth currents are 

such that we must seriously reconsider the separation of the 
geomagnetic field into internal and external origin 
components.  

At present, it is difficult to foresee all the heuristic 
possibilities of these theoretical methods. More detailed 
arguments and computations are possible, in principle, but 
they critically need for a particularly great care in data 
handling. For instance, there is need for a reliable 
knowledge of the secular trend of the Sq and L geomagnetic 
variations in order to carry out several aforementioned 
computations. It is very difficult to state a priori whether 
the presently available data are sufficient to get any 
significant result. 

In principle, the theoretical methods that are here 
proposed are logically correct with the appropriate 
approximations, although they rely on the assumption of a 
negligible role played by air-earth currents. In any case, 
they can be applied only if suitable experimental data are 
available on some suitable space and time scales. The 
present available knowledge of air-earth currents does not 
permit to improve the formulation here envisaged in any 
“simple” way. Owing to this reason, such a kind of 
applications is possible in principle, although in practice 
their exploitation is often awkward, if possible at all. 

8.7 – Conclusion 

The analysis of the energy balance of the e.m. 
interaction between solar wind and Earth can be effectively 
carried out by means of a few simplifying abstractions.  

The magnetostatic formalism is a historically classic 
approach to magnetism in terms of an unrealistic 
abstraction, which however simplifies the discussion of 
several observations, although it leads to an unrealistic 
divergence when dealing with energy relationships. 

47  We stress anew that this requires the aforementioned 
assumption of a negligible role of the air-earth currents, and – 
as already emphasized - this is the weakest point of the present 
whole derivation. 
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In contrast, by making reference to simple 𝒋-loops rather 
than to magnetic dipoles etc., we can give a representation 
of natural reality, which is certainly not akin to the intrinsic 
physical details of the complication of natural phenomena, 
although it gives a realistic framework of the overall energy 
contents and exchanges between different magnetospheric 
sub-systems. Several relevant and important mutual 
relations can thus be shown, although the real numerical 
estimates are often hampered by an insufficient availability 
and/or reliability of historical geomagnetic data series. 

On the other hand, the resulting properties highlight 
some fundamental relations, which provide some key 
constraints between different derived observational 
parameters. The treatment carried out in the present study 
can be considered as a lengthy discussion of what can - or 
cannot - be actually observed in the e.m. interaction 
between solar wind and Earth. 

The general discussion of the energy relationships in 
magnetospheric phenomena must therefore be considered 
as some kind of general introduction to this whole problem. 
It is just an energetic framework - or an overall constraint - 
deriving from the fundamental laws of physics that, 
whether observable or not, whether feasible or not in terms 
of concrete numerical estimate, must be in any case always 
satisfied. 

For sure, such a kind of energy relationships must be 
satisfied as an unavoidable constraint for every kind of a 
more or less “technical” model, or interpretation, or 
working hypothesis, or algorithm, such as, e.g., either the 
MHD formalism or the single particle dynamics, either with 
“reconnection” or not, etc. 

9. Energy computations. Case histories 
reported in the literature 

Only few authors attempted to evaluate the energy 
content inside some subvolumes of the magnetosphere. A 
list is here given of some papers in chronological order, 
however with no presumption for completeness. We 
apologize for eventually forgetting some other study. 

Willis (1976) is concerned mainly with the possible 
influence on the atmosphere by the earthward flow of 
particles in the plasmasheet. He considers magnetospheric 
convection and the coupling with the troposphere. Note, 
however, that the mention to convection in the 
magnetosphere must be suitably changed and re-interpreted 
according to the rationale for explaining particle flows in 
the plasmasphere (see section 7). He concludes that it is 
unlikely that magnetospheric processes can produce by 
direct mechanism any significant meteorological global 
change. He stresses that one should search for some indirect 
mechanism. 

The evaluation of energy processes in the 
magnetosphere must consider that the magnetosphere is a 
unique entire physical system that can be identified with no 

                                                 
48 See also Akasofu (1999). 

specific volume in space. Neither it is possible to define, on 
a strictly rigorous physical basis, any subsystem of the 
magnetosphere. One can define different types of energy 
contents in energy contents in different subvolumes of the 
magnetosphere and on the temporal changes during the 
development of geomagnetic disturbances of increasing 
strength. Different types of energy were thus defined. 

Let us refer, e.g., to Baker et al. (2001). However, we 
have no presumption of completeness, because, owing to 
the aforementioned reason, no exhaustive treatment is 
conceptually possible. One energy is the kinetic energy flux 
rate 𝐸௞ in the solar wind, another parameter is the so-called 
“solar wind energy coupling rate” 𝜀, thathey are defined as 

𝐸௞ ൌ
1
2

𝜌 𝑉ଷ𝐴 
(257) 

 

𝜀 ൌ 𝑉 𝐵ଶ𝑙଴
ଶ 𝑠𝑖𝑛ସ  

𝜃
2

 
(258) 

where 𝜌 is the solar wind mass density, 𝑉 is its speed, 𝐴 is 
the magnetospheric cross-section area, 𝐵 is the strength of 
𝑩௜௡௧  (more often denoted by IMF), 𝑙଴ ൌ 7𝑅ா  is a 
geometrical parameter, which is derived from the average 
figure of the magnetosphere (the earthward termination of 
the neutral sheet), and 𝜃 is the angle between the 𝒛ො-axis in 
the so-called GSM solar-magnetospheric system (see 
Russell, 1971) and the projection of 𝑩௜௡௧  on the 𝒙ෝ െ 𝒚ෝ 
plane. 

The parameter 𝜀  was defined upon considering some 
reasonable average geometries and physical model for the 
magnetosphere. Akasofu (1981) carries out an authoritative 
discussion, including an extensive treatment both of 
different case histories and of the role of different 
approximations. He defined this parameter and claims that 
the energy coupling of two systems A and B can be 
represented by an energy flux 𝜀 from A to B and an from 
energy flux 𝒰் as an output from 𝐵. That is, he considers 
the joint magnetic energy of two 𝒋 -loops. Refer to the 
aforementioned discussion of geomagnetic storms or 
magnetospheric substorms. 

The reader who wants to deal with specific case histories 
ought to refer to the learned discussion by Akasofu’s 
(1981). 48  These reasonable models were also used to 
estimate other energy contents inside subvolumes of the 
magnetosphere, including ring current, Joule heat, 
ionospheric absorption, etc. We cannot give here additional 
details, as they should require a devoted long and very 
specific discussion, which is not pertinent for the present 
paper.  

Let us only report figure 18, which is a synthesis of the 
results, according to Baker et al. (2001). Table 14 
(unpublished) is a numerical representation of figure 18, 
where the power and energy values are visually read on the 
figure, and are therefore affected by a consequent error bar. 

Baker et al. (2001) describe these estimates as follows. 
Note that the definition of different geomagnetic 
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disturbances is somewhat arbitrary, as - in reality – it is very 
difficult to distinguish different categories of phenomena. 
The solar wind input power (𝑊) is claimed to be the highest 
estimated sustained level of input-power during an event as 
measured by an “𝜀-like” parameter. However, they claim 
that every equivalent combination of solar wind speed and 
𝑩௜௡௧ parameters could, in principle, be used (Nishida, 1983; 
Baker et al., 1997). Every indicated energy referring to a 
given disturbance corresponds to the total energy dissipated 
during the course of an identifiable event of the given kind. 
No additional detail is here given. 

As mentioned above, the physics and energy balance of 
magnetospheric phenomena, and of the associated 
geomagnetic disturbances, must be treated in a formal and 
rigorous general approach to the whole physical system of 
the magnetosphere, i.e., of the global interaction between 
solar wind and Earth. In fact, the use of reasonable physical 
approximations - although unavoidably implying a lack of 
sufficient formal logical rigor - was the origin of 
misconceptions, debates, controversies, sometimes 
contradictions, etc. For instance, remind about 
“reconnection”, about the physical justification of 
substorms and of storms, and, in general, about all items 
more or less directly related to energy balance (see sections 
2, 3, 4). 

The reader should now reconsider the severe judgement 
by Akasofu (1999) who states “… at a time, it was said that 
one could not be a magnetospheric physicist unless one 
tried to explain auroral substorms in terms of magnetic 
reconnection … In this paradigm, it was said that magnetic 
reconnection must occur, since the theory is so trustworthy 
and that all observations will eventually be understood in 

terms of it … However, in a powerful paradigm, an 
observation contradictory to the accepted theory gets little 
attention and often gets ridiculed …A powerful paradigm 
will delay the progress of its field. A high degree of 
agreement in a paradigm will suppress alternatives, so that 
researchers are lost when their paradigm is eventually 
found to be inoperative. During the period of a powerful 
paradigm, the progress of its field is actually retarded and 
sometimes it regresses. Much research time is lost as well. 
Indeed, we have lost about 30 𝑦𝑒𝑎𝑟 s by pursuing the 
hypothesis of magnetic reconnection by believing that it is 
the only theory to explain substorms.” 

 

Figure 18. Magnetospheric energy dissipation. Progression 
of processes according to increasing solar wind energy input. 
Vertical bars show the range of typical physical processes, 
corresponding to input power levels. Figure redrawn and 
adapted after Baker et al. (2001). 

 
 

Table 14. Energy dissipation level for geomagnetic disturbances, according to figure 18 
Kind of disturbance solar wind input power (𝑊) Minimum energy (𝐽) Maximum energy (J) 

localized electrojet enhancement 9 ൈ 10ଽ 2 ൈ 10ଵଶ 1013 
pseudobreakup 2 ൈ 10ଵ଴ 2 ൈ 10ଵଶ 5 ൈ 10ଵଷ

isolated substorm 10ଵଵ 6 ൈ 10ଵଶ 5 ൈ 10ଵସ

multiple onsets 2 ൈ 10ଵଵ 9 ൈ 10ଵଶ 3 ൈ 10ଵହ

ssc/Dst event 9 ൈ 10ଵଵ 2.5 ൈ 10ଵଷ 1.05 ൈ 10ଵ଺

geomagnetic storm 2 ൈ 10ଵଶ 4 ൈ 10ଵସ 10ଵ଻ 
major storm 10ଵଷ 6 ൈ 10ଵସ 8 ൈ 10ଵ଻

 
Stern (1984), in his authoritative review of the energy 

balance in the magnetosphere, concludes by stating that 
several unresolved controversies must be clarified 
concerning substorms and their mechanism, and also 
magnetic merging, and the storage of magnetic energy. 
Gonzalez et al. (1994) in a much authoritative paper discuss 
the “associated storm/substorm relationship problem” and 
claim that “the physics of this relationship does not seem to 
be fully understood …”. To our knowledge, according to 
what can be found in the literature, very little changes (if 
any) occurred during the last few decades in the theory of 
substorms.  

In the final analysis, a primary bias is the effort to 
represent the magnetosphere in a way that reminds about a 

model-airplane in a wind tunnel - i.e., the effort to use the 
continuum approximation of the MHD formalism derived 
from a generalization of fluid dynamics and the 
introduction of the concept of “reconnection”. However, 
such an a priori assumption unavoidably leads to some 
physical compromise. 

The most evident paradox implies “killing” Maxwell’s 
equations by introducing “reconnection” etc. However, 
since a substorm can be very effectively justified (as above) 
by means of an energy balance, depicted by means of the 
Hamilton’s variational principle, the aforementioned “wind 
tunnel” analogy is unsuited for dealing with such a very 
general energy argument and balance. Indeed, one should 
frankly claim that the “wind tunnel” model is misleading. 
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A comparatively more recent observation by the five 
satellite THEMIS spacecrafts, launched in February 2007 
by NASA (Petrukovich, 2008), is shown in figure 19. On 
February 26th, 2008 the five satellites were aligned in such 

a way that they detected the effect of an “explosion” 
occurred in the neutral sheet at ∼ 20 െ 30 𝑅ா  from the 
Earth. 

 

Figure 19. An artist’s concept of the THEMIS satellites lined up inside the Earth magnetotail with an “explosion” observed 
to occur between the 4th and 5th satellites. Credit: NASA. After Steigerwald (2009a). NASA copyright free policy. 

Figure 19, which is an artist cartoon, reminds about the 
interpretation according to Dungey’s rationale mentioned 
in section 4 that, however, is just a conceptual model. 
Observations are matters-of-fact, and can be interpreted in 
different ways. The “point” is shown in figure 19 where the 
“explosion” occurred, that – according to the model here 
given - corresponds to the location, along the neutral sheet, 
which is instantaneously crossed by the “plasma cavity” 
resulting from the lack of particle-supply by the solar wind. 
Its energy was estimated to be of the order of ∼ 10ଵହ 𝐽. 
According to Dungey’s rationale, this “point”, is called 
“reconnection point”, and its linear extension across the tail 
- perpendicularly ro the plane of the figure - is called 
“neutral line”. 

According to the rationale here used, this morphological 
feature corresponds to the varying downstream extension of 
the neutral sheet that can be instantaneously attained, 
compatibly with the available charged particle supply by 
the solar wind. This “reconnection point” moves 
downstream, consistently with the outward expansion of the 
solar corona, and typically by a matter of ∼ 𝑎 𝑓𝑒𝑤 ℎ𝑜𝑢𝑟𝑠 
it runs along the entire length of the tail, i.e., say, up to ∼
1,000 𝑅ா.  

The earthward flow of charged particles - generated by 
this permanent “explosion” that moves downstream - 
results into an effective substitute for the lack of particles 
deriving from the “plasma cavity” inside the solar wind. 
Hence, the substorm displays its typical recovery that 
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elapses as long as the earthward flux of particles occurs. 
When the earthward flux exhausts, if the “plasma cavity” 
persists within the solar wind, a new substorm is triggered, 
etc. The time series of several successive substorms - more 
or less regularly repeated in time - composes a typical 
geomagnetic storm.  

Akasofu (1981) is a remarkable and authoritative long 
study, which contains also several plots of the parameter 𝜀 
[see (258)]. He discusses, with extensive details, several 
case histories that display different typical morphologies. 
The interested reader ought to refer to his paper that, 
however, cannot be likened to the discussion of the energy 
content that is here given. 

The Akasofu (1981) approach relies on a substantially 
different viewpoint, shared by several authors. Their 
approach can be briefly called “differential”, in contrast 
with the viewpoint here adopted that can be called 
“integral” (or “variational”). That is, Akasofu (1981) 
attempts to infer specific details of the internal structure and 
dynamics of the magnetosphere. He relies on observational 
inferences, e.g., related to some geomagnetic indices, or 
measurements carried out by space platform on an instant 
and point-like basis, etc. Then, he tries to integrate the 
magnetospheric model that he can thus envisage, etc. In 
contrast, the approach that is here adopted directly deals 
with “integral” and “overall quantities” and energy 
contents - and the interpretation of observations  is then 
exploited by means of Hamilton’s variational principle. 

In addition, Akasofu (1981) relies on Dungey’s open 
model of the magnetosphere (see section 4) and on the 
concept of “drag” at the magnetopause. Hence, his 
consequent estimates derived from such a modeling cannot 
be compared with the treatment that is here considered. In 
general, he finds a substantial scatter. In fact, upon 
considering the intrinsic large scatter of the solar wind flow 
- and also the tiny fraction of expanding solar corona that 
can be monitored by the Earth’s magnetosphere (a fraction 
~0.45 ൈ 10ିଽ; see section 1) - the system can hardly be 
framed into any “simple” scheme relying on a few typical 
case histories. Indeed,  this scatter is what must be expected. 

Akasofu (1981, p. 161) claims that “the energy coupling 
function 𝜀 can be identified as the power generated by the 
solar wind-magnetosphere dynamo.”  This is correct if this 
interaction is considered as a phenomenon that transforms 
the kinetic energy (plus the frozen-in magnetic energy) of 
the solar wind into a variation of the magnetic energy 
content of the magnetosphere. Akasofu (1981, p. 162 and 
169) relies on the theoretical development by Siscoe and 
Cummings (1969) and Gonzalez and Mozer (1974). 

The ultimate concern of Akasofu (1981) deals with the 
starting hypothesis about the energy relations in the 
magnetosphere that - as he mentions - can be represented 
from either one of two conflicting viewpoints. One 
viewpoint is what he calls a “driven” system, where the 
input and the output ought to appear closely correlated, 
although eventually with a suitable time delay. The 
opposite viewpoint, which he seemingly formerly 

preferred, is what is he calls “unloading” system. Such a 
kind of approach is here called of “calorimetric” kind, by 
which a magnetospheric substorm, or a geomagnetic storm, 
is interpreted as the effect of some energy that, during some 
previous time, was stored inside the magnetosphere, and 
that is eventually released due to some solar wind 
perturbation. That is, this is the same principle that applies 
to the energy balance of a pressure cooker. 

Akasofu (1981, p. 169) claims that his finding 
“indicates conclusively ... that the magnetosphere is, as a 
first approximation, a directly driven system.” He stresses 
also that “this is an unexpected result. On the other hand, 
it is not difficult to realize that the concept of an unloading 
system was simply a hypothesis, since the relationship 
between energy input and output rates had not been known 
before.”  

On the other hand, Akasofu (1981, p. 176) warns that “it 
should be emphasized that the magnetosphere is not strictly 
a driven system. It is only closer to a driven system than to 
an unloading system. This is because the magnetosphere 
has a large inductance 𝐿 ∼ 100 െ 500 𝐻 . It will 
accumulate magnetic energy in the magnetotail and convert 
it into substorm energy ... “ That is, such an inference, 
which he derives from observational evidence, is related to 
the role played by the charged particles that are stored 
inside the plasmasheet, while the plasmasheet is 
progressively depleted of its particle content by the 
succession of substorms.  

Let us emphasize that Akasofu has been one of the very 
few scientists of the magnetosphere that challenged the 
concrete and very difficult problem of the energy balance, 
according to a “top-down” viewpoint. 

Gonzalez (1990) is mostly concerned with the theory for 
the evaluation of a most general model for the transfer of 
power from the solar wind to the magnetosphere through 
MHD. He expressively refers to the role of 𝑬  at the 
magnetopause, which he considers large scale 
“reconnection”, etc. That is, his approach relies on the 
search for semi-empirical interpolated models derived from 
a fit on observational data. Hence, he applies a “bottom-up” 
perspective that is other than the general “top-down” 
rationale that is here considered. No additional mentions are 
therefore here given about the Gonzalez (1990) model. 

Baker et al. (2001) give real quantitative estimates. They 
review previous attempts. However, in contrast with the 
more general and formal theoretical treatment here 
mentioned, i.e., of the kind given by Siscoe (1970), these 
quantitative computations rely on approximate models, 
based on a simple and intuitive geometry, and concerned 
with the physical interpretation of geomagnetic indices. 
Their consequent estimates rely on interpolation of satellite 
measurements. That is, they apply a “bottom-up” 
viewpoint. In fact, every model - proposed either by Baker 
et al. (2001) or others - is physically reasonable, although 
in general the specific details are not of direct concern for 
the present “top-down” discussion. Hence, for brevity 
purpose these models are not be here described in detail. 
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The interested reader ought to refer to the original papers, 
but mostly he should refer to Akasofu (1981). In addition, 
the relation between DPS ratio and magnetospheric 
modeling has been the object of specific studies (e.g., 
Liemohn, 2003).  

Baker et al. (2001) refer to the magnetic storm occurred 
on 10-11 January 1997 that was well-modeled. This storm 
was analyzed by Lu et al. (1998). Baker et al. (2001) 
mention that Lu et al. (1998) relied on continuous upstream 
solar wind measurements carried out by the WIND 
spacecraft for estimating the solar wind kinetic energy 
(257) and the solar wind energy coupling rate (258). This is 
consistent with the aforementioned Akasofu (1981) 
analysis. 

Lu et al. (1998) used also some ionospheric modeling 
aimed to compute “detailed estimates ... of the ionospheric 
Joule heating rates and ionospheric particle precipitation 
rates. An important outstanding issue ... is to calculate 
accurately the ring current energy dissipation. In the 
January 1997 event, Lu et al. (1998) did not have detailed 
measurements of the ring current ion populations. 
Therefore, they used the formulation of Akasofu (1981) to 
estimate the ring current energy injection rate 

𝑈ோ ൌ െ 4 ൈ 10ସ   ൬
𝜕𝐷௦௧

𝜕𝑡
൅

𝐷௦௧

𝜏
൰ 

(259) 

In this equation, 𝐷𝑠𝑡 is the pressure-corrected index (in 
𝑛𝑇) based on 18 low-latitude stations computed specifically 
for this event and 𝜏 is the (variable) ring current particle 
lifetime (in 𝑠𝑒𝑐).” 

Baker et al. (2001) specify also that “it is usually the 
pressure-corrected 𝐷௦௧  (𝐷௦௧

∗  ൌ 𝐷௦௧ െ 𝑏 √𝑃 ൅ 𝑐), where 𝑃 
is solar wind pressure and 𝑏 and 𝑐 are constants) that is 
used in quantitative work.”  

Concerning the relation (259), it is derived by Akasofu 
(1981, p. 129) on the basis of the aforementioned semi-
empirical approach, by speculating a model magnetosphere 
that ought to be suited to give in some way a physical 
explanation for the 𝐷௦௧ index.  

Figure 20 shows the result where, as Baker et al. (2001) 
specify, the value of ε for 10-11 January is shown by the 
solid line. The lighter dashed line illustrates the 
combination of auroral particle precipitation and Joule 
heating rate. This combination refers to the integral over 
both the Northern and Southern Hemispheres, plus adding 
the ring current injection rate (Uୖ). In contrast, the auroral 
particle precipitation power and Joule heating rates 
combined (U୍) is shown by the light dotted line. 

Baker et al. (2001) comment also on previous estimates 
of storm-time energy dissipation. For instance, they 
mention  Akasofu (1981) who guesses that  perhaps 90% 
of solar wind-coupled energy enters into the ring current. 
On the other hand, Baker et al. (2001) point out that, 
according to figure 20, this is not confirmed in well-
observed CME-driven events. In addition, they point out 
that during the January 10-11, 1997, according to the Lu et 
al. average estimates, the magnetosphere-ionosphere 
system dissipated ~4 ൈ 10ଵଵ W, while 48% of this (i.e., 

~1.9 ൈ 10ଵଵW ) supplied Joule heat, 30%  (i.e. ~1.2 ൈ
10ଵଵ W) supplied the injection of the ring current, and 22% 
(i.e., ~0.9 ൈ 10ଵଵW) went into auroral precipitation. 

 

Figure 20. The ε (solid line) during 10-11 January 1997, 
compared with the magnetospheric energy dissipation rate 
(Uୖ  ൅ U୍  ; dashed line) and the ionospheric dissipation rate 
(U୍; dotted line) (figure adapted from Lu et al., 1998; AGU 
copyright free policy.).” Figure after Baker et al. (2001). 

 
Baker et al. (2001) carry out a detailed discussion on the 

meaning of the 𝐷௦௧ index. They report their analysis of a 
geomagnetic event occurred in early May 1998, and finally 
conclude with figure 18. 

A series of papers (Palmroth et al., 2001, 2001a, 2003, 
2004; Huttunen et al. 2002; Palmroth, 2003) deals with the 
investigation of the energy relationships in the 
magnetosphere by means of a MHD model, and by making 
reference to the Akasofu 𝜀  parameter. In addition, they 
discuss the diagnostic implications associated with the 
location of the cusp. Their study is according to the 
aforementioned Akasofu’s viewpoint. Therefore no details 
are here given. 

Also Rosenqvist et al. (2006) refer to the same 
viewpoint, but they combine simultaneous measurements 
by the Cluster spacecraft, and ionospheric observations 
from the European Incoherent Scatter (EISCAT) radars and 
magnetometers. “The Cluster spacecraft crossed the 
magnetopause at the duskward flank of the tail ... during a 
sequence of intense substorm-like geomagnetic activity in 
October 2003. [They] attempt to estimate the local and 
global energy flow from the magnetosheath into the 
magnetotail and the ionosphere under these extreme 
conditions ... The global power input based on Cluster 
observations was found to be between 17 െ 40 𝑇𝑊 at the 
onset of the substorm intensification. However, spacecraft 
observations and global modeling of the magnetotail 
suggest that it is most probably closer to 17 𝑇𝑊. This is 
more than two times lower than the predicted 𝜀 parameter 
value (37 𝑇𝑊). 

Energy deposition in the ionosphere has been estimated 
locally with EISCAT and globally with the assimilated 
mapping of ionospheric electrodynamics (AMIE) 
technique. The amount of the global solar wind power input 
( 17 𝑇𝑊 ) that is dissipated via Joule heating in the 
ionosphere is found to be 30%. The corresponding ratio 
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based on empirical estimates is only 3% . However, 
empirical proxies seem to underestimate the magnitude of 
Joule heating rate as compared to AMIE estimates (- a 
factor 4) and the 𝜀 parameter is more than twice as large 
as the Cluster estimate.  

In summary, the observational estimates provide a good 
balance between the energy input to the magnetosphere and 
deposition in the ionosphere. Empirical proxies seem to 
suffer from overestimations ( 𝜀  parameter) and 
underestimations (Joule heating proxies) when pushed to 
the extreme circumstances during the early main phase of 
this storm period.” 

The conspicuous amount of modeling is evident in this 
astute study, which is, however, substantially different 
compared to the approach discussed in previous sections. 
Hence, this is not pertinent for the present study, and no 
additional details are here reported. 

Observations carried out by a new technique are 
reported by Phillips (2012). They deal with a large storm 
occurred on March 8th through March 10th, 2012. The 
observations were carried out by the SABER instrument 
onboard NASA’s TIMED satellite. TIMED is the 
Thermosphere Ionosphere Mesosphere Energetics and 
Dynamics satellite. “SABER monitors IR emissions from 
Earth’s upper atmosphere, in particular from 𝐶𝑂ଶ and 𝑁𝑂 
... “. These gases are opaque for IR radiation. On March 8th 
a CME was originated from an X5-class solar flare. “The 
action produced spectacular auroras around the poles and 
significant upper atmospheric heating all around the globe 
...  

For the three day period, March 8th through 10th, the 
thermosphere absorbed 26 ൈ 10ଽ 𝑘𝑊ℎ  of energy. IR 
radiation from 𝐶𝑂ଶ  and 𝑁𝑂 ... re-radiated 95%  of that 
total back into space.” Phillips (2012) shows also figure 21. 

 

 
Figure 21. “A surge of IR radiation from 𝑁𝑂 molecules on 

March 8-10, 2012, signals the biggest upper-atmospheric heating 
event in seven years. Credit: SABER/TIMED.” Figure and 
captions after Phillips (2012). NASA copyright free policy. 

 
In summary, the magnetosphere system is very 

complicated and complex. Multiparametric diagnostic 
information is required to monitor different facets of 
phenomena, which display a great variability in space and 
time. No “simple” model can be sufficient to explain the 
great variety of the observed, and rapidly changing, 
morphological features. 

                                                 
49 Eligio Perucca (1890-1965), Italian physicist. 

The traditional “continuum” viewpoint, i.e., in terms of 
MHD, “reconnection”, “drag”, etc. - which is derived from 
a generalization of fluid dynamics and which is the 
historical Alfvén achievement - is suited to explain some 
relevant aspects of observations. However, it cannot 
explain all features, whenever the starting assumption 
(continuity of the medium) is manifestly violated. 

The classical alternative approach in terms of integral 
(rather than of differential) quantities - that led to the 
Hamilton/Jacobi’s formulation of classical physics by 
means of variational principles - is certainly better suited 
for the “topdown” investigation of energy relations. On the 
other hand, it is per se unsuited to describe specific 
geometrical and dynamical details, such as the 
measurements carried out at a given instant of time by space 
probes and at a given point (or at a few points) alone. 

Therefore, both viewpoints must be considered, and 
their respective achievements combined altogether. 
However, as far as the energy balance is concerned, the 
“continuum” approach certainly appears comparably less 
useful and less reliable. 

In particular, to our understanding, the “continuum” 
viewpoint cannot give a physical (and not simply 
descriptive) explanation of the dynamics and evolution of 
the magnetosphere during a substorm and a storm. In 
contrast, according to the variational viewpoint, this 
appears to be the phenomenon that must be physically 
expected, in order that the system can reach its new 
equilibrium state, whenever the interplanetary environment 
changes by some large amount. 

Appendix  

It is impossible to report in a few pages the full set of 
standard formulas, conventionally used in geomagnetism. 
Owing to practical purposes, we mention here only some 
general formulas that re eventually used in this paper. 
However, a full treatment can be implemented inside a long 
textbook on geomagnetism. In any case, since many 
decades the symbols here used are standard in the literature, 
and every reader who is acquainted with the literature on 
these topics should easily afford to understand the present 
text.  

The magnetic energy density is [from the Poynting 
theorem etc.] 

𝐾଴𝜇௥

8𝜋
𝑯ଶ ൌ

1
8𝜋

𝑯 ൈ 𝑩 ൌ
1

8𝜋𝐾଴𝜇௥
  𝑩ଶ 

(260) 

Let us consider how it can be computed in different 
systems. 

A.1. In terms of 𝑐-loops and of 𝑚-loops. 

The dichotomy - or symmetrical representation - must 
be considered of 𝒋-current loops (or c-loops), and of loops 
of 𝑩  field lines, or 𝑩  flux tubes (or m-loops). See, e.g., 
Perucca 49  (1960). In addition, we refer to the vector 
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potential of 𝑩, by which 𝑩 ൌ 𝑐𝑢𝑟𝑙 𝑨. These concepts are 
here considered well assessed from college textbooks. It is 

𝑩ଶ ൌ 𝑩 ൈ 𝑐𝑢𝑟𝑙 𝑨 ൌ 𝑑𝑖𝑣 𝑨 ∧ 𝑩 ൅ 𝑨 ൈ 𝑐𝑢𝑟𝑙 𝑩 ൌ 𝑑𝑖𝑣 𝑨 ∧ 𝑩 ൅ 𝑨 ൈ
4𝜋𝐾଴𝜇௥

𝛾଴
𝒋 ൅

𝐾଴𝜇௥

𝛾଴
𝑨 ൈ

𝜕𝑫
𝜕𝑡

ൌ 𝑑𝑖𝑣 𝑨 ∧ 𝑩 ൅ 𝑨 ൈ
4𝜋𝐾଴𝜇௥

𝛾଴
𝒋 ൅

𝜸𝟎

𝒄𝟐 𝜀௥𝜇௥ 𝑨 ൈ
𝜕𝑬
𝜕𝑡

 

(261) 

where the last term can be neglected, due to the factor 
( 𝛾଴/𝑐ଶ ) [or, which is the same, whenever the quasi-
stationarity (QS) approximation can be considered]. The 
total magnetic energy associated with a given 𝑩 field is 

𝑈௦,௧௢௧௔௟ሺ𝑩ሻ ൌ
1

8𝜋𝐾଴𝜇௥
න 𝑩𝟐

௏ಮ

𝑑𝜏

ൌ
1

8𝜋𝐾଴𝜇௥
ර 𝒏ෝ ൈ 𝑨 ∧ 𝑩

ௌಮ

  𝑑𝜎

൅
1

2𝛾଴
න 𝑨 ൈ 𝒋

௏ಮ

𝑑𝜏 

(262) 

However, when no singular points exist at a finite 
distance from the origin, the integral over 𝑆ஶ  vanishes – 
i.e., the existence of magnetostatic dipoles or shells must be 
excluded. This will be here supposed.50 Therefore,  

𝑈௦,௧௢௧௔௟ሺ𝑩ሻ ൌ
1

2𝛾଴
න 𝑨 ൈ 𝒋

௏ಮ

𝑑𝜏 
(263) 

This formula gives an expressive way to interpret the 
magnetic energy of a system in terms of 𝒋-flux tubes linking 
B-flux tubes (or briefly 𝑐-loops linking 𝑚-loops). 

A.2. 𝑐-loops linking 𝑚-loops. 

Consider (263) and perform the integration over 𝑉ஶ by 
integrating firstly along all 𝑐-loops. Since 𝑩 ൌ 𝑐𝑢𝑟𝑙 𝑨, it 
follows 

𝑈௦,௧௢௧௔௟ሺ𝑩ሻ ൌ
1

2𝛾଴
෍ 𝐽௟ 𝛷௟ሺ𝑩ሻ

௟

 
(264) 

where 𝐽௟ is the current that flows within the l-th 𝑐-loops and 
𝛷௟ሺ𝑩ሻ is the 𝑩 flux across this loop (it is positive when 𝐽௟ 
is seen to flow counter-clockwise asobserved from 𝑩). The 
sum is extended over all 𝑐-loops and it should be eventually 
substituted by an integral.  

Define the following notations: when 
𝑩 ൌ  𝑩ଵ ൅ 𝑩ଶ ൅ . . . ൅ 𝑩௡ (265) 

call 

𝛷௟ሺ𝑩ሻ ≡ 𝛷௟ሺ𝑩ଵ ൅ 𝑩ଶ ൅ . . . ൅ 𝑩௡ሻ
≡ 𝛷௟ሺ𝑩𝟏ሻ
൅ 𝛷௟ሺ𝑩𝟐ሻ൅ . . . ൅ 𝛷௟ሺ𝑩𝒏ሻ 

(266) 

where we know that the field 𝑩௜ is produced by a suitable 
current 𝐽௜. In the following it will be indifferently called 

𝛷௟ሺ𝑩𝒊ሻ ≡ 𝛷௟ሺ𝐽௜ሻ (267) 
i.e., the argument of 𝛷௟  can equivalently express either a 
magnetic field 𝑩𝒊 or the current 𝐽௜ that originates it. 
Suppose that the physical system being considered is 
composed either of a finite or of an infinite, but 
denumerable, set of 𝑐 -loops. Therefore, decompose 𝑩 as 
for (265) (with 𝑛 being either finite of infinite) and rewrite 
(264) as 

𝑈௦,௧௢௧௔௟ሺ𝑩ሻ ൌ
1

2𝛾଴
෍ 𝐽௟ 𝛷௟ሺ𝐽௠ሻ
௟,௠

 
(268) 

where the sum is extended over all 𝑐 -loops and every 
addendum is the product of a current 𝐽௟ flowing within the 
l-th 𝑐 -loop, times the 𝑩௠  flux linked by it and that is 
produced by the m-th 𝑐-loop. When 𝑙 ൌ 𝑚 the addendum in 
(268) is called self-energy 𝑈௦ሺ𝑩௟ሻ of the l-th 𝑐-loop. When 
𝑙 ് 𝑚 the following quantity is called either joint energy, 
or mutual energy, or sometimes superposition energy (e.g., 
Perucca,1960), of the l-th and m-th 𝑐-loops 

𝑈௝ሺ𝑩௟, 𝑩௠ሻ ൌ 𝑈௝ሺ𝑩௠, 𝑩௟ሻ

ൌ
1

2𝛾଴
𝐽௟ 𝛷௟ሺ𝐽௠ሻ

൅
1

2𝛾଴
𝐽௠ 𝛷௠ሺ𝐽௟ሻ 

(269) 

Owing to the action-reaction principle (following the 
application of the variational principles discussed, e.g., in 
Gregori et al., 2025e), it is  

1
2𝛾଴

𝐽௟ 𝛷௟ሺ𝐽௠ሻ ൌ
1

2𝛾଴
𝐽௠ 𝛷௠ሺ𝐽௟ሻ 

(270) 

Hence, (269) becomes [see also (285)] 

𝑈௝ሺ𝑩௟, 𝑩௠ሻ ൌ 𝑈௝ሺ𝑩௠, 𝑩௟ሻ ൌ
1
𝛾଴

𝐽௟ 𝛷௟ሺ𝐽௠ሻ ൌ
1
𝛾଴

𝐽௠ 𝛷௠ሺ𝐽௟ሻ ൌ
1

𝛾଴
ଶ 𝐿௟௠ 𝐽௟ 𝐽௠ ൌ

1
𝛾଴

ଶ 𝐿௠௟ 𝐽௠ 𝐽௟ 
(271) 

where 𝐿௟௠ ൌ 𝐿௠௟ is the mutual indiction coefficients of the 
c-loops that generate 𝐽௟ and  𝐽௠.  

In (263) 𝑉ஶ strictly means entire space, i.e., it extends as 
far as infinity. In contrast, (264) extends strictly only over 
all 𝑐-loops that in general must be entirely supposed to be 
located and to close at some finite distance from the origin. 

                                                 
50 Further insight related to this assumption can be derived from 

discussing the approximation of the magnetostatic limit. 
However, this classical item is not here treated. 

Whenever one is concerned with integration in space over 
sub-domains - and whenever all 𝑐-loops do not close inside 
a given sub-domain of integration - one can introduce some 
additional fictitious 𝒋,  which flow over the confining 
surface of this sub-domain, like in figure 22. Thus, it is 
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possible to get back to the case in which all 𝑐-loops close 
inside every given sub-domain. 

 

 
Figure 22. A closed 𝑐 -loop embedded in a domain 𝑉 ൌ

𝑉ଵ ∪ 𝑉ଶ is no more closed when 𝑉 is separated into 𝑉ଵ and 𝑉ଶ. 
This difficulty can be avoided by introducing a current (𝒋 െ 𝒋) 
along some arbitrary line between A and B. The physical 
effects remain unchanged,while a single 𝑐-loop in 𝑉 has been 
separated into two closed 𝑐-loops, one contained inside 𝑉ଵ and 
the other inside 𝑉ଶ. Unpublished figure. 

 
Strictly speaking, this argument has only a mathematical 

value as it implies to deal with a 2D 𝒋-distribution, even 
when one deals with 3D 𝒋-distributions (and, in this case, 
every 2D 𝒋-distribution is only the result of a mathematical 
abstraction). In practice, the consequence of this drawback 
can be suitably handled, with full logical rigor, in terms of 
some appropriate mathematical treatment. Basically, this is 
analogous to a similar difficulty related to linear 𝑐-loops. In 
fact, in principle, every 𝑐-loop should be supposed to have 
a physical non-vanishing cross-section, i.e., every 𝒋 -
distribution must be actually 3D and one should never deal 
with linear circuits depicted like 𝑐-loops. One can get rid of 
this difficulty by a suitable limit process (e.g., Perucca, 
1960, or Durand, 1968). 

A.3. 𝑚-loops linking 𝑐-loops. 

An equivalent formulation can be obtained from (263) 
by considering closed flux tubes of 𝑩 (or 𝑚-loops) linking 
𝑐-loops (instead than 𝑐-loops linking 𝑚-loops as in section 
A.2; see, e.g., Perucca, 1960). All 𝑚 -loops can be 
considered closed, if the volume of integration is all space 
𝑉ஶ. Whenever 𝑉ஶ is separated into several subdomains, all 
𝑚-loops can still be considered closed, if one applies the 
same argument of figure 22 (and if the 𝑐-loops are there 
substituted by 𝑚 -loops). However, in this case this 
argument requires some care, as over every surface - which 
divides every two sub-domains of integration - one must 
consider a 2D 𝑩 field, which is non-physical, when a most 
general 3D 𝑩  field is considered. This difficulty can be 
suitably handled, and all unwanted consequences avoided, 
by means of an appropriate limit process similarly to 
section A.3 when reference was made to 𝑐-loops. 

The analogy between the viewpoint of 𝑐-loops linking 
𝑚-loops and the viewpoint of 𝑚-loops linking 𝑐-loops - 
which will be henceforward briefly called 𝑐-loop/𝑚-loop 
duality - requires some additional comment. For the sake of 
clarity, let us consider first a finite set of 𝑚 -loops. 
Associate with every 𝑐-loop - say with every 𝐶௞ having a 

current 𝐽௞ flowing within it - its equivalent magnetostatic 
double layer. Divide this double layer into several 
”elementary” infinitesimal double layers, every one of them 
being equivalent to a very small infinitesimal ”elementary” 
𝑐-loop having a current 𝐽௞ flowing inside it and enclosing 
an ”elementary” 𝑩 flux tube, or 𝑚-loop. Every element of 
the integral in (263) can be represented as 

𝒋 ൈ 𝑨 𝑑𝜏 ൌ 𝑗 𝑩 ൈ 𝒏ෝ 𝑑𝜎 (272) 
where 𝒏ෝ is a unit vector normal to the elementary double 
layer.  

It can be shown that the vectors 𝒏ෝ  and 𝑩  are either 
parallel or anti-parallel. The argument is as follows. 
Consider the magnetostatic double layer equivalent to this 
”elementary” infinitesimal 𝑐 -loop. Substitute this 
magnetostatic double layer by a very thin ”magnetic 
condenser”, in terms of its analogy with the electrostatic 
formalism. Each plate of this condenser is an equipotential 
surface, hence the proof.  

The entire argument works also in the case of several c-
loops, even in the case of 𝑐-loops linked with each other 
(just by applying the simple argument of figure 23). 

 

 

 
Figure 23. 

Unlinking two linked 
𝑐-loops by means of the 
same argument of 
figure 22. Unpublished 
figure. 

 
In summary, refer to (272) and remark that, apart at most 

the sign, it is  
𝑗 𝑩 ൈ 𝒏ෝ 𝑑𝜎 ൌ 𝑑𝛷ሬሬ⃗ ሺ𝑩ሻ ൈ  𝒋 ∧ 𝒏ෝ (273) 

Finally integrate (263) along all closed 𝑚-loops (call 
them ሼ𝑀௛ሽ, ℎ ൌ 1,2, . ..) and get 

𝑈௦,௧௢௧௔௟ሺ𝑩ሻ ൌ
1

2𝛾଴
෍ 𝛷௛ሺ𝑩ሻ 𝐽௛

∗

ெ೓

 
(274) 

where 𝐽௛
∗  is the sum of the currents flowing within all 𝑐-

loops that are linked by the 𝑚-loop 𝑀௛. The sign is defined 
by stating the rule that 𝐽௛ is positive when it sees 𝑀௛ having 
a 𝑩 that ”flows” counter-clockwise (figure 24). Therefore it 
is 

𝑈௦,௧௢௧௔௟ሺ𝑩ሻ ൌ
1

2𝛾଴
෍ ൥𝛷௛ሺ𝑩ሻ ෍ 𝐽௞

∗௛

௞

൩ 
ெ೓

 
(275) 

where ∑ 𝐽௞
∗௛
௞  means that the sum is limited only to all 𝑐-

loops that are linked bythe ℎ-th 𝑚-loop 𝑀௛. 
The argument has been applied to a finite set of m-loops 

ሼ𝑀௞ሽ ሺ𝑘 ൌ  1, 2, . . . ሻ. The argument must be generalized to 
an infinite set of 𝑚 -loops. This can be easily done by 
dividing all space into a finite set of 𝑚 -loops, i.e., by 
considering only infinitesimal 𝑩 flux tubes and by stating 
that any two of them partake to one and the same 𝑚-loop 
when - and only when - both of them link the same subset 
of 𝑐-loops. 
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Figure 24. The 𝑐 -loop 𝐶௛  (which, strictly speaking should 

always have an actual non-vanishing cross-section, see text) links 
an 𝑚-loop 𝑀௛ in a positive way in the case of the present figure. 
Namely, 𝑩 flows across 𝐶௛ in such a way that 𝑩 sees 𝐽௛ to flow 
counter-clockwise within 𝐶௛. Similarly, 𝑀௞ links 𝐶௛ in a positive 
way, because 𝐽௛ sees 𝑩 to flow counter-clockwise within 𝐶௛. See 
text. Unpublished figure. 

 
Obviously, one supposes that a finite set of 𝑐 -loops 

exists; and in general they are also supposed to close at 
some finite distance from the origin. This condition, 
however, does not limit the validity of the argument, even 
when it is applied to a most general 3D 𝒋-distribution. As a 
matter-of-fact, every 3D 𝒋 -distribution can be separated 
into a sum of a denumerable set of 𝒋 flux tubes or 𝑐-loops - 
or even better into a finite set of these loops (the number of 
loops becomes eventually infinite only in the limit of 
vanishing cross-section of every loop). In any case, one 
always considers a 𝒋-distribution that is entirely contained 
inside a finite volume, while outside it is supposed 𝒋 ൌ 0. 

A.4. Computation of the magnetic self-energies for 
specific models. 

The present section deals with the formal computation 
of the magnetic energy associated with specific sources of 
the magnetic field, modeled according to the geometrical 
patterns. 

A magnetic field is produced by electric currents that 
can be represented by means of a distribution in space of an 
electric current density 𝒋 , which depicts closed loops of 
currents, here briefly denoted either as 𝒋 -loops or as c-
loops. No isolated magnetic charge exists. The 
magnetostatic formalism - which was used in the history of 
physics before the discovery of the magnetic effect of 
electric currents - is just the result of a mathematical limit 
process, which in the past eventually gave some misleading 
results. One must rather refer to c-loops alone, and forget 
about the magnetic charges that will be here briefly denoted 
as m-loops (in terms of the Ampère’s equivalence principle) 
in order to distinguish them with respect to c-loops. 

Several different and simple geometrical configurations 
of c-loops can be considered. No extensive mathematical 
treatment of intricate geometrical configurations is here 
considered, as they are not here of concern. They can be 
found on specifically devoted papers or books, such as, e.g., 
Snow (1953), Binns and Lawrenson (1963), Garrett (1963), 

Bonnevier (1964), and Hart (1967), while Williams and 
Cain (1975) and references therein discuss the generation 
of suitably homogenous fields within specific regions by 
means of multi-loop sources. 

The most elementary structure is one c-loop having a 
total current 𝐽 flowing inside it and a self-inductance L. The 
magnetic field is given by the Biot-Savart law 

𝑯 ൌ ර
𝐽

𝛾଴

𝒓
𝑟ଷ ∧  𝑑𝒍

஼
 

(276) 

where 𝐶 is the c-loop and 𝒓 is a vector oriented from the 
point where 𝑯 is evaluated to the element 𝑑𝒍 of 𝐶. The self-
inductance 𝐿  of the circuit is defined by means of the 
formal equality  

𝛷ሺ𝑩ሻ ൌ 𝐿
𝐽

𝛾଴
 

or 
𝐽 ൌ 𝛾଴  

𝛷ሺ𝑩ሻ
𝐿

 
(277) 

where 𝛷ሺ𝑩ሻ  is the flux, linked by 𝐶 , of the 𝑩  field 
produced by the current 𝐽 flowing within 𝐶 itself. 

Blednov (1971) gives detailed computations of the 
magnetic vector potential of a circular loop, expanded in 
Taylor series up to 𝑛 ൌ 7, expressed by means of complete 
elliptic integrals of the I and II kind, while the derivatives 
of the total elliptic integrals of the III kind are computed up 
to the sixth order. 

A.5. Loops. 

The Ohm law for a 𝑐-loop 𝐶 is 

𝐹௘ െ
𝐿

𝛾଴
ଶ

𝑑𝐽
𝑑𝑡

ൌ  𝐽 𝑅 
(278) 

(𝐹௘ is the applied external e.m.f. and 𝑅 is the resistance of 
𝐶). The energy balance can be evaluated by means of 

න 𝐹௘ 𝐽 𝑑𝑡 െ
𝐿

𝛾଴
ଶ න

𝑑𝐽
𝑑𝑡

𝐽  𝑑𝑡 ൌ න 𝐽ଶ 𝑅  𝑑𝑡 
(279) 

or 

න 𝑈௦,௧௢௧௔௟ሺ𝑩ሻ 𝑑𝑡 ൌ 𝐹௘ 𝐽 𝑑𝑡 െ න 𝐽ଶ 𝑅  𝑑𝑡

ൌ
𝐿

2𝛾଴
ଶ 𝐽ଶ 

(280) 

where the ሾ𝐹௘ 𝐽ሿ integral is the work done by the external 
e.m.f. , and the ሾ𝐽ଶ 𝑅ሿ integral is the Joule heat term. 

In this case, the 𝑐-loop/𝑚-loop duality can be evidenced 
as follows. Insert (277)b into (280) and get 

𝑈௦,௧௢௧௔௟ሺ𝑩ሻ ൌ
1

2𝛾଴
ଶ 𝐿 𝐽ଶ ൌ

1
2

 
ሾ𝛷ሺ𝑩ሻሿଶ

𝐿
 

(281) 

where (280) and (281) can be interpreted by means of (264), 
i.e. 

𝑈௦ሺ𝑩ሻ ൌ
1

2𝛾଴
𝐽 𝛷ሺ𝑩ሻ ൌ

1
2𝛾଴

ଶ 𝐿 𝐽ଶ 
(282) 

as, owing to the same definition of L [see (277)], it is 

𝛷ሺ𝑩ሻ ൌ
1
𝛾଴

𝐿 𝐽 
(283) 

Similarly to this, (280) and (281) can be interpreted in 
terms of (274), i.e. 

𝑈௦ሺ𝑩ሻ ൌ
1

2𝛾଴
𝐽 𝛷ሺ𝑩ሻ 

(284) 

which is identical to (282).  
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Consider a region 𝑉 of space, which contains no electric 
power supply, i.e., consider any portion 𝑉 of space where 
the relative permittivity (or dielectric constant) 𝜀௥ and the 
permeability 𝜇௥ are constant and homogeneous. Apply the 
Poynting theorem. It states that every eventual work being 
spent by the e.m. field inside 𝑉, i.e., the term 𝑬 ൈ 𝒋 must be 
interpreted either by decreasing the electric and/or magnetic 
energy (i.e., the terms 𝑬ଶ  and 𝑯𝟐 ), or by a suitable 
incoming flux of the Poynting vector across 𝑆 . The 
relationship with (279) relies on the fact that the integrals 

in (279) are extended over all space 𝑉ஶ, and the flux of the 
Poynting vector takes into account the magnetic energy that 
must ”migrate” across 𝑆  to build up the energy density 
outside 𝑉. 

The case of several loops leads to a similar conclusion. 
For the sake of simplicity, consider only the case of two 
loops 𝐶ଵ  and 𝐶ଶ , with mutual inductance 𝐿ଵଶ , and with 
currents 𝐽ଵ  and 𝐽ଶ , power supplies 𝐹௘ଵ  and 𝐹௘ଶ , self-
inductances 𝐿ଵଵ  and 𝐿ଶଶ , and Ohmmic resistances 𝑅ଵ  and 
𝑅ଶ, respectively. The equations analogous to (279) are

 

න 𝐹௘ଵ 𝐽ଵ  𝑑𝑡 െ
𝐿ଵଵ

𝛾଴
ଶ න

𝑑𝐽ଵ

𝑑𝑡
𝐽ଵ𝑑𝑡 െ

𝐿ଵଶ

𝛾଴
ଶ න

𝑑𝐽ଶ

𝑑𝑡
𝐽ଵ 𝑑𝑡 ൌ න 𝐽ଵ

ଶ 𝑅ଵ 𝑑𝑡  
(285) 

න 𝐹௘ଶ 𝐽ଶ  𝑑𝑡 െ 𝐿
𝐿ଶଶ

𝛾଴
ଶ න

𝑑𝐽ଶ

𝑑𝑡
𝐽ଶ𝑑𝑡 െ

𝐿ଶଵ

𝛾଴
ଶ න

𝑑𝐽ଵ

𝑑𝑡
𝐽ଶ 𝑑𝑡 ൌ න 𝐽ଶ

ଶ 𝑅ଶ 𝑑𝑡 
 

where one can easily recognize the terms associated with 
the work spent by the power supplies, the terms associated 
with the self-energies and with the joint energy, and with 
Joule heat. As well, it is possible to write explicitly the 
Poynting theorem for a region of space having 𝜖௥  and 𝜇௥ 
homogeneous, and to envisage the roles of - and the 
reciprocal exchanges between - different kinds of energy, 
etc. 

A.6. Two rigid loops. 

A system of two loops is, in several respects, the 
simplest case history. It is well-known from elementary 
electromagnetism that any two given loops 𝐶ଵ  and 𝐶ଶ 
attempt to reorient themselves in such a way as to make 
maximum the magnetic flux that is originated by one loop 
and that is linked by the other. That is, call 𝐽ଵ, 𝐽ଶ, 𝑩𝟏 and 
𝑩𝟐, respectively, the electric currents that flow within, and 
the magnetic fields that are generated by, 𝐶ଵ  and 𝐶ଶ . 
Physics states that their joint total magnetic energy must be 
maximum, i.e., 

𝑀𝑎𝑥             𝑈௝ ൌ
1

4𝜋
න 𝑯 ൈ 𝑩

௏ಮ

𝑑𝜏 ൌ
1
𝛾଴

𝐽ଵ 𝛷ଵሺ𝑩ଶሻ ൌ
1
𝛾଴

𝐽ଶ 𝛷ଶሺ𝑩ଵሻ 
(286) 

 
where 𝛾଴ ൌ 1  in SI units. Therefore,  െ𝑈௝  behaves like a 
potential energy in the fact that െ𝑈௝  tends to become 
minimum and to transform itself into a different kind of 
energy. 

Similarly to this, it is well-known that any one given 
loop, say 𝐶ଵ, when it is considered alone, is such that its 
self-energy is minimum, i.e., 

min        𝑈௦ଵ  ൌ
1

8𝜋
න 𝑯 ൈ 𝑩

௏ಮ

𝑑𝜏 ൌ
1
𝛾଴

𝐽ଵ 𝛷ଵሺ𝑩ଵሻ 
(287) 

or the loop expands as much as possible in such a way as to 
get 𝛷ଵሺ𝑩ଵሻ  as large as possible (this is a well-known 
experimental result from classical elementary 
electromagnetism; see, e.g., Bruhat, 1963, p. 457-458; or it 
can also be proven by application of the virial theorem to 
plasmas, see section 5.2-I, or, e.g., Rossi and Olbert, 1970).  

Upon repeating 14 Gedankenexperimente with different 
properties of 𝐶ଵ  and 𝐶ଶ , one can formally show the 
principle of magnetic energy variation (see section 1). 

A.7. Spherical shell. 

The content of the present section deals with a 
straightforward application of a classical formal 
development. However, in the present section, we refer to a 
general spherical shell (ss) of radius 𝑅∗  (instead of the 
Earth’s radius 𝑎∗ ). Given a potential 𝑊ሺ𝑟, 𝜗, 𝜑ሻ , the 
magnetic field is defined in the QS approximation by 

𝑯ሺ𝑟, 𝜗, 𝜑ሻ ൌ െ 𝑔𝑟𝑎𝑑 𝑊ሺ𝑟, 𝜗, 𝜑ሻ (288) 
Sometimes, also the following symbols are used 

𝑊ሺିሻሺ𝑟, 𝜗, 𝜑ሻ ൌ 𝑅∗ ෍ ෍ ቀ
𝑟

𝑅∗ቁ
௡

 𝑃௡
௠ ሺ𝑐𝑜𝑠 𝜗ሻ ሾ𝑢௡

௠ሺିሻ sin 𝑚𝜑 ൅ 𝑣௡
௠ሺିሻ cos 𝑚𝜑ሿ

௡

௠ୀ଴

ே

௡ୀଵ

 
 

(for 𝑟 ൏ 𝑅∗) 
 

(289) 

𝑊ሺାሻሺ𝑟, 𝜗, 𝜑ሻ ൌ 𝑅∗ ෍ ෍ ൬
𝑅∗

𝑟
൰

௡ାଵ

 𝑃௡
௠ ሺ𝑐𝑜𝑠 𝜗ሻ ሾ𝑢௡

௠ሺାሻ sin 𝑚𝜑 ൅ 𝑣௡
௠ሺାሻ cos 𝑚𝜑ሿ

௡

௠ୀ଴

ே

௡ୀଵ

 
 

(for 𝑟 ൏ 𝑅∗) 
 

(290) 
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where 𝑅∗  is a suitable, arbitrary, and fixed radius. Most 
often, it is chosen 𝑅∗ ≡ 𝑎∗ , but sometimes a different 
choice may be used, e.g., 𝑅∗ ൌ 𝑎.  

For clarity purposes, it ought to be emphasized that 
different radii can apply to (289) and (290): the radius 𝑎 of 
the ss, the arbitrary fixed and pre-chosen radius 𝑅∗ , the 
Earth radius 𝑎∗, and the varying radial distance 𝑟. These 
radii can eventually have values that coincide with one 
another, while their basic differences still remain important 
when considering, e.g., 𝑔𝑟𝑎𝑑 𝑊, which implies to make a 
partial derivative with respect to 𝑟, and then to put 𝑟 equal 
to either 𝑅∗, or 𝑎, or 𝑎∗. This point often results important 
in order to avoid misunderstanding while reading the 
literature.  

Note that the observed field is always supposed to be 
measured at Earth’s surface. Then, it is analytically 
continued through space. However, in the case of 𝑅∗ ്
 𝑎∗ ് 𝑎 , and in the case that the field is measured on a 
surface other than Earth’s surface, this analytical 
continuation can be different within some layers comprised 
between these values with either 𝑟 ൌ 𝑅∗ , or 𝑟 ൌ 𝑎∗, or 𝑟 ൌ
𝑎. This drawback, however, is physically irrelevant, as far 
as we deal only with magnetic field observations measured 
at Earth’s surface. 

With reference to some other standard symbols used in 
the geomagnetic literature, the following formal 
relationships can be shown 

𝑢௡
௠ሺିሻ  ൌ  െ

4𝜋
𝑅∗  

𝑛 ൅ 1
2𝑛 ൅  1

 ൬
𝑅∗

𝑎
൰

௡

 𝐴௡
௠ 𝑣௡

௠ሺିሻ ൌ െ
4𝜋
𝑅∗

𝑛 ൅ 1
2𝑛 ൅ 1

൬
𝑅∗

𝑎
൰

௡

𝐵௡
௠ 

(for 𝑟 ൏ 𝑅∗) (291) 

𝑢௡
௠ሺାሻ  ൌ  

4𝜋
𝑅∗  

𝑛
2𝑛 ൅  1

 ቀ
𝑎

𝑅∗ቁ
௡ାଵ

 𝐴௡
௠ 𝑣௡

௠ሺାሻ ൌ
4𝜋
𝑅∗

𝑛
2𝑛 ൅ 1

ቀ
𝑎

𝑅∗ቁ
௡ାଵ

𝐵௡
௠ 

(for 𝑟 ൐ 𝑅∗) (292) 

or also 

𝑊ሺ𝑟, 𝜗, 𝜑ሻ ൌ ෍ ෍  𝑃௡
௠ ሺcos 𝜗ሻሾ𝑈௡

௠ sin 𝑚𝜑 ൅ 𝑉௡
௠ cos 𝑚𝜑ሿ

௡

௠ୀ଴

ே

௡ୀଵ

 
 

(293) 

where 

𝑈௡
௠ሺିሻ  ൌ  െ4𝜋

𝑛 ൅ 1
2𝑛 ൅  1

 ቀ
𝑟

𝑅∗ቁ
௡

 𝐴௡
௠ሺିሻ 𝑉௡

௠ሺିሻ ൌ െ4𝜋
𝑛 ൅ 1

2𝑛 ൅ 1
ቀ

𝑟
𝑅∗ቁ

௡
𝐵௡

௠ሺିሻ 
(for 𝑟 ൏ 𝑅∗) (294) 

𝑈௡
௠ሺାሻ  ൌ  4𝜋

𝑛
2𝑛 ൅  1

 ൬
𝑅∗

𝑟
൰

௡ାଵ

 𝐴௡
௠ሺାሻ 𝑉௡

௠ሺାሻ ൌ 4𝜋
𝑛

2𝑛 ൅ 1
൬

𝑅∗

𝑟
൰

௡ାଵ

𝐵௡
௠ሺାሻ 

(for 𝑟 ൐ 𝑅∗)  

The magnetic energy associated with this ss is given by 
integrating (260) over entire 𝑉ஶ. Call 𝑆ோ∗ the surface of the 
ss of radius 𝑅∗, call 𝑉ோ∗ the volume of space confined by 

𝑆ோ∗  and call 𝒏ෝோ∗  the unit vector perpendicular to 𝑆ோ∗  at 
every point and oriented outward. Call 𝑑𝜏  and 𝑑𝜎  the 
volume and surface differential, respectively. It is

න 𝑯 ൈ 𝑩
௏ಮ

 𝑑𝜏 ൌ െ න 𝑔𝑟𝑎𝑑 𝑊ሺାሻ ൈ 𝑩
௏ಮି௏ೃ∗

𝑑𝜏 െ න 𝑔𝑟𝑎𝑑 𝑊ሺିሻ ൈ 𝑩
௏ೃ∗

𝑑𝜏

ൌ െ න 𝑑𝑖𝑣 ൫𝑊ሺାሻ𝑩൯
௏ಮି௏ೃ∗

 𝑑𝜏 െ න 𝑑𝑖𝑣 ൫𝑊ሺିሻ𝑩൯
௏ೃ∗

 𝑑𝜏

ൌ න 𝑊ሺାሻ𝑩
ௌೃ∗

ൈ 𝒏ෝோ∗ 𝑑𝜎 െ න 𝑊ሺିሻ𝑩
ௌೃ∗

ൈ 𝒏ෝோ∗ 𝑑𝜎 ൌ න ൣ𝑊ሺାሻ െ 𝑊ሺିሻ൧𝑩
ௌೃ∗

ൈ 𝒏ෝோ∗ 𝑑𝜎

ൌ െ𝐾଴𝜇௥ න ൣ𝑊ሺାሻ െ 𝑊ሺିሻ൧ 𝑔𝑟𝑎𝑑 𝑊ሺିሻ

ௌೃ∗

ൈ 𝒏ෝோ∗ 𝑑𝜎

ൌ െ 𝐾଴𝜇௥ න ൣ𝑊ሺାሻ െ 𝑊ሺିሻ൧ ቆ
𝜕𝑊ሺିሻ

𝜕𝑟
ቇ

௥ୀோ∗

𝑑𝜎 
ௌೃ∗

ൌ 𝐾଴𝜇௥ න  ෍ ෍ሺ4𝜋ሻଶ 𝑀௡భ
ሺ𝜗, 𝜑ሻ

𝑛ଵሺ𝑛ଵ ൅ 1ሻ
2𝑛ଵ ൅ 1

1
𝑅∗ 𝑀௡ሺ𝜗, 𝜑ሻ

ேభ

௡భ

ே

௡ୀ଴

𝑑𝜎
ௌೃ∗

 

(295) 

It is 

න 𝑀௡భሺ𝜗, 𝜑ሻ 𝑀௡ሺ𝜗, 𝜑ሻ
ௌೃ∗

 𝑑𝜎

ൌ 𝑅∗ଶ ෍  ෍ න 𝑑𝜑
ଶగ

଴
න sin  𝜗 𝑑𝜗 𝑃௡

௠ ሺ𝑐𝑜𝑠 𝜗ሻ 𝑃௡భ

௠భ ሺ𝑐𝑜𝑠 𝜗ሻ ・ሾ𝐴௡
௠ sin 𝑚𝜑

గ

଴

௡భ

௠భୀ଴

ே

௡ୀ଴

൅ 𝐵௡
௠ 𝑐𝑜𝑠 𝑚𝜑ሿ ሾ𝐴௡భ

௠భ sin 𝑚ଵ𝜑 ൅ 𝐵௡భ

௠భ 𝑐𝑜𝑠 𝑚ଵ𝜑ሿ ൌ 𝑅∗ଶ 4𝜋
2𝑛 ൅ 1

෍ ሾሺ𝐴௡
௠ሻଶ ൅ ሺ𝐵௡

௠ሻଶሿ

௡

௠ୀ଴

 

(296) 
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because of the orthogonality of ሾ 𝑃௡
௠ ሺ𝑐𝑜𝑠 𝜗ሻ 𝑠𝑖𝑛 𝑚𝜑ሿ and 

ሾ 𝑃௡
௠ ሺ𝑐𝑜𝑠 𝜗ሻ 𝑐𝑜𝑠 𝑚𝜑ሿ [details not here given]. Therefore, 

by (260), (295) and (296) 

𝑈௦ሺ𝑩ሻ ൌ 𝐾଴𝜇௥  8 𝜋ଶ 𝑅∗ ෍ ෍
𝑛ሺ𝑛 ൅ 1ሻ
ሺ2𝑛 ൅ 1ሻଶ  ሾሺ𝐴௡

௠ሻଶ

௡

௠ୀ଴

ே

௡ୀଵ
൅ ሺ𝐵௡

௠ሻଶሿ 
 (297) 

This formula can be used for the practical evaluation of 
the self-energies of the geomagnetic field 𝑈௦ሺ𝑩ሺ௘ሻሻ  and 
𝑈௦ሺ𝑩ሺ௜ሻሻ , respectively, associated with the field that is 
originated in the space either external or internal with 
respect to Earth’s surface. Call 𝑎∗ the Earth’s radius, and 
𝑅்஼  and 𝑅ூைெ  the radii of the two ss, which are the 
”equivalent” source of the external and internal field, 
respectively. These 𝑅்஼  and 𝑅ூைெ  can be computed 
independently. Let us therefore use a different symbol in 
the present computation. Call 𝑅෨்஼ and 𝑅෨ூைெ some real, and 
in general unknown, values, while 𝑅்஼  and 𝑅ூைெ  are the 

values that eventually can be even different compared to 
their respective 𝑅෨்஼  and 𝑅෨ூைெ  values. Suppose that the 
geomagnetic field has been analyzed in terms of a SHE at 
Earth’s surface, of the form (293) and (294). That is, the 
following quantities are known (where 𝑅෨்஼  and 𝑅෨ூைெ  are 
unknown) 

𝑈௡
௠ሺ௘ሻ ሺ𝑎∗ሻ ൌ െ4𝜋 ቆ

𝑎∗

𝑅෨ூைெ 
ቇ

௡  𝑛 ൅ 1
2𝑛 ൅ 1

𝐴௡
௠ሺ௘ሻ 

(298) 

𝑉௡
௠ሺ௘ሻ ሺ𝑎∗ሻ ൌ െ4𝜋 ቆ

𝑎∗

𝑅෨ூைெ 
ቇ

௡  𝑛 ൅ 1
2𝑛 ൅ 1

𝐵௡
௠ሺ௘ሻ 

 

𝑈௡
௠ሺ௜ሻ ሺ𝑎∗ሻ ൌ 4𝜋 ቆ

𝑅෨்஼

𝑎∗ ቇ
௡

 𝑛
2𝑛 ൅ 1

𝐴௡
௠ሺ௜ሻ 

 

𝑉௡
௠ሺ௜ሻ ሺ𝑎∗ሻ ൌ 4𝜋 ቆ

𝑅෨்஼

𝑎∗ ቇ
௡

 𝑛
2𝑛 ൅ 1

𝐵௡
௠ሺ௜ሻ 

 

from which it is possible to evaluate 𝐴௡
௠ሺ௘ሻ , 𝐵௡

௠ሺ௘ሻ, 𝐴௡
௠ሺ௜ሻ , 

𝐵௡
௠ሺ௜ሻ that are used by (297), which thus gives the following 

expressions 

𝑈௦ሺ𝑩ሺ௘ሻሻ ൌ 𝐾଴𝜇௥  8𝜋ଶ 𝑅෨ூைெ ෍ ෍
𝑛ሺ 𝑛 ൅ 1ሻ
ሺ2𝑛 ൅ 1ሻଶ

௡

௠ୀ଴

ே

௡ୀଵ

ሾሺ𝐴௡
௠ሺ௘ሻሻଶ ൅ ሺ𝐵௡

௠ሺ௘ሻሻଶሿ 
(299) 

𝑈௦ሺ𝑩ሺ௜ሻሻ ൌ 𝐾଴𝜇௥  8𝜋ଶ 𝑅෨்஼ ෍ ෍
𝑛ሺ 𝑛 ൅ 1ሻ
ሺ2𝑛 ൅ 1ሻଶ

௡

௠ୀ଴

ே

௡ୀଵ

ሾሺ𝐴௡
௠ሺ௜ሻሻଶ ൅ ሺ𝐵௡

௠ሺ௜ሻሻଶሿ 
(300) 

that can be evaluated whenever 𝑅෨்஼ and 𝑅෨ூைெ are known. 
The most conventional standard way to express the 

geomagnetic potentials is in terms of the Gauss elements of 

terrestrial magnetism ሼ𝑔௡
௠  , ℎ௡

௠ ሽ  according to the 
expression

𝑊 ൌ 𝑊ሺ௘ሻ ൅ 𝑊ሺ௜ሻ (301) 

𝑊ሺ௘ሻ ൌ 𝑎∗ ෍ ෍ ቀ
𝑟

𝑎∗ቁ
௡

ൣℎ௡
௠ሺ௘ሻ 𝑠𝑖𝑛 𝑚𝜑 ൅ 𝑔௡
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௠ ሺ𝑐𝑜𝑠 𝜗ሻ

௡
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𝑊ሺ௜ሻ ൌ 𝑎∗ ෍ ෍ ൬
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𝑟
൰

௡ାଵ

ൣℎ௡
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௠ ሺ𝑐𝑜𝑠 𝜗ሻ

௡

௠ୀ଴

ே

௡ୀଵ

  

hence 𝑊ሺ௘ሻ is a potential of the kind 𝑊ሺିሻ by putting 𝑎 ൌ
𝑅෨ூைெ , while 𝑊ሺ௜ሻ  is of the kind 𝑊ሺାሻ  with 𝑎 ൌ 𝑅෨்஼ . By 
comparing (301), (289), (290), (293), and by referring to 
other standard symbols in geomagnetism, it follows  

𝐴௡
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(302) 
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by which (299) and (300) become

𝑈௦൫𝑩ሺ௘ሻ൯ ൌ
𝐾଴𝜇௥

2
  ሺ𝑎∗ሻଶ 𝑅෨ூைெ ෍ ෍
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𝑛 ൅ 1

௡
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ே
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ቆ
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ଶ௡

ሾሺℎ௡
௠ሺ௘ሻሻଶ ൅ ሺ𝐵𝑔௡

௠ሺ௘ሻሻଶሿ 
(303) 

𝑈௦ሺ𝑩ሺ௜ሻሻ ൌ
𝐾଴𝜇௥

2
  ሺ𝑎∗ሻଶ 𝑅෨்஼ ෍ ෍
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𝑛

௡

௠ୀ଴
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௡ୀଵ

ቆ
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௠ሺ௜ሻሻଶሿ 
(304) 
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A.8. 2D current distribution of arbitrary shape 
(general shell). 

The computation of the magnetic self-energy of an 
arbitrary 2D 𝒋 -distribution is analytically cumbersome, 
although it is numerically feasible by computer.  

Suppose that a varying radius of a ss is expressed as 
𝑎ሺ𝜗, 𝜑ሻ and is given in the most general way, which is, e.g., 
in terms a log of numerical values, i.e., one value of a for 
every 𝜗  and 𝜑 . Start from (260) and generalize (295) - 
which contains several identities that hold also in the 
present case - and get

𝑈௦ሺ𝑩ሻ ൌ
1

8𝜋
න 𝑯 ൈ 𝑩

௏ಮ

 𝑑𝜏 ൌ െ
𝐾଴𝜇௥

8𝜋
න ൣ𝑊ሺାሻ െ 𝑊ሺିሻ൧ 𝑔𝑟𝑎𝑑 𝑊ሺିሻ ൈ 𝒏ෝ௔ 

ௌೌ

𝑑𝜎 
(305) 

where 𝑆௔ is no more a spherical surface51; rather, it is the 
surface of the shell 𝑎ሺ𝜗, 𝜑ሻ  while 𝒏ෝ௔  is the unit vector 
perpendicular to it, at any point ሺ𝜗, 𝜑ሻ  and oriented 
outward [i.e.. toward 𝑟 ൐ 𝑎ሺ𝜗, 𝜑ሻ ]. The integral on the 
right hand side of (305) can be numerically evaluated and 
computed according to the following specifications 

(suppose that 𝑑𝜎 is expressed in terms of the angles 𝜗଴ and 
𝜑଴). 

The function ሾ𝑊ሺାሻሺ𝑟, 𝜗଴, 𝜑଴ሻ െ 𝑊ሺିሻሺ𝑟, 𝜗଴, 𝜑଴ሻሿ  for 
𝑟 ൌ 𝑎ሺ𝜗଴, 𝜑଴ሻ  can be expressed accordingly, and thus 
formally find

൫𝑊ሺାሻ െ 𝑊ሺିሻ൯
௥ୀ௔ሺణబ,ఝబሻ

ൌ න  𝑑𝜑 න 𝑠𝑖𝑛 𝜗 𝑑𝜗 𝑀ሺ𝜗, 𝜑ሻ ෍ 𝑃௡భሺ𝑐𝑜𝑠 𝜓ሻ ቊ𝑛ଵ ൤
𝑎ሺ𝜗, 𝜑ሻ

𝑎ሺ𝜗଴, 𝜑଴ሻ
൨

௡భାଵ

൅ ሺ𝑛ଵ ൅ 1ሻ ൤
𝑎ሺ𝜗଴, 𝜑଴ሻ
𝑎ሺ𝜗, 𝜑ሻ

൨
௡భ

ቋ

ேభ

௡భୀ଴

 గ

଴

ଶగ

଴
 

(306) 

where it must be intended that ሾ𝑊ሺାሻ െ 𝑊ሺିሻሿ is a function 
of 𝜗଴ and 𝜑଴ (which have not to be confused with 𝜗 and 𝜑 
that are integrated on the right hand side). The 𝜗଴ and 𝜑଴ 
dependence enters through 𝑎ሺ𝜗, 𝜑ሻ  and 𝑐𝑜𝑠 𝜓 , which is 
defined by generalizing figure 25 into figure 26. The 
integral on the right hand side in (306) is extended over 𝑆௔, 
i.e., over the surface 𝑟 ൌ 𝑎ሺ𝜗଴, 𝜑଴ሻ over which a magnetic 
”strength” (or ”power”) 𝑀ሺ𝜗଴, 𝜑଴ሻ is located at every 𝜗଴ 
and 𝜑଴. 

 
Figure 25. Given a spherical shell of radius 𝑎 , with a 

magnetic density 𝑓ሺ𝜃, 𝜙ሻ at any given point on the spherical 
surface of spherical coordinates ሺ𝜃, 𝜙ሻ , and given a point 
𝑃ሺ𝑟, 𝜃଴, 𝜙଴ሻ , define the angle 𝜓  and the distance 𝑅 . 
Unpublished figure. 

 

Figure 26. This is the same as figure 25, but for a general 
non-spherical shell 𝑟 ൌ 𝑎ሺ𝜗, 𝜑ሻ over which either a magnetic 
charge density 𝑓ሺ𝜗, 𝜑ሻ or a magnetic dipole density per unit 
surface 𝑀ሺ𝜗, 𝜑ሻ  is located, while 𝑃ሺ𝑟, 𝜃଴, 𝜙଴ሻ  is used for 
defining the angle 𝜓 and the distance 𝑅. Unpublished figure. 

 
The term ൣ𝑊ሺାሻ െ 𝑊ሺିሻ൧ 𝑔𝑟𝑎𝑑 𝑊ሺିሻ ൈ 𝒏ෝ௔ሿ  in (305) 

can be evaluated by considering that the components of 
ሾ𝑔𝑟𝑎𝑑 𝑊ሺିሻሿ  and of 𝒏ෝ௔  are (in spherical coordinates) 
respectively (the computation is according to the 
standard mathematical treatment and symbols of 
geomagnetism) 

ቆ
𝜕𝑊ሺିሻ

𝜕𝑟
ቇ

ణబ,ఝబ,௥ୀ௔ሺణబ,ఝబሻ

ൌ  െ න  𝑑𝜑 න 𝑠𝑖𝑛 𝜗  𝑑𝜗 ෍ 𝑛ଵሺ𝑛ଵ ൅ 1ሻ 𝑃௡భ
ሺ𝑐𝑜𝑠 𝜓ሻ 𝑀ሺ𝜗, 𝜑ሻ

1
𝑎ሺ𝜗, 𝜑ሻ

   ቈ
𝑎ሺ𝜗଴, 𝜑଴ሻ

𝑎ሺ𝜗, 𝜑ሻ
቉

௡భିଵேభ

௡భୀ଴

 గ

଴

ଶగ

଴
 

(307) 

                                                 
51 In addition, 𝑆௡ ought not to be confused with the symbol for a 

general spherical harmonic function. 
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1
𝑎ሺ𝜗଴, 𝜑଴ሻ

ቆ
𝜕𝑊ሺିሻ

𝜕𝜗଴
ቇ

ణబ,ఝబ,௥ୀ௔ሺణబ,ఝబሻ

ൌ െ න  𝑑𝜑 න sin 𝜗 𝑑𝜗 ෍ ሺ𝑛1

ேభ

௡భୀ଴

 గ

଴

ଶగ

଴

൅ 1ሻ 𝑀ሺ𝜗, 𝜑ሻ ቈ
𝑎ሺ𝜗଴, 𝜑଴ሻ

𝑎ሺ𝜗, 𝜑ሻ
቉

௡భ 1
𝑎ሺ𝜗଴, 𝜑଴ሻ

 
𝜕𝑃௡భ

ሺcos 𝜓ሻ

𝜕 𝑐𝑜𝑠 𝜓
𝜕 𝑐𝑜𝑠 𝜓

𝜕𝜗଴

1
𝑎ሺ𝜗଴, 𝜑଴ሻ sin 𝜗଴

ቆ
𝜕𝑊ሺିሻ

𝜕𝜑଴
ቇ

ణబ,ఝబ,௥ୀ௔ሺణబ,ఝబሻ

 

(308) 

1
𝑎ሺ𝜗଴, 𝜑଴ሻ sin 𝜗଴

ቆ
𝜕𝑊ሺିሻ

𝜕𝜗଴
ቇ

ణబ,ఝబ,௥ୀ௔ሺణబ,ఝబሻ

ൌ  െ න  𝑑𝜑 න 𝑠𝑖𝑛 𝜗  𝑑𝜗 ෍ ሺ𝑛ଵ

ேభ

௡భୀ଴

 గ

଴

ଶగ

଴

൅ 1ሻ 𝑀ሺ𝜗, 𝜑ሻ ቈ
𝑎ሺ𝜗଴, 𝜑଴ሻ

𝑎ሺ𝜗, 𝜑ሻ
቉

௡భ 1
𝑎ሺ𝜗଴, 𝜑଴ሻ 𝑠𝑖𝑛 𝜗଴

𝜕𝑃௡భ
ሺ𝑐𝑜𝑠 𝜓ሻ

𝜕 𝑐𝑜𝑠 𝜓
𝜕 𝑐𝑜𝑠 𝜓

𝜕𝜗଴
 

(309) 

ሺ𝒏ෝ௔ሻ௥ ൌ 𝑐𝑜𝑛𝑠𝑡 (310) 

ሺ𝒏ෝ௔ሻణ  ൌ
1

𝑎ሺ𝜗଴, 𝜑଴ሻ
ቆ

𝜕𝑎ሺ𝜗଴, 𝜑଴ሻ

𝜕𝜗଴
ቇ

ణబ,ఝబ

・ 𝑐𝑜𝑛𝑠𝑡 
(311) 

ሺ𝒏ෝ௔ሻఝ  ൌ
1

𝑎ሺ𝜗଴, 𝜑଴ሻ 𝑠𝑖𝑛 𝜗଴
ቆ

𝜕𝑎ሺ𝜗଴, 𝜑଴ሻ

𝜕𝜑଴
ቇ

ణబ,ఝబ

・ 𝑐𝑜𝑛𝑠𝑡 
(312) 

𝑐𝑜𝑛𝑠𝑡 ൌ ቐ1 ൅ ൥
1

𝑎ሺ𝜗଴, 𝜑଴ሻ
 ቆ

𝜕𝑎ሺ𝜗଴, 𝜑଴ሻ

𝜕𝜗଴
ቇ

ణబ,ఝబ

൩

ଶ

൅ ൥
1

𝑎ሺ𝜗଴, 𝜑଴ሻ 𝑠𝑖𝑛 𝜗଴
ቆ

𝜕𝑎ሺ𝜗଴, 𝜑଴ሻ

𝜕𝜑଴
ቇ

ణబ,ఝబ

൩

ଶ

ቑ

ିଵ ଶ⁄

 

(313) 

The factors 𝜕 𝑐𝑜𝑠 𝜓/𝜕𝜗଴  and 𝜕 𝑐𝑜𝑠 𝜓/𝜕𝜑଴  can be 
easily evaluated by means of suitable formulas,52 where the 
symbols have to be changed as follows (see figure 25). That 
is, this is a particular case of a transformation of spherical 

coordinates over 𝑆௔  from latitude and longitude ሺ𝜆ଵ, 𝜑ଵሻ 
into a new latitude and longitude ሺ𝜆ଶ, 𝜑ଶሻ, where, however, 
𝜑ଶ is not here of direct concern

𝜆ଵ
ሺଶሻ  ൌ  𝜋/2 െ 𝜗଴ 𝜑ଵ

ሺଶሻ ൌ 𝜑଴ 𝜑ଶ
ሺଵሻ  ൌ  0 (314) 

𝜆ଵ  ൌ  𝜋/2 െ  𝜗 𝜑ଵ ൌ 𝜑  𝜓 ൌ 𝜋/2 െ 𝜆ଶ  
to give  

𝑐𝑜𝑠 𝜓 ൌ  𝑐𝑜𝑠 𝜗଴ 𝑐𝑜𝑠 𝜗 ൅ 𝑠𝑖𝑛 𝜗଴ 𝑠𝑖𝑛 𝜗 𝑐𝑜𝑠ሺ𝜑଴ െ 𝜑ሻ (315) 

thus providing, by using also (321) through (324) to express 
the same quantities also in the coordinate system ሺ𝜆ଶ, 𝜑ଶሻ 

 

𝜕 𝑐𝑜𝑠 𝜓
𝜕𝜗଴

ൌ  െ 𝑠𝑖𝑛 𝜗଴ 𝑐𝑜𝑠 𝜗 ൅ 𝑐𝑜𝑠 𝜗଴ 𝑠𝑖𝑛 𝜗 𝑐𝑜𝑠ሺ𝜑଴ െ 𝜑ሻ ൌ

ൌ  െ 𝑠𝑖𝑛 𝜗଴ 𝑐𝑜𝑠 𝜗 ൅
𝑐𝑜𝑠 𝜗଴

𝑠𝑖𝑛 𝜗଴
ሺ𝑐𝑜𝑠 𝜓 െ 𝑐𝑜𝑠 𝜗଴ 𝑐𝑜𝑠 𝜗ሻ ൌ

1
𝑠𝑖𝑛 𝜗଴

ሺ𝑐𝑜𝑠 𝜗଴ 𝑐𝑜𝑠 𝜓 െ  𝑐𝑜𝑠 𝜗ሻ

ൌ  െ 𝑠𝑖𝑛 𝜓 𝑐𝑜𝑠 𝜑ଶ 

(316) 

𝜕 𝑐𝑜𝑠 𝜓
𝜕𝜑଴

ൌ   െ 𝑠𝑖𝑛 𝜗଴ 𝑠𝑖𝑛 𝜗 𝑠𝑖𝑛ሺ𝜑଴ െ 𝜑ሻ ൌ െ 𝑠𝑖𝑛 𝜗଴ 𝑠𝑖𝑛 𝜑ଶ 𝑠𝑖𝑛 𝜓 
 

In addition, the partial derivatives of 𝑎ሺ𝜗, 𝜑ሻ with respect 
to 𝜗 and 𝜑 have to be evaluated numerically.  

This whole computation deals with the evaluation of the 
self-energy of a general shell defined by means of a 
numerical log. One can also carry out the formal 
computation for a shell described by an analytical function. 

                                                 
52  The same procedure applies to the addition theorem for 

Legendre’s polynomials, for the first derivative of Legendre’s 

The computation is cumbersome. The remaining part of this 
section deals with this computation. 

The formal analytical development results more 
straightforward by changing the frame of reference 
according to (314). Refer to figure 26, where 𝜗 and 𝜑 are 
defined in any given pre-chosen and arbitrary way (e.g., by 

polynomials, and for spherical harmonics. Details not here 
given. 
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geographic coordinates). Let us choose a new system of 
spherical coordinates having pole such that P has latitude 

𝜆ଶ
ሺ௉ሻ  ൌ  𝜋/2. That is, 𝜓 ൌ 𝜋/2 െ 𝜆ଶ ≡ 𝜗ଶ is the colatitude 

in such a new coordinate system. The transformation 
formulas for transforming ሺ𝜆ଵ, 𝜑ଵሻ  into ሺ𝜆ଶ, 𝜑ଶሻ , and 
viceversa are 

𝑠𝑖𝑛𝜆ଶ ൌ  𝑠𝑖𝑛 𝜆ଵ
ሺଶሻ 𝑠𝑖𝑛 𝜆ଵ ൅ 𝑐𝑜𝑠 𝜆ଵ

ሺଶሻ 𝑐𝑜𝑠 𝜆ଵ 𝑐𝑜𝑠ሺ𝜑ଵ െ 𝜑ଵ
ሺଶሻ ሻ (317) 

𝑠𝑖𝑛 𝜑ଶ  ൌ  െ
𝑐𝑜𝑠 𝜆ଵ

𝑐𝑜𝑠 𝜆ଶ
𝑠𝑖𝑛ሺ𝜑ଵ െ 𝜑ଵ

ሺଶሻሻ 
(318) 

𝑠𝑖𝑛 𝜆ଵ ൌ  𝑠𝑖𝑛 𝜆ଶ
ሺଵሻ  𝑠𝑖𝑛 𝜆ଶ ൅ 𝑐𝑜𝑠 𝜆ଶ

ሺଵሻ 𝑐𝑜𝑠 𝜆ଶ 𝑐𝑜𝑠ሺ𝜑ଶ െ 𝜑ଶ
ሺଵሻ ሻ (319) 

𝑠𝑖𝑛 𝜑ଵ  ൌ  െ
𝑐𝑜𝑠 𝜆ଶ

𝑐𝑜𝑠 𝜆ଵ
𝑠𝑖𝑛ሺ𝜑ଶ െ 𝜑ଶ

ሺଵሻ ሻ 
(320) 

that, by the alternative symbols (314), can be written as 
𝑐𝑜𝑠 𝜓 ൌ  𝑐𝑜𝑠 𝜗ଶ  ൌ  𝑐𝑜𝑠 𝜗଴ 𝑐𝑜𝑠 𝜗 ൅ 𝑠𝑖𝑛 𝜗଴ 𝑠𝑖𝑛 𝜗 𝑐𝑜𝑠ሺ𝜑 െ 𝜑଴ሻ (321) 

𝑠𝑖𝑛 𝜑ଶ  ൌ െ
𝑠𝑖𝑛 𝜗
𝑠𝑖𝑛 𝜓

𝑠𝑖𝑛ሺ𝜑 െ 𝜑଴ሻ 
(322) 

𝑐𝑜𝑠 𝜗 ൌ  𝑐𝑜𝑠 𝜗଴ 𝑐𝑜𝑠 𝜓 ൅ 𝑠𝑖𝑛 𝜗଴ 𝑠𝑖𝑛 𝜓 𝑐𝑜𝑠 𝜑ଶ (323) 

𝑠𝑖𝑛 𝜑 ൌ െ
𝑠𝑖𝑛 𝜓
𝑠𝑖𝑛 𝜗

𝑠𝑖𝑛 𝜑ଶ 
(324) 

When we have to carry out an integral over the entire 
general shell, it is  

න 𝑑𝜑 න 𝑠𝑖𝑛 𝜗
గ

଴
  𝑑𝜗 . . .

ଶగ

଴

ൌ න 𝑑𝜑ଶ න 𝑠𝑖𝑛 𝜗ଶ

గ

଴
  𝑑𝜗ଶ

ଶగ

଴
   . . .

ൌ න 𝑑𝜑ଶ න 𝑠𝑖𝑛 𝜓
గ

଴
  𝑑𝜓 

ଶగ

଴
  . . . . . . 

(325) 

 
This completes the preset Appendix, which is an excerpt 

of a much longer and systematic formulary, and only ome 
formulas are here recalled that are needed for the present 
paper. 
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Introduction  

On November 8, 2024, a M6.2 earthquake was 
recorded at 278 km WNW of Cochrane, Chile (Fig. 1). 

 

 

 

 

 

 

 

 

 

Chile is one of the most seismically and tectonic active 
regions on the planet, located along the convergent margin 
of the Nazca Plate and the South American Plate. This 
tectonic boundary is dominated by a highly dynamic 
subduction process, in which the Nazca Plate dives beneath 
the South American Plate at an average rate of about 68 
mm/year. This interaction is responsible for the formation 
of the Andean volcanic belt, frequent high-magnitude 
earthquakes, and complex crustal deformation along the 
coastal region. 

• Subduction and Contact Zone. The subduction zone 
off the coast of Chile is known as the Peru-Chile 
Trench, a major morphological and tectonic feature 
that marks the point of contact between the two plates. 
This convergent margin is characterized by a series of 
seismic rupture zones that have historically given rise 
to numerous devastating seismic events, including the 
1960 Valdivia earthquake, the strongest ever recorded 
(M 9.5). [80-82]. 
 

• Seismotectonic Segmentation. The Chilean margin is 
divided into distinct tectonic segments, each with its 
own seismogenic characteristics and deformational 
behaviors. These segments are separated by seismic 
asperities and structural barriers that influence the 
propagation of seismic waves and the distribution of 
energy released during seismic events. In addition, the 
geometry of the subducting plate varies significantly 
along the margin, with subduction angles becoming 
steeper in the northern and central parts compared to 
the southern region. [78] [79]. 
 

• Associated Volcanism. Tectonic interaction is also 
responsible for intense volcanic activity along the 
South American Volcanic Belt. Chile is home to 
approximately 500 active and potentially active 
volcanoes, many of which are located within the 
Andean Volcanic Arc, which extends along the entire 
Andes Mountain range. This volcanism is fueled by the 
release of volatile-rich fluids from the subducted Nazca 
Plate, which triggers partial melting in the upper 
mantle. [83] [84]. 
 

Fig. 1 – Seismic epicenter of the M6.2 earthquake recorded in 
Chile on November 8, 2024. The map above shows the seismic 
epicenter of the M6.2 earthquake recorded in Chile on November 
8, 2024. Credits: USGS, Radio Emissions Project. 

New Concepts in Global Tectonics Journal
Volume 13, Number 4, June 2025

ISSN number; ISSN 2202-0039 

Page 546



• Crustal Deformation. In addition to subduction, the 
Chilean margin is subject to significant deformation 
along the coast-parallel transpressive fault system 
known as the Chilean Coastal Fault System. These 
faults accommodate the horizontal component of 
interplate motion and are often associated with shallow 
earthquakes of moderate magnitude. [85-87]. 
 

• Seismic-tectonic Implications. Plate convergence has 
important implications not only for the generation of 
subduction earthquakes but also for intraplate 
seismicity and back-arc deformation. Stresses 
accumulated along the subduction zone are released 
during large megathrust seismic events, with the 
potential for destructive tsunamis. In addition, oblique 
compression generates a transpressive tectonic regime, 
contributing to the formation of secondary 
deformational structures, such as folds and reverse 
faults, in the back-arc region. [88-91]. 

 
The Chilean tectonic margin represents a unique 

natural laboratory for the study of subduction dynamics and 
associated seismogenesis. The combination of frequent 
seismicity, active volcanism, and crustal deformation 
makes Chile an area of primary interest for researchers 
investigating global tectonic processes and associated 
geological hazard. A detailed understanding of the tectonic 
characteristics of this region is essential to develop 
predictive models that can improve seismic and volcanic 
hazard mitigation strategies. [1-3] 

 
Methods and Data 
 

The analysis method that allowed the authors to 
identify a close correlation between the M6.2 earthquake 
recorded in Chile on November 8, 2024, at 11:37 UTC 
consists of continuous monitoring of solar and terrestrial 
geomagnetic activity to track increases in the density of the 
solar proton flux. It has now been ascertained through the 
studies conducted by the authors from 2012 to today that 
every potentially destructive seismic event is always 
preceded by an increase in the proton density of the solar 
wind that is directed towards the Earth [4-46]. Following 
the impact between this dense flow of electrically charged 
particles and the Earth's magnetosphere, disturbances of the 
Earth's geomagnetic field occur which can precede 
earthquakes of significant magnitude. [4] [9] [11] [15] [17] 
[22-33] [47-50]. In this specific case, the Chilean 
earthquake was preceded by both an increase in the proton 
density of the solar wind and an increase in the Earth's 
geomagnetic activity. (Fig. 2). 

By analyzing the variation curves present in Fig. 2 it 
was possible to calculate the time intervals recorded 
between the beginning of the proton increase and of the 
Earth's geomagnetic field that preceded the Chilean 
earthquake M6.2: 
 

• Time interval recorded between the start of the solar 
wind proton increase and the M6.2 Chilean earthquake 
≈ 76 hours (Fig. 2). 

• Time interval recorded between the beginning of the 
increase of the Earth's geomagnetic field and the 
Chilean earthquake M6.2 ≈ 20 hours (Fig. 2-3). 

The beginning of the proton increase was recorded on 
November 5, 2024, at approximately 07:00 UTC; while the 
maximum increase (of impulsive type) was reached on 
November 8, 2014, at 03:00 UTC. After this increase, the 
proton density began to decline, returning to baseline values 
on November 9, 2024. The Chilean M6.2 earthquake was 
recorded precisely during the phase of decrease in the 
proton density of the solar wind. This correlation is 
statistically supported by the analyses carried out by the 
authors by analyzing the distribution of potentially 
destructive seismic events with respect to the proton 
variation curve: 82.8 percent of potentially destructive 
earthquakes that are recorded on a global scale are recorded 
during the phase of increase or decrease in the proton 
density of the solar wind. 

The authors first presented the results of this type of 
correlation in 2013 [48], highlighting how the study of solar 
and geomagnetic activity can represent an innovative and 
complementary approach to traditional seismic monitoring 
methodologies. The analysis of proton increments in the 
solar wind has highlighted their ability to directly influence 
the Earth's magnetosphere, causing measurable variations 
in the geomagnetic field. When the proton flux of the solar 

Fig. 2 – Variation of solar proton flux and terrestrial 
geomagnetic activity recorded between 5 and 9 November 2024. 
The graph above shows the proton variation curve (in black) 
recorded by the Advanced Composition Explorer (ACE) Satellite, 
located in L1 Lagrangian orbit, between 5 and 9 November 2024; 
and the Kp index curve (in blue) recorded between 5 and 9 
November 2024. The yellow areas outlined by the dotted red line 
highlight the increase in the Earth's geomagnetic field that 
preceded the Chilean M6.2 earthquake recorded on 8 November 
2024 at 11:37 UTC. The purple arrow (ISP) represents the time 
marker that identifies the beginning of the proton increase that 
preceded the M6+ earthquakes. The vertical black arrow 
represents the time marker of the Chilean earthquake. Credits: 
USGS, ISWA, Radio Emissions Project. 
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wind increases significantly, the charged particles interact 
with the Earth's magnetosphere, generating geomagnetic 
perturbations that manifest as amplitude increments in 
measurements made with magnetometers. 

The ability to identify these correlations provides a 
useful temporal framework for seismic monitoring, since 
proton increases, detectable by satellites, precede 
potentially destructive seismic events by ~99 hours (on 
average) [4-46]. This approach opens new perspectives for 
the development of early warning systems that, exploiting 
the combination of solar and geomagnetic data, can 
improve the accuracy in the prediction of potentially 
destructive earthquakes, reducing the risk for vulnerable 
populations and promoting mitigation strategies based on 
robust scientific evidence. 

 
Fig. 3 shows that the Chilean M6.2 seismic event was 

recorded after an increase in the Earth's geomagnetic field 
that started on November 7, 2024, at 15:30 UTC, reaching 
its maximum intensity (Kp 4) between November 8 and 9, 
2024 (Fig. 3). Before this increase in the Earth's 
geomagnetic field, another increase occurred that started 
right with the beginning of the increase in the proton density 
of the solar wind related to the Chilean earthquake, but 
which then ended on November 7, 2024, at 15:10 UTC 
(Fig. 2-3). The proton increase related to the Chilean M6.2 
earthquake therefore caused two increases in the Earth's 
geomagnetic field. 

By analyzing the variation of the Interplanetary 
Magnetic Field (IMF) the authors discovered that the 
Chilean earthquake M6.2 was also preceded by two 
perturbations of the Interplanetary Magnetic Field: the first 
one started on November 7, 2024 at 13:25 UTC and ended 
on November 8, 2024 at 03:34 UTC; the second one started 
on November 8, 2024 at 04:47 UTC and was still ongoing 
during the writing of this work that ended on November 10, 
2024 (Fig. 4). By analyzing the variation curves of the 
Interplanetary Magnetic Field, it is evident that the Chilean 
earthquake M6.2 was recorded in proximity to the 
maximum variation recorded by the second perturbation of 
the Interplanetary Magnetic Field. Interplanetary Magnetic 

Field perturbations are a direct consequence of increases in 
solar ion flux and were first correlated with potentially 
destructive seismic activity by the authors between 2010 
and 2011. 

The Chilean seismic event M6.2 was preceded by 
about 22 hours by the first perturbation of the Interplanetary 
Magnetic Field and by about 7 hours by the second 
perturbation of the Interplanetary Magnetic Field visible in 
Fig. 3.  
 

 

 

 

 

 

Discussion 
 

The analysis presented in this study demonstrates a 
robust correlation between solar activity, geomagnetic 
disturbances and potentially destructive seismic events, as 
evidenced by the M6.2 earthquake that occurred in Chile on 
8 November 2024. By integrating data from the Advanced 
Composition Explorer (ACE) satellite and geomagnetic 
indices, such as the Kp index, the authors have highlighted 
a consistent temporal relationship between the increase in 
solar proton flux and the subsequent terrestrial geomagnetic 
variations that preceded the earthquake. This discussion 
aims to contextualize these results in the broader framework 
of seismic precursor studies and to assess their implications 
for earthquake forecasting methodologies. 
 
• Geomagnetic disturbances as seismic precursors. 

The data reveal that increases in solar proton flux, 
which began on November 5, 2024, caused detectable 
geomagnetic variations about 20 hours before the 
seismic event. These perturbations are related to the 
interaction of charged solar particles with the Earth's 
magnetosphere, generating measurable changes in the 
geomagnetic field, as evidenced by the Kp index. This 
temporal alignment supports the hypothesis that 

Fig. 4 – Interplanetary Magnetic Field (IMF) variation recorded 
between 6 and 9 November 2024. The graph above shows the 
variation (in nanoTesla – nT) of the Interplanetary Magnetic 
Field (IMF) recorded between 5 and 9 November 2024 by the 
Advanced Composition Explorer (ACE) Satellite, located in 
Lagrangian orbit L1. The recording occurred on three axes: X-
axis (green curve), Y-axis (orange curve), Z-axis (blue curve). The 
black vertical arrow represents the time marker of the Chilean 
seismic event M6.2 recorded on 8 November 2024. The area of 
the graph highlighted in the area delimited by the red dotted line 
highlights a perturbation of the Interplanetary Magnetic Field 
(IMF) that preceded the Chilean earthquake. Credits: ISWA, 
Radio Emissions Project. 

Fig. 3 – Kp index change recorded between 5 and 9 November 
2024. The graph above shows the variation curve of the Kp index 
(blue line) recorded between 5 and 9 November 2024. The vertical 
black arrow represents the time marker of the Chilean M6.2 
earthquake recorded on 8 October 2024 at 11:37 UTC. Credits; 
ISWA, Radio Emissions Project. 
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geomagnetic perturbations induced by solar activity 
can act as non-local precursors to seismic events. These 
results are in line with previous studies conducted by 
the authors, who have consistently identified similar 
patterns before M6+ earthquakes on a global scale. 

 
• Mechanism linking solar activity and seismicity. 

The observed correlation is supported by a plausible 
geophysical mechanism: the interaction of 
geomagnetic variations with tectonic stress along 
faults. The influx of charged solar particles modifies 
the geomagnetic field, generating Lorentz forces that 
can influence the dynamics of electric particles present 
in stressed rocks. These forces can facilitate the final 
rupture process by altering the equilibrium state of 
tectonic stress, thus leading to the triggering of seismic 
events. 

 
• Statistical and temporal robustness. 

Statistical analysis of the study highlights the 
consistency of this phenomenon, with 82.8 percent of 
potentially destructive earthquakes recorded globally 
occurring during phases of proton flux variation 
(during increases and decreases in proton density). The 
time intervals identified in this case, ≈76 hours from 

the start of the proton flux increase to the earthquake, 
and ≈20 hours from the geomagnetic response, are 

within the range documented in previous studies. This 
strengthens the predictive potential of monitoring solar 
and geomagnetic activity as part of a comprehensive 
seismic forecasting strategy. 

 
• Integration with existing monitoring systems. 

One of the main advantages of this methodology is its 
ability to complement traditional seismic monitoring 
techniques. While terrestrial networks focus on local 
stress accumulation and micro-seismicity, satellite 
monitoring offers a global perspective. The integration 
of geomagnetic and solar data with terrestrial 
electromagnetic monitoring networks, such as the 
Radio Direction Finding (RDF) system used by the 
authors, has the potential to improve the resolution and 
accuracy of seismic forecasts [17] [51-77]. 

 
• Limitations and future prospects. 

Despite these promising results, some limitations must 
be acknowledged. The variability of geomagnetic 
responses to solar activity, influenced by factors such 
as the orientation of the Interplanetary Magnetic Field 
(IMF) and regional geomagnetic conditions, introduces 
an element of uncertainty. Furthermore, the spatial 
resolution of this approach remains limited by the 
global nature of solar and geomagnetic phenomena. 
Future work should focus on refining the temporal and 
spatial correlation models, while exploring the 
integration of this methodology with high-resolution 
ground-based monitoring systems. 

 
• Implications for early warning systems. 

The ability to detect non-local seismic precursors 
represents a significant advance in earthquake 
preparedness. By exploiting the temporal predictability 
of solar-induced geomagnetic disturbances, it becomes 
possible to extend the warning time for seismic early 
warning systems. This could provide crucial minutes 
or hours for the adoption of safety measures, 
particularly relevant in high-risk regions such as Chile, 
where tectonic activity is intense and frequent. 

 
In summary, the results presented in this study 

underline the crucial role of solar proton flux variations and 
terrestrial geomagnetic perturbations as precursor signals of 
earthquakes of significant magnitude. Statistical and 
temporal analyses demonstrate a robust and reproducible 
correlation, supported by a large data base collected over 
time. This approach represents an important step forward in 
the understanding of electromagnetic mechanisms 
preceding seismic events. 

Although there are still limitations, such as the 
variability of geomagnetic responses and global spatial 
resolution, the potential for integrating this methodology 
with traditional seismic monitoring systems offers 
promising prospects. The inclusion of geomagnetic and 
solar data in forecasting models could significantly improve 
the ability to identify areas at risk, extending the time 
available for mitigation measures. 

Finally, continued interdisciplinary research and 
further development of advanced technological tools, such 
as RDF digital receivers (which the authors are currently 
developing), are essential to refine the monitoring and 
forecasting capacity. This work represents a point of 
reference for future studies aiming to integrate 
heliophysics, seismology and electromagnetics into a single 
forecasting framework, contributing to the reduction of 
global seismic risk. 
 
Conclusion 
 

Monitoring and analyzing variations in the solar wind 
proton flux and terrestrial geomagnetic perturbations offers 
a significant advantage: the possibility of identifying non-
local precursor signals, which consistently precede high-
magnitude earthquakes. 

This methodology stands out for its ability to provide a 
global context, exploiting satellite and geomagnetic data 
that are not limited by geographic factors or direct access to 
seismic areas. Furthermore, the integration with data from 
terrestrial electromagnetic monitoring networks allows 
obtaining a comprehensive view, combining non-local 
signals with local electromagnetic emissions, typically 
associated with the genesis of the earthquake [17] [51-77]. 
The use of these techniques not only increases the chances 
of identifying areas at risk before seismic events but also 
allows for the development of more accurate predictive 
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models. These models could represent a crucial step 
towards the implementation of more efficient early warning 
systems, capable of mitigating the social and economic 
impact of potentially destructive earthquakes. In an era in 
which natural disasters continue to cause extensive damage, 
the application of an interdisciplinary approach based on 
heliophysics and geomagnetics appears not only promising, 
but also necessary for the advancement of applied 
seismology. 

This study consolidates the role of solar and 
geomagnetic activity as reliable indicators of seismic risk. 
By integrating space weather data into seismic monitoring 
systems, researchers can improve the predictive capacity of 
current methodologies. These findings underscore the need 
for continued interdisciplinary research to further elucidate 
the mechanisms linking solar activity, geomagnetic 
perturbations and seismicity, paving the way for more 
effective strategies for earthquake forecasting and risk 
mitigation. 
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Abstract: Between 12 and 18 November 2024, two strong seismic events were 
recorded: M6.6 earthquake, recorded at 123 km ESE of Kokopo, Papua New 
Guinea on November 15, 2024, at 05:28 UTC; M6.1 earthquake, recorded at 
155 km SSE of Koshima, Japan on November 17, 2024, at 12:16 UTC. The 
analysis conducted by the authors highlighted that the two strong seismic 
events were preceded by an increase in the proton density of the solar wind and 
by an increase in the Earth's geomagnetic activity. 
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Introduction  

Two earthquakes of strong magnitude were recorded 
between 12 and 18 November 2024 (Fig. 1): 
 
1) M6.6 earthquake, recorded at 123 km ESE of Kokopo, 

Papua New Guinea on November 15, 2024, at 05:28 
UTC. 

2) M6.1 earthquake, recorded at 155 km SSE of Koshima, 
Japan on November 17, 2024, at 12:16 UTC. 
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Seismotectonics of the New Guinea Region and 
Vicinity 
 

The Australia-Pacific plate margin extends for over 
4,000 km, from the northern margin of the Australian plate 
at the Sunda Trench to the Solomon Islands. Northward 
subduction of the Australian plate dominates this region. 
Along the South Solomon Trench, the Australian plate 
converges with the Pacific plate at a rate of about 95 mm/yr, 
with high subduction-related seismicity. Since 1900, 13 
earthquakes of magnitude 7.5+ have been recorded, 
including three events of magnitude 8.1 (1939, 1977, 2007). 
The 2007 earthquake generated a tsunami that caused at 
least 40 fatalities. 

To the east, in the New Britain Trench, subduction is 
complex due to numerous microplates, such as the 
Woodlark Basin. Thirty-three earthquakes of magnitude 
7.5+ have been recorded here since 1900, concentrated near 
New Ireland, including three magnitude 8.1 events in 1906, 
1919 and 2007. 

The western portion of the Australia-Pacific boundary, 
about 2,000 km long, is the most complex, with continental-
arc collisions along New Guinea, convergent, translational 
and extensional deformation. This convergence generates 
uplifts of the New Guinea Highlands at rates of 2-8 mm/yr. 
The Pacific plate is slowly subducting southward along the 
New Guinea Trench, with a relative plate velocity of about 
110 mm/yr. 

In West Papua, near the Indonesia-Papua New Guinea 
border, there are microplates such as the Birds Head 
Peninsula, bounded to the south by the Seram Trench, a 
southward subduction zone. Since 1900, 22 earthquakes of 
magnitude 7.5+ have been recorded in the New Guinea 
region, mostly associated with strike-slip and thrust 
faulting. The largest, magnitude 8.2, occurred in 1996 in 
Papua, causing 166 fatalities. 

Fig. 1 – M6+ Seismic epicenters recorded between 12 and 18 
November 2024. The map above shows the seismic epicenters of the 
two strong earthquakes recorded between 12 and 18 November 
2024: M6.6 earthquake recorded in Papua New Guinea on 
November 15, 2024 at 05:28 UTC; M6.1 earthquake recorded in 
Japan on November 17, 2024 at 12:16 UTC. Credits: USGS, Radio 
Emissions Project. 
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The western portion of the boundary between the 
Australian and Eurasian plates, about 4,800 km long, 
includes subduction along the Sunda Trench and juvenile 
collisions between the Australian plate and the Eurasian 
volcanic arc. In the eastern section, from the Timor Trench 
to the Banda Sea, a disconnection of the subducting oceanic 
lithosphere from the continental crust has been observed, 
with an eastward propagating tear slab. The Timor region, 
according to GPS measurements, is currently moving at the 
same speed as the Australian plate. 

Large earthquakes are common in eastern Indonesia, 
but interplate megathrust events are rare, due to the 
disconnection of the oceanic plate. Since 1900, 9 
earthquakes of magnitude 7.5+ have been recorded from the 
Kai Islands region to Sumba. The strongest, with a 
magnitude of 8.5, was the 1938 Banda Sea earthquake, an 
intermediate depth thrust event that did not cause 
significant losses. [1]. 

 
Seismotectonics of the Philippine Sea and 
Vicinity 

 
The Philippine Sea plate is bounded by the Pacific, 

Eurasian, and Sunda plates and is characterized almost 
exclusively by convergence zones. Subduction of the 
Pacific plate beneath the Izu-Bonin and Mariana Island arcs 
along the eastern margin generates high seismicity down to 
depths of over 600 km. However, megathrust earthquakes 
(M>8.0) are rare due to weak plate interaction. These 
convergent margins are associated with back-arc extension, 
which separates the volcanic arcs from the rest of the plate 
(Karig et al., 1978; Klaus et al., 1992). 

South of the Mariana arc, subduction continues along 
the Yap trench, creating the Izu-Bonin, Mariana, and Yap 
trenches and typical circum-Pacific Island arcs. To the 
northwest, the plate subducts beneath Eurasia along the 
Ryukyu Convergence Zone, manifested by the Ryukyu 
Islands and the Ryukyu Trench, associated with the 
Okinawa Basin Extension Zone. Near Taiwan, the 
boundary is marked by the collision between the Luzon Arc 
and the continental crust of Eurasia. Along the western 
margin, the plate is in oblique convergence with the Sunda 
Plate. Opposing subduction systems are found east and west 
of the Philippines, crossed by the Philippine Sea Fault, an 
active transform fault associated with volcanism and high 
seismicity. On the eastern margin, the plate subducts along 
the Philippine Sea Trench and its northern extension, the 
East Luzon Trench, considered a subduction in the making 
(Hamburger et al., 1983). To the west, subduction of the 
Sunda Plate generates the Manila, Negros, Sulu, and 
Cotabato Trenches. Subduction in the Manila Trench is 
interrupted by arc-continent collisions, such as that between 
the northern Philippine arc and the Eurasian margin in 
Taiwan. 

The Philippine Sea Fault, over 1,200 km long, is 
seismically active and has generated significant historical 
earthquakes, including the 1990 M7.6 Luzon event. Other 

active intra-arc fault systems include the Cotabato Fault and 
the Verde Passage-Sibuyan Sea Fault (Galgana et al., 
2007). Relative plate velocities (about 80 mm/yr) cause 
orthogonal convergence along the trenches and nearly pure 
translational motion along the Philippine Sea Fault (Barrier 
et al., 1991). 

Active seismic zones are distributed along plate 
boundaries and follow volcanic arcs, such as the Izu, 
Mariana, Ryukyu and main Philippine islands, parallel to 
the Manila, Negros, Cotabato and Philippine trenches. The 
region has produced seven large earthquakes (M>8.0) and 
250 significant events (M>7), including disasters such as 
the 1923 Kanto earthquake (99,000 fatalities), the 1999 
Chi-Chi earthquake (2,500 fatalities) and the 1976 Moro 
Gulf earthquake, which generated a tsunami with over 
5,000 fatalities [1]. 
 
Methods and Data 
 

The analysis method developed by the authors in 2011 
involves the continuous monitoring of solar activity and 
terrestrial geomagnetic activity to track perturbations of the 
solar ion flux or of the terrestrial geomagnetic field that 
precede the M6+ seismic activity that is recorded on a 
global scale. This innovative approach in the field of 
seismic forecasting has allowed the authors to identify a 
seismic precursor that always precedes potentially 
destructive earthquakes that are recorded on a global scale: 
the increases in the proton density of the solar wind [2-44]. 
In this study the analysis was conducted with reference to 
the two strong seismic events recorded between 12 and 18 
November 2024 (Fig 1-2). 

 
 
 
 
Figures and Tables 

 

 

 

 

Fig. 2 – Variation of solar proton flux and terrestrial 
geomagnetic activity recorded between 12 and 18 November 
2024. The graph above shows the proton variation curve (in 
black) recorded by the Advanced Composition Explorer (ACE) 
Satellite, located in L1 Lagrangian orbit, between 12 and 18 
November 2024; and the Kp index curve (in blue), provided by the 
National Oceanic and Atmospheric Administration (NOAA), 
recorded between 12 and 18 November 2024. The yellow areas 
outlined by the dotted red line highlight the increase in the Earth's 
geomagnetic field that preceded the two M6+ earthquakes 
recorded between 12 and 18 November 2024. The purple arrow 
(ISP) represents the time marker that identifies the beginning of 
the proton increase that preceded the M6+ earthquakes. The 
vertical black arrows represent the time markers of the M6+ 
earthquakes recorded between 12 and 18 November 2024. 
Credits: USGS, ISWA, Radio Emissions Project. 
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The analysis of the solar wind proton density variation 
curve is performed in real time by the authors thanks to data 
provided by the Advanced Composition Explorer (ACE) 
Satellite, located in Lagrangian orbit L1. In fact, on 
November 12, 2024, at 17:15 UTC the authors had 
identified the beginning of the proton increase visible in 
Fig. 2 and were waiting for a resumption of M6+ seismic 
activity that on average occurs within 99 hours from the 
beginning of the proton increase. The authors, therefore, 
knew with certainty that this new proton increase identified 
on November 12, 2024, would certainly be followed by at 
least one potentially destructive seismic event (on average, 
a proton increase is followed by 2.6 seismic events: this 
data was obtained by analyzing the solar proton flux and the 
M6+ seismic activity between 2012 and today). In fact, 
about 60 hours later the M6.6 earthquake was recorded at 
123 km ESE of Kokopo, Papua New Guinea on November 
15, 2024, at 05:28 UTC; while 115 hours later the M6.1 
earthquake was recorded at 155 km SSE of Koshima, Japan 
on November 17, 2024, at 12:16 UTC (Fig. 2). 

Both seismic events occurred during the phase of 
reduction of the proton density of the solar wind, 
confirming the distribution of seismic events with respect 
to the proton variation curve that the authors identified 
already in 2012 (Fig. 3). 

The percentage distribution of seismic events with respect 
to the variation curve of the proton density of the solar wind 
has established that the majority of potentially destructive 
seismic events that are recorded on a global scale occur 
during the phase of decrease of the proton density (51.1 
percent). In fact, the two M6+ earthquakes recorded 
between 12 and 18 November 2024 occurred precisely 
during the phase of decrease of the proton density of the 
solar wind, confirming the statistical trend observed by the 
authors already in 2012 (Fig. 3). 
 
The onset of the proton increase that preceded the M6.6 
earthquake recorded at 123 km ESE of Kokopo, Papua New 
Guinea on November 15, 2024, at 05:28 UTC, and the M6.1 
earthquake recorded at 155 km SSE of Koshima, Japan on 
November 17, 2024, at 12:16 UTC, was recorded on 
November 12, 2024, at 17:15 UTC. The maximum density 
was reached on November 13, 2024, at 05:30 UTC although 
some impulsive increases of higher density were recorded 
on: 
 

1) November 12, 2024, at 23:05 UTC. 
2) November 14, 2024, at 08:25 UTC. 
3) November 15, 2024, at 23:30 UTC. 

 
Following the proton increase, two increases in the Earth's 
geomagnetic field were recorded (Fig. 2) measured through 
the variation of the Kp index provided by the National 
Oceanic and Atmospheric Administration (NOAA): 
 

1) The first recorded between 13 November 2024 at 
09:15 UTC and 16 November 2024 at 21:00 UTC, 
preceded the earthquake recorded in Papua New 
Guinea by ⁓44 hours. 

2) The second recorded between 16 November 2024 
at 21:00 UTC and 18 November 2024 at 09:15 
UTC, preceded the earthquake recorded in Japan 
by ⁓15 hours. 

 
Each increase in the Earth's geomagnetic activity 
overlapped with one of the two potentially destructive 
seismic events recorded between 12 and 18 November 2024 
(Fig. 2). This confirms what the authors have observed 
since 2012 [10] [12] [19] [44-52]. The hypothesis 
formulated by the authors, presented in other international 
scientific publications, is that the increases in the solar 
proton flux influence the Earth's magnetosphere, inducing 
perturbations of the geomagnetic field that interact with 
tectonic processes. Studies conducted by the authors since 
2012 show that each seismic event of high magnitude 
(M6+) is preceded by an increase in the proton density of 
the solar wind and by geomagnetic variations that can reach 
significant values. The observed perturbations include 
fluctuations in the Earth's magnetic field, which could 
facilitate the release of energy along tectonic faults, 
contributing to the triggering of earthquakes. Added to this 
is the hypothesis that magnetostriction and electrostriction 

Fig. 3 – Distribution of M6+ seismic events versus the proton 
variation curve of the solar ion flux. The image above 
schematically represents the distribution of M6+ seismic events 
recorded on a global scale with respect to the solar wind proton 
density increase curve (rough dashed line). 31.7 percent of 
seismic events are recorded during the proton density increase 
phase; 6.7 percent of seismic events are recorded during the 
maximum density reached by the proton increase (±6 hours). 51.1 
percent of seismic events are recorded during the proton density 
decrease phase while 10.5 percent of seismic events are recorded 
during the phase of reduction of the proton increase to baseline 
values. Credits: Radio Emissions Project. 
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phenomena, induced by geomagnetic variations, can cause 
microscopic deformations in rocks. These effects, 
combined with the action of the Lorentz force on the 
electric charges present along the faults, can alter their static 
equilibrium. 
The origin of these electric charges is linked to tectonic 
stress, which causes phenomena of piezoelectricity, 
triboelectricity and gas release. During the deformation of 
rocks, microfractures generate accumulations of electric 
charges, which, under the action of geomagnetic 
perturbations, are set in motion again. This complex set of 
physical processes could explain how geomagnetic 
variations are able to directly influence the dynamics of 
faults, bringing them to the breaking point. 

 
Further confirmation of the magnitude of the proton 

increase observed between 12 and 18 November 2024 is 
represented by the average speed of the solar wind visible 
in Fig. 4. Also, in this case the data were provided by the 
Advanced Composition Explorer (ACE) Satellite, located 
in Lagrangian orbit L1. The graph (Fig. 4) shows that the 
two M6+ seismic events recorded between 12 and 18 
November 2024 occurred during an increase in the average 
speed of the solar wind directed towards the Earth. 
 
Discussion 
 

The results of this study further strengthen the 
relationship between increases in solar wind proton density 
and geomagnetic disturbances preceding significant 
seismic events. The identification of these correlations, 
observed in the seismic events of 12–18 November 2024, 
provides compelling evidence to support the hypothesis that 
Sun-Earth interactions can serve as reliable indicators for 
earthquake prediction. 

The M6.6 earthquakes recorded in Papua New Guinea 
and M6.1 in Japan occurred during the phase of solar wind 
proton density decrease. This result is consistent with 
previous studies indicating that more than 50 percent of 
global M6+ seismic events occur during this phase. 
Furthermore, the timing of proton density increases, 

followed by peaks in geomagnetic activity measured by the 
Kp index, closely align with the observed seismic events. 
These correlations highlight a consistent temporal 
relationship between solar wind perturbations and tectonic 
activity, confirming the results already documented by the 
Radio Emissions Project. 

This study supports the hypothesis that solar wind 
perturbations, influencing the Earth's geomagnetic 
environment, can interact with pre-existing tectonic stress 
conditions. Geomagnetic variations are hypothesized to 
generate Lorentz forces on electric charges present along 
tectonic faults, charges that originate from tectonic stress 
processes through phenomena such as piezoelectricity, 
triboelectricity and gas release. Furthermore, 
magnetostriction and electrostriction phenomena, induced 
by geomagnetic variations, are thought to further contribute 
to the process. Magnetostriction and electrostriction can 
cause microscopic deformations of rocks, amplifying the 
effects of geomagnetic variations. These mechanisms, 
operating in combination with Lorentz forces, could alter 
the static equilibrium of tectonic faults, accelerating the 
release of energy and favoring the triggering of 
earthquakes. 

The results of this analysis are in line with observations 
conducted since 2012, according to which each seismic 
event of high magnitude (M6+) is preceded by an increase 
in the proton density of the solar wind and by significant 
variations in geomagnetic activity [2-52]. The uniformity of 
these observations over more than a decade strengthens the 
validity of the method used to identify seismic precursors. 
Despite the encouraging results, some limitations remain. 
The generalization of this model requires further 
verification, especially in different geodynamic contexts. 
Furthermore, the automation and expansion of 
electromagnetic monitoring stations designed to detect pre-
seismic electromagnetic sources following the release of 
electric charges by piezoelectric, triboelectric and gas 
release effects could significantly improve data collection 
and analysis, allowing for more accurate seismic 
forecasting on a global scale that also includes the 
possibility of performing crustal diagnosis. 
This research represents a crucial step forward in the 
understanding of the interactions between solar activity and 
seismic phenomena, opening new possibilities for seismic 
risk mitigation. 
 
Conclusion 

The results presented in this study further confirm the 
link between solar wind proton density increases and 
geomagnetic perturbations as reliable pre-seismic 
indicators. The M6.6 earthquakes in Papua New Guinea and 
M6.1 in Japan, which occurred between 12 and 18 
November 2024, were preceded by significant changes in 
proton density and geomagnetic activity, consistent with 
observations conducted since 2012. These results 
demonstrate the reliability of the proposed analysis method, 

Fig. 4 – Average speed of the solar wind directed towards the 
Earth. In the image above you can observe the variation of the 
average speed of the solar wind directed towards the Earth 
recorded between 13 and 19 November 2024. The increase in the 
speed of the solar wind underwent a rapid acceleration on 4 
November 2024 at 03:00 UTC reaching the maximum speed (438 
km/s) on 15 November 2024 at 00:58 UTC. Credits: iSWA. 
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which successfully identified electromagnetic and 
geomagnetic precursors for earthquakes of significant 
magnitude. The hypothesis that geomagnetic perturbations 
influence tectonic stress conditions through 
electromagnetic forces, such as Lorentz forces, 
magnetostriction and electrostriction, finds further support. 
These phenomena, combined with piezoelectric and 
triboelectric effects in tectonic stressed rocks, contribute to 
earthquake triggering by altering the static equilibrium of 
faults. The temporal distribution of seismic events with 
respect to the proton density variation curve shows that 
more than 50 percent of M6+ earthquakes occur during the 
proton density decrease phase. This statistical pattern 
further strengthens the validity of the adopted approach, 
which proves useful not only to identify global seismic 
precursors, but also to improve the understanding of the 
physical processes that precede earthquakes. 

Despite the progress achieved, some limitations need 
to be addressed, including the need for a global network of 
electromagnetic monitoring stations to improve data 
collection and analysis. The automation of the detection and 
triangulation processes of local electromagnetic sources is 
a crucial objective to optimize the effectiveness of this 
approach. 

Furthermore, future studies could further investigate 
the physical mechanisms linking geomagnetic 
perturbations to seismogenesis, with a focus on their 
applicability in different geodynamic settings. These 
developments could not only enable more accurate seismic 
forecasting, but also a better understanding of seismic 
hazards, thus contributing to the mitigation of impacts 
associated with large earthquakes. 

This research represents an important step towards a 
new paradigm in earthquake forecasting, based on the 
integrated analysis of electromagnetic, geomagnetic and 
solar variations, paving the way for a future where seismic 
forecasting could become a viable reality on a global scale. 
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Fig. 1 .1. For those who have eyes to see. A coffee mug with petroglyphs made by Pentik in the middle. To the left, a Finnish brimstone 
and to the right we see a beautiful example of mineral facies. 
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1. Introduction 
 

Many of the modern sciences exist within the 
uniformitarianism notion, that is, except for the Big Bang, 
everything happened at a steady pace over millions of years. 
Every now and then, an asteroid falls on Earth, sometimes 
with devastating consequences like the extinction of the 
dinosaurs. Most often they just burn in the atmosphere 
without anyone noticing it. But otherwise, things happen 
generally very slowly. When reading or watching something 
about ancient people, it cannot be overheard, how often it is 
expressed that not only the hominids/humans but also the 
animals, seem always to struggle to survive. Since the author 
realized this repetitive pattern, he got sensitive to this topic. 
In the author’s opinion, this assumption is a totally empty 

phrase and seems to have only one purpose: Lifting modern 
men even higher in a strange hierarchy of living beings. “We 

have conquered nature” or “Science is settled'' are 

expressions some seem to believe and take them as absolute 
truths, without understanding their own lack of critical 
thinking. Many things which are used to keep our modern 
society going are not very well understood. Often it is more 
known about how to use something, than about its origins, 
most people simply don’t care. Many people are also not 

really aware of what they are saying in terms of everyday 
language, for example, everyday sayings used by the people. 
What does it actually mean? Where does it come from? Why 
is the sun reindeering? There is a big possibility that the 
animals and peoples of ancient times thrived in an 
exceptionally fertile environment where food, water, warmth 
and light was much more abundant than many could 
imagine. It might have been a totally different world and 
stories about the old sun, or the good sun, only undermine 
these possibilities. On the other hand, we also have evidence 
that the past wasn’t a “forever-stable” time. Many things 

have changed over the years, and it is foolish to believe that 
nothing is going to change anymore. Many species went 
extinct, but also new ones formed. Every now and then 
archeologists find new evidence that ancient people were 
more advanced than previously assumed, which sometimes 
poses problems with their interpretations of certain patterns. 
Geology is also full of contradictions, assumptions and 
unprovable claims which are often explained away by using 
extremely long timelines. Sometimes they just seem to care 
too much about the contradictions, and they just move on 
with a “Oh, look! A bird!” kind of an attitude. Birds are 

dinosaurs, they didn’t go extinct, they just got smaller.  
Peat is something most of us are familiar with, at least 

to some degree. It is found all over the globe and usually 
related to water. Despite the huge amount of literature about 
peat, bogs, fens or wetlands in general, the origins and 
creation of it are not well understood, and it is classified as a 

geomorphological phenomenon. In other words: They don’t 

really know how it got created or where it came from. When 
talking about wetlands, we have "still" water, not flowing, as 
a key component which is usually "stored" in lakes and 
ponds. According to mainstream scientific theory, some of 
these water bodies are seen as meteor impact craters, often 
they are seen as a result of plate tectonics but also glaciers 
might have carved them out. The end of the last ice age 
seemed to have happened rather quickly in terms of melting. 
The author thinks that peat might have played a crucial role 
in some of the melting processes due to its electromagnetic 
properties. Peat will be the main topic of this paper, but other 
topics will be discussed as well. Not only because they are 
interesting, but also to show how, at first glance seemingly 
unrelated things are surprisingly similar with each other. 
Earth provides an ever-changing environment for life in a 
cyclical manner. It, and all the other planets with all their 
moons, are contained within the sun's magnetosphere. The 
sun is nowadays not only geographically the center of our 
solar system but also energy-wise, this implies that it might 
have been different in the past. All the planets are constantly 
connected to the sun by interplanetary Birkeland currents. 
The sun, and therefore all the planets of our solar system, are 
constantly connected to the center of our galaxy with 
intergalactic Birkeland currents. Birkeland currents are 
strings of electricity which have many recognizable patterns. 
It is important to understand that electric currents are 
creating the magnetic fields, they are the easiest to see with 
bare eyes because matter accumulates magnetically. Every 
electric current has a magnetic field (sphere) and every 
magnet has electric currents flowing around and through it, 
the magnetic flux. Every living being is electromagnetic by 
nature, and every natural process can be explained with 
electromagnetism. It is scalable from the atomic realm up to 
the cosmic size. Peat or turf is known to most people around 
the world. It can be found on every continent on Earth. 
Peatlands, which also includes mires, bogs, muskegs and 
moors, are easily recognizable since they have a distinct 
look, as well as from ground level as from above. They often 
have brownish or reddish color and water bodies. It has been 
used by people for centuries in different ways. Some 
preserved their food in it, others used it for leather processing 
and people were even buried in it. Nowadays, peat is still 
used in different ways, that is mostly by the industrial sector. 
Two main uses make it still somewhat important for modern 
society. One is through burning it for electricity production 
or as fertilizer in agriculture. The use of peat for industrial 
purposes is not without contradiction due to its impact on the 
environment. Peatlands are usually wetlands, which means 
they must be drained in order to make it accessible to 
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machines. This includes deforestation, the excavation of 
drainage channels, construction of roads and other facilities. 
Flora and fauna will suffer greatly. When water bodies are 
altered artificially, usually the influence of these changes 
comes to light in extreme conditions such as drought or flood 
conditions. In dry conditions peat can get lifted aloft by 
winds, and the very fine dust produces problems in 
respiratory systems of the population in the vicinity. Another 
aspect of dried out peatlands, either artificially or naturally, 
is the danger of long-lasting, subsurface fires, which are very 
hard to distinguish. There are different kinds of peatlands but 
their origin or forming processes remain largely unknown. 
On one hand, it is believed that peats accumulate very slowly 
over a long time period, approximately 1 mm per year. This 
kind of explanation fits perfectly into the uniformitarianism 
paradigm where everything happens very slowly and 
gradually, so slow that it is almost impossible to see or even 
to reproduce the theory in a laboratory in order to prove or 
disprove the theory. It is impossible to re-create a scientific 
laboratory experiment which lasts, for example, 5432 years. 
Totally impossible. Nonetheless, the use of very long-time 
scales in science is rather common and used in different 
branches of mainstream science such as geology and 
cosmology. Furthermore, certain agreements made upon 
scientific consensus, which do not allow any new 
information to penetrate the already agreed theory, "gate-
keepers" in peer-reviewing processes make sure that nothing 
new will enter the established paradigm. It is ignorance 
towards new perspectives and ignorance is the opposite of 
nescience, the very word, from which the word science is 
derived from. This alone is very ironic by itself, but the 
reason for this is quite likely the dogmatization and 
commercialization of science, in other words: 
Modern/mainstream science doesn't search for the ultimate 
truth, its goal is ultimate profit, assure funding, and therefore 
is keen to keep all the mysteries alive, from who has the 
biggest money is expected through political agendas. These 
processes of scientific agreement on theories which are 
based more on assumptions than on actual facts, nor 
reproduction in laboratories, have no or very few repetitive 
patterns and often lacks the ability of prediction, is known as 
a belief system. The theory falls apart at the moment it is not 
believed in anymore. Facts don't care about anyone's beliefs 
or feelings; they all stand on their own. In this paper, the 
author brings forward a new theory about peat and its 
creation, and its role in our environment. The author lives in 
Finland, the peat-richest country in the world. The Finnish 
name of Finland is Suomi, "suo'' means swamp/wetland, so 
it seems to be a place which identifies itself with it. The 
internet is full of texts, chemical analyses and economic 
calculations about peats. It also became part of the climate 
change conversation as a source of CO2. Which is one of the 

main reasons why it works as a fertilizer, provided by nature 
itself. You can find really accurate maps and all sorts of 
things related to peats. Many scientific papers have been 
written about the topic but nowhere is explained how exactly 
it came into existence. It remains also rather unclear what it 
is, in terms of biology and/or geology, so it is seen as a 
"geomorphological phenomenon". Quite much like 
metamorphosed rock, it is just there, and people figured out 
how to make use of it. We know quite accurately what it is 
made of and that there are differences between different 
peatlands. A holistic explanation of what is missing. It 
remains a geomorphological phenomenon, which might 
sound very scientific, but the words used to describe it, 
reveal also that it isn't understood. The only agreed 
consensus about it is that it is a phenomenon. 
 
Several questions about peat must be asked: 
What is it? 
Where did it come from? 
How did it form? 
Why is something like peat found on Earth? 
Could its dielectric properties have an influence on its 
environment? 
Why is it dielectric in the first place? 
Are there indications of peat interacting with its 
environment? 
 

The end of the last ice age, approximately 12 '000 years 
ago, was a very significant event. It made it possible for life 
to spread all over the globe, again. Life didn't disappear 
during the ice age, it got reduced in quantity and confined in 
places where it was possible to survive, near the equator. 
Several theories exist about how the great melting occurred. 
They agree more or less on one specific topic, which is that 
the melting seems to have happened rather quickly. What 
else than the sun could have provided the energy for it? The 
question remains about how it happened. The albedo effect 
of white surfaces, such as snow and ice, pose somewhat of a 
problem. Geothermal heat must be taken into consideration, 
it is a part of volcanism. This on the other hand implies yet 
another mystery: How is the heat beneath our feet produced? 
Some propose that Earth's core is a molten ball of iron, and 
the heat is produced by nuclear processes due to the immense 
pressure. How is it then possible that Earth's thermosphere, 
which starts about 85 km over the surface of Earth and 
extends to about 500 km altitude, can exhibit temperatures 
of 2000 degrees Celsius or more, if the heat of Earth is 
supposed to come from its core? Something really doesn't 
match in many common things still taught in schools or even 
universities. The following text tries to bring some new 
viewpoints to this topic, in a fresh way. Common sense, a 
holistic view and interdisciplinary scientific evidence are 
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crucial points of attitude which will guide us throughout this 
text. 
 

2. Comparison of different theories about 
peats, and other contradictions in modern 
science 
 

We will start this chapter with two quotes in order to 
show some basic contradictions within the topic: 
Quote Nr. 1 from the FAO Bulletin (1) (Food and 
Agriculture Organization of the United Nations): 
"Peats are generally considered to be partly decomposed 
biomass (vegetation). They show a wide range in degree of 
decomposition. Kurbatov (1968) briefly summarizes 35 
years of research into the formation of peat as follows: “The 

formation of peat is a relatively short biochemical process 
carried on under the influence of aerobic microorganisms in 
the surface layers of the deposits during periods of low 
subsoil water. As the peat which is formed in the peat-
producing layer becomes subjected to anaerobic conditions 
in the deeper layers of the deposit, it is preserved and shows 
comparatively little change with time”. (2) 
 
Quote Nr. 2 from Wikipedia.org (3): 

"Peat is a renewable source of energy in theory, but not 
in practice, due to its extraction rate in industrialized 
countries far exceeding its slow regrowth rate of 1 mm (0.04 
in) per year."(4) 
 

There seems to be some contradiction between those 
two quotes, timewise. It also is hard to distinguish between 
"formation" and "accumulation". The first quote refers to a 
rather short process, but the second quote refers to a slow 
process. For some reason the author hasn't been able to find 
any satisfying explanation of how peat got or gets formed. 
There is evidence in literature that the peat forms in certain 
times in history like 12000 years (5), 6000 years (6) or 
maybe even 3500 years ago. It is obvious the creation dates 
correlate to some degree with sun cycles (7, 8), but we also 
need to take into account what our ancestors recorded for us 
to decipher. The author thinks it is possible that peat forms 
more or less in a cyclical pattern. Also, it should be taken 
into account, that the creation of peats might have happened 
regionally. In other words: Plants, and other biological mass 
from a certain time period at a certain place might have 
persisted, whilst in another location of the same aged 
biomass, turned into peat. Eventually it got mixed up by 
winds or other meteorological processes and functioned as a 
fertilizer. Quite like it is still used in modern society. It is a 
natural process, so it shouldn’t be a surprise that nature 

works this way. In the first quote a biochemical (9) process 

is mentioned. So, we must talk about the meaning of the 
word "biochemical", which is obviously constructed of two 
words. It is a very interesting word because it forces us to 
think about life itself. Somewhere a distinction must be made 
between dead matter, and matter which is alive. The two 
parts of living and nonliving things are called biotic/alive 
and abiotic/not alive (10). Somewhere "the line" between 
living and not living must be drawn (11). It is something 
which has been done already many times throughout history 
and is one of the most fundamental questions of all, and of 
course the discussion is not over yet (12). In the author’s 

opinion, a form of distinguishment could be made by 
defining the amount, and the relative amount to each other, 
of "closed" and "open" electric circuits in a being or entity. 
Closed circuits are processes which are happening within the 
entity. Things like our blood circuitry, muscle movement or 
the movement of water within a plant, from the roots all the 
way up/out to the leaves are measurable processes, which 
cease to exist if the process inheriting entity cannot maintain 
a certain energy flow within itself. They are more or less 
confined within the being, they have often a physical form, 
are measurable and are in some cases also visible with the 
naked eye. In many cases they also exhibit certain patterns 
which are also seen in nature's electric display. For example, 
our vein network has the shape of lightning, they are an 
energy circuit after all. We are made of things like blood 
plasma (13) which, besides other functions, contributes heat 
throughout our bodies. Our blood contains iron (14) which 
is a very important part of our blood energy circuit, and it 
also undermines the electric nature of life itself. Every living 
being needs to have a certain amount of "closed" circuits in 
order to be an entity. No entity can exist without interacting 
with its environment, but the environment doesn't need the 
entity. All chemical processes are electrical in nature (15) 
and therefore we have to understand that changes in the 
electromagnetic environment can either slow down or speed 
up those processes. If the charge increases, and reaches a 
certain intensity threshold, we notice rapid changes. In an 
electrical environment change can happen lightning fast 
(16), literally. Earth is a capacitor in space (17) in which 
everything is connected, and therefore no islands are to be 
found (18). Earth has not only geographic poles (19), but 
also magnetic poles (20). This is something everybody 
knows, but the deeper meaning of it doesn't seem to be part 
of mainstream science. By deeper meaning I mean the fact 
that wherever there is a magnetic field, there is also an 
electric current and vice versa (21), this has been discovered 
accidentally already in 1820 by Oersted (22). Earth's 
magnetosphere (23), and its magnetic poles existence has to 
be considered as undeniable proof of an electric current 
flowing through planet Earth. But electricity is very often 
ignored as being a part of natural processes, especially in 
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cosmology. It even seems that the use of the word 
ELECTRICITY is consciously avoided. 

Gravity is not understood by mainstream science. 
Sometimes it even gets mystified, like in this article from the 
"New Scientist'' where 7 things which don't make sense 
about gravity" (24) are listed. The author doubts that this 
article was written by someone in his free time, so we must 
understand it, as either something written in a state of 
nescience or, as purposely made disinformation. It is not 
surprising to find many mysteries in science, like mysteries 
about the aforementioned gravitational "force", because it is 
simply not a force itself. It is only an effect of 
electromagnetism (25). The electrical force is 10-38 (the 
value varies from 10-36 to 10-39) times stronger than gravity 
(26). Einstein's theory of gravity has been debunked several 
times (27). This has to be taken very seriously; it will change 
the perception of reality and many mysteries will cease to 
exist. Pieces will "fall" naturally into place through a natural 
understanding of attraction and repulsion, frequency, 
resonance and geometry of the mechanics on every scale. 
Nature doesn't waste anything, ever, and peat is a great 
example of this. It is not only peat but also metamorphosed 
rock (28), volcanism (29), weather (30), history (31), 

mythology (32), religion (33) and astronomy (34) which is 
poorly understood, but also soil (soil organic matter SOM) 
in general (35). In other words: According to common 
theory, most things are unknown or mysterious, a proven 
fact, since they admit it by themselves. Despite this fact, all 
kinds of rules and laws are implied in regard to the use of 
peat, conservation and protection of peat lands. The arising 
question is: Is there a possibility that this also happens in 
other realms and topics than peat related? Is answered with 
a YES (36). In order to prove the ignorance of mainstream 
science towards certain scientific discoveries and paradigms, 
which could have changed the path of humanity for the 
better, decades ago, through a better understanding of our 
environment, history and mythology. I listed a few important 
names and their works, who didn't get, and still are not 
getting the attention, acknowledgement and respect they 
would have deserved, and still deserve: 
The author is aware this is not the "correct" way to present 
names and works in a scientific paper, but by doing it this 
way, the author makes sure that these names are noticed by 
the reader. 
 

 
- Kristian Birkeland (1867-1917) 7 times (!) Nobel 
Prize nominee 
https://www.apollon.uio.no/english/articles/2017/birkela
nd_english.html 
- Hannes Alfven (1908-1995) Winner of the Nobel 
Prize for physics in 1970 
H. Alfven, "Double Layers and Circuits in 
Astrophysics," in IEEE Transactions on          Plasma 
Science, vol. 14, no. 6, pp. 779-793, Dec. 1986,  
doi: 10.1109/TPS.1986.4316626. 
- Nikola Tesla (1856-1943) 
https://www.teslasociety.com/index.html 
https://teslauniverse.com/ 
- Immanuel Velikovsky (1895-1979) Psychoanalyst 
https://www.velikovsky.info/3. 
 - Ralph Juergens 
https://www.kronos-press.com/juergens/ 
- Halton Arp 
http://www.haltonarp.com/ 
- Anthony Peratt 

https://plasmauniverse.info/ 
Peratt, Anthony. (2004). Characteristics for the 
Occurrence of a High-Current, Z-Pinch Aurora as 
Recorded in Antiquity. Plasma Science, IEEE 
Transactions on. 31. 1192 - 1214. 
10.1109/TPS.2003.820956. 
- Michael Steinbacher (RIP) 
http://www.eu-geology.com/ 
https://www.youtube.com/@n0ble0bserver37 
- David Talbott 
https://www.thunderbolts.info/wp/author/david-talbott/ 
- Wal Thornhill (RIP) 
https://www.holoscience.com/wp/ 
https://www.thunderbolts.info/wp/ 
- C. J. Ransom 
Ransom, C.J., & Thornhill, W. (2007). Plasma-
Generated Craters and Spherules. IEEE Transactions on 
Plasma Science, 35, 828-831. 
- Viktor Schauberger (1885-1958) 
https://pks.or.at/en/ 

 
Peat and its properties, which sometimes also includes 

its electrical nature (37), is studied all around the world. It is 
partially decayed organic matter, but; Quote from the 
International Peatland Societies web page with the title; 
What is peat?: "Definitions of peat vary across disciplines 
and between authorities for different purposes and there is 
no universal agreement that is applicable in all 

circumstances."(38) The international Peatland Society was 
founded in Canada 1968 but is nowadays a registered NGO 
in Jyväskylä, Finland. The scientific investigation into the 
mystery of peat is a vast field, with many different 
approaches. One of the newer viewpoints on the topic of 
peat, has become the climate change discussion. Joseph 
Fourier might be the first who proposed CO2 to be the main 
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driver behind climate change in the year 1827 (39). The 
whole discussion about the role of CO2 as the main driver of 
terrestrial climate change, tied to the industrial revolution, 
doesn't make any sense at all. It is instrumentalized as a 
political tool and not based on logic, nor evidence. Nature 
doesn’t and can’t work in such a self-destructible way. No 
life could ever emerge. We only have to look at what plants 
need to grow: Light, Water and CO2. Quote from Oklahoma 
State University: "Photosynthesis is the process which 
involves a chemical reaction between water and carbon 
dioxide (CO2) in the presence of light to make food (sugars) 
for plants, and as a by-product, releases oxygen in the 
atmosphere" (40). This means that CO2 is a very important 
part of Earth's atmosphere, without it, life couldn't exist. 
"Back in the days” when dinosaurs roamed the Earth, the 

CO2 content of the atmosphere was much higher than it is 

nowadays (41). Some of the dinosaurs were very big and 
they conclusively also needed a lot of food, which obviously 
was provided (Fig 1.2.). Only with a much higher level of 
CO2 in the atmosphere could plants provide enough food for 
the dinosaurs. The overall charging potential of planet Earth 
also had a big influence on the size of the species. A higher 
charge potential means a stronger gravitational pull. This 
indicates that planet Earth seems to grow (43) and the 
species are getting smaller (44).As demonstrated above, 
many topics in mainstream science are still "largely 
unknown", "mysterious" or even "enigmatic", despite 
science being announced to be "settled" (45), an obvious 
contradiction. We now have the possibility, finally, to go 
into a new interpretation, concept or theory about the 
"geomorphological phenomenon" called peat. 

 

 
Fig. 1. 2. A simple diagram, which shows how the CO2 content of Earth's atmosphere declined over time, and it also could give some 
people headaches. The presented timelines should be taken with a grain of salt. (42) 
 

The overall charging potential of planet Earth also had 
a big influence on the size of the species. A higher charge 
potential means a stronger gravitational pull. This indicates 
that planet Earth seems to grow (43) and the species are 
getting smaller (44).As demonstrated above, many topics in 
mainstream science are still "largely unknown", 
"mysterious" or even "enigmatic", despite science being 
announced to be "settled" (45), an obvious contradiction. We 
now have the possibility, finally, to go into a new 
interpretation, concept or theory about the 
"geomorphological phenomenon" called peat. 

 
3. Creation and accretion of peat from a new 
perspective 
 

Let's go back in time, let's say, 17000 years or so. Some 
parts of Earth were covered by ice and snow, but there were 
also vast forests and grasslands that covered the surface of 
the Earth (1). Huge herds of animals fed on the abundant 
food sources. Some settlements of people were found rather 
sparsely contributed over the landscape (2). This assumption 
could be totally wrong. The amount of people, the size and 
amount of settlements could have been much bigger than 
anyone ever could imagine! It is mainly based on 
archeological findings within the paradigm of consensus 
theory, but it is not a crucial part of this paper to discuss 
whether there were many sophisticated cultures present or 
not. We are treating all animals, people and plants equally as 
biomass, because all biomass on Earth is based on carbon 
(3). In a study of the inorganic chemistry of peat in the 
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Okavango delta system in Botswana, is stated about the 
origin of inorganic matter: Quote "allochthonous kaolinite 
(40%) and quartz (20%), and both allochthonous and 
autochthonous phytolithic silica (30%). Several inorganic  
components  (Fe, K, P, Na, Ca and Mg) which make up the 
remaining  10% are associated with the organic fraction" 
(4). It is important to understand what the words 
allochthonous and autochthonous mean, in order to point out 
something significant. Autochthonous means that the 
minerals were found at the same place as they were formed, 
they were created in-situ. Allochthonous on the other hand, 
means that they were formed "somewhere else", in other 
words: They don't know where they came from. The term for 
something in between is parautochthonous, despite this not 
being relevant, the author likes to mention it here, for the 
sake of completeness, and it is a funny word after all (5). 
Phytolithic silica (6) is still an unsolved problem in botany. 
Plants "somehow" create cell-sized, or even several cells 
combined-sized, silica deposits, that also have the form of a 
cell. The reason exactly why or how it happens remains 
unclear. These parts of plants have CO2 and other chemical 
compounds stored within this piece of silica. Because it is 
silica, it does not decay. As earlier mentioned, we have 30% 
silica and 20% quartz in peat, at least in this particular case. 
Quartz and silica are the same material, so why are they 
mentioned this way? The difference between the two lies is 
in the arrangement of the atoms, silica is amorphous and 
quartz crystalline (7). The easiest way to explain the 
difference between the two is to talk quickly about the 
production of glass (8). Quartz rich sand, or quarried quartz 
(rock quartz) gets heated up to about 1700 C degrees, the 
melting point of quartz, by which the crystalline structure 
disappears and gets clear. Otherwise, you wouldn't be able 
to watch out of the window due to the refraction of the 
crystalline structure of quartz. Of course, the process of 
making glass is much more complex, many other things take 
place, like taking out impurities and adding chemicals 
(which is basically just changing the impurities), in order to 
make the melting point lower. The final properties of glass 
can also be influenced by the cooling process, either slow or 
fast. Some glass is also chemically treated in order to get a 
very hard surface, this process is called "ion-exchange 
process", which exchanges sodium ions with potassium ions 
in a salty solution (9). Most glass produced is a mixture of 
three main ingredients and therefore called soda-lime glass 
or "waterglass". Commonly the mixture is 75% silica (Rock 
quartz is used more often than sand), 10% lime (Calcium 
oxide, CaO) and 15% soda (Na2CO3)(10). The fact that peat 
contains amorphous silica indicates that it must have 
experienced some kind of extreme heating, at least some 700 
C degrees. When searching for sources of heat, common 
theory refers usually to volcanic activity, geothermal 

activity, or heat which occurs deep underground, in order to 
provide an explanation. Sometimes asteroid impacts are also 
used as a source of heat, which could be possible (11) on 
very rare occasions. We know that Earth is a capacitor in 
space (12). So, we have to take fluctuations in Earth's electric 
circuitry into account and remember the scalability of them. 
The amount of energy the universe could provide is immense 
and hard to imagine. All the different layers of Earth contain 
energy, the atmosphere with its many layers is no exception. 
Everybody has experienced lightning. It is an atmospheric 
discharge event, except it is positive lightning, rising up from 
the ground, which can be seen as a ground discharging event 
(13). A lightning bolt has an approximate heat of 50,000 
degrees Fahrenheit or 27,760 degrees Celsius (14). This 
amount of heat would easily evaporate silica and many other 
materials. Silica changes its state from liquid to gas at 2900 
C degrees (15). Until 1414 C degrees it is solid. Polar-lights 
or aurora borealis/australis (16) produce up to 1400 K 
(1126.85 C) temperatures (17). It might also be much higher. 
Earth's magnetic field is weakening, the poles are on the 
move (18) and we are experiencing already many kinds of 
changes in weather (19), seismicity (20) and volcanic 
activity (21), not only on Earth but also on almost every 
planet in our solar system (22, 23), the sun included (24, 25). 
With this said, it is clear that the atmosphere can produce 
heat sufficient enough to melt silica. With more and more 
recurring "rare" events, such as the "rare pink aurorae" (26), 
we can only imagine what happens when the aurora actually 
touches the ground. Some of the indigenous people of 
Australia associate aurorae with fire, death and destruction 
(27), their ancestors have survived such an event. One of the 
best-known ancient stories  from the Aborigines, is the story 
of the rainbow serpent (28), which is very closely related to 
water. It is said that it connects from water body to water 
body, and it is the reason why some water holes never dry 
out, even in extreme drought conditions. In other words: A 
plasma discharge, either ground to cloud, cloud to ground 
(positive and negative lightning) or a ground-to-ground arc 
discharge, from water source to water source. Some 
remnants of these events are still visible today: water holes 
(29), kimberlite pipes (30) and mountains (31). This might 
be the origin of the saying "at the end of the rainbow is a 
treasure", kimberlite pipes are places where diamonds are 
found. These kinds of events must have produced 
unimaginably powerful shock waves and winds of biblical 
proportions. The shockwave pulverized and heated up all 
biological creatures on the surface of Earth in the vicinity of 
the shock. In an instant, some of the material evaporated 
(gas), some of it burned (ash, coal) and a fair part of it got 
vitrified. These events happened rather regionally but we 
need to understand that these electrical discharge events 
were just a part of the overall weather instability. Some of 
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these events may have occurred several times with different 
magnitudes, at the same place due to the geological pre-
setting of the ground. We have to remember that these events 
didn't take place on a sunny day. In other words, the weather 
was bad. Very bad. Water has been everywhere, clouds, rain 
and different kinds of water bodies. The process got cooled 
by the water present in the atmosphere, and like in glass 
production, where different styles of cooling processes are 
used, the melted silica went through many stages of heat 
processing with all kinds of results. The presence of water in 
the atmosphere might have fluctuated greatly from place to 
place. Biological life forms contain water all by themselves, 
which means that water was always present but maybe not 
in an amount that would have been sufficient for having a 
cooling effect. Material could have undergone several 
electromagnetic transmutations and due to the fluctuations 
of the events themselves, some material could have 
undergone some changes in its chemical composition, whilst 
other materials didn’t change at all due to their chemical 

composition and therefore electric circuitry i.e. geometry 
and charge potential, platonic solids. Things like heat, 
strength of the induced currents, polarity of the event, AC or 
DC, hence the magnitude and nature of the event, has had a 
very great influence on the outcome. Biomass got 
instantaneously pulverized and vitrified, then carried away 
by the winds. The vitrified biomass got further pulverized as 
the already small particles collided constantly in the air. Due 
to its biological origin, it might be lighter than common stone 
dust. The grains are also very small, so they might have 
stayed a-loft much longer in the winds of the events. Maybe 
for months or even years and settled as the last layer. That 
could be the reason why it is often found as a top layer. Peat 
is heavier than water, so it will accumulate in places with 
water, where wind doesn’t carry it away, such as the bottoms 

of the seas. This also means that peat found in certain places 
might have had its origins somewhere else and could be seen 
as a meteoritic deposit. The relatively high content of metals 
in peat (32) is also a very important factor to notice as a 
factor of electromagnetic separation according to their 
magnetic properties in different temperatures. The 
accumulation of peat in certain areas is quite likely linked to 
surface conductivity-, magnetic features and other things 
which could have influenced the accumulation of the “peat-
cloud”. After its first accumulation on the ground, it 
experienced a secondary accumulation process. Either water 
carried it away or if it dried up, wind could have carried it 
again to other places. As we speak now of winds after the 
event, we can use the word in a “normal” sense. The 

ionization of the atmosphere has decreased significantly, and 
electromagnetic properties of the atmosphere on dust don’t 

have the influence as they had in a strongly ionized 
environment. If peat accumulated in places with water 

bodies, it started to accumulate in ponds and lakes. Further 
accumulation into standing water bodies happened and still 
happens through drainage mechanisms from precipitation. 
The process of petrification is called permineralization (33) 
that can be divided into three subgroups: Carbonate 
mineralization, silification, and pyritization. As earlier 
discussed, we have silica in its crystalline and its amorphous 
state in peat. This is an important point to take into further 
consideration about the formation of peat, the petrified 
biomass, because it is an indicator of heat being present at 
the time of its formation. In the paper “Rapid pyritization in 
the presence of a sulfur/sulfate-reducing bacterial 
consortium” (34), published in 2020, the influence of sulfur 
in petrifying processes was investigated. Also, the possible 
origin of sulfur was in debate as it is generally assumed that 
sulfur is produced either by microbes or volcanism. The 
author explained in part two of this previously published 
paper how it seems to be likely that some of the sulfur on 
Earth seems to have come from the heavens (Venus), and 
that these processes included heat, pressure and electric 
currents. Things needed to create minerals and metals. Their 
experiments did not lead to any significant forming of pyrite 
(35). No heat or electrical currents were used in their 
experiments. When considering chemical processes, like 
stated earlier, it is all about valence transfer (36) of the 
different ingredients, a natural establishing of a charge 
equilibrium between electron donors and receivers. 
Increasing the overall environmental charge by inducing 
electricity, not only speeds up processes, but it might change 
specific properties of the involved materials, so that the 
outcome will be very different compared to a “cold” (no 

induced electricity, no application of heat etc.) experiment. 
The author thinks that they might have left out something of 
their experiment, something very important but also very 
obvious. Heat. Nature provides heat in two ways: Either 
from below through volcanic activity or from above, let’s 

call it atmospheric activity. There are no hot volcanoes in 
Finland, nor plate boundaries, but all sorts of minerals and 
metals which need very high pressure and temperatures for 
formation, such as diamonds. We are left with atmospheric 
activity. The scientists who did the experiments probably 
should have looked up the etymology of their main topic in 
focus, pyrite. The mineral's name comes from the Greek 
word “pyr”, which means fire. It is said that pyrite got its 
name because it sparks when hit with iron. The possibility of 
the origin of the word being only partially true comes from 
the thought that the creation process of pyrite might have 
included fire. Simply explained: No fire, no pyrite. The 
process of pyritization involves sulfur. Pyrite occurrence is 
linked, according to geologyscience.com (37) to three 
geological processes: Hydrothermal-, sedimentary- and 
metamorphic processes. The hydrothermal process is 
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explained by hot and mineral rich fluids in rocks which 
eventually form pyrite. The sedimentary process is explained 
by organic matter releasing sulfur which turns into a sulfide 
and then combines with iron. The third, and in the case of 
Finnish pyrite, the most likely pyrite forming process, is 
metamorphism. Quote from Geologyscience: “Pyrite can 
form during metamorphism, which is the process of changes 
in mineralogical, chemical, and textural characteristics of 
rocks due to high temperature and pressure. Pyrite can form 
during regional or contact metamorphism, where existing 
iron-rich minerals are subjected to heat and pressure, 
leading to the formation of pyrite.” The metamorphism 
changes basically everything of the material, an explanation 
of what provided the heat and pressure is not given. Peat 
contains sulfur, mostly in the form of pyrite which usually 
occurs as very tiny crystals. Quote from “Characteristics of 
sulfide bearing soil materials in peat extraction areas in N-
Finland” published in the Journal of Geochemical 
Exploration (38): “These concentration peaks in peat show 

that substantial amounts of elements are introduced not only 
by weathering and/or capillary and lateral groundwater 
flow of the underlying geological material, but also by 
atmospheric deposition.” The very last part of this quote is 
the most interesting, atmospheric deposition. Despite the 
paper lacking an explanation of what exactly is meant by 
atmospheric deposition, in the author’s opinion, something 

like the earlier mentioned “peat cloud” that was created by 

atmospheric discharge events, would fit perfectly as an 
explanation of atmospheric deposition. There are still further 
clues which support the peat cloud theory. It is not only 
about the layering, but also about the bedrock. Generally, a 
muddy/silty and sulfur containing layer was found just 
below the peat layer, often it is referred to as silt. Silt is 

considered a glacial deposit (39) which occurs in all kinds of 
different constituencies, layering patterns and different grain 
sizes. From very fine-grained powder up to boulders. There 
is no doubt that glaciers wouldn’t have influence on the 

ground on which they are and produce their own kind of 
erosion. Referring to the Mountain Water paper, the author 
thinks that there is much more to the picture than just gradual 
abrasion through the glacier’s movement over time. There 

have been glaciers in Finland, too. They have, according to 
common theory, carved out all the lakes and rivers, but also 
left behind a glacial silt. In the aforementioned paper about 
the sulfides in peat lands in Finland, the researchers’ focus 

seems to be somehow on one specific type of bedrock: Black 
Schist (40). Schist rocks are generally considered medium-
grade metamorphic rock. The “original” material, also called 

protolith, contains clays. The topic of clay is under 
investigation by the author and will be possibly processed in 
a following paper. Nonetheless, whatever clay turns out to 
be, we need to assume that clay is strongly related to 
groundwater. The protolith in the case of schist, was quite 
likely a very watery environment. This indicates that the 
term protolith doesn’t really fit the picture. In order to get 

schist, we need to take a look at the different stages of 
metamorphism of schist. The basic materials from which we 
can build up the different stages are clay, silt and other fine-
grained materials. Clay seems to be a very important 
ingredient which is always present, but the constituency of 
the rest varies greatly. With this being said, we must 
recognize already, what a wide variety of “end results” 

through different kinds and different strengths of 
metamorphological processes we will end up with. 
 

 
Here is a short list of the metamorphological stages of schist (41): 
 

- shale, protolith 
- slate, low-grade metamorphism 
- schist, high-grade metamorphism 
- gneiss, high-grade metamorphism 

 
We have a very large variety of different kinds of rocks 

that are classified as schist, slate, shale or gneiss. They can 
look very different, have different ingredients and 
properties, but they also share an alignment to a certain 
direction of the minerals. The alignment increases with the 
amount of metamorphism, this is not just a random 
occurrence. The author believes that the same force or 
process which provided the heat and pressure, has also been 
involved in the alignment process of minerals. The force in 
question is electromagnetism, i.e. weather. Again, the author 
wants to emphasize that the term weather includes not only 

“our” weather, tropospheric weather. The term weather 
includes all layers, from deep below, from the core-
plasmoids up to the crust and further out to the 
magnetosphere. The alignment of the minerals suggests 
strongly that the mechanism behind those alignments is a 
strong magnetic field during the creation of the rocks. Only 
electric currents produce magnetic fields. The minerals align 
according to their magnetic properties and the prevailing 
direction of current. Magnetic fields are always 
perpendicular to the current flow. We must consider mixing 
weather patterns, which includes of course vortex structures. 
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The intermixing of atmospheric and ground currents. Black 
schist is, in the opinion of the author, basically “very badly 

burnt” schist. A little bit more heat and/or time of induced 

electricity, and therefore also an increased heating up of the 
mass would have turned it into graphite. Graphite, besides 
kimberlite, is investigated by many, not only because 
graphite is a very good conductor, but also often associated 
with diamonds. It is not only the diamonds which are 
associated with the black schist but also many metals, of 
which some have been “always” of interest, and some gained 

interest on a larger scale only in recent years. The 
Outokumpu region in eastern Finland is a very interesting 
place, as is once more mentioned in the paper ‘Geochemistry 

of Proterozoic metamorphosed black shales in eastern 
Finland, with implications for exploration and 
environmental studies’ (42) Quote: “The Outokumpu rock 

assemblage (serpentinite - calc-silicate rock - cherty 
quartzite - black schist) contains a black schist type not 

known to occur anywhere else in the Proterozoic of Finland: 
black schist with greenish grey tremolite-rich layers.” There 
has been quite something going on, once upon a time in 
Finland, and it was electrical in nature. As a side note on the 
contradictions and other unclarities in so-called settled 
science, the author would like to bring forth the quartzite 
problem (43). There are disagreements on whether quartzite 
is a metamorphic rock or a sedimentary rock. This seems to 
indicate that there are also difficulties with the origin and 
creation of quartzite. That the mineral is very hard but also 
can contain metal inclusions is familiar to the author, 
because he found a piece of quartzite (Fig. 3.1.)) at a 
relatively random location, near the Plasma Rocks Site, at 
the parking place. So, the origin of the piece is impossible to 
tell, it might be from the Plasma Rocks Site itself, after all, 
but we don’t know, and it doesn't really matter because it’s 

found within the region of the minerals occurrence. 

 

 
Fig. 3.1. The author spent quite some time trying to get this piece as smooth as his patience allowed it. In other words: This is a very hard 
stone! The metal inclusion’s surface is lower than the surrounding material, which means the metal is softer than the mineral around it, 
and got grinded away, 
 
More clues of electricity being the main player in the events, 
not volcanism nor random meteorite impacts are shown in 
the figures following (Fig. 3.2., 3.3. 3.4.). In the 

aforementioned paper about the black schist there are some 
very interesting pictures for people with an electric eye, i.e., 
pattern recognition of electric (discharge) mechanisms. 
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Fig. 3.2. Graphite is a very good conductor and so we could take the correlations between the graphite deposits and a propagating 
electromagnetic wave not only as proof of electricity being the main force of the creation of these geological features. Super enhanced 
Geomagnetically induced currents coupled with atmospheric currents seem to be quite likely the cause of these rock formations. There is 
also a plasma discharge laboratory experiment in the picture, because plasma is an electromagnetic phenomenon and obviously can produce 
somewhat similar features as are found within the rocks. 

 

 
Fig. 3.3. A similar principle of certain materials being attracted, deflected or orientated to or by magnetic fields. This is important to 
understand because it represents the scalability of electromagnetic forces. (Source: Loukola-Ruskeeniemi, Kirsti. (1992). Geochemistry of 
Proterozoic metamorphosed black shales in eastern Finland, with implications for exploration and environment studies) 
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Fig. 3.4. A slice of a rock sample, made by the author, which exhibits a similar pattern as explained in the black schist paper. The most 
important thing to note is that the pattern is visible on both sides of the stone which means that there was not up or down at the moment 
of creation of this pebble. Remember: Gravity, on which usually the up or down is based , is only a side effect of the electromagnetic force. 
Another proof as an explanation these kinds of patterns might be wrong for plate tectonics. (Picture by the author, the piece was also found, 
cut (circular saw) and polished (by hand) by the author) 
 
In order to emphasize nature's electric way to get things 
done, the author wants to bring forward a very amazing and 
intriguing paper about a 3-D modeling of ores in Finland. As 
explained in Part II of this paper, energy always goes both 
ways and not everything gets physically pushed but also 
pulled, either directly by magnetic forces or it gets pulled up 
by winds, which are expressions of electrical currents whilst 
spin direction is defined by polarity, i.e., magnetic-vortex 
spin direction. The earlier discussed kimberlite rocks and 
their associated kimberlite pipes make yet another 
appearance in this paper, the topic is very interesting! 
Kimberlite pipes are poorly understood and generally it is 
assumed that they are ancient volcanoes which erupt only 
once. Furthermore, they are often in places with no fault 
lines or other significant volcanic activities, a very good 
example for such a place is Finland. Not only do we find 
kimberlite in Finland, but we also find some other, in a way 
similar geological occurrence. Most are familiar with 
Fulgurites (44). They are petrified, lightning strikes, if the 
lightning strikes a sandy environment they can be easily 

excavated. The immense heat fused the materials in the 
ground together. A somewhat similar process might not only 
have created the sandstones on Earth, induced electricity 
fused the silica grains together, but also created the 
Outokumpu copper hill, another very interesting geological 
feature of Finland (45). The knowledge about this feature 
was only possible to accrete in recent times, because without 
a very high standard of technical know-how and a lot of 
money, these features of geological formations would have 
never been discovered. The author would like to express his 
admiration and respect towards engineers of all kinds, 
because they are the ones making these kinds of discoveries 
(Fig. 3.5.) possible in the first place. Thank you! This great 
technical achievement also reflects the impossibility ancient 
people would have known about such mineral or metal 
occurrences. Still, their tales match the creation process of 
the geological features better than the prominent geological 
theory. Just think about the “Revontulet”, the “Fox-Fires”, 

aka Aurorae. The ancient knew about static electricity and 
the heat of aurorae, at least. 
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Fig. 3.5. Results of modern day technology are amazing, no question. Being able to see giant fulgurites in the ground is even more amazing! 
(source: Geological 3D Modelling of Aijala-Metsämonttu Cu-Zn-Au-Ag-Pb deposits, Joonas Sandström, 12/2021, Master's Programme 
in Geology and Geophysics, University of Helsinki) 

 
There are many other geological features in Finland 

which are under investigation, not only by the author but also 
by experts. Many examples of electricity playing a very large 
role in the creation process of the landscape are being 
brought forward and compared to conventional geologic 
theory. Considering rapid petrification as a mechanism in the 

creation of peat, the author would like to point out that this 
has been achieved in a laboratory (46). We must consider 
that nature is capable of doing such things much faster and 
on a much larger scale. Also, the possibility of such events 
having occurred already more than once, cannot be ruled out. 

 

4. Peats active role in the environment and in the 
end of the last ice age 
 

Peatlands are often wetlands. Water is very abundant on 
Earth, even more than previously thought (1) and it has 
specific electrical properties (2). Pure water is a very good 
insulator (3) but very rare to be found as such in nature, 
because it is also a “universal solvent” (4) due to its 
hydrogen bond variability (5). A wetland environment 
contains a large amount of “impurities”, which can dissolve 

in water, in other words: the water is charged. We also have 
to remember that water pouring out of the ground has its own 
charge, which can immediately change as it comes to the 
surface and gets in contact with air. For example, calcareous 
Tufa depositing systems (6) which are found in many places 
in the world. Very calcium rich water comes out of the 
ground, and it experiences an immediate change. It releases 
CO2 in the air and calcium gets deposited. I think that raised 
bogs (7) or also called ombrotrophic bogs may have a 
somewhat similar process which makes them grow, the 

emitted gas or element might also be different. Peat has the 
ability to store or capture an enormous amount of water (8). 
It is a very porous material which means the actual surface 
of it is rather great, relatively. When talking about surface 
interactions of water, we have to take into account the effect 
it has on the water itself. Water close to surfaces exhibits a 
charge differential within the water itself; it is much more 
organized than bulk water. It is the so-called “exclusion-
zone”, EZ-water (9). Since water in nature is always charged 
to some degree, we need to assume that these exclusion 
zones might be either smaller and weaker as expected, or 
much bigger, stronger and more influential than previously 
thought. PhD G. H. Pollack did experiments about the 
water’s exclusion zones reacting to metal plates, the results 

were unexpected but also very interesting. It turned out that 
water establishes connections between different metals and 
it also transfers charge. Water also charges metals. In one of 
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the experiments where zinc and platinum were used, zinc is 
highly reactive whereas platinum is not. Zinc had 
immediately a strong EZ layer but the platinum, as expected, 
did not. Zinc made the water also more alkaline. After 
connecting the two electrically with a wire, the platinum also 
showed EZ water layer (10, 11). In the paper about peat, 
from the Journal of physics where heavy metals were studied 
“Geochemical Distribution of Heavy Metals in Peat Soil 

Profile and Estimation of Water Table Patterns in Peatland 
at Klias Peninsula, Sabah.” (12) are several diagrams shown 
about the metal content, and it becomes clear that iron is by 
far the most abundant element. Zinc plays an important role 
too, but it seems that at least one diagram is strangely 
manipulated (I am suspicious enough to think that this is not 
a mistake). The following picture/diagram is from the 
mentioned paper. 

 

 
 
Fig. 4.1. Figures from the paper mentioned above. Note how the depth of the samples differs by one meter, from 6 m to 5 m. Also note 
how the iron concentration spikes upward from 5 to 6 meters. Why are there no measurements from the depth from 5 to 6 meters available 
from zinc? We can only guess… The author thinks it spikes upwards too. Furthermore, we have to note that the concentration scale is not 
the same either. The one on the right is six times smaller than the one on the right, so the spike in iron content would be much better visible 
if they would be similarly scaled. (source:  S N M Zamri et al 2022 J. Phys.: Conf. Ser. 2314 012024) 
 

In the author's opinion, water plays a much bigger role 
in the peat world than previously thought, this conclusion is 
a straightforward logical assumption, based on a more 
holistic view of the environment which includes 
electromagnetism. In peatlands, in its liquid state, it is only 
present in its unclean form, so it works as conductor. We 
have a great abundance of metals with their own charges and 
electromagnetic properties, and quartz, mixed together as 
very tiny pieces and soaked in a conductive medium, water. 
Just the fact alone that peat is highly hydrophilic (13), 
implies that peatlands are charged waters, because soaked 
water is basically “only surface water”, or, better said, EZ 

water. This, combined with all the metals included, already 
makes up a great mix of natural electricity circuits and 
charge potentials. Some peatlands are in regions with clay 
(14) occurrences, other peat regions are in limestone/karst 
(15) regions. Both are alkaline environments, and both are 
strongly associated with water. 

Let’s talk first about clay. I think that clay is an intrusive 

material which originates from the interior of Earth and 

should be seen as a volcanic element from mud volcanoes 
(16). It doesn’t need heat to get liquefied (17), it needs water, 
gases or vibration. In other words: a mudflow made of clay 
isn’t necessarily hot, but the water in it will eventually 

evaporate and the clay will get harder over time. Often the 
groundwater level in “clay-lands” is rather high, since it has 
been once a “very dirty waterflow” by itself. Over time, 

thousands of years, such as sun cycles and by planetary or 
asteroidal encounters, coupled with energy surges in Earth's 
circuitry itself, some of the clay got vitrified (18) by 
electrical discharge events and turned into rock which is 
commonly known as schist (19). The abundance and 
importance of water correlate well between peat and clay. 
Without it, they couldn’t “perform” their nature and 

therefore their role in nature. This could explain the 
abundance of peatland in clayish environments, peats are 
heavier than water but lighter than clay, and where you find 
clay, you also have water. Of course, some aquifers might 
dry up because of Earthquakes destroying the connection to 
the waters below (20), changing weather patterns, or even 
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excessive use by humans (21), so the layer of clay dries up 
very deep into the ground. If it dries up, it can form an almost 
impenetrable barrier for water, as well for water from above 
as for water from below. The water from below will break 
through the barrier when the pressure is high enough. If the 
supply from the waters above is sufficient enough, it will 
soften the ground gradually until it’s all muddy again. Again, 

no heat needed, only water. Earthquakes will have a great 
influence on the aspect of liquefaction, too. Clay can get very 
liquid, very quickly. As some incidents of “quick-clay” 

landslides in Norway have shown (22). When assuming that 
volcanic activity at the time of the events, in this case the 
focus is on “waterbased” volcanic eruptions, such as the 

aforementioned mud volcanoes or cryptodomes (23), was at 
much higher levels, anyway. Then we also have to assume 
that the abundance of surface water and wet ground was also 
much greater, also without rain. 

Karst regions (24) are mostly limestone (25), and are 
known for the abundance of caves and gorges but also the 
great amount of wells and good groundwater circulation, an 
alkaline environment. The formation of karst regions 
remains a mystery in common theory of geology (26) despite 
attempts to bring up a new explanation (27), the role of 
electricity in rock forming processes is not taken into 
account. Let me bring forth my own, brief and therefore 
incomplete explanation about the genesis of karst: 
Limestone consists to a great degree of calcium which has 

only one electron more than potassium. I think with an 
increased electromagnetic potential, different pressure and 
heat in the environment, potassium gets “charged” i.e. it 

gains an electron and is thereby transformed into calcium. 
The chemical does not undergo an oxidation or a reduction 
process, it undergoes elemental transmutation which also 
includes a change in its geometry. It is alkaline, which is a 
very important similarity with the kinds of minerals we find 
in peat. In a study about the mineral content of peat (28) were 
listed several minerals which were identified. 

In the paper: “Effect of pH on the stability of quartz in 
a multi-phase system of kaolinite, hydrous Al hydroxide and 
quartz” (29) is shown how the PH affects chemical reactions. 
Again, all chemical reactions are electric events and 
therefore PH has to be seen as the charge and its polarity of 
the environment. An acidic environment is positively 
charged whilst an alkaline environment is negatively 
charged (30). At the end, it all comes down to the amount of 
positively charged hydrogen ions relative to the amount of 
negatively charged hydrogen ions, but basically, hydrogen is 
charged negatively, the hydrogen anion has a net negative 
charge (31). Hydrogen is the most abundant chemical 
substance in the universe (32), therefore we have to assume 
it is so also on Earth. It shouldn’t come as a surprise that the 

mentioned minerals in (Fig. 2) are all alkaline and mainly 
made from the same “stuff”, in different configurations. 

  

 

 
Fig. 4.2. Interesting is, that quartz is listed, but silica is not, despite the similarity of the difference being in the amorphous or crystalline 
structure of the mineral. Much like it makes the difference between microcline and orthoclase. Something must have altered some of the 
materials  with heat. Induced  electrical  currents  can do that easily. (Source : Martínez  Cortizas  A, López-Merino  L, Silva-Sánchez  N, 
Sjöström  JK, Kylander  ME. Investigating  the Mineral  Composition  of Peat  by Combining  FTIR -ATR  and Multivariate  Analysis . 
Minerals. 2021) 
 
Quartz:  SiO2   silicate, oxygen (33) 
Microcline:  KAlSi3O8   potassium, aluminum, silicate, oxygen (34) 
Orthoclase:  KAlSi3O8   potassium, aluminum, silicate, oxygen (35) 
Albite:  NaAlSi3O8 sodium, aluminum, silicate, oxygen (36) 
Anorthite: CaAl2Si2O8  calcium, aluminum, silicate, oxygen (37) 
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Ph interaction with silica is an important factor, its 
variability is a nice example of the dynamic nature of charge 
exchange (valence), because they can have huge influence 
on the environment. For example, this statement from a 
study about engineered nano silica particles for oil recovery, 
from the King Abdullah University of Saudi Arabia: Quote 
“The silica nanoparticles have a high negative charge in 

alkaline conditions and become slightly positively charged 
as pH ≤4” (38). Another very interesting valence-process 
which includes silica is so-called “concrete cancer” or ASR 

(alkali-silica-reaction) (39). Concrete cancer is a process 
where the alkaline ingredients of cement/concrete start to 
react with the amorphous silica content if sufficient moisture 
is available. The result is an expansion in volume. Through 
the force and magnitude of the expansion it produces cracks 
and weakens the construction. We have concrete 
construction, which is the solid and stable part of the 
interaction, and we have the fluctuating part, the moisture. 
Moisture is provided by the atmospheric conditions, so it 
fluctuates a lot, compared to the state of the concrete. The 
main driver behind this process is in the fluctuating element 
containing hydrogen in different states of charge, hence, ion 
exchange. I think the process of ASR also happens in nature, 
maybe invisible, inside Earth. It could make mountains 
bulge or create land uplift. Silica collects water which also 
can be released to the environment, maybe this could happen 
rather quickly too. The aspect of hygroscopy (40) is yet 
another important part of the energy circuitry evolving 
water; it might be something similar to EZ water, but the 
author isn’t sure about this. Hygroscopy takes place when 

water molecules get suspended between the molecules of 
materials. It charges the material and changes therefore also 
their properties, such as volume, temperature, viscosity and 
other properties. Zeolites (41, 42) are also something to take 
into account. They are “water-trapping” solids made of 

silica, aluminum, oxygen and alkaline Earth compounds 
such as magnesium, potassium, sodium, plus the water 
molecules trapped in them. They can be produced for 
industrial use in order to process oil into gasoline, for 
example. Not only can they be re-used due to their self-
cleaning properties, but they are also very heat resistant. We 
must assume that something similar exists in nature and 
possibly plays an important role in natural environments. It 
might be one of the reasons why peat can hold so much 
water. 

The “peat-cloud” settled in places with water, and 

opposite polarity relative to the peat-cloud. As described, 
calcareous rock and clays are alkaline, but peats are acidic, 
so they may have had a natural magnetic attraction towards 
each other. Another reason why peats accumulated in certain 
areas more than in others might be the geological imprints in 
Earth’s crust. Meaning, those areas with a positive charge 

create naturally counterclockwise vortices (northern 
hemisphere), which in terms of weather means a high-
pressure weather system, i.e. not much wind. The material 
ionized by the shockwave, traveled through the atmosphere 
as an ionized cloud and pulled in iron from the environment 
when it was in liquid state. The environment might have 
been enriched with iron, such as Mars’ encounters with 

Earth. Maybe the deposition process was similar to an 
industrial process called: Plasma-enhanced chemical vapor 
deposition (PECVD) (43). Peat contains quite a lot of iron, 
which is usually present in an oxidized form. The importance 
of iron has also been recognized in several studies about 
peats (44), and it is also seen as a source of iron for the 
lifeforms of the seas. What I find very interesting is the fact 
that peat contains Fe (III), iron in its 3rd oxidation state. It is 
the only form of iron, which is useful for organisms, from 
algae to humans. We should recognize this as something 
very important, it might be as important for Earth as it is for 
us. Earth is a huge organism, too. A further source of iron, 
besides the initial aggregation through electromagnetism and 
ionization, could be groundwater sources with great iron 
content. It might have been transformed from its “original” 

state, when coming out of the ground Fe (II), into Fe (III). A 
somewhat similar process as we see in growing tufa ditches. 
There are many examples of how limestone and iron “go 

well together”. Here are two, both from Switzerland: The 

“iron-well” or “place of power” Grimmiwasser (45) in the 
canton of Bern, near St. Stephan, and the oolithic iron 
(sphericules) ore occurrence in the Jurapark in canton 
Aargau (46, 47). Not only the accumulation of the ore in 
layers of limestone, but also its creation happened quite 
likely through electrical discharge events and included a lot 
of water. The spherical iron deposits looked like someone 
was welding with an arc-welding machine, it sputtered, the 
iron sparks fell into water, where they preserved their 
spherical shapes. It should not come as a surprise that in the 
Jurapark there are also peatlands present. Not big ones, but 
there are a few. The magnetic properties of iron (48) change 
from ferromagnetic to paramagnetic at the curie-point which 
is 770 C degrees, which is about the same temperature which 
is used in glass production. Not only was electromagnetism 
involved in the creation and accretion of peats, but it also 
plays an active role in the electromagnetic environment 
today. Peatlands are storages for water, and they also can 
store thermal energy, such as heat and cold. Usually, the 
release of the stored energy happens through water vapor and 
CO2. Which is, once again, essential for plant growth. CO2 
is a greenhouse gas which gets pumped into greenhouses for 
a better yield (49). And speaking of plant food, light might 
play a very important role in some of the chemical reactions 
happening in peat lands. Light has many different 
wavelengths and intensities, so we have to think also about 
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the influence of sunlight on peatlands. It is well known that 
Siberia has very vast peatlands, and it is very cold in the 
winter and very hot in the summer. The author thinks that 
the Siberian traps with their high metal content have an 
influence on the regional weather. Positive ground charges 
seem to attract high pressure systems and are therefore 
“responsible” for the clear skies. Sunlight might charge up 

peatlands, elemental transmutation takes place at a more 
rapid pace which might also explain the bigger CO2 
emissions. Some radiation coming from the Sun or even 
further away penetrates quite deep into the surface, and as 
earlier shown, some materials like zinc are more abundant in 
deeper layers of peat that could experience charging. An 
example of how light with a specific wavelength can trigger 
a chemical reaction, is an experiment made by Chris Cramer 
which has the name “Hydrogen Chloride Cannon” (50). The 
first thing which came to the author's mind when he saw this 
Hydrogen Chloride Cannon, were the mysterious craters in 
Siberia (51). The region where those craters form is within 
the auroral oval. The author thinks it is possible that strong 
atmospheric disturbances can create such strong magnetic 
fields that daylight, not only auroral light emissions, could 
be funneled or pinched into certain wavelengths, in such a 
way that it could trigger an ignition. Solar activity and 
fluctuations in Earth’s weakening magnetic field only 

enhance such possible mechanisms. A sudden peak in 
telluric current intensity and a brief establishment of a strong 
connection between the ground and heavens, is probably the 
best way to find out what is behind the mystery of these 
craters. A big problem investigating the relationship between 
solar activity and crater formation is that those structures are 
in very remote areas, no one really knows when the 
explosion happened. If we had an eye witness report or some 

satellite observations about the exact time of such an 
explosion, we possibly could make a significant step forward 
in order to prove or disprove the theory of the author. It also 
needs more investigations into the atmospheric processes the 
author tried to express. Visual pattern recognition is an 
important part of science, which also the University of 
eastern Finland practices while making research about peat 
(52). The focus in the research is more or less focused on the 
amount of water and plant growth. When watching peatlands 
from an electric point of view it is easy to recognize them as 
a charged fluid interacting with its environment. If we take 
geological formations, their composition, hence the charge 
potential of them as a “stable factor”, into account, we also 

should expect some visible electromagnetic separation 
taking place. Different parts of rock formations have 
different charges and when they are connected, a current will 
flow between them. In calm conditions like we have 
experienced in modern times, the current is rather weak, but 
I think it is sufficient to produce patterns. Like in the above-
mentioned article, where the focus of the patterns is on the 
moss growth, it is the easiest way to see them. Different 
mosses prefer different kinds of nutrients, and I think they 
are separated by electric currents and their magnetic fields 
within the wetland, so the mosses grow where they find 
nutrition. The following picture shows exactly this (Fig. 

         4.3.).  The water level plays a big role too, not only because 
 of the volume but also because it could change the 
connections between the bedrocks and therefore change the 
visible pattern. 
 
 
 

 
 Fig. 4.3. A comparison between peatland from Finland and a laboratory experiment including electricity and iron dust. Similar patterns 
are visible . It seems  that  in some  peatlands   the floating  particles  are forming  daisy  chains  (53). The  youtube  channel  from  Billy 
Yelverton has many very interesting electric discharge experiment videos (54).

Page 580

New Concepts in Global Tectonics Journal
Volume 13, Number 4, June 2025

ISSN number; ISSN 2202-0039



 
 

Wetlands are often craterous regions (Fig 4.4)  
associated with limestone (Fig. 4.5.).    Common theory  has 
only meteorite impacts as an explanation for craters. There 
is quite much evidence that electrical discharges might be a 

way better explanation for most of the craters found on Earth 
 and elsewhere in the universe. The following pictures are 
examples of this. 

 

 
 Fig. 4.4. A Comparison  of craters  made in a laboratory  and similar  craters  in peatlands  somewhere  in Russia . Note that the satellite 
picture  is one picture  which means those craters  are neighbors . The youtube  channel  “See the pattern” made a very nice video about 

craters from electric discharges (55).
 

 
 
Fig. 4.5. This image shows peat in a craterous  region somewhere in Russia. It is easy to see that the ground beneath the peat layer is 
white. (picture credit: GoogleEarth.com) 
 

Our modern society is very reliant on electricity, the 
invention of batteries was a further step into the age of 
mobility, and portable electricity was something that made 
many new things possible. The modern alkaline battery was 
invented in 1950 by the Canadian engineer Lewis Urry (56). 

An alkaline battery produces electricity by a chemical 
reaction between potassium, zinc and manganese (57). Other 
versions with different materials are also available. We have 
the same “ingredients” in batteries as we have in many 
peatlands. So, we also have to expect similar reactions 

Page 581

New Concepts in Global Tectonics Journal
Volume 13, Number 4, June 2025

ISSN number; ISSN 2202-0039



happening in peatlands. The analogy between alkaline 
batteries and peatlands underlines probably in the best way 
that they are a crucial part of Earth's electrical circuitry. The 
drainage of peat lands has possibly a much greater influence 
on weather, flow of telluric currents and the general circuitry of 
Earth, than is anticipated. Lack of water reduces conductivity 
significantly. Local weather patterns will be influenced greatly 
in a short amount of time when a peat land is dried out. The author 
thinks the main reason is that the 

energy created within the peat battery exhibits a certain 
magnetic spin direction; when the land is dried out, the 
battery is broken. This could have consequences such as a 
significant decrease in the formerly prevailing atmospheric 
vortex direction, or even a switch in the direction. A 

counterclockwise spin, which would keep the moisture 
coming in, through rain or creating the foggy environment, 

could switch into a clockwise spin which creates a high 
pressure system and therefore dries out the area even more.  

 

5. Cultural rituals and Mythological stories revolving around peat 
 

Modern western society has certain annual festivals, 
some are tied to Christian beliefs, but some are of pagan 
origin. Whatever the case may be, they all share one thing: 
They are heavily monetized. Their original meaning or 
purpose got lost a long time ago. The story got re-invented 
and changed to fit certain religious paradigms. This also 
functions for wiping out ancient knowledge for common 
people. A further tool to achieve a similar result is education. 
Uniformitarianism has its origins in England. It is the cradle 
of settled science on which mainstream “science” is based 

upon. Oxfordian science is very tightly connected to 
Christian beliefs. The origin of the peer-review process also 
originates, at least partially, in England. It was invented to 
make sure the results of scientific discoveries don't give any 
possibility to question Christianity, the King, Queen or 
whatever other authority. Still, as kids we are awaiting 
Christmas time, in spring we celebrate Easter and 
occasionally other “days off school” because the Church. 
The author hasn’t been raised in any specific religious frame, 

and only due to certain rules of authorities, time in churches 

was spent. It always felt strange to participate in these rituals 
because they didn’t seem to be from “this world.” Stories got 

told, rules explained, and ritualistic procedures were 
performed. Over time, the author learned that there are also 
other religions. Later, it turned out that they have fought with 
each other, basically since the day they were founded until 
today, despite promoting that peace is the ultimate thing to 
achieve. For the author, the amount of contradictions, “outer 

worldly stories” and the rigorous defense system of each 

religion towards “the others”, always posed a very big 

problem. It simply didn’t make any sense. Discovering the 
Electric Universe,  with  all   the people  and their  works  
which were leading up to the point where it is now, opened 
a whole new way of looking at things. It is such a unifying 
theory that it seems too much, for too many. There seems to 
be a deep-rooted fear to let go of old beliefs, and embrace 
new ones. Almost no amount of contradictions are enough to 
let go. Many rather believe in something that was taught in 
school as an absolute truth, rather than in something which 
is understood, proven and thought about. 
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Fig. 5.1. Everybody knows that a Halloween pumpkin should look scary, and that it should glow in the dark. But why? Yet another example 
of how modern society seems to have lost at least part of its memory. 
 

Let’s take Halloween as an example of an ancient cult 

embraced by capitalism, and maybe even kept alive by it. 
Many people don’t really know what Halloween is about (1). 
They know that at that time of the year, scary faces are 
carved into pumpkins (Fig. 5.1.), and that there should be a 
candle burning in the pumpkin, in order to make it visible in 
the dark. The only time of the year when you can see witches. 
But why? A scary pumpkin glowing in the dark? Witches? 
Most people never took the time to actually think about 
things like this. Too many don’t even want to know, and they 

will have an excuse for it, which, after all, could quite likely 
be rooted in fear. They lack the ability to be honest to 
themselves, and admitting that they were wrong, and/or the 
new knowledge would partially destroy their world view. It 
is important to understand that the “old knowledge” doesn’t 

go away. It will remain, and it can be processed in new and 
different ways. Once you start to see, you can't unsee it 
anymore, because the forms and patterns, visual or literal, 
are omnipresent. As explained in part II, light phenomena in 
nature might have been much more common in ancient days, 
and very often they seem to be related to plasma. 50% of 
swamps in Finland are drained. This number could be much 
bigger in other countries. Considering water as a universal 
conductor and therefore as something very important for the 
energy to flow, we will have a chance to try to understand 

the importance of wetlands for the electrical environment. 
They are batteries, they provide energy for processes which 
include Earth and Heaven. Taking the water away will break 
the battery. Wetlands, peatlands, bogs and such, are 
considered mythical places, often misty, and going there can 
be dangerous. The ground might look stable, but it isn’t, and 

the possibility of drowning in an unknown wetland is a real 
danger. In the past, several hundred years ago, wetlands were 
probably much more abundant than they are nowadays. This 
could mean that the overall charge in the environment was 
much bigger than it is today. Huge areas of wetlands were 
doing their thing, they created such an environment of 
charge that they had their own micro-climate. The net-
negative charge, possibly due to acidity, created water vapor 
in the area, and winds carried the vapor into regions with less 
water. Wetlands are not only important themselves, but also 
for the surrounding areas. In other words, a dried-up wetland 
will affect all the ecosystems surrounding it. When we think 
about the wetlands of the past and the huge amount of water 
they bore, we probably also understand that the energy 
confined to and produced by such areas was by far bigger 
than it is nowadays. This is a very important point to 
recognize because the author thinks that the jack-o’-lantern 
(the pumpkin) is a representation of plasma phenomena. 
They occurred in peatlands probably much more often than 
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they do nowadays. It might be something similar to St. 
Elmo's fire (2) which was described by sailors. Their 
appearance must have been a rather frightening experience 
for the onlookers, especially when the lights emitted some 
sound. It is not known to the author if there has been any 
relation to solar activity, but it would only make sense. 
GIC’s traveling through the crust, of which peatlands are a 

part of, could have charged the environment even more than 
usual. At a certain height above the ground, an atmospheric 
charge differential got naturally established, geological 
features including metals or other conductive materials, and 
gas emissions from the moor, created a brief accumulation 
of charge in the air. So much so, that it started to glow. We 
can call them plasmoids. There might be a very wide variety 
of plasmoids. Some of them probably “burn cool”. Plasma 

has different stages, and we might look at a phenomenon 
which goes into the realm of “glow-mode”. The position of 

those ominous lights in peatlands might in certain cases be 
almost the same. The author thinks that it has something to 
do with the geological setting like the bedrock itself, which 
as earlier explained, seems to form daisy-chains reminiscent 
patterns. Other factors, like temperature differences, amount 
of sunlight, moisture content of the atmosphere and the 
ground etc., will have effects on the occurrence of lights. 
They might move around, hover up and down and change 
size, shape and color, too. Something like a discharge 
upwards, as described in part II (the streamers in Fig. 21) 
could probably also be expected. We also need to recognize 
that, depending on the atmospheric conditions, hence; gas 

mixture, it might not need very much of a current in order to 
get something ignited. In this case (Fig. 5.2.), we are looking 
more at something burning instead of glowing. The paper 
“Minimum Values of Voltage, Current, or Power for the 

Ignition of Fire” (Vytenis Babrauskas)(3) states 
(Quote):“No electrical ignition will occur under conditions 

of zero voltage, current, power, or energy. Conversely, 
ignitions can occur when substantial amounts of voltage, 
current, power, or energy are available. This leads one to 
consider that there may be some lower limits for ignition to 
be possible. This is consistent with the general observation 
that for ignition to occur of substances which are not self-
heating or exothermically reacting, some finite amount of 
external energy must be provided.” There is no reason why 
the environment, which needs to be understood on all scales 
and as a whole, like the Earth-sun-galaxy and beyond for 
example, and not just locally (Earth or even just a specific 
area), couldn’t provide unprecedented amounts of energy. 

Considering this thought, we should expect these kinds of 
phenomena to ignite fires. But since they were presumably 
happening in wetlands, we could imagine that fires didn’t 

spread very far, maybe just one burning bush. Nowadays, as 
we have so many dried out wetlands, and the water level 
seems generally lower than back in the days, the possibility 
of underground fires, ignited by induced currents, which are 
very hard to extinguish, is much higher. Also, common 
lightning strikes can ignite places which were formerly 
wetlands, much easier. 

 

 
Fig. 5.2. As this graph shows, the amount of energy to ignite certain gases doesn’t need much energy. The energy to make something 

glow, might be even less. Source: “Minimum Values of Voltage, Current, or Power for the Ignition of Fire” (Vytenis Babrauskas) 
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Considering also energy peaks in telluric currents, 

which could also be understood as underground lightning, 
the possibility of fires breaking out many meters below the 
surface shouldn’t come as a surprise. It is, after all, a similar 

mechanism which could have melted the ice and snow at the 
end of the last ice age. Induced energy travels underground 
and heats up the ground. Considering that in many places 
there was a lot of water, rarely things ignited, nor could the 
fire spread very far. Nonetheless, we have a charged 
environment and strongly fluctuating telluric currents which 
easily can make stuff light up, in different ways. The fact 
alone that there are several ways to have something glowing 
in the dark, is a rather strong argument for an electrical 
explanation of the Jack-o’-Lantern phenomenon. 

Let’s still go quickly to something considered very 

Finnish, the Kalevala. In the first part of this paper (4), the 
author quoted a part of the Kalevala (Fig. 5.3.). A few 

sentences described the theory of the formation of peat 
already then. That the aurorae might have played an 
important role in the events, is a conclusion made by the 
author rather recently. It is not known to the author, in 
scientific terms or by experiments, what actually would 
happen if the aurora touched the ground. We can assume that 
the hot material (if the heat is maintained all the way down 
to the surface) would trigger some rather fast reactions in 
materials present on, or in the ground. Things like water 
could experience rapid expansion, much like a phreatic 
volcanic eruption, that could produce massive shockwaves. 
The emitted noise of such an event should be taken into 
consideration, too (5). Acoustic shock waves also carry 
current (6). The abundance of water on Earth must be taken 
into the thinking of shock waves propagating through the 
environment. 

 
 

Fig. 5.3. A screen grab from Part 1 of this paper. The theory remains more or less the same. We might have to add the aspect of aurorae 
playing a role in the process. Adding something to an existing theory only makes it stronger. 
 

It is not only Finnish mythology that has something like 
sea monsters or dragons living in the water or rising from the 
ocean. One example is the mythological tale from the 
Ojibwa (Ojibwe, Saulteaux, Chippewa) Indians from the 
Ontario region (7, 8). The correlations between the 

mythological tales don’t end with having a sea monster, 

usually with horns, but also copper plays an important role 
in those stories. We should take these stories from our 
ancestors much more seriously than the consensus scientific 
view suggests. Ancient people were serious about what they 
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were telling, and as a fact they spoke the truth, we only have 
to look at the large sulfide and copper ore deposits in 
Finland, and in the Ontario region (9)(Fig. 5.4.). There is no 
doubt that the ancients didn’t invent these stories, they 

described what they witnessed. When reading these ancient 
stories, one might understand that these events were 

extraordinary, and many people lost their lives. What 
remains for us from these times are not only the stories, but 
also the materials in Earth's crust. Often the ore deposits are 
literally the top layer, which only undermines their proposed 
origination from above, described in Part II. 

 

 

Fig. 5.4. A map of ore deposits in the Ontario region, taken from a scientific paper published in 2021 “Prospectivity modelling of Canadian 
magmatic Ni (±Cu ± Co ± PGE) sulfide mineral systems” showing banded structures of ore occurrences. 

As another example of possible proof that the aurorae 
once touched the ground, the author wants to show a collage 
(Fig. 5.5.) of aurorae and metallogenic occurrences in 
Finland. It is easy to see the band structures of the aurorae. 
What may not be so easy to identify are the vortices. People 
who have never seen aurora with their own eyes probably 
don’t know how fast these beautiful structures in the sky can 

move. Even more fascinating is the fact that the vortex-like 
structures of auroral sub-storms are actual vortices and 
apparently do always spin in a counterclockwise direction 
(10). Because a geomagnetic substorm is caused by Earth’s 

own magnetotail, we might think of it as an energy release 
of Earth’s electrical circuitry, and therefore a 

counterclockwise spin direction is logic. 
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Fig. 5.5. A self-made collage of metallogenic occurrences in Finland and auroral displays. The visual similarities between the two are 
striking, especially when volcanoes or plate tectonic boundaries are totally absent. (Picture credits from left to right: auroracourses.eu, 
gtk.fi, mbl.is) 
 

The Finnish saying “aurinko porottaa”, “the sun is 

reindeering” seems to refer to something getting burned. 

This conclusion is derived from several clues. First, an 
explanation of the saying itself. Especially in springtime or 
early summer, the “sun reindeers” more often, that basically 

just means that you hear the saying more often. This is due 
to lower ozone levels in the atmosphere which lets more UV 
radiation through and our skin needing to adapt to higher UV 
levels after winter (11). That has the effect that the radiation 
feels like it burns your skin, it actually does, and the 
consequence can be severe, like the emergence of skin 
cancer. In order to make sure if the sun is reindeering or not, 
you only need to go into a shadow. If the burning stops 
immediately, you know it is solar radiation and not the air 
temperature that makes you feel hot. What electromagnetic 
radiation can do to things like pebbles is easily visible in the 
author's microwave experiments. As a second example of 
why the author thinks the saying is related to something 
burnt, is the existence of another saying that includes 
reindeer. “Palaa poroksi” meaning: “Burning into 

reindeers”. It is rather hard to translate this more accurately 

due to the differences between the English and Finnish 
language. Maybe it could be translated or explained also by 
something like: Through the process of burning the material 
turns into a reindeer. Admittedly, this sounds very strange. 
A third everyday saying including reindeers is that used 
coffee in the filter (or pan) is called “kahvin porot”, the 

coffee’s reindeers. 
The author has been pondering about these sayings, 

their origin and the association with fire for more than 15 
years. Without the discovery of the Electric 

Universe/Thunderbolts Project (12, 13), the author would 
still wander in the dark. So many doors would have been 
unopened, and realizations never could have occurred. 
Equipped with more knowledge and understanding, acquired 
also through self-made experiments, the author proposes a 
possible explanation for these sayings. They belong 
together, not only because they all include reindeers but also 
a certain association to fire. Whilst in the Finnish speaking 
part of Finland aurorae are called “revontulet”, the fox fires; 

in northern Finland, where people speak Sami, the aurorae 
are associated also with reindeers. 

“Many of the indigenous Sami people of Lapland are 

semi-nomadic reindeer herders. One of their traditional 
stories describes a glowing, golden-horned reindeer, who, if 
caught by a hunter, will cause chaos to engulf the world.” 
Quote from East of the Sun and West of the Moon: The 
Folklore of Arctic Animals (14). 

From a PEMC (Plasma-electromagnetic Cosmology) 
(15) point of view, this could be interpreted as a plasma 
event, either happening rather far away (between Mars and 
Venus) or rather close (between Venus and Earth). Or, much 
more laterally thought: The catching of the golden horned 
reindeer means ground-touching aurorae. Ground-touching 
aurorae might be very hot, and depending on the area where 
they touch the ground, even a shockwave might be 
generated. Heat, as earlier explained, can be “produced” with 

invisible radiation from a distant source, in this case the sun. 
It is a form of electromagnetic radiation, after all. The reason 
or source for the aurorae, which are charged particles, don’t 

necessarily need to come from the sun. Basically, whatever 
planetary or cometary body, or its tail of dust, will do it. The 
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author would like to refer, once again, to the theory of 
“auroral precipitation”, the copper, the sulfur and their 

possible connection to the planet Venus. Probably the 
authors You Tube Playlist “Finnish Copper” is the only 

source available (16). At this point we need to talk a little bit 
about the polar configuration by David Talbott (17). In a 
nutshell: Only a few thousand years ago, our solar system 
was very different. At one time, the configuration was such 
that the planets Earth, Venus, Mars, Saturn and Jupiter were 
aligned in one line by their poles. A cosmic daisy chain. 
From this alignment, and its configuration into our modern 
solar system emerged all the archetypes of mythology and 
religions, because people from all over the world saw the 
events. The visual perspective on the events in the sky varied 
due to the different geographic location of the onlookers. 
Similar petroglyphs are found all over the world, and often 
they depict similar forms and shapes. As shown in Part I of 
this paper, where the focus rested for a while on the owl 
pattern. We see the same pattern repeated here again. This is 

a strong indicator that this is not a coincidence. In figure Nr. 
10 (Fig. 5.6.), on the upper left side, we have two pictures 
with a similar “core-pattern”, quote: “the graphical solution 

of the chandrasekhar-fermi equations”. The author proposes 

that the “reindeer” emerging out of the “chandrasekhar-
fermi equation pattern” could be an electrical discharge, a 

lightning bolt, coming out of the plasma instability. Or 
explained in another way, something modern people might 
have actually seen: Imagine a volcanic ash cloud, that would 
be a plasma instability. Then, imagine lightning strikes 
emerging out of the volcanic ash plume, that would be the 
reindeer, or the golden horns of it. These kinds of lightning 
bolts could have happened repeatedly and on a much bigger 
scale, also the duration of such a lightning bolt could have 
been significantly longer than what we are experiencing 
today. Certain places could have been hit much more often 
than others, due to geological properties of the ground, such 
as metal ore occurrences. These might be places where you 
can find diamonds nowadays. 

 

 
 

Fig. 5.6. A comparison between petroglyphs and their interpretations. Interpreting the reindeer/caribou glyph as a lightning bolt is probably 
rather new. Picture credits: Left, Lahelma (18). Right, Peratt (19) 

 
The new interpretation of these glyphs as lightning 

strike-like discharge events would explain the reason for 
why the reindeer is associated with things burnt. The author 
has no doubt that some of the reindeer/caribou/elk 
petroglyphs are actual representations of reindeers/caribou’s 

and elks. But some of the glyphs seem to be something 

completely different. Plasma discharges emit occasionally 
very strong radiation, such as synchrotron radiation (20) 
which can be very harmful for biological life forms. In other 
words, you don’t need to be at the epicenter of such an event 

to get hurt. This is why the author thinks how and why the 
reindeer is linked to something burnt. 
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6. Conclusions 

 
Peat is instantly vitrified and pulverized biological mass 

that got churned up into even finer dust in very strong winds. 
The winds carried the material to other places and due to its 
small particle size, stayed a loft lomger, therefore settled the 
last and therefore became the top layer. The main driver 
behind this process, which occurred in a short time, is 
electromagnetism. Whether it was a CME from our Sun, or 
interactions with other planets, the basic principles of the 

formation of peat stay the same. Together with its water, 
peatlands seem to be like a "real", Sun charged, natural 
battery, and therefore the role in the environment could be 
much more important than previously thought. Wetlands are 
very active regions that could exhibit much stronger 
activities with stronger geomagnetically currents than 
previously assumed. With Earth's weakening magnetic field, 
we might also need to expect increased activity in and 
around wetlands. The author continues his investigations on 
this topic. 
 

 
 
 

Stefan Ahmala 
This paper is dedicated to my parents. 

They have left their physicality and are now part of all the circuits. 
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Abstract: The article presents the results of a study of the 
Kursk magnetic anomaly (KMA) based on satellite data. The first such 
data were the subject of many publications, and although they are not 
currently in use, the authors believe that dismissing them entirely is not 
actually justified. The displacement of the anomaly observed after new-
generation satellites provided new information is indisputable; however, 
other parameters may be interpreted together with the data acquired in 
recent years. Thus, five anomalies are recorded by satellites of altitudes 
of 300. 325, 350, 400, and 485 km can be studied. The available 
examples of interpreting absolute values of the vertical component (Z) 
of the magnetic field by fitting magnetization values do not inspire 
confidence in the prospects of that approach. The analysis is therefore 
performed using relative values. A source in the shape of a vertical 
cylinder of limited depth with a radius of 200 km was employed. It was 
also established in terms of gravimetric, geothermal, and seismic data 
that this cylinder is located in a zone of recent activation. Temperature 
calculations indicate that at a depth of about 25 km the Curie temperature 
of magnetite is exceeded, which suggests that the base of the anomaly 
source is located just there. Given such parameters, calculations were 
conducted to determine the distribution of relative magnetic field values 
at various altitudes. The results were compared with those observed. The 
agreement was quite acceptable despite the error in the experimental 
data. The said error is, however, quite significant, so that it is virtually 
impossible to improve the accuracy of the anomaly source parameters. 
The anomalous magnetization of rocks within the source is estimated at 
about 3 A/m. 
 
Keywords: Kursk magnetic anomaly, satellite data, parameters of the anomaly 
source 

 
Introduction  

The regional Kursk magnetic anomaly (KMA), 
observed on the territories of Ukraine and Russia, has long 
attracted attention of researchers due to its high intensity, 
vast area, and complex structure [Abramova et al., 2016; 
Baysarovich et al., 2002; Geophysical …, 1987; 

Gordienko, 2000; Pashkevich et al., 1990; Rotanova et al., 
2005; Heines, 1985; Hemant et al., 2005a, 2005b, etc.]. The 
anomaly is territorially linked to iron ore deposits hosted in 
Precambrian quartzites, which were naturally believed to 
be its source. However, over time, data emerged, indicating 
a deeper source responsible for part of the anomaly. Those 
data became increasingly more evident once magnetic 
observations began to be employed from artificial Earth 
satellites at altitudes of hundreds of kilometers. It is 

precisely an attempt to contribute to determining the origin 
of such elements of the anomaly source that this article 
addresses. 

Previous studies of the distribution of magnetic 
properties of crustal rocks in the KMA zone — coordinated 
with the observed field — were reported in the publications 
mentioned above [Baysarovich et al., 2002; Pashkevich et 
al., 1990; etc.]. The data recorded on the Earth’s surface 

and those computed for relatively high altitudes (tens of 
kilometers) were used, but no significant results were 
achieved through that approach. Later, after satellite 
records began to include more than just scalar values of the 
field, there appeared additional versions of the 
interpretation of the MAGSAT satellite data [Pashkevich 
et al., 1990; etc.]. This led to efforts to reconcile known 
values of crustal rock’s magnetization with the observed 
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anomaly. However, it had long been known [Primdahl et 
al., 1992; etc.] that magnetometers on satellites of this type 
could have а significant tren). For that reason, in recent 
years new data from CHAMP satellites have been used. A 
better orbit configuration has been achieved, and both the 
accuracy and duration of observations have improved 
significantly [Abramova et al., 2016; etc.]. In this study, 
preference was given to the data recorded by CHAMP, 
although these authors believe that some information from 
MAGSAT can also be utilized (see Fig. 1). 

 
Fig. 1. Outlines of the central part of the KMA are recorded at 
different observation altitudes and according to various authors. 
1 – 350 km, MAGSAT [Heines, 1985], 2 – 350 km, MAGSAT 
[Rotanova et al., 2005], 3 – 450 km, CHAMP [Rotanova et al., 
2005], 4 – 400 km, CHAMP [Hemant et al., 2005b], 5 – 400 km, 
CHAMP [Abramova et al., 2016}. 

 
The territorial displacement of the anomaly is 

indisputable. Even though the absolute values (over 
roughly equal areas) agree well at the same observation 
altitudes. The general shapes of the KMA isometric part at 
the altitudes in question are also similar with the only 
notable difference being the orientation of the long axis. 
The relative change in the intensity of anomalies 1 and 2 
with distance from the center coincides, so that 
interpretation results should also coincide. Similarly, the 
shapes of anomalies 4 and 5 are also in agreement, but they 
differ from the shape of anomaly 3. The latter is clearly 
asymmetric and was therefore excluded from further 
consideration.  

In further discussion, the location of the KMA’s 

central portion is assumed to conform to the outlines of 
anomalies 4 and 5 as shown in Fig. 1. 

 
Information Used 

 
Let us first coordinate the maximum intensity of the 

anomalous magnetic field vertical component (Z) with 
observation altitudes (Table 1) . 

In addition to the data listed in the table, in the case of 
two anomalies determined by [Rotanova et al., 2005] the 
observation altitudes and maximum Z values agree to the 
same extent (at an altitude of 350 km with MAGSAT, 
(Н300/Н)2 =0.73 and Zmax/ Zmax 300=0.70 and at an altitude of 
450 km with CНAMP, (Н300/Н)2 =0.44, and Zmax/ Zmax 300 

=0.45). 
The following significant results of comparisons can 

be pointed out: 
1. The anomaly parameters at an altitude of 350 km, 

as determined from MAGSAT data, fall into the same 
series as those established by the CHAMP satellite, just 
like the data recorded by both satellites and processed in 
[Rotanova et al., 2005], in which the anomalies are 
displaced larger (information from that article is not used 
further). 

2. An inverse proportionality exists between the 
relative intensity values and the squared distance. This 
indicates that the anomaly source is not located at a large 
depth regarding the observation altitude, and its thickness 
is not high either. 

Attempts to determine the magnetization (J) of the 
KMA source proceeding from the data of surface rocks’ 

magnetization did not yield any positive results. Models 
were also employed in which the data on local rocks’ 

magnetization applied only to the upper crustal layer. For 
the lower crustal layer, the magnetization needed to explain 
the satellite anomaly was selected randomly. In the case of 
a three-dimensional source, unrealistically high J values 
would be required [Pashkevich et al., 1990; etc.]. Taking 
into account the Earth’s sphericity does not have any 

significant effect on the calculation results. In the authors’ 

opinion, the approach used for interpreting anomalies in 
terms of the global distribution of crustal rocks’ parameters 

[Hemant et al., 2005b; etc.] does not take into account 
dissimilar geological history of various regions. By way of 
example, a detailed comprehensive study of crustal 
composition in the Ukrainian Shield [Gordienko, 2000; 
Gordienko et al., 2005; etc.] produced results that differ 
markedly from those cited in [Hemant et al., 2005b]. It 
seems, therefore, reasonable to leave the determination of 

Table 1. Observation altitudes and intensity of anomalies 
Н, km 300 325 350 400 485 
(Н300/Н)2 1 0.85 0.73 0.56 0.38 
Zmax, nT 33 29 24 18 14 
Zmax/ Zmax 300 1 0.88 0.73 0.54 0.42 
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Fig. 2. Distribution of magnetic field anomalies over part of 
Europe at an altitude of 350 km according to the data from the 
MAGSAT satellite [Heines, 1985]. The numbers on the Z isolines 
denote intensities in nT.  
 

Fig. 3. A fragment of the CHAMP 300-km anomaly [Abramova 
et al., 2016] and the surface magnetic anomaly of the KMA. 1 – 
isolines of the anomaly recorded by the satellite; 2 – northeastern 
marginal faults of the Dnieper–Donets Depression (DDD) and 
Donbass; 3 – the border between Ukraine and Russia; 4 – a band 
of sharply variable anomalies with intensities of up to 10,000 nT 
[Maus et al., 2009]. 
 
the anomaly source rocks' magnetic properties until the 
final stage of the research. Studies of the shape of the 
anomaly which may hold information on the depth of its 
anomaly source appear to be quite promising. This could, 
however, only be true provided that we use a model 
reflecting the real situation. In our specific case, we have 
to admit that full conformity is impossible to achieve: 

Apart from the effect of the KMA's major source, the map 
of European magnetic field anomalies clearly contains a 
“complementary” field stretching from the Voronezh 

Massif to the Baltic Shield (Fig. 2). 
If we compare the anomaly with what looks like the 

reflection of the iron-ore regional zone on the Earth’s 

surface (Fig. 3), we will see that its effect on the KMA 
shape should not be overrated. A band of high Z extends in 
the northeastern part of the KMA center, whereas north of 
the 54° latitude changes its strike to the northern. The 
anomaly recorded by the satellite is clearly due to deeper 
sources.  

For the calculation of the magnetic anomaly the 
following formula for a vertical cylinder with a circular 
horizontal cross-section is used [Gershanok et al., 2007; 
etc.]: 

Z = J•S( (h1/(h1
2 + x2)3/2) - (h2/(h2

2 + x2)3/2)) 
 

where J is the magnetization, S is the area of the 
cylinder’s horizontal cross-section, h₁ and h₂ are the 
vertical distances from the calculation point to the top and 
bottom of the cylinder, respectively, and x is the 
horizontal distance from the cylinder’s axis.  

It was preliminarily established that the 
distribution of field intensity within the KMA does not 
match that expected for a source in the shape of a sphere. 
A similar discrepancy was found for the case of a vertical 
layer with an unlimited bottom depth [Gershanok et al., 
2007], and so on. 

Lines of northeastern orientation across the 
anomaly center were chosen as profiles for deriving 
information on the anomaly shape. Naturally, when using 
MAGSAT or CHAMP data, the orientation of those lines 
differed in geographic coordinates (Fig. 4).  

For the calculation of the magnetic anomaly the 
following formula for a vertical cylinder with a circular 
horizontal cross-section is used [Gershanok et al., 2007; 
etc.]: 
 

Z = J•S( (h1/(h1
2 + x2)3/2) -  (h2/(h2

2 + x2)3/2)) 
 

where J is the magnetization, S is the area of the 
cylinder’s horizontal cross-section, h₁ and h₂ are the 
vertical distances from the calculation point to the top and 
bottom of the cylinder, respectively, and x is the 
horizontal distance from the cylinder’s axis.  

It was preliminarily established that the distribution of 
field intensity within the KMA does not match that 
expected for a source in the shape of a sphere. A similar 
discrepancy was found for the case of a vertical layer with 
an unlimited bottom depth [Gershanok et al., 2007], and so 
on. 

Lines of northeastern orientation across the anomaly 
center were chosen as profiles for deriving information on 
the anomaly shape. Naturally, when using MAGSAT or 
CHAMP data, the orientation of those lines differed in 
geographic coordinates (Fig. 4).  
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Fig. 4. Intensity isolines for anomalies recorded by satellites at various observation altitudes in nT 

 
 
It is logical to assume that the anomaly source does 
not include the territory of the Dnieper-Donets 
Depression and Donbass, where crustal structure and 
geological history differ markedly from those of the 
Voronezh Massif, which is the main location of the 
anomaly source. It is unlikely that the very thick 
(over 10 km) sedimentary layer in the basins could 
contain highly magnetized material. It should, 
however, be taken into account that when selecting 
sufficiently deep sources, their boundaries tend to 
occur at field values equal to about half of the 
maximum intensity. It is of course not a precise 
criterion for delineating the area occupied by the 
anomaly-causing source. 

In all anomalies detected by satellites, the 
distance to such a point from the center is virtually 
the same (at the level of 50 ± 7% of maximum 

intensity). Considering this fact and the location of 
the anomaly center, we can estimate the anomaly 
source radius to be about 200 km (Fig. 5). 

 

The depth of the anomaly source can be 
estimated proceeding from information on the 
endogene regime in its area. The recent activation of 
the platform territory might have occurred just there. 
This was concluded from the data of gravity 
modeling along the Urals — Black Sea profile, 
although the accuracy of the results was not too high 
[Gordienko, 2022]. However, other information 
regarding the deep-seated process in question is also 
available for the Voronezh Massif and adjacent 
Donets Basin (as well as the transitional zone to the 
Dnieper-Donets Basin). This is exemplified by heat-
flow anomalies. They do not necessarily prove the 
existence of recent activation. On the larger part of 
the Dnieper-Donets Depression, despite its 
ubiquitous distribution (beyond the Desna River 
Basin), the heat flow almost never exceeds values 
typical for the platform (43 mWt/m2) for the reason 
that the heat wave from the lower crust has not yet 
reached the depth where temperatures were 
measured. 
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Fig. 5. Evidence pointing to recent activation in the area of the 
hypothetical KMA source. 1 – outlines of the magnetic anomaly 
source; 2 – earthquake epicenters; 3 – outlines of zones with 
elevated heat flow (50–60 mW/m²). The question marks indicate 
areas in which high heat-flow zones could not be located with 
certainty due to the absence of relevant data; 4 – segments of deep 
seismic sounding (DSS) profiles where the velocity inversion 
zone is observed at depths of about 20–25 km. 

 
It is only in the vicinity of faults bringing hot fluids out 

of the depth that the heat flow increases sharply. In the 
event of anomalous heat flow on a vast territory activation 
is beyond doubt [Varentsov et al., 2013; and so on]. 
Moreover, quite noticeable seismicity is recorded in the 
area of the anomaly source and around it [Yefremova et al., 
2010; Nikonov, 1999; and others] (Fig. 5). Fig. 5 shows 
some earthquake epicenters of class 6 and higher at depths 
ranging from 1 to 5 km. Many of those earthquakes took 
place over just three years. 

Geoelectric data might make a certain contribution to 
efforts in determining the depth of the magnetized crust 
bottom [Varentsov et al., 2013; and others]. High electric-
conductivity bodies have been detected in the region of 
recent activation on the Voronezh Massif within the crust 
and in the upper mantle. They may hold evidence on the 
state of partial melting in crustal rocks. Some of them are 
situated at the depth of 20 to 30 km, which conforms to the 
level established above. This information, however, 
pertains largely to the territory beyond the area of the 
hypothetical magnetic anomaly source. Within it, almost 
exclusively vertical bodies have been detected. It is only in 
the center and at the northeastern border of the Dnieper-
Donets Depression between 34 and 39o eastern latitude that 

conductive beds with the top at the depths of 20±8 km were 
identified [Kovachikova et al., 2016]. 

Some indications of recent activation could also be 
observed in velocity cross sections along the deep seismic 
sounding profiles on the Voronezh Massif (profile G111, 
inversion zone depths ranging from 20 to 30 km) and in the 
central part of the Donets Basin (Poltava-Lugansk profile, 
inversion zone depths 15-20 km) [Pavlenkova, 1980, and 
others]. Further northwest of the Poltava-Lugansk profile, 
in the central part of the Dnieper-Donets Depression, traces 
of a discontinuous velocity inversion zone were detected at 
the depth of 20 km. 

A special methodology has already been developed for 
determining temperatures at crustal depths in zones of 
recent activation, although it does not resolve all problems 
[Gordienko et al., 2023; etc.]. Errors in the calculation 
results depend on the reliability of the data concerning the 
age of the process. Nevertheless, it can be stated with 
confidence that in the case under consideration the 
temperature will reach the Curie point of magnetite at a 
depth of approximately 25 km. This lower boundary of the 
source can therefore be used in the calculations. 

 
Calculations and Results 
 

The effect of the source will be compared with the 
relative change in the anomaly’s intensity at different 

altitudes, measured along the specified profiles and 
averaged in terms of the data from both slopes of the curve.  

First, it is desirable to assess the quality of the 
experimental material which is compared with the 
calculated results. This can be done by comparing two 
anomalies derived from the CHAMP satellite data by 
different authors using different methods [Abramova et al., 
2016; Hemant et al., 2005a] (Fig. 6). 

Fig. 6. Comparison of two versions of the distribution of relative 
values of the anomalous field along the KMA cross-section at an 
altitude of 400 km (CHAMP). 

New Concepts in Global Tectonics Journal
Volume 13, Number 4, June 2025

ISSN number; ISSN 2202-0039

Page 602



The average differences amount to 
approximately 15% of the maximum. According to 
[Abramova et al., 2016], this points to the virtual 
identity of the results of satellite data processing. 
Nevertheless, some discrepancies (suggesting that 
each method may contain an error of about 10%) 

point to limitations of any further operations using 
such material. A comparison of the calculated source 
effects (according to the accepted model) with the 
observed distribution of anomalous Z for various 
altitudes is shown in Fig. 7. 

 
 

  
 
Fig. 7. Calculated (1) and observed (2) relative changes in the KMA anomalous field with distancing from the center for different 
altitudes of satellites; 3 – calculation results for the anomaly source in the depth range of 50–100 km (see below). 
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The size of the anomaly source was not used in the 
calculations. Nevertheless, its edge is located at points 
where the intensity is 46 ± 10% of the maximum (see 

above). On average, the discrepancies between calculated 
and experimental data are practically equal to the error in 
constructing the satellite anomaly. It might have been 
concluded that the hypothetical anomaly source 
corresponds to the KMA; however, calculation results 
obtained using other depths for the anomaly source bottom 
remain unchanged. For the depth of 40 km, they differ by 
only about 1%. 
With an alternative hypothesis regarding the anomaly 
source origin — convective flow in the asthenosphere at 
depths of 50–100 km beneath the zone of modern 
activation — the agreement between the curves would 
remain unchanged (Fig. 8). 
 

 
Fig. 8. Histograms showing the distribution of differences 
between observed anomalies at different altitudes and the 
calculated anomaly source effects at depths of 0–25 km (1) and 
50–100 km (2). 
 

Regions where the asthenosphere is 
currently observed at depths of 50–100 km are quite 
widespread (e.g., the Carpathians or the Scythian 
Plate) but are not accompanied by any significant 
magnetic anomalies. In other words, the accepted 
nature of the KMA source, namely, its bottom depth 
of around 20–25 km, appears to be most likely. 

Thus, it must be acknowledged that the 
method applied here offers very limited possibilities 
for interpreting satellite anomalies. With the current 
error in the initial data and the very low sensitivity 
of the calculated effect to changes in the source 
parameters, any adjustment does not produce a hard-
and-fast result.  

However, it is still possible to determine the 
average magnitude of the anomalous magnetization of the 
source in terms of maximum Z disturbances at different 
altitudes (see above). The computed magnetization 
increases with observation altitude and is, on average, 
2 ±0.3 A/m. In the Dnieper-Donets Depression and 
Donbass, the upper 10 km of the crust are regionally 

nonmagnetic. In the Voronezh massif, at these depths, 
rocks that form another part of the KMA are located. If the 
upper 10 km are excluded from the source, the calculated 
magnetization will increase to 3.5 A/m. It can be noted that 
such is the magnetization of serpentinized intrusions into 
the middle and upper crust [Gordienko, 2019]. They occur 
in large quantities during the modern activation of oceanic 
plates. Of course, such a model of the KMA source is 
purely hypothetical. 

The data available to the authors do not make it 
possible to provide a well-founded explanation of the 
origin of any specific regional magnetization anomaly 
within the depth interval in question. Further special 
studies are required to resolve this problem. It must be 
pointed out that in the case of the Voronezh massif the 
database for such studies is abundant (unlike in many other 
areas of the East European Platform). This applies to both 
geophysical and geological data accumulated over many 
years of studying this ore-rich mega block of the 
continental crust. 
 
Conclusions 

 
Formally, the study has achieved its goals. This was, 

however, only owing to the use of information from other 
geophysical sources. The point is that calculated anomalies 
are actually invariable in the wide range of depths of the 
anomaly source bottom. Moreover, it is possible to 
coordinate with them parameters of the anomaly source at 
a completely different depth (and, accordingly, of a 
different nature). Therefore, there is no doubt that this 
study should continue, once we obtain more accurate 
experimental data.  
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Abstract: A myriad of comets cross the Solar System from its outer fringes 
through some very short heliocentric distance. If we afford to calibrate 
cometary morphology, comets are a unique natural probe for an efficient 3D 
monitoring inside the entire Solar System. This is the target of the present 
paper. A comet is a dirty ball of ice, evaporating due to solar radiation. The 
evaporated matter is ionized, i.e., it is a plasma that generates a magnetic field. 
The interaction with the solar wind develops a magnetosphere that, for brevity, 
can be called cometosphere. A cometosphere is a miniature model of the 
Earth’s magnetosphere. Therefore, we must understand the physics of the 

processes that occur in the Earth’s magnetosphere. On the other hand, the 

present generally agreed model of the Earth’s magnetosphere largely relies on 

observational inputs, even though the concern is often forgotten about 
understanding the physics that explains some crucial details. Therefore, there 
is need to begin and discuss some features of the Earth’s magnetosphere. In 

particular, refer to the explanation of the formation of the neutral sheet, to 
reconnection of magnetic field lines, to the plasma mantle, to convection in the 
magnetosphere, to the role of the “vertical” component of the interplanetary 
magnetic field, etc. All these items must be clearly assessed and discussed - 
sometimes paradoxically - before dealing with the discussion of 
cometospheres. The second part of the present paper specifically addresses the 
processes that control the morphology of comets, depending on their distance 
from the Sun. Some key observational checks are envisaged that help to assess 
what morphological features of comets look comparatively more significant 
for monitoring the solar wind parameters and their variation vs. heliocentric 
distance. Some concrete case histories are critically considered in detail. A first 
draft of the present paper was written in 1974 - and it received quite a positive 
private feedback by a few authoritative scientists. However, the entire topic 
seemed excessively speculative. New observations became later available, and 
at present a better observational database permits to exploit a more significant 
discussion. 
 
Keywords: solar wind and heliospheric neutral sheet (HNS) - Cowling 
dynamo - origin of the magnetic field of celestial objects - magnetosphere of 
planetary objects - comet tail - filaments, streamers, knots, kinks, puffs, 
“forelocks” - coma size - double-lobe tail and “black axis” - sungrazing comets 
- an independent check of comet’s parameters 

 
1. Introduction  

Comets are natural probes for monitoring several 
features through the extended range of the Solar 
System. Comets are characterized by clouds of plasma; 
hence, they develop features that resemble a 
magnetosphere. Hence, we can talk about a cometary 
magnetosphere, or shortly a “cometosphere”. The 

concern is about discussing the physical mechanisms 
that permit correlation of cometary morphologies with 

some parameters of the environment that they cross.  
On the other hand, the discussion was quite 

fashionable until a few decades ago concerning the 
magnetosphere of the Earth and of other large planetary 
objects. Conversely, at present, the morphology of a 
magnetosphere is taken for granted, based on a large 
amount of observational data, even though the 
interpretation of the physical features is eventually 
incomplete. Therefore, if one wants to discuss the 
physics of a cometosphere one must first discuss some 
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presently less fashionable aspects of the 
magnetosphere, both of the Earth and of other large 
planetary objects.  

The first target of the present paper is to present a 
physical explanation of several well-known, even 
though generally unexplained, features of a 
magnetosphere. The present discussion will not deal 
with items that are already extensively reported in the 
literature. In contrast, some innovative concepts and 
analysis are here illustrated - and the reader is asked to 
forgive while dealing with magnetospheric phenomena 
in a sometimes unconventional way. These items are 
strictly necessary for a physical discussion of 
cometospheres. In addition, the reader must refer to 
several physical items that are already reported in 
recently published papers by the author and coworkers 
(Gregori, 2002; Gregori et al., 2021, 2025a), and that are 
not here repeated in detail.  

Differently stated, the present paper deals with a 
revival of some topics that at present are already part 
of the history of Earth science. However, the focus is 
here on some still essentially unexplained issues - and 
sometimes misconceptions. Indeed comets certainly 
display features that can be indicative of the state of the 
solar wind, but the key issue is to implement a suitable 
calibration.  

The plan of the present paper begins with a few key 
issues dealing with sunspot cycle and with the solar 
wind. The next topic is the origin of the magnetic field 
𝑩 of celestial objects. 

The next topic is a potpourris of several items 
dealing with the Earth’s magnetosphere. The focus is 

on some well-known morphological features that – 
however - are often unexplained by the present 
generally agreed models. Some basic misconceptions 
are highlighted and contended - as these items are 
fundamental for a correct understanding of the 
cometosphere. Then, the magnetospheres of large 
planetary objects are briefly discussed, as a premise for 
the key topic of the present paper, i.e., the 
magnetosphere of small planetary objects with 
particular emphasis on comets.  

Comets are considered according to different case 
histories, and to different observed morphological 
features. Specific checks are proposed concerning 
linear trends between peculiar observational 
parameters. The linear trends must be observed if the 
approximations and discussion is correct that are to be 
exploited. Comets are discussed according to the 
following items: 

1 Sir Joseph Larmor FRS (1857-1942), Irish physicist and 
mathematician. 

1) a rationale for physical interpretation 
2) large-scale possible evidence, a double-lobe tail, 

and filamentary patterns  
3) sungrazing comets 
4) quantitative dependence of the size of the coma vs. 

heliocentric distance 
5) quantitative dependence of the cross-section of the 

tail vs. heliocentric distance 
6) interaction with planetary atmospheres, and some 

proposed active experiments. 

2. Sunspot cycle and solar wind 

A likely explanation of the sunspot cycle relies on 
consideration of the electrostatics of the expansion of the 
solar corona (Gregori et al., 2025b). In fact, the Sun - like 
every star - is a huge dynamo, consistently with a former 
proposal by Larmor.1 Field lines of the solar magnetic 
field 𝐵  keep trapped electrons, and – on much larger 
gyration radii – also protons and ions. Hence, owing to a 
different trapping efficiency, the thermal exhalation of the 
solar corona involves more protons and ions than the more 
strongly trapped electrons. Thus, the Sun progressively 
loses positive charge, while its total negative charge 
increases.  

For completeness, we should stress that sometimes is 
has been stated that electrons escape more easily from the 
Sun, because they have less mass and more energy, thus 
making the Sun positively charged. However, in this 
respect one must clearly distinguish three drivers: 
gravitational, electromagnetic (e.m.), and thermal.  

The strongest driver is certainly thermal, as it derives 
from the huge thermonuclear energy that is steadily 
produced inside the Sun. The next driver is e.m., due to 
the huge solar Larmor’s dynamo. Hence, the huge 

associated solar magnetic field 𝐵 keeps trapped electrons, 
much more effectively than protons and positive ions. 
Protons and positive ions - being captured on larger radius 
spirals than electrons - can therefore exhale more freely 
from the Sun, due to the overwhelming role of the thermal 
driver.  

In fact, as stressed below, if the e.m. driver is leading, 
the Larmor’s dynamo should cause a full blocking of the 

whole solar body. In addition, in principle - with a solar 
wind of strictly infinite electrical conductivity 𝜎  - we 
should not even see the Sun, due to the total screening by 
e.m. blocking.  

That is, in any case, the gravitational driver is by far 
the least relevant, or just a negligible, driver. The e.m. 
driver attempts to block all plasma inside the volume of 
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the Sun. This, however, should forbid the energy balance 
of the Sun, which is a huge thermonuclear stove that must 
therefore steadily and explosively disrupt the e.m. 
blocking. By the way, this is the reason of the transient 
pattern of the observed Sun magnetic field 𝐵, because 𝐵 
does not afford to get any regular pattern, being 
continuously violently disrupted. In summary, the Sun 
progressively loses positive charge, while total solar 
negative charge increases. In any case the gravitational 
driver is certainly negligible, compared to the e.m. driver.  

In summary, the Sun steadily acquires a total negative 
charge, but the process cannot progress indefinitely. 
When the total negative charge of the Sun gets above 
some threshold (depending on the intensity of the solar 
𝐵 ), some mechanism must get rid of the electrostatic 
unbalance. Thus, huge van de Graaff accelerators launch 
violent electron jets that break through the photosphere. 
Thus, the photosphere displays dark sunspots. Huge 

clouds of electrons precipitate on the Earth and on other 
planetary objects, causing most spectacular electron 
auroræ, while a violent perturbation crosses every 
magnetosphere through the whole Solar System. 

The regular expansion of the solar corona generates 
the solar wind – and in an analogous way every star 
generates a stellar wind. Key physical features are the 
filamentary structures, which are observed, e.g., in several 
splendid James Webb Space Telescope images (Fig. 1). 
Indeed, the physical explanation relies on the Cowling 
dynamo (Gregori et al., 2025d) that can be briefly 
illustrated as follows – which also explains the 
filamentary structures that are a leading feature in comets 
(better details are given in Gregori et al., 2025d, even 
though we cannot repeat here the extensive discussion; 
only some mentions are given below). 

 

 
Fig. 1.”NASA's James Webb Space Telescope dissected the Crab Nebula’s structure, aiding astronomers as they continue to 

evaluate leading theories about the supernova remnant’s origins. (Image credit: NASA, ESA, CSA, STScI, Tea Temim - Princeton 
University).” Figure and captions after Kuthunur (2024). NASA free copyright policy. 

The Cowling dynamo (the reader must refer to Gregori 
et al., 2025d, and references therein) is a universal 
mechanism that holds all over through the whole universe, 
on every scale size – much like a universal rigorous 
theorem, almost like the Pythagoras theorem. The 
Cowling dynamo derives from a rigorous proof of the old-
fashioned - and formerly unsolved - classical Cowling 
theorem, which since the 1930s is a nightmare for solar 
physicists and astrophysicists. The rigorous generalized 
Cowling dynamo claims that, under very general 
conditions, every system of charged particles with an 

internal dynamics - such as, e.g., a convection cell - is an 
effective dynamo that, in general, can display only either 
one of the two patterns shown in Fig. 2. Fig. 2a has 
poloidal magnetic field 𝑩 and toroidal electric field 𝑬, 
while Fig. 2b has poloidal 𝑬 and toroidal 𝑩. The theorem 
states that the case of Fig. 2a is unstable, hence never 
observed, while the case of Fig. 2b is stable. However, the 
argument shows that, in the case of ideal cylindrical 
symmetry, the stable case of Fig. 2b has null energy - 
hence, this particular last statement is in close agreement 
with the old-fashioned classical Cowling theorem.  
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The Cowling dynamo applies to several natural 
systems, on every scale size (Gregori and Leybourne, 
2025e; Gregori et al., 2025f, 2025g), from small-scale 
phenomena - such as fog, atmospheric precipitation, ball 
lightning (BLs), sparks and lightning - through other 
specific effects, such as runaway breakdown (RB), 
terrestrial gamma flashes (TGFs) and the Gurevich and 
Karashtin (GK) effect, up to larger scale-size phenomena 
including clouds and the electrostatics of the ionosphere, 
transient luminous events (TLEs), Birkeland currents (i.e., 
field aligned currents or FACs, inside the magnetosphere), 
stellar wind collimation, and even alignments of stellar, 
galactic, and galactic superclusters. In addition, inside 
deep Earth, the same process is responsible for the 
shrinking and collimation of sea-urchin spikes (see 
below). 

 

 
Fig. 2. Idealized scheme of every most general dynamo 

composed of charge matter with some internal dynamics. 
Only two configurations are possible. Case (a) has a mere 
poloidal 𝑩 and toroidal 𝒋 or 𝑬. Case (b) has a mere toroidal 
𝑩 and poloidal 𝒋 or 𝑬. The generalized Cowling theorem 
states that case (a) is unstable while case (b) is stable. In 
addition, it is shown that, in either case, the perfect 
cylindrical symmetric configuration attains the maximum 
possible dynamo performance, even though the total energy 
of the stable dynamo of case (b) is null, and this is in 
agreement with the classical Cowling's theorem. In contrast, 
with no cylindrical symmetry the energy for case (b) is not 
null. For instance, no cylindrical symmetry occurs when the 
axis of symmetry of figure (b) is not the same as the rotation 
axis of the system. After Gregori (2002), also in Gregori et 
al. (2025d).with kind permission of the late Wilfried 
Schröder. 

 
Concerning the solar wind (see Gregori et al., 2025g), 

consider a flow of an ionized fluid. Owing to local thermal 
heterogeneities, the fluid contains some small convection 
cells. Owing to the Cowling dynamo, these 
heterogeneities are responsible for an extra amount of 
self-confinement - due to toroidal 𝑩  – which is not 
explained by standard magneto hydro-dynamic (MHD) 
models of the solar corona expansion. When the electrical 
conductivity 𝜎 of the solar wind is supposed infinite, one 
gets the classical Alfvén's “frozen in” concept. In fact, 

inside the solar wind, in general the kinetic energy always 
overwhelms the magnetic field energy. Hence, the 

magnetic field 𝑩  is dominated by the kinetic energy. 
Therefore, in a “frozen in” state, there is no need for 

Cowling dynamo, because the confinement is total - much 
like when the convection cell becomes a zero-radius cell.  

The same effect of alignment due to the Cowling 
dynamo is operative, and explains the deadly TGFs, the 
filamentary patterns of Fig. 1, the stellar alignments inside 
galaxies, and the analogous impressive alignments of 
galaxies inside galactic superclusters. 

For the time being, let us begin and consider the case 
of solar wind with infinite 𝜎 . The classical Alfvén's 
“frozen in” theorem is related to the concept of “mirror” 

(see Gregori et al., 2022d for better details). In fact, the 
abstract idea of “mirror” implies (i) an ideal infinitely thin 
surface, and (ii) an ideal “reflecting” surface. That is, we 

arbitrarily claim that a natural system behaves like a 
“mirror” when it reflects something much like according 

to the intuitive reflection law of college-optics. 
For instance, refer first to the classical “skin depth” 

effect. Consider a region 𝐷 of space, being some kind of 
“surface” - or more properly of a layer of physical 
thickness 𝑘 ≠ 0, i.e., 𝐷 is a layer of any shape, which is 
not necessarily planar. This layer 𝐷 has an “external” and 

an “internal” side, and is composed of material with a 

given mean 𝜎. Consider a planar and homogenous e.m. 
wave impinging on 𝐷  from “outside”. Owing to e.m. 

induction, some electrical currents 𝒋 are generated inside 
𝐷. The impinging e.m. signal, while penetrating deeper 
through the medium of 𝐷, is damped off, according to an 
exponential law characterized by the “skin depth” of 

penetration, which is a function of the frequency 𝜈 (i.e., a 
higher 𝜈 has a shallower skin depth). Therefore, the e.m. 
field monitored by an observer, who is located externally 
to 𝐷, believes that the result looks the same as a reflection 
occurred by 𝐷 of the impinging e.m. signal. At last, carry 
out a limit process, i.e., let 𝜎 → ∞ and 𝑘 → 0, and in this 
way - by means of a simple abstraction - one defines an 
ideal “mirror”, having infinitesimal thickness, which 

mimics the behavior of the system when it is observed 
from “outside”. 

As far as the solar wind is concerned, suppose that it 
can be conceived like an ionized medium with 
approximately 𝜎 → ∞. Owing to Alfvén’s theorem, one 

claims that 𝑩 is “frozen-in” the solar wind. The physical 

reason is that the 𝜎 → ∞  approximation implies an 
immediate cancellation - and total screening - of every 
externally impinging e.m. disturbance. That is, according 
to the aforementioned “skin depth” lexicon, the “skin 

depth” is perfectly null – and, in fact, the e.m. state is just 
“frozen-in” as nothing can change inside it, which is 

originated by an external impinging perturbation. 
Therefore, if this property is assumed to hold inside the 
solar wind at every frequency, we should be completely 
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forbidden from observing every e.m. emission released 
from the Sun, including every light ray, or every radio 
emission, etc. That is, we should not even see the Sun - 
such as we cannot see its interior, as it is completely 
screened by the conductive outer layers of the Sun. 
Differently stated, the Sun would look perfectly dark and 
invisible to us. That is, according to Alfvén’s theorem, the 

solar wind is speculated to act as a perfect “mirror”, i.e., 

just like an approximately infinitely thin and ubiquitous 
reflecting surface, although such an approximation does 
not hold for visible light or for radio waves, etc. 
Therefore, the solar wind is a perfect mirror, although 
only when referring to some given frequency band. 

A more realistic - and less extreme - abstraction claims 
that the solar wind is characterized by micro-convection 
cells, of non-vanishing gyration radii, which are 
associated to small Cowling dynamos, which operate like 
effective collimation drivers that can ensure an otherwise 
unexplained filamentary structure, like in stellar 
phenomena (Fig. 1). The same phenomenon certainly 
occurs inside cometary tails.  

Before dealing with other items concerning the solar 
wind, for the time being consider a different scenario, 
such as inside the magnetosphere, where the 𝑩 energy 
density largely overwhelms the kinetic energy density. 
This typically occurs inside radiation belts. In this case, 
one considers FACs, also called Birkeland currents. 
Conversely, one cannot talk about FACs inside the solar 
wind, where 𝑩 is passive and is transported by the solar 
wind, because the kinetic energy density overwhelms the 
𝑩  energy density. FACs precipitate on top of the 
atmosphere and are composed of spiraling electrons 
associated with their gyration radii. Here, a new 
phenomenon happens, due to thermal heterogeneities - on 
the micro-scale – that determine micro-Cowling dynamos 
(see Gregori et al., 2025g, 2025u, 2025v). Thus, a large 
beam of FACs splits into several micro-beams. These 
micro-beams interact one another and finally attain an 
equilibrium that can be attained only when the cross-
sections of the micro-FACs are aligned along the edges of 
an exact polygon, with higher concentration at the vertices 
of the polygon. Very nice pictures are reported of 
polygonal patterns observed of polar auroras observed 
from the International Space Station (ISS) (Gregori et al., 
2025u).  

In addition, the phenomenon is similar to what 
happens inside the Earth, where sea-urchin spikes interact 
with one another to determine the exact tetrahedron 
pattern (Gregori et al. (2021). Thus, the Earth’s surface 

signature is characterized by the planetary distribution of 
mid-ocean ridges (MORs), while the rotation of South 
America – and the formation of Scotia arc – seem to be 
originated by the kingpin in the Gulf of Mexico, which is 

evidenced by magnetic anomaly maps. 
Upon referring to the solar wind, a reminder is needed 

about two key phenomena: (i) one phenomenon deals with 
the well-known spiral pattern of the interplanetary 
magnetic field 𝑩𝒊𝒏𝒕  - more frequently called IMF - 
including the heliospheric neutral sheet (HNS); (ii) the 
other phenomena concerns the corpuscular, i.e., discrete, 
non-continuous, solar wind composition.  

 

 

 
Fig. 3a. (top) 3D pattern of the solar wind observed in the 

ecliptic plane. The best-known image is the 2D pattern in 
terms of 𝑩𝒊𝒏𝒕  alone. The four-section pattern eventually 
collapses into a two-sector pattern. See text. After Fig. 2 of 
Gregori et al. (2025b). Fig. 3b. (bottom) A loop of currents is 
transported by the expanding solar corona inside the solar 
wind, while the geometrical size progressively expands. The 
case is here shown of a huge 𝒋-loop containing a “toward” 

sector of the well-known spiral pattern (i.e., 𝑩𝒊𝒏𝒕 is towards 
the Sun). See text. After Fig. 3 of Gregori et al. (2025b). 

 
The spiral pattern of 𝑩𝒊𝒏𝒕 is well known, even though 

sometimes – when sunspots seem to coalesce at only one 
cluster – the better known four-sector structure pattern (in 
the ecliptic plane, as in Fig. 3, top) shifts to a two-sector 
pattern (Gregori et al., 2025c; Gregori and Leybourne, 
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2025c). In this respect, a key phenomenon, which is of 
concern for cometary investigation, is the pattern of the 
interplanetary electric field 𝑬 . The concept can be 
illustrated by a few figures.  

 

 

 
Fig. 4. Some kind of magnetic “tongue” or “ropes” are 

expelled from the Sun, and are transported by the solar 

wind, with the “frozen-in” 𝑩𝒊𝒏𝒕 . Compared to the 

ideally simple case histories qualitatively sketched in 

Fig. 3, the resulting spiral structure of 𝑩𝒊𝒏𝒕  field-lines 

through interplanetary space is very different. The top 

figure is unpublished. The bottom figure is borrowed 

after (Möstl et al., 2018), with captions: “3D Coronal ROpe 

Ejection prototype geometry. The model envelope (orange) 

consists of a tapered torus that is attached to the Sun at all 

times. The global shape as well as the cross section are 

circular. The Sun is shown as a yellow circle (not to scale), 

and the Earth is shown as a green dot.” Reproduced by 

kind “Open Access” license, and free copyright policy of 

AGU. 
 
Fig. 3a shows the presence of intense currents 𝒋 that 

are approximately perpendicular to the ecliptic plane. In 

reality, one must consider that huge 𝒋-loops expand with 
the solar corona (Fig. 3b), transporting - due to the 
“frozen-in” field - some features that one can call 
“tongues” of 𝑩𝒊𝒏𝒕 (Fig. 4). In reality, these patterns have 
a 3D shape (i.e., the “ballerina model” according to 

Alfvén; Fig. 5). The huge 3D sheet of 𝒋-currents is named 
HNS. The literature often reports fanciful 3D patterns of 
HNS, (see, e.g., Fig. 4 of Gregori et al., 2025b). The HNS 
is fundamental for the investigation of the morphology of 
comets. 

 

 
Fig. 5. “The heliosphere around solar activity minimum, 

in terms of the ‘ballerina’ model as proposed by Alfvén 

(1957). From Schwenn (1981).” Figure and captions after 

Schwenn (1988). Reproduced by kind “Public Domain” 

permission according to ICSUWDS free use policy. 
 
The other key physical item deals with the 

corpuscular, i.e., discrete composition of the solar wind. 
According to the most popular model in terms of MHD, 
the solar wind is treated like an ideal fluid, where - 
whenever needed - the electric charge of every electron - 
or every proton or other changed particle - can even split 
into smaller infinitesimal fragments, according to the 
assumption of “perfect continuity” of the medium. Thus, 

the solar wind flow is conceived analogously to air flow 
in a wind tunnel, where, for every air molecules that 
leaves the tunnel, a new air molecule enters the tunnel on 
the opposite terminal of the tunnel.  

Conversely, the solar wind has a corpuscular structure. 
Whenever a gap occurs in the availability of particles, the 
physical system changes composition. Therefore, since 
𝑐𝑢𝑟𝑙 𝑩 ∝ 𝒋, whenever 𝒋 is missing, the pattern of 𝑩 field-
lines must change.  

In any case, it has become customary to save the MHD 
formalism, and to claim that 𝑩 field-lines are “cut” and 

“reconnected” with a different geometry (Fig. 6). Such a 

phenomenon, named “reconnection”, is certainly a 

violation of Maxwell laws, as it implies that 𝑑𝑖𝑣 𝑩 ≠ 0. 
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In any case, this approximation is presently fashionable in 
the literature.  

Note that “reconnection” is a way to describe the 

discontinuous composition of the solar wind - which is the 
needed requirement for avoiding the aforementioned 
argument that paradoxically implies that the perfect 
“frozen-in” assumption must be associated with a 
completely invisible Sun.  

 
Fig. 6. Reconnection”. A lack of supply of the current 𝒋 

[figure (a)], associated, e.g., with a “plasma cavity” in the 

solar wind, compels the system to change its geometry [figure 
(b)], because 𝑐𝑢𝑟𝑙 𝑩 can no more be sustained by 𝒋. On the 
occasion of some extreme case history, the topology of the 𝑩 
field-lines can even be drastically changed [figure (c)], 
eventually evolving into some new pattern [figure (d)]. This 
process is mathematically described by stating that the former 
𝑩 field-lines were “cut” and “reconnected”. However, this is 

a mathematical fiction, because it must always be 𝑑𝑖𝑣 𝑩 = 0. 
Hence, no 𝑩 field-line can be “cut” unless one violates the 

Maxwell laws. After Gregori (1991, 2000, 2001). With kind 
permission of SIF. 

 
Differently stated, the Sun is visible due to the 

corpuscular structure of the solar wind – because the solar 
wind reflects the breaking of the e.m. blocking of the Sun. 
“Reconnection” is also appealed to (see below) for the 

formation of the neutral sheet of a magnetosphere, or for 
explaining the “friction” between solar wind and 

magnetopause, or the formation of “forelocks” of a 

magnetosphere, or the filamentary structure of comet 
rails, etc. 

For future reference, recall a frequent mistake that - as 
a standard - is reported almost in every present paper on 
the Earth magnetosphere. Indeed, the actually measured 
𝑩𝒊𝒏𝒕  is always observed to lie approximately in the 
ecliptic plane - apart some lesser scatter inside very few 
degrees. In contrast, following a systematic discussion of 
all possible speculated directions of 𝑩𝒊𝒏𝒕 - carried out by 
Dungey2 (1961 and 1963) - Dungey proposed the “open 
model” of the Earth’s magnetosphere, which apparently 

explained several observed phenomena, although it 
assumed that the measured 𝑩𝒊𝒏𝒕  must be approximately 

2  James Wynne Dungey (1923-2015), British space 
scientist, of the Imperial College in London, who in 

perpendicular to the ecliptic plane. This incorrect 
assumption had serious consequences, which still 
unfortunately bias a large fraction of the literature, as 
follows: 
• The belief – very often reported in several papers - 

that the inversion of the tiny “vertical” (North/South) 

component of 𝑩𝒊𝒏𝒕  is crucial in solar-terrestrial 
relations. 

• The formation of a unique “neutral line” crossing the 

night side of the Earth magnetosphere inside the 
neutral sheet. 

• The assumption of “convection” inside the 

magnetosphere - i.e., the magnetosphere is conceived 
like a closed system, with anti-sunward flow of 
particles along the lobes of the magnetosphere, and 
earthward flow inside the plasmasheet. 

These three “beliefs” must be here contended in the 

following – for application to the discussion of 
cometospheres. Our criticisms rely on physical arguments 
that are only briefly outlined here, as these items are now 
“classical” and well known to everybody who has some 
confidence with the magnetospheric literature. A more 
detailed discussion is suited for a monograph on the Earth 
magnetosphere, and is outside the perspective of the 
present study on comets. 

Indeed, as an unquestionable matter of fact, the 
actually measured 𝑩𝒊𝒏𝒕  approximately almost exactly 
always lies in the solar equatorial plane. Hence, the often 
claimed correlation of phenomena, with a tiny “vertical” 

component of the observed 𝑩𝒊𝒏𝒕, generally has a very low 
correlation coefficient -  thus raising a serious concern 
about the significance of any such a claimed correlation. 

In addition, no physical reason requests that the 
magnetosphere is a closed system. In fact, the flow of 
particles detected inside the magnetopause is part of the 
flow of the solar wind, which is perturbed by the presence 
of the Earth. The particles detected inside the 
magnetopause are associated to the “forelocks” 

mentioned below - and mostly they share the same fate of 
other particles of the expanding solar corona. Hence, no 
return flow of particles must be expected to occur inside 
the magnetosphere, and no “convection” can occur inside 

the Earth’s magnetosphere. The well-known earthward 
flow of particles in the plasmasheet, observed during 
magnetospheric substorms and geomagnetic storms, is 
easily explained in a different way. In fact, this concept is 
better highlighted in the following when dealing with the 
𝒋-loops in the magnetosphere, and with magnetospheric 
subtorms (see below).  

1961 pioneered “reconnection” in the Sun–Earth 
system. 
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3. The origin of the magnetic field of celestial 
objects  

Different mechanisms can originate the 𝑩 of celestial 
objects. That is, in addition to the obvious case of an iron 
meteorite, which is a remnant of a disruption of a larger 
magnetized object, four mechanisms can be envisaged: 
• A Larmor dynamo, which correctly applies to stars. 
• A tide-driven (TD) dynamo that applies to large 

objects, significantly smaller than stars, and that are 
composed of unbound components that can move 
relative to one another due to tidal pull. 

• Orbital motion of objects of non-null electric charge. 
• Generation of toroidal 𝑩 by Cowling dynamo. 

3.1. Larmor dynamo 

Following the discovery by Hale3 of the 𝑩 of the Sun, 
Larmor (1919a, 1920) envisaged the existence of a 
dynamo inside every star. The violent endogenous 
thermonuclear reactions determine a huge dynamics of 
the strongly ionized medium. At present, this is called an 
MHD process. That is, in this way the thermal energy 
supplies a strong dynamo process that transforms kinetic 
energy into e.m. energy. However, it is found that this 
dynamo unavoidably runs towards full blocking (called 
Biermann’s4 blocking). See Gregori (2002). On the other 
hand, a star is dominated by the primary physical 
requirement of its thermodynamic energy balance, rather 
than by the e.m. interaction, which is, rather, a secondary 
effect.  

Therefore, a star must be in a continuous state of 
steady thermonuclear explosion, just in order to ensure 
energy balance, and in this way the Biermann’s blocking 

is continuously broken. That is, the Larmor dynamo exists 
inside a star only as a transient and steadily re-born 
phenomenon, being continuously disrupted as soon as the 
𝑩  of the star is generated, because the newly born 𝑩 
rapidly leads to blocking. Hence, in general, the 𝑩 of the 
Sun - or of a star - can display no “regular” dipole field - 
as in fact all available observations confirm. 

This mechanism is certainly correct when dealing with 
objects with a huge source of endogenous energy. In 
contrast, this blocking argument contends the present 
generally accepted Elsasser 5 -Bullard 6  dynamo, which 
relies on the application of the Larmor dynamo also to a 
planet like the Earth. For clarity purposes, the physical 
meaning must be specified of the concept of Biermann’s 

3

 

George Ellery Hale (1868-1938), American solar 
astronomer.

 

4

 

Ludwig Franz Benedikt Biermann

 

(1907-1986) German 
astronomer. 

 

blocking (Gregori, 2002). 
Begin  and refer to the simple  case history  of a man-

made dynamo  that is constructed  by engineers  for a 
hydroelectric  power -plant . It  is  well  known  that , 
depending on the power absorption by the user network, 
the operator of the power-plant must modulate the water 
flux , which  is allowed  to impinge  on the turbines . For 
instance , the  water  flow  must  be  reduced  during 
nighttime . The  purpose  of the operator  is to ensure  an 
approximately  steady  power  supply  to the network , for 
balancing  in some  way  the fluctuations  of the user 
absorption. 

Suppose  that no user network  is connected  to the 
dynamo that is powered by the turbine - and suppose that 
Joule dispersion is negligible inside the circuit where the 
e.m. induction  occurs that produces  the dynamo output. 
Therefore , the  induced  currents  inside  the  dynamo 
circuits  must  continue  to  increase  up  to  infinity , 
because  no energy -sink whatsoever  can exist  - while  a 
steady  and uninterrupted  energy  input  is supplied  to 
the  system . Therefore , the  forces  always  increase  vs. 
time  that  attract  to  each  other  the  different  dynamo 
components, because these forces are originated by the 
ever  increasing  𝑩 . Ultimately , the  result  is  that  all 
mechanical  components  of the dynamo  must be firmly 
locked with one another. Hence, no relative movement 
can  occur . The  eventual  addition  of water  flux  - even 
with  some  very  large  kinetic  energy  - will  be strictly 
incapable of moving the turbine. This is the Biermann’s 

blocking . The  dynamo  must  unavoidably  stop 
producing  additional  electric  current . The stop will last 
until some user takes off some electric  current  from the 
dynamo  circuits , and  thus  lowers  their  tremendously 
large 𝑩. 

 

Differently  stated, the dynamo  blocking  is a state 
where the magnetic  energy  density  largely  overwhelms 
the available  kinetic  energy  density . A full blocking  of 
the  system  is caused  by the  generated  𝑩. Biermann  (
1941) first envisaged  this paradoxical  condition  in 1941 
while studying the cooling of sunspots.

 

3.2. Tide-driven (TD) dynamo
 

The Elsasser-Bullard dynamo is the application of the 
Larmor MHD

 
dynamo to the case of the Earth, and this is 

the present fashionable explanation of the Earth’s 𝑩. The 
Biermann ’s blocking  (Gregori , 2002), however , soon 

stops  this  kind  of dynamo . This  drawback  applies  to 
every  celestial  object  that  lacks  a suitable  endogenous 
process 

5

 

Walter Maurice Elsasser

 

(1904–1991) German-
born American physicist. 

 

6

 

Sir Edward “Teddy” Crisp Bullard, FRS (1907-1980), 
British geophysicist.
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capable to break the blocking. 
The Earth is composed of movable components, such 

as, e.g., inner core (IC), outer core (OC), mantle and 
lithosphere (see, e.g., Fig. 4 of Gregori et al., 2025a). 
These components are ionized and must move relative to 
one another due to the different effect by the lunar and 
solar tide. This is an effective and unbelievably powerful 
dynamo, driven by tidal interaction. The total energy 
balance is impressive (see, e.g., Fig. 3 of Gregori et al., 
2025a), or better details in Gregori et al., 2021, or in 
Gregori, 2002). This TD-dynamo can justify all 
geodynamic phenomena, including a tremendous impact 
on climate change. 

It is possible to envisage whether a similar argument 
can apply to other objects, e.g., in the Solar System. In this 
respect, a crucial parameter is the size (diameter) of a 
given object 𝑂  times the local gradient of gravitation, 
originated either by the Sun or by other objects, or even 
by other small objects although orbiting somewhere not 
far from 𝑂. This criterion is applied to compute Tables 2 
and 3 of Gregori et al. (2025a), and the result looks 
consistent with the present known observational records 
of the 𝑩 of planetary objects.  

Note that, in general - when dealing with an intricate 
planetary system composed of a large number of satellites, 
such as it typically occurs for the large gaseous outer 
planets of the Solar System – in general every satellite can 
have its own endogenous TD-dynamo. In addition, 
whenever the object is electrically charged, the orbital 
motion of every object can generate a 𝑩 . That is, the 
whole planetary system of a large external planet can have 
a really composite structure of the mechanisms that 
generate 𝑩. See below. 

3.3. Orbital motion of objects of non-null electric 
charge 

Since the solar wind has a non-null electrical charge 
(see above and Gregori et al., 2025b), a planetary object – 
not to be confused with a single electron or elementary 
particle – acquires a surface non-null charge. Hence, this 
object is a source of 𝑩 simply deriving either from its 
orbital motion, or from its spinning – while the resetting 
of the electrostatic charge of the object occurs with the 
sunspot cycle, when interplanetary space is crossed by 
huge electron clouds.  

In this respect, a surprising and most impressive case 
history is represented by the Pluto-Charon binary system, 
which has 4 rocky mini-satellites, rapidly spinning, hence 
characterized by a magnetic moment derived from their 
electric charge and from their rapid spin. Therefore, they 
mutually repel one another, and are located at a roughly 
identical reciprocal distance in their respective orbit. In 
addition, the mutual orientation of their spin axis is 

accordingly precisely determined (see Fig. 10 of Gregori 
et al., 2025b, and for additional more extensive discussion 
see Gregori, 2016a). No other explanation was ever 
proposed for this specific morphology of dynamics of 
these 4 rocky mini-satellite. In fact, the system composed 
of the binary system Pluto/Charon plus the 4 mini-
satellites is a typical set of small objects orbiting around 
their barycenter, often reported in asteroids or draft 
planets, and can be called “Pluto effect”. The fate of every 

such a set of small objects is to collapse into a unique 
celestial object. See Gregori (2016ª) for additional details. 

3.4. Generation of toroidal 𝑩 by Cowling dynamo 

The aforementioned Cowling dynamo process 
(Gregori et al., 2025d) is ubiquitous and is responsible for 
some large-scale and most important effects (Gregori and 
Leybourne, 2025e; Gregori et al., 2025f, 2025g), such as, 
e.g., in the case of the Earth, for the positive electrostatic 
charge of the ionosphere. In addition, an anomalous 
particle precipitation on the atmosphere of every large 
outer gaseous planet supplies a huge and anomalous 
convection cell, with a feedback on the solar wind, which 
is usually correlated with an observed gigantic storm in 
the atmosphere of that planet (Gregori and Leybourne, 
2025c). 

A most peculiar effect of the Cowling dynamo, 
however, deals with the generation of toroidal 𝑩, which 
confines the surrounding plasma, being responsible either 
for the formation of “forelocks” inside magnetospheres 

(see below), or for the collimation of the solar wind, or of 
stellar wind, or for the galactic 𝑩, or for the alignment of 
stars inside galaxies, or of galaxies inside superclusters of 
galaxies, etc. 

4. The Earth’s magnetosphere 

For future reference, we must briefly mention some 
phenomena in the Earth’s magnetosphere, which are 

required for the discussion of the magnetospheres of other 
planetary objects, including the cometospheres. Since the 
standard magnetospheric literature does not mention these 
items, a detailed description must be specified.  

The present generally accepted model - which relies 
mostly on observational evidence independent of physical 
interpretation - is believed to have been first proposed by 
Walter John Heikkila (1972), a nice gentleman, Professor 
Emeritus at the University of Texas at Dallas, TX., who 
synthesized the most current beliefs of that time. 

Begin with a well-known energy balance argument. 
As mentioned above, inside the solar wind the kinetic 
energy density overwhelms the magnetic energy density, 
hence 𝑩 is “frozen-in” the solar wind.  
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Fig. 7, (top) A 𝒋-loop of the solar wind approaches the 𝒋-

loop that symbolizes the 𝒋 currents that originate the 𝑩 of the 
Earth. The solar wind 𝒋-loop contains a 𝒋-generator, i.e., a 
generator of electric current - not of voltage - indicated by the 
top-left rectangle. Historically, only the gravitational 
interaction was first considered, and only later also the 
thermodynamic and e.m. implications. After Gregori (2002). 
With kind permission of the late Wilfried Schröder. (bottom) 
The solar wind is here symbolized (with no loss of generality) 
only by one loop of electric current 𝒋𝟏 and the source of the 
Earth 𝑩 only by one loop 𝒋𝟐. Within a "drop" magnetosphere 
[Figure (a)] 𝒋𝟏 flows all outside the magnetopause and it links 
no flux Φ 2 of the magnetic field 𝑩𝟐 generated by 𝒋𝟐 . 
However, whenever some physical cause makes 𝒋𝟏  link as 
much Φ2 as possible, such as it occurs in Figure (b), the 
Hamilton's principle states that - by this and only by this - 
stable equilibrium can be attained. Thus, (a) and (b) can be 
considered as physically possible and meaningful states of 
equilibrium, although (a) is unstable, while (b) is stable. After 
Gregori (1991, 1998, 1999a), also after Fig. 1 of Gregori et 
al. 2025e). With kind permission of SIF. 

 

7 The constant 𝛾0 refers to the need to refer to every kind 
of different units. Historically, different systems of 
units were used. Therefore, when dealing with 
historical papers, a basic concern is that we must use a 

In contrast , close  to the Earth  the magnetic  energy 
density  overwhelms  the  kinetic  energy  density  of 
particles , which  are therefore  trapped  and form  the 
radiation  belts. The argument  is classical .

 

The region 
where  the two  kinds  of energy  density  approximately 
balance each other is called “magnetopause ”. This is 

emblematically represented by a closed surface and is the 
basic  rationale  for  defining  the  “drop -model ” 

magnetosphere  (Fig. 7, left panel). See additional details 
also in Gregori (1999).

 
It must  be stressed  that  this  concept  should  not 

consider the magnetosphere as a closed volume in space, 
separated  from the interplanetary  environment . In fact, 
several  phenomena  occur  that  cross  the magnetopause 
where  the corpuscular  nature  of the solar  wind  plays  a 
crucial  role  -

 

related  to an intricate  set  of phenomena 
named in different  ways, and observed  by space probes 
by means of different sensors (see below).

 
Space  probes  later  discovered  the  “neutral  sheet ”, 

and –

 

at present –

 

the literature  generally  refers to the 
aforementioned  Heikkila  model  of the magnetosphere , 
which relies on an interpolation  of the several  available 
observations  –

 

while , however , no  real  physical 
justification  is given  for  the  formation  of the  neutral 
sheet . In  fact , the  unique  explanation  seems  to  be 
illustrated by the cartoon of Fig. 7. In fact, if the solar 
wind is a “continuous” flow of particles, no change can 

occur  of the  topology  of the  𝑩

 

field  lines  -

 

which  are 
eventually  only  deformed , while  the  basic  topology 
remains  the  same . In  contrast , whenever  a lack  of 
particles  occurs  in the solar  wind  –

 

which  is generally 

called “plasma cavity” –
 

the topology of the 𝑩

 

field lines 
changes in Fig. 7 (right panel) from Fig. 7a to Fig. 7b. In 
the ultimate analysis, the system searches for a minimum 
energy of the system (Gregori et al., 2025e).

 
A key concept  for the present  discussion  deals  with 

the Maxwell law 𝑑𝑖𝑣

 

𝒋 = 0, by which all currents 𝒋

 

can be 
expressively  imagined , e.g., as a flow of water  inside  a 
water -pipe  of  varying  cross -section , whereby  a 
comparably  more  intense  𝒋

 

corresponds  to a smaller 
cross-section of the pipe, etc. The role of particle  gaps (
or “plasma cavities”) in the solar wind can be intuitively 

treated as a secondary effect, which causes a perturbation 
of the main pattern (like an air bubble) of the “water-pipe

” analogy.

 
Another  key concept  deals  with another  classical 

Maxwell’s relation (in the non-stationary approximation
), i.e., 𝑐𝑢𝑟𝑙

 

𝑯 = (4𝜋/𝛾0)𝒋

 

.

7  

Therefore, if we know the 

correct interpretation of the information and we must 
always refer to a correct unit system. This concern is 
quite intricate and is discussed in detail by Gregori et 
al. (2025o). No brief mention can be given here. 
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observed pattern of 𝑩 (or 𝑯), we can map the field of 𝒋 
and thus derive the intricate topological patterns of the 𝒋-
loops.  

A 3D model, made in the late 1960s, is shown in Fig. 
8. It should be stressed that no “exotic” hypothesis was 

necessary for interpreting this 3D model. These wooden 
model is roughly one meter long, and during two weeks 
of trials and suitable reflection, using only pencil and 
eraser, the unique possible results was found that is here 
explained. In fact, upon a close and detailed analysis, one 
affords to clearly infer that the whole 𝒋 -system is 
surprisingly composed of three loops (Fig. 9).  

One 𝒋-loop, denoted by 𝐽1 , is shown in the bottom 

panel of Fig. 9 by a green arrow. It flows away from the 
Sun , and  – when  seen  from  the  side  of  the  Sun  – it 
confines  the Northern  lobe  of the magnetosphere  by a 
clockwise  current . Since  the  solar  wind  - in  normal 
conditions  -

 
has  a prevalence  of positive  charges , this 

loop  is normally  mainly  composed  of protons  and  𝐻𝑒 
ions . Symmetrically , a similar  𝒋-loop , denoted  by 𝐽2 , 
shown  in the top panel  of Fig. 9 by a blue  arrow , must 
envelop the Southern lobe by a clockwise current – when 
seen from the side of the Sun – although the current must 
flow  towards  the  Sun . This  loop  is dominating  when 
intense  clouds  of electrons  are  ejected  from  the  Sun . 
Therefore , this loop is typically  much intensified  during 
magnetospheric  substorms and geomagnetic  storms (see 
below). 

 

 
 

  
Fig. 8. 3D model of the Earth’s magnetosphere (not to scale), aimed to investigate the topology of 𝒋 currents, in the 

case of an “away” sector of 𝑩𝒊𝒏𝒕. The two top photographs show the model observed from the Northern side, while the 

lower right photograph shows the model seen from the Southern side and the lower left photograph from the Eastern 

side. The 𝑩𝒊𝒏𝒕 field lines are shown by red arrows, which are tracked on a plastic transparent slab that represents the 

ecliptic plane. Note the substantial asymmetry between the Northern and Southern lobes of the magnetosphere. See 

text. Unpublished figure. 

A third 𝒋-loop, partially shown in the top panel of Fig. 
9 by a red arrow, has a curious and certainly unexpected 
character of “trapped” radiation, which is shown by the 

bottom panel of Fig. 9. It must be pointed out that only 
two, not three, 𝒋-loops are shown the bottom panel of Fig. 
9. One 𝒋-loop, denoted by a black circuit, has a unique 
winding around both lobes of the magnetosphere. The 
other 𝒋-loop, shown by grey arrow, winds twice each lobe 
of the magnetosphere, while crossing the neutral sheet 
once earthward and once tailward, with respect to the 
crossing of the black 𝒋-loop. That is, these are closed 
tracks, almost like curious trapping orbits for electrons, 
protons and ions. 

Note that the anti-sunward flow of 𝒋 -currents 

Reference to Gregori et al. (2025o) must be made also 
when dealing with other formulas mentioned below. 

determines the formation of the neutral sheet, according 
to the energy rationale expressed by Fig. 7. Differently 
stated the natural system looks for the minimum energy 
of the system, consistently with a general variation 
principle (Gregori et al., 2025e). 

Consider what happens when the Earth’s 

magnetosphere crosses through the HNS. The tail of the 
magnetosphere is directed in the radial direction away 
from the Sun. In contrast, the 𝑩𝒊𝒏𝒕 spiral structure is bent, 
approximately (at 1 𝐴𝑈 ) by ~45°  with respect to the 
sunward direction, and the HNS contains 𝒋-currents that, 
almost like a blade, impinge on the Earth’s 

magnetosphere. The Earth moves comparably slower 
along its orbit around the Sun, while the spiral pattern of 

As far as the present application is concerned, the 
reader – if he likes - can put 𝛾0 = 1. 
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𝑩𝒊𝒏𝒕 rotates with a period of the order of ~27 𝑑𝑎𝑦𝑠. The 
HNS 𝒋-currents merge with the magnetospheric 𝐽1 and 𝐽2 
loops, and progressively - although “quietly” and 

regularly - reverse the asymmetry between the 𝒋-loops 
that twist around the two lobes of the magnetophere. 

 

 

 
Fig. 9. (top) The whole 𝒋-system is composed of three 

loops. One 𝒋-loop, denoted by 𝐽1, is shown by a green arrow. 
It flows away from the Sun, and – when seen from the side of 
the Sun – it confines the Northern lobe of the magnetosphere 
by a clockwise current. A similar 𝒋 -loop, denoted by 𝐽2 , 
shown by a blue arrow, confines the Southern lobe of the 
magnetosphere by a clockwise current – when seen from the 
side of the Sun – although the current flows towards the Sun. 
A third 𝒋-loop, partially shown by a red arrow, has a curious 
and unexpected character of “trapped” radiation. This third 𝒋-
loop is shown in more complete detail by the bottom panel, 
where we stress that only two, not three, 𝒋-loops are shown. 
One 𝒋-loop, denoted by a black circuit, has a unique winding 
around both lobes of the magnetosphere. The other 𝒋-loop, 
shown by grey arrows, winds up twice each lobe of the 
magnetosphere, crossing the neutral sheet once earthward 
and once tailward with respect to the crossing of the black 𝒋-
loop. There is one unique loop like the black circuit, and an 
infinite number of loops similar to the grey arrows circuit. 
See text for better details. Unpublished figure. 

 

Now , we must  consider  what  happens  whenever  a 
small or large amount of particles is missing in the solar 
wind flow. The magnetospheric  𝐽1 and 𝐽2 loops abruptly 
experience an either small or large “plasma cavity”. The 

relation  𝑐𝑢𝑟𝑙 𝑯 = (4𝜋/𝛾0 )𝒋 requests  a change  of 
topology due to a lack of 𝒋 supply.  

Consider  the aforementioned  intuitive  water -pipe 
model - and imagine that an air-bubble propagates  along 
the  water -pipes  that  represent  the  𝐽1 and  𝐽2 𝒋-loops . The 
physical  system  is substantially  changed . It is formally 
claimed that “reconnection ” occurs wherever  the air-
bubble is located. In terms of a variational principle (
Gregori  et al., 2025e), the system attempts  to obviate  to 
the missing  particle  supply by the solar wind, and it 
appeals to all available particles from other sources.  

The result  is that particles  available  downstream  are 
accelerated  both  earthward  and  downstream  in  the 
neutral  sheet . The  result  is the observed  plasmasheet , 
which  is a layer  a few  𝑅𝐸 (Earth ’s radii ) thick  with 

earthward flowing particles that are observed – like an 
almost  permanent  feature  – to flow  around  the neutral 
sheet . It should  be stressed  that this argument  shows 
that, in contrast with the aforementioned present general 
belief, no “convection” occurs in the magnetosphere. 

It  is  reasonable  to  enquire  how  far  the  flow  of 
particles  in the plasmasheet  can penetrate  earthward . In 
fact , one  must  refer  to a balance  between  the  kinetic 
energy  density  of the particle  flow in the plasmasheet , 
and the magnetic  energy  density  of the geomagnetic 
field . That  is , the  argument  is  identical  to  the 
aforementioned  definition of the magnetopause  (Fig. 7), 
although  it is now  applied  in 2D in the  approximate 
plane of the plasmasheet , rather  than in 3D. Differently 
stated , just  consider  the  formal

 
balance  between  the 

kinetic  energy  density  of  the  particle  flow  in  the 
plasmasheet  -

 
which  is  intensified  during 

magnetospheric  substorms  and geomagnetic  storm (see 
below) –

 
and the magnetic  pressure  of the geomagnetic 

field , i.e., with  the  energy  density
 
of the  geomagnetic 

field . In terms  of simple  direct  geometrical  arguments , 
the result is of two types, illustrated in the cartoon of Fig. 
10.

 

When the plasma cavity is substantially more intense, 
the  earthward  flow  of particles  in the  plasmasheet 
becomes more relevant -

 

because the aforementioned “
reconnection” process along the tail persists for a longer 

time . Note  that  the anomalous  flow  of particles  in the 
plasmasheet occurs both earthward and downward, even 
though  -

 

on the  Earth  -

 

we  detect  the  effect  of the 
earthward  plasma  flow. Thus , as far as the effect  is 
concerned that is observed from the Earth, polar auroras 
display the typical morphology that Syun-Ichi Akasofu (
1964) named “auroral substorm”, to be later interpreted (
Akasofu, 1968, 1977) like a facet of a more general 
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magnetospheric substorm. 8   
 

 

 
Fig. 10. Earthward termination of the earthward influx of 

particles in the plasmasheet. The top figure (out of scale) 
shows the typical standard morphology observed in the case 
of the Earth. However, when the pressure by the particle 
inflow in the plasmasheet is more intense, the earthward 
termination of the plasmasheet affords to surround the Earth, 
even on the noon side. Indeed, this pattern is the standard 
observed in the case of the Jupiter magnetosphere, where this 
is called “magnetodisk”. See text for details. Unpublished 

figure.  
 
The observed typical duration of an auroral substorm 

is ~2 − 3 ℎ𝑜𝑢𝑟𝑠. This entire phenomenon is consistent 

8  Syun-Ichi Akasofu (1930-), founding Director of the 
International Arctic Research Center of the University 
of Alaska Fairbanks (UAF), served in that position 
from the center's establishment in 1998 until January 
2007. Previously he had been Director of the 
University's Geophysical Institute from 1986. He 
discovered auroral substorms by exploiting a visual, 
empirical, analysis of the whole set of all-sky cameras 

with the propagation downstream of a plasma cavity at the 
mean speed of the solar wind (~400 𝑘𝑚 𝑠𝑒𝑐

−1), along the 
tail of the magnetosphere (that has a typical length of the 
order of ~1,000 𝑅𝐸 ), and this corresponds to an 
earthward flow in the plasmasheet lasting ~4.4 ℎ𝑜𝑢𝑟𝑠. It 
must be stressed that, before the onset of the substorm, the 
magnetic energy density is responsible for the balance 
between internal and external pressure across the 
magnetopause along the tail. When the electric currents of 
the magnetospheric system (as per Fig. 9) fade off due to 
the plasma cavity, the magnetosphere squeezes the tail, 
almost like a toothpaste tube, for using the particles 
available in the plasmasheet in order to compensate the 
lack of internal magnetic pressure.  

However, as a standard, a large plasma cavity in the 
solar wind typically persists much longer than a few 
hours. Hence, according to what can be detected by an 
observer located on the Earth, a magnetospheric substorm 
exhausts when the plasma cavity (or the “air-bubble” in 

the water-pipe) gets out of the last fringes of the 
magnetospheric tail. Therefore, the particle supply should 
exhaust, which is manifested by the earthward flow of 
particles in the plasmasheet. However, if the plasma 
cavity still persists inside the solar wind, a new substorm 
starts. This, indeed, is what is observed. In fact, several 
substorms are triggered in sequence, while a new 
substorm eventually starts when the previous substorm is 
not over. This peculiar behavior depends on the 
irregularity of the composition of the impinging plasma 
cavity within the solar wind. Summarizing, a sequence of 
several substorms represents altogether the well-known 
classical phenomenon named “geomagnetic storm”, with 

a typical duration of a few days. 
According to what seems available in the literature, 

this is the unique available physical explanation for the 
occurrence of substorms and of geomagnetic storms. As a 
curiosity, the typical morphology - depicted by the 
recorded horizontal component 𝐻  of the observed 
geomagnetic field – has the reversed shape of a lognormal 
distribution (Campbell, 1996), consistently with the 
requirement of statistics, whereby the occurrence of an 
event is proportional to the number of already occurring 
similar events. In fact, this is the logics of every rush-hour 

picture collected during the International Geophysical 
Year (1957-1959). This has been an absolutely 
impressive achievement, reminding about the old-
fashioned Romantic investigations carried out with no 
computer aids. Professor Syun-Ichi Akasofu will be 
remembered in the history of Earth sciences for this 
great and almost unbelievable achievement.  
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phenomenon ((i.e., of the Kapteyn 9  class distributions; 
Arley and Buch, 1950, or Paparo and Gregori, 2003). That 
is, while looking at a geomagnetic storm, the probability 
of the start of a new substorm is proportional to the 
number of substorms that are already in progress. 

After considering what happens across the neutral 
sheet - due to either lesser or large plasma cavities in the 
solar wind - the effect can be considered of all phenomena 
that occur across the magnetopause. Fig. 11 shows a 
single case history. Some secondary neutral sheet is 
developed on the pole. In fact, the missing particles 
determine “reconnection”, while particles propagate 

downstream. They twist, due to the internal micro-
Cowling dynamos (see Gregori et al., 2025g, 2025u, 
2025v), which determine the collimation of the particles 
that flow downstream at the mean speed of the solar wind. 
That is, a phenomenon occurs that can be illustrated like 
a “forelock”10 of 𝑩 flux tube.  

Differently stated, some filamentary patterns are 
permanently observed inside the magnetopause above 
both polar caps. This phenomenon is crucial to explain 
several filamentary patterns that are typical of cometary 
tails, and of cometospheres. In fact, observations are 
reported, which are much more extended in space, and in 
the case of the Earth the result was named “plasma 
mantle”11 as shown in the cartoon of Fig. 12. 

A related concept is the so-called polar wind, which 
represents a steady leakage of a tiny fraction of the Earth’s 

atmosphere, by which some earthly air is lost by an anti-
sunward flux of air ions over both polar caps. At present, 
this topic is classical, and observations are available by 
which also the solar sunspot cycle dependence is well 
known. No details are here needed. 

A closely related – and generally not well 
acknowledged – concept deals with the palæovariations of 
the total mass of the atmosphere, which is manifested as 
variations of the palæodensity of the atmosphere. In fact, 
consider that a depletion of the atmosphere occurs 
whenever a geomagnetic field reversal (FR) occurs. The 
explanation of a FR relies on the principal idea that 
occasionally the Solar System encounters a dense cloud 
of interstellar matter, which compresses the heliosphere 
inside the Earth’s orbit. Thus, the Earth detects a 
temporary disappearance of the solar wind. Hence, the 
Earth’ magnetosphere temporarily “disappears”. 

Following the huge environmental magnetic disorder, the 
geomagnetic field eventually decays. When the solar wind 
is reset, the Earth eventually lacks a significant shield by 
a magnetosphere, and is therefore spoiled by interaction 

9  Jacobus Cornelius Kapteyn (1851–1922), Dutch 
astronomer. 

10 The term “forelock” is not found in the literature. 

either with interstellar  matter , or with the restored  solar 
wind. The result is a reduction of the Earth’s atmospheric 

density. 
 

 

 
Fig. 11. Noon-midnight meridional cross-section [top 

panel] and tail cross-section [bottom panel] showing (out of 
scale) the formation of “forelocks” of 𝑩 flux tubes caused by 
missing particles in the solar wind flow. Every “forelock” is 

collimated by a twisting 𝑩 due to the toroidal 𝑩 generated by 
micro-Cowling dynamos. This phenomenon typically occurs 
also in cometary tails. See text. This forerunning sketch is 
loaned after Gregori (1968) with permission by Annales de 
Géophysique, licensed under “Open Access” CC BY 4.0. 

 
Summarizing, when a FR occurs – and consider that 

normally several FRs can happen clustered within some 
comparably “short” time lag - the Earth’s atmosphere is 

not protected by the magnetospheric shield. Hence, the 
atmosphere is temporarily spoiled. In any case, it is well-
known that the solar wind exploits an effective spoiling 
action on every planetary object, whenever the object is 
not shielded by a magnetosphere. During every FR the 
Earth supposedly remained without magnetosphere for 
some time. The typical duration of a FR is estimated to be, 
maybe, a few thousand years or less, and its progression 
(i.e., whether the field vanishes and re-grows, or rather it 
flips) is not yet clear, even though the term “reversal” is a 

common usage implying a change in orientation or flip of 
the dipole.  

 

11 See, e.g., Paschmann et al. (1976), Philipp and Morfill 
(1976), [Scopke and Paschmann (1978) and Schwenn 
(1981). 
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Fig. 12. Rough hand-made sketch showing what is called “plasma mantle”, i.e., a region (pink) where some diffuse 

flux of particles is observed by space probes, resulting from penetration of particles through the magnetopause, or - 

according to the interpretation here given - being associated with temporary “forelocks” of 𝑩 flux tubes. A meridional 

cross-section is shown, with two transversal cross-section along the tail. See text. The sketch is based on an idea after 

Schulz (1991, p. 157, Fig. 26). Unpublished figure. 

On the other hand, during every FR an excess 
production occurs of endogenous energy, through a direct 
modulation on the efficiency of the TD-dynamo. This 
causes an anomalous excess of soil exhalation.  

Therefore, the density of the atmosphere varies 
depending on the balance between the spoiling action by 
the solar wind and the opposing increased soil exhalation. 
In any case, in general it is reasonable to expect that the 
palæodensity of the Earth’s atmosphere changed in some 
seemingly erratic - although relevant - way depending on 
the timing of FRs. Furthermore, no reason requires that 
the palæodensity of the Earth’s atmosphere varied 

according to any smooth or monotonic trend. 
Among a conspicuous literature, recall the important 

papers by Levenspiel 12  (2000) and Levenspiel et al., 
(2000). The large flying animals (dinosaurs etc.) had a 
large Archimedean support by a denser atmosphere, etc. 
They extinguished when the atmospheric density 

12 Octave Levenspiel (1926-2017), Professor of chemical 
engineering at Oregon State University (OSU). 

decreased. Palæonthology gives several interesting 
suggestive evidences. No additional details are here 
needed. 

In any case, all these inferences support the role of the 
solar wind in determining the shape of a cometary tail. 

Concerning Fig. 8, particle gaps - and the consequent 
“reconnection” process - involve some temporary, 
varying, and more or less extended area around both 
“singular points” over both polar caps - which are clearly 
shown in Fig. 8 being characterized by closed 𝒋-loops 
encircling them. When “reconnection” occurs, direct 

precipitation of solar wind particles impinges directly 
over the high polar atmosphere. The term used in the 
literature for this phenomenon is “cleft” that penetrates on 

the atmosphere, directly from the front side of the 
magnetosphere.  

A typical observed morphological feature is 
represented by PCA (polar cap absorption events) 13 

13 Some old reviews are, e.g., Reid (1963), Lassen (1967, 
1969) and Hultqvist (1969a). 
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detected by the abrupt disappearance of the observed 
radio-signals impinging from a natural celestial source. 
The disappearance derives from enhanced ionization in 
the upper atmosphere, whereby the impinging radio-
signal is reflected outward by the increased ionization in 
the ionosphere. Thus, the radio-signals observedat Earth’s 

surface abruptly disappear from radio telescope records. 
A related concern is probably associated with noon-

side auroræ. In fact, the instant location of polar auroræ is 
named auroral oval, while the statistical, time integrated, 
distribution of auroral ovals is called auroral zone. The 

auroral zone displays a maximum in the midnight sector, 
and a secondary maximum in the noon sector, while the 
appearance of auroræ is comparably less frequent in the 
sunrise and sunset sectors.  

The noon maximum of the auroral zone could be 
associated, maybe, to the “cleft”. However, another 

possibility is that the earthward penetration of the 
plasmasheet does not stop on the flanks of the 
magnetosphere. Rather, it penetrates until the noon side, 
thus forming a temporary “magnetodisk” (as shown in 

Fig. 10, bottom panel). This is shown, e.g., in Fig. 13. 
 

 
Fig. 13. Auroral substorm observed by the FUV (Far Ultraviolet) photometers on IMAGE (Imager for Magnetopause-to-

Aurora Global Exploration). After http://sprg.ssl.berkeley. edu/image/. Credit: NASA. NASA copyright free policy. 
 
A different discussion deals with the so-called “𝛩-

auroræ”, which are directly related to the discussion of 

the electric field 𝑬  inside the magnetosphere (Gregori, 
1992, 1998a, 1999a). This item, which is related also to 
the Svalgaard 14  vortex, to the distinction between the 
classical DP1 and DP2 systems of 𝒋 -currents in the 
ionosphere – and indirectly also to the aforementioned 
false concern about the “vertical” component of 𝑩𝒊𝒏𝒕 and 
to “convection” in the magnetosphere - is not here of 
concern and is not discussed in detail.  

Another item, which is only occasionally considered 

14  Leif Svalgaard, at present at Stanford University, 
Departement of Physics. 

in the literature - although in terms of naïve and simple 
concepts - deals with the energy content in various sub-
volumes of the magnetosphere. A much more general and 
physically significant discussion should request a long 
devoted paper, and this item is not here considered. 

All these additional details are not here discussed, 
being not relevant for the present discussion, other than 
for envisaging the intricate nature of phenomena that must 
be considered when dealing with a cometosphere, which 
– in several respects - is a miniature model of the Earth’s 

magnetosphere.  
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5. The magnetosphere of large planetary 
objects 

As mentioned above, one can reasonably expect that 
several large objects in the Solar System have an internal 
TD-dynamo. This fact is crucial for the generation of a 
magnetosphere. See Tables 2 and 3 of Gregori et al. 
(2025a). 

In addition, while dealing with several planets that 
have a large number of satellites, the presence of an 
electrically non-neutral solar wind (Gregori et al., 2025b) 
is such that every satellite is electrically charged. Hence, 
both its orbital motion and its spin generate a 𝑩. Thus, the 
magnetosphere of a planet is more correctly associated to 
an intricate system, which is the sum of the endogenous 
TD-dynamo of the planet and of every satellite, plus the 
𝑩 originated by the orbital motion and by the spin of the 
satellites.  

As already mentioned, the Pluto-Charon binary system 
is a peculiar natural laboratory. The highly eccentric orbit 
around the Sun (aphelion at 4.931 𝐴𝑈 and perihelion at 
2.9667 𝐴𝑈) is such that the TD-dynamo mechanisms play 
a different role depending on the distance from the Sun of 
the Pluto-Charon system. This implies some mysterious 
morphological features, such as the presence of 𝐻2𝑂 
icebergs apparently floating and drifting in a frozen ocean 
of 𝑁2. The most obvious explanation is that during some 
time of the Hadean year – which is equivalent to ∼
248 𝐸𝑎𝑟𝑡ℎ 𝑦𝑒𝑎𝑟𝑠 – the endogenous energy generated by 
the TD-dynamo is such as to melt the 𝑁2 oceans, and the 
𝐻2𝑂 icebergs can drift. When the endogenous energy - 
which is released by the TD-dynamo – diminishes, the 𝑁2 
oceans are frozen and the 𝐻2𝑂  icebergs remain as a 
witness of the previous floating drift and dynamics. 

Another impressive evidence is provided by the 
aforementioned 4 rocky micro-satellites of the Pluto-
Charon binary system (see Fig. 10 of Gregori et al., 
2025b, and additional more extensive discussion in 
Gregori, 2016a). Their location in space, and spin axis 
orientation, envisage a clear effect that can be explained 
only by considering that the solar wind is not electrically 
neutral. Hence, the spinning of the rocky micro-satellite is 
such that they develop a magnetic moment, by which they 
interact with one another. To our knowledge, no other 
explanation was ever proposed for these observed 
features. 

No additional details are given here. However, another 
mysterious feature is the observation of tectonic and 
endogenous dynamic activity in some small objects (such 
as in small asteroids, or dwarf planets, etc.). Their small 
size is such that they cannot have an internal TD-dynamo, 
neither can one envisage any other energy source. A 
possible explanation is that these small objects are the 

results  of a former  multi -objects  composed  of several 
different small objects orbiting comparably close to each 
other . A system  of this  kind  is expected  to generate  a 
temporary  and significant  TD-dynamo also inside every 
small  object , thus  originating  volcanic  and/or tectonic 
activity . Thus , the  system  finally  evolves  - and  small 
objects  collapse  into a unique  larger  object . Hence , the 
morphological  features  of the surface  of previous  small 
objects are partially maintained. Several case histories of 
this kind of multiple  small objects  orbiting  around each 
other are reported. This process can be partially active in 
the Pluto -Charon  binary  system , and - owing  to this 
reason - this general and seemingly widespread effect can 
be briefly called “Pluto effect” (Gregori, 2016a). 

These  details , however , are not directly  relevant  for 
the discussion  of cometospheres . In contrast , a relevant 
topic  of  concern  deals  with  the  so-called  pole -on 
magnetospheres , i.e., when  the magnetospheres  dipole 
axis of the internal object has an orientation almost lying 
in the ecliptic  plane  (Fig. 14). A typical  case  history  is 
represented by Uranus. A large literature is available and 
is not here reported . The inclination  of the neutral  sheet 
is such that the orbital  motion  of eventual  satellites  can 
interfere  - by a relevant  amount  - with  the  trapped 
radiation . Pole-on magnetospheres  can frequently  occur 
in the case of cometospheres. 

 

 
Fig. 14. Pole-on magnetosphere. The large 

asymmetric is evident between the two lobes. After 

Gregori (2001a). Unpublished figure. 
 
The interaction of planetary objects that have no 

endogenous 𝑩 deserves a short mention. Typically, this is 
the case history of the Moon and of Mars. At the time of 
their formation during the planetesimal process, the Moon 
and Mars contained a fluid inner portion. Hence, the tidal 
action in their environment originated a TD-dynamo, with 
endogenous energy that caused volcanic and tectonic 
activity - in addition to the formation of an atmosphere 
that was shielded by a magnetosphere. Thus, sea-urchin 
spikes were developed (Gregori, 2002, Gregori et al., 
2025a). However, the endogenous energy was eventually 
totally released. In that case, the object’s interior 

completely solidified. No new TD-dynamo could thus be 
started, and the object lost its 𝑩 , altogether with its 
magnetosphere, volcanism, tectonism, and atmosphere.  

The Moon has clear remnant features of an ancient 
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volcanic and tectonic activity, similarly to Mars, where 
the Olympus Mons was probably the last great outburst of 
endogenous energy before the “death” of its internal TD-
dynamo. Magnetic phenomena on Mars are well-known 
to be associated with local features related to crustal 
magnetization, etc. (Fig. 18). For completeness sake, let 
us mention that the anomalous behavior of Venus is 
possibly explained by hypothesizing an internal nuclear 
reactor (see Gregori and Leybourne, 2025c, and 
references therein). 

These items, however, have little relevance for the 
present discussion of cometospheres, which is devoted to 
consideration of the plasma released by an evaporating 
comet, caused by solar radiation. 

6. The magnetospheres of comets and other 
small planetary objects 

6.1. A rationale for physical interpretation 

A realistic possibility is that a small planetary object 
(asteroid, meteoroid, or comet) can have a magnetic field 
𝑩, either permanent or transient, hence a time-varying 
magnetosphere. This feature, however, can be observed 
only when dealing with a fraction of all planetary objects, 
although - in general - these objects can also have no 𝑩. 
Every final assessment must therefore rely on in situ 
monitoring. In general, only very seldom we can expect 
to have the possibility to get a direct in situ check. 
Therefore, we rely on some indirect, even though 
eventually speculative, inference. 

Comets are excellent natural probes, because light 
emission is a gauge of the environment that they cross 
along their often highly eccentric orbit. The concern is 
about a correct calibration. The calibration is speculative 
– although certainly less speculative than several other 
items in planetary science. In any case, comets are “free” 

natural probes that more or less frequently monitor a very 
wide range of spatial domains, at varying heliocentric 
distances.15 

Ramanjooloo (2014) reports about a project in 
progress to use available cometary pictures for measuring 
the solar wind speed. The principle supposes that the ion 
tail is composed of multiple plasma bundles that travel at 
the solar wind speed. In every picture, some features are 
singled out - by visual inspection - inside every bundle, 
corresponding to the crossing of the bundle across the 

15 In this same respect, also the stormy features of the 
outer planets can be used like natural probes suited to 
monitor the behavior of the solar wind at a large 
heliocentric distance. Refer to Gregori and Leybourne 
(2025c). 

comet’s ecliptic plane. Conversely, the analysis, which is 

here discussed  and proposed , relies on some speculated 
more detailed  physical  model  of the cometosphere  - 
whether  or not it is associated  with  a possible  𝑩 of the 
comet’s core. 

The same origin of meteoroids and comets, as well as 
the  origin  of  asteroids , are  items  for  speculative 
discussion , similarly  to every  discipline , whenever  no 
direct in situ observation  is available . For instance, refer 
to the authoritative  brief review by Brownlee  (2008). In 
any case, cometary observations  are seldom available, if 
one  relies  only  on  records  from  Earth ’s surface . 

Conversely , after the advent  of space telescopes  a huge 
number  of cometary  observations  are available , which 
are  undetectable  from  ground . This  myriad  of very 
small  planetary  objects  is an ensemble  of natural  space 
probes for monitoring the expanding solar corona with 
an unprecedented detail both in space and time. SOHO is 
reported  to have spotted over 2100 comets, which graze 
the solar atmosphere . Most of them are of the so-called 
Kreutz family (see below). 

A reminder is as follows about the feeling concerning 
comets , and about  how it evolved  during  the centuries , 
even  in  comparatively  recent  times . The  seemingly 
erratic  appearance  of comets  was a real  mystery  for 
ancient observers , and astrologists  had a great chance 
to “investigate” the “sensational” influence of comets on 

human  events . In  1577 , Tycho  Brahe  (1546 -1601 ) 
carried  out  accurate  measurements  on  a comet , thus 
proving an astronomical origin. Edmund Halley (1656-
1742 ) discovered  the periodic  character  of comets , by 
means  of the famous  comet  that  was named  after  him. 
He  used  historical  files  that  had  been  collected  by 
Newton  -

 
who  was  very  depressed  after  the  hostile 

acceptance  of  his  studies  on  optics . During  the 
Enlightenment , Buffon  believed  that  the  origin  of 
planets  might have been caused by a comet precipitated 
on the Sun (Fig. 15). Fig. 15 is still reported by Sapper 
(1903),

16  
which is a learned German encyclopedia  of the 

beginning of the 20

th 
century. 

 

This same concept survived during the 19

th 
century in a 

cartoon  dated  1857  (see  Yeomans  1991 , p. 351 ). The 
impact  of a comet  on the Sun is now directly  observed 
by space probes. For instance, Yeomans (1991, p. 319
) shows  a sequence  of photos  of the collision  of comet 
SOLWIND  1

 
with  the  Sun  occurred  on August  30-31, 

1979. The sequence was collected by the Naval Research 
Laboratory.

 

16  Karl Theodor Sapper (1866-1945), German traveler, 
explorer, antiquarian and linguist, known for his 
research, around the turn of the 20th century, into the 
natural history, cultures and languages of Central 
America. 

Page 622



New Concepts in Global Tectonics Journal
Volume 13, Number 4, June 2025

ISSN number; ISSN 2202-0039

 
Fig. 15. Impact of a comet with the Sun. After the 

“Histoire naturelle” by Buffon, published in 1785, and 

here reproduced after Sapper (1903). The author of 

Sapper (1903), K. T. Sapper, died in 1945, hence the 

copyright lasted until December 31, 2015, although the 

original source of the image is much older. Note the 

representation of clouds of matter that are ejected by 

the Sun, anticipating a subconscious feeling that was 

shared until around 1958, when the solar wind was 

discovered. 
 
Several case histories are mentioned below. Consider, 

however, that - in principle - there is no need that the 
cometary nucleus always remains a strictly solid iced 
body. Very little is known about the processes that occur 
during a dramatic cometary perihelion transit. Perhaps, 
the comet can even fully evaporate, although - maybe - it 
can be kept compact by a magnetic confinement inside a 
cometosphere, as a response to some internally generated 
𝑩. The detailed mechanism of such a speculated process 
is unknown. Later, while going much far away from the 
Sun, the cometary matter can freeze anew, etc. On the 
other hand, at present, this is mere speculation that ought 
to be proven or disproved. This whole guess is discussed 
below in detail. 

On October 3rd, 1828, Johann Wolfgang von Goethe 
(1749-1832) “told his secretary Eckermann, that the 

17 Donald K. Yeomans, American astronomer, specialist 
in celestial mechanics, presently retired. 

18 In any case, since the beginning of human history, a 
comet appearance - like every unusual and mysterious 

Grand  Duke had asked him whether  the tails of comets 
interacted  with  the Earth ’s atmosphere ” (Schröder , 

2008). 
Sensationalistic  alarms  about  a forthcoming  end of 

the world - eventually with great social concern - were 
repeatedly reported in the past, such as (in comparatively 
recent and documented times) on May 20 th, 1773, and on 

June 13th, 1857. At the end of 1843, according to a belief 
by William Miller (and his followers, the Millerites), they 
expected the end of the world on the basis of some 
interpretation of the Bible, and they progressively updated 
the date until October 22nd, 1844. Details on these items 
are given by Yeomans 17  (1991). 18  Some concern also 
existed in 1910 when the Earth passed through a region of 
space that had been crossed by Halley’s comet. The comet 

made a relatively close approach at ∼ 0.15 𝐴𝑈. On 19th 
May the Earth passed through the tail. Spectroscopic 
analysis had discovered the toxic gas cyanogen in the tail. 
Camille Flammarion (1842-1925; French astronomer) 
claimed that the gas “would impregnate the atmosphere 
and possibly snuff out all life on the planet”. This vague 

statement was exaggerated by mass media. Panic led to 
“gas masks”, “anti-comet pills”, “anti-comet umbrellas”, 

“bottles of pure air” suited to breath during the tail transit 

that was estimated to last ∼ 8 ℎ𝑜𝑢𝑟𝑠 , etc. However, 
astronomers had claimed that the event was harmless (see 
also below). 

Even in a comparably recent time (Vsekhsvyatskii, 
1964) the possibility was guessed that comets could be 
originated by volcanism on Jupiter. 

When accurate observations became available - 
including spectroscopic information - the astronomers 
finally envisaged that a cometary nucleus is a very small 
object, only a few kilometers in size, mostly composed of 
ice - the so-called “dirty snowball” or “dirty iceberg”, 

hypothesized in the 1950s by Fred Lawrence Whipple 
(1906-2004; American astronomer). Different kinds of 
ices (of 𝐻2𝑂, 𝐶𝐻4, and/or 𝑁𝐻3) were soon believed to be 
a very common occurrence in the Solar System. 

Meteorites, comets, and asteroids - which altogether 
are very frequent although eventually non-observed 
objects in the Solar System - are likely related to one 
another according to specific rules. A crucial role is 
played by the changing more or less temporary content of 
water inside every given object. According to the 
evidence provided by the different space probes of 
cometary missions, comets contain a relevant amount of 
material that typically occurs in the inner part of the Solar 

event - was always considered everywhere, in many 
cultures and societies, an object of dread, fear, and 
awe. See, e.g., Goldman (2017) and references therein. 
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System. That is, a comet is not simply a “dirty snowball” 

or “dirty iceberg”. These items are reviewed, e.g., by 

Brownlee (2008). The concern is therefore about 
justifying the survival of a comet after several crossings 
at perihelion. For instance, the Halley’s comet was 

reported for the first time in 240 BC (according toe 
Yeomans, 1991, p. 255), and in 466 BC (in China, 
according to Vsekhsvyatskii, 1964), and its period is 
76 𝑦𝑒𝑎𝑟𝑠. 

According to Brownlee (2008,p. 30), most comets 
encounter planets in the inner Solar System, and this 
limits their lifetimes to ~106 years . Close to the Sun 
sublimation drives cometary activity with an estimated 
mass loss to ∼ 0.1% per orbit. Brownlee (2008, p. 30) 
comments that “surprisingly, the major life-limiting 
factor for many comets is splitting or even severe 
fragmentation ... a process whose cause remains 
mysterious.” This mysterious aspect is reconsidered in 

detail in the following. An active comet has a ∼ 1% 
chance of splitting in a given year, and it can fragment 
several times during its active lifetime. Fig. 16 is an 
impressive picture that shows how a comet is eventually 
fragmented into a huge number of fragments, everyone 
displaying an eventually different interaction with the 
interplanetary environment. Moreover, fragmentation “... 

a process whose cause remains mysterious ... “, starts 

when the comet is still very far from perihelion. This fact 
must be stressed for future reference. 

A mass loss can cause a sensible perturbation on the 
orbit of the comet. According to Brownlee (2008, p. 32), 
cometary orbits are always somewhat slightly different 
than pure gravitational orbits. The reason is the rocket 
effect originated by the anisotropic ejection of matter. The 
ejection from the solar-heated regions has a component 
parallel to the orbital path and the effect is either an 
addition or a subtraction of kinetic energy of the comet. 
Halley’s comet has never been on time, even though 

returned as predicted. In 1910 it crossed at closest point to 
the Sun > 3 days later than expected. 

An important morphological feature is the length of a 
cometary tail, which is impressively and unexpectedly 
longer than its visible segment. This fact is clear when 
computing a model of a comet, whether the comet has a 
magnetic nucleus or not. Joneset al. (2000) report about 
an accidental measurement carried out by a spacecraft. 
The plasma tail of comet Hyakutake (C/1996 B2) was 
unexpectedly crossed at a distance of > 3.8 AU (550 ×
106 km) from its nucleus, where a cross-section of the tail 
was at least 7 × 106 km. This tail length is larger than the 
2 AU  estimated for the Great March Comet of 1843 
(C/1843 D1). 

 

 
Fig. 16. “Crumbling comet - This false-color mosaic of 

crumbling comet Schwassmann-Wachmann 3 spans ∼ 6° 

(12 𝑓𝑢𝑙𝑙 𝑚𝑜𝑜𝑛𝑠) along the comet’s orbit. Recorded on May 

4-6th, 2006, by an IR camera on board the Spitzer Space 

Telescope, the picture captures about 45 of the 60 or more 

alphabetically catalogued large comet fragments. The 

brightest fragment at the upper right of the track is Fragment 

C. Bright Fragment B is below and left of center. Looking for 

clues to how the comet broke up, Spitzer’s IR view also 

captures the trail of dust left over as the comet deteriorated 

during previous passes. Emission from the dust particles 

warmed by sunlight appears to fill the space along the 

cometary orbit ... “ This remarkable comet began to break 

up in 1995, i.e., 11 𝑦𝑒𝑎𝑟𝑠 before this image (Brownlee, 

2008, p. 32). Credit: William Reach (SSC/Caltech), et al., 

JPL, Caltech, NASA. Figure and comments (with NASA 

copyright free policy) after 

http://apod.nasa.gov/apod/ap060513.html.. 
 
If the comet has no cometosphere, this effect must be 

explained by means of the obstacle represented by its 
nucleus against the flow of solar wind. However, the tiny 
cross section (typically at most only 𝑎 𝑓𝑒𝑤 𝑘𝑚 size) of 
the cometary nucleus should thus justify an effect 
observed > 3.8 𝐴𝑈  downstream. For comparison 
purpose, consider, e.g., the tail of Mercury (see 
Baumgardner et al., 2008) that, compared to a meteoroid 
or to a comet, has an endogenous tenuous 𝑩 and a much 
larger radius.  

In contrast, if the comet has a cometosphere, the effect 
at such a huge distance downstream must be associated 
with the filamentary structure at the end of the 
cometospheric tail, consequent to the aforementioned 
Cowling dynamo collimation (Fig. 17; Gregori et al., 
2025d). 
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Fig. 17. Two screenshot images after Anonymous 

(2015bd). ESA copyright free policy. “This 3D simulation 
models the plasma interactions between comet 
67P/Churyumov-Gerasimenko and the solar wind. The 
simulated conditions represent those expected at 1.3 𝐴𝑈 
from the Sun, close to perihelion, where the comet is strongly 
active - a gas production rate of 5 × 1027 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑠𝑒𝑐−1 
is assumed here. The solar wind approaches from the left at 
∼ 400 𝑘𝑚 𝑠𝑒𝑐−1, carrying with it the embedded IMF with a 
strength of ∼ 5 𝑛𝑇. The material from the comet’s nucleus 

forms an extensive envelope, the coma, several million 𝑘𝑚 in 
size (not shown here). Part of the neutral gas molecules in 
the coma gets ionized by solar UV radiation or by charge 
exchange with the solar wind particles. These cometary ions 
are picked up by the approaching solar wind, a process 
known as mass loading, and cause it to slow down. In the 
model simulation enough ions are produced and picked up by 
the solar wind to slow it down from supersonic speed to sub 
sonic speed, causing a bow shock to form in front of the 
comet.” Figure and captions after Anonymous (2015bd). ESA 
copyright free policy. 

 
The historical evolution of observations and concepts 

about comets is reviewed by Yeomans (1991). Shortly 
after the publication in 1873 of the Maxwell’s Treatise on 
electricity and magnetism, Svante August Arrhenius 
(1859-1927; Swedish physicist, Nobel Prize for 
Chemistry in 1903) proposed that light pressure may be 
responsible for the repulsiveness on cometary tails. This 
hypothesis raised some long-lasting debate, as the effect 
looked insufficient, until 1951 when Ludwig Biermann 
(1907-1986) proposed a continuous outflow of ionized 
particles from the solar corona. In 1957, Alfvén (1957), 

owing  to his  frozen -in 𝑩  concept , proposed  that  these 
ionized  particles  must  bend  the 𝑩  field -lines  until  they 
become  perfectly  anti -sunward . Alfvén  (1957 ) claims 
that “the interaction  between  such a beam and the head 
of the comet produces an amplified 𝑩 which determines 
the  shape  of  the  tail .” This  can  explain  the  high 
accelerations observed in the tails. 

These  concepts  are already  akin to a cometosphere , 
although  - even as recently  as 1991 (Yeomans , 1991, p. 
237 and 282) - the interplanetary  𝑩 field-lines are drawn 
perpendicular  to the ecliptic plane (see above for the 
substantial  criticism  to this untenable  hypothesis ). In 
general , it is therefore  always  speculative  to envisage 
whether either one small planetary object or another has 
an intrinsic 𝑩 or not. Concerning  the previous literature , 
the hypothesis  of an eventual  𝑩 of the cometary  nucleus 
seems  to  have  been  only  seldom  mentioned  (e.g., 
Malaise , 1966 ). However , essentially  relying  on no 
sound argument, this possibility was always apparently 
considered  “exotic ” - and in general  all models  always 
referred  to  a direct  interaction  of  a non -magnetized 
object  with  interplanetary  environment . The  related 
literature  is very large, and it is not pertinent  for the 
present discussion. 

In any case, the role of magnetism  in the interaction 
between  solar  wind  and comets  is seldom  - or only 
occasionally  - considered  in the previous  literature , and 
up to some  limited  extent . For instance , Forsyth et al. (
2010) while reporting on a meeting about magnetotails 
throughout  the  Solar  System , state  that  most 
magnetotails  are  detected  by  sparse  remote  sensing 
techniques , mainly  at high time resolution . They  add “

although  comets  tend  to  be  unmagnetized ”.  To  our 

knowledge, there is no sound reason for such a statement
. However , they  agree  that  matter  exhalation  from  the 
comet  can be ionized , thus originating  a plasma  coma 
that interacts  with 𝐁𝐢𝐧𝐭 . Therefore , they comment  that 
the orientation  and length  of cometary  tail is a tool  for 
carrying out remote sensing of the solar wind. 

The feeling later changed . For instance , Koenders  et 
al. (2015 ) carried  out  a modeling  simulation  aimed  to 
achieve  “a global  3D hybrid  simulation  model  of the 
cometary  plasma  interaction .” A cometary  bow shock , 

and a small  diamagnetic  cavity  around  the nucleus , can 
be originated  close  to perihelion , as the gas production 
by  the  comet  is  sufficiently  large . They  envisage  a 
cometary  ionopause  and a recombination  layer , thus 
being in general agreement  with MHD simulations . For 
additional details see the original paper (Koenders et al., 

2015 ), where  they  also  computed  a video  of  the 
simulation, presented by Anonymous (2015bd). Figs 17a 
and 17b are two screenshots of their video.  

.
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Fig. 18. “The close encounter between comet Siding Spring and Mars flooded the planet with an invisible tide of charged 

particles from the comet’s coma. The dense inner coma reached the surface of the planet, or nearly so. The comet’s powerful 𝑩 

temporarily merged with, and overwhelmed, the planet’s weak field, as shown in this artist’s depiction. Credits: NASA/Goddard.” 

Figure and captions after Zubritsky (2016, 2016a). NASA copyright free policy. 
 
Also X-rays emitted by comets envisage the existence 

of a cometary 𝑩 field. Bingham et al. (1996), reporting 
observations of comet C/Hyakutake 1996 B2, claim that 
electrons of energy in the 𝑘𝑒𝑉 range can be accelerated 
by the instability, which is a consequence of the motion 
of newly picked-up cometary photoions relative to the 
solar wind. Lower hybrid waves are thus generated that 
accelerate electrons. Thus, Bingham et al. (1996) explain 
in this way the X-rays released by comet C/Hyakutake 
1996 B2 and observed by the Röntgen X-ray Satellite. The 
𝑘𝑒𝑉 electrons contribute a photon power two orders of 
magnitude greater than 100 𝑒𝑉 electrons, and this power 
ought to justify the observed X-rays. In any case, 
Bingham et al. (1996) stress that these peculiar 
phenomena ought to help to get a better insight of the 
composition of the comet. 

The same topic is reconsidered by Rigby et al. (2018) 
from the viewpoint of plasma physics. An experiment was 
carried out by scientists from 15 institutes. According to 
Byrd (2018c), who interviewed a few co-authors of the 
experiment, “... when comets travel through the Solar 

System they interact with solar radiation, the solar wind 
and the solar 𝑩. This produces a visible atmosphere or 
coma as well as the observed cometary tail, and in some 
cases, X-rays. These are generated on the sunward side of 
the comet where the solar wind impacts the cometary 
atmosphere, forming a bow shock ...  

… experimental results provide direct laboratory 

evidence that objects moving through magnetized plasmas 
can be sites of electron heating. This process is common 
in astrophysics and can take place not only in comets, but 
also in planetary magnetospheres (as of our own Earth), 
or even in supernova remnants where the ejected material 
sends a shock wave into the interstellar gas ... “  

That is, [Rigby et al. (2018) deal with the formal 
approach from the viewpoint of plasma physics, which is 
outside the general algorithms and tools considered in the 
present study. In their experiment (from their abstract), 
they “show, using laboratory laser-produced shock 
experiments, that, in the presence of a strong 𝑩 , 
significant electron pre-heating is achieved. [They] 
demonstrate that the key mechanism in producing these 
energetic electrons is through the generation of lower-
hybrid turbulence via shock-reflected ions. [Note that the 
Cowling dynamo process is very effective in the 
transformation of kinetic energy of any origin, e.g., 
related to turbulence, into the generation of e.m. energy 
and 𝑩  that causes self-collimation.] Our experimental 
results are analogous to many astrophysical systems, 
including the interaction of a comet with the solar wind 
(Bingham et al. 1996), a setting where electron 
acceleration via lower-hybrid waves is possible.”  

The relevant and leading role must be stressed played 
by the Cowling dynamo (see Fig. 2 and Gregori et al., 
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2025d), particularly upon taking into account the great 
thermal gradient. The strong convection inside a highly 
ionized medium determines a self-confinement - the 
phenomenon is similar to what occurs inside a BL (see 
Gregori and Leybourne, (2025e). However, the 
phenomenon of a BL is feeble and can last from a few 
seconds to several ten seconds. In the case of an 
explosion, the phenomenon is violent and persistent in 
time. That is, the experiment finds (Rigby et al., 2018) the 
generated plasma is strongly self-collimated, thus 
enhancing the effects of the interaction with the target-
ball. In addition, concerning X-ray emission, an expected 
mechanism may be analogous to the generation of TGF 
(see Gregori et al., 2025f). 

According to our understanding, the Rigby et al. 
(2018) experiment can be interpreted in terms of a 
turbulence caused by the laser beam within a plasma jet. 
Owing to the Cowling dynamo, the turbulence transforms 
kinetic energy into an e.m. field - that must have a given 
orientation due to the constraint represented by the 𝑩 of 
the magnetized 𝑁𝑑  sphere used in the experiment. 
Electrons are thus rapidly accelerated and, owing to 
Bremsstrahlung, they release X-ray radiation. Since the 
phenomenon is observed also with a non-magnetized 
soda-glass sphere, the orientation constraint caused by the 
magnetized 𝑁𝑑  sphere is not crucial. In fact, every 
accidentally occurring environmental 𝑩 plays the role of 
the magnetized 𝑁𝑑  sphere, and the phenomenon must 
always occur. 

It must be emphasized that the discussion here focuses 
on the (eventual) heuristic possibilities associated with 
comets, and mostly on their several seemingly “exotic”, 

unexplained and unexpected, although frequent features, 
among a variety of cometary behavior. However, this 
discussion is independent of the existence, or not, of any 
𝑩  associated with any given small planetary object. 
Rather, it is here claimed that the existence of a 𝑩 within 
a comet - or within a small planetary object - is just one 
realistic possibility that cannot be simply ruled out. 
Sometimes it is found to “explain” some observations that 

seem to be justified in no other way.  
The present paper relies on some short excerpts - with 

updating - of a paper prepared in 1974 but never 
published.19 The key role of Cowling dynamo (Gregori et 
al., 2025d) emphasized in the present argument relies on 
the proof of the generalized Cowling theorem that was 

19 GPG feels deeply indebted for very kind comments on 
this old draft by the late Murray Dryer (1925-2022; 
American scientist, emeritus in space physics and 
space weather), and for some authoritative and learned 
inputs by H. U. Schmidt from Max-Planck-Institut für 
Astrophysik (see below). GPG also feels deeply 

achieved only almost three additional decades after 1974 
(Gregori, 2002) Hence, in 1974 the present argument 
seemed excessively speculative, and GPG did not pursue 
on this investigation until later evidence came forth. 

Now, owing to the proof of the Cowling dynamo, a 
comet can be identified with a plasma-cloud, or plasma-
ball, characterized by a strong internal Cowling dynamo, 
which originates an effective and strong confinement of 
plasma, etc. Note that the term plasma-ball is more 
expressive, and emphasizes the self-confinement features 
of plasma, inside a toroidal 𝑩, i.e., just inside a plasma 
bottle. Thus, several previously unexplained cometary 
features can be easily explained, and the whole model 
seems sound, and it can be effectively checked in several 
ways by suitable observations. This is the target of the 
discussion on comets here given. 

Concerning the 1974 aborted draft, some old - 
although still relevant – literature is here sometimes 
mentioned. However, to our knowledge, according to the 
present generally shared feeling and agreement that is 
found in the most recent literature, such a viewpoint 
seems to be still considered a seemingly “exotic” 

hypothesis. The present brief discussion is not directly 
concerned with cometary studies per se. The purpose is, 
rather, to show how suitable cometary observations can 
support some key arguments that are here envisaged, and 
that deal with the possibility of an unprecedented and 
highly detailed monitoring of the solar wind. 

Only a few old cometary pictures are here mentioned, 
based on the 1974 draft. Recently, new important facilities 
became available suited to carry out either observations 
outside the Earth’s atmosphere or in situ cometary 
observation by space probes. Some additional fascinating 
comet pictures are now included. 

The origin of the 𝑩 of a celestial object is discussed 
above. In any case - as far as a small planetary object is 
concerned - the conclusion is in terms of three 
possibilities, i.e., either (i) the object has a permanent 
magnetization, or (ii) a temporary 𝑩 is originated by e.m. 
induction by the solar wind, or (iii) a TD-dynamo can be 
eventually operative if suitable conditions are satisfied, 
whenever the entire physical system - which is identified 
with the small object - is composed of conducting parts 
that can move relative to one another. 

As far as the permanent magnetization is concerned, 
consider the iron meteorites. It is impossible to guess 

indebted to the late Professor Reimar Lüst (1923-
2020; German astrophysicist), who triggered the 
contact with H. U. Schmidt. GPG wants to express 
sincere gratitude to H. U. Schmidt, even though, at 
present, after several decades, unfortunately it seems 
impossible to rekindle this contact.  
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whether they have a 𝑩 before their interaction with the 
Earth’s atmosphere. They suffer a dramatic 

transformation following both the stress while they cross 
through the atmosphere, and their impact at Earth’s 

surface. Nevertheless, their composition is such that, 
maybe, it is probable that they have an intrinsic permanent 
magnetization. Therefore, in general we cannot exclude 
that - at least - some fraction of small planetary objects 
eventually has a permanent magnetization. In addition, 
their 𝑩 can be either mainly dipolar, or multipolar. Hence, 
their magnetosphere can eventually display a neutral 
sheet, or rather a much more complicated structure with 
“forelocks” of 𝑩  flux tubes (see above and Fig. 11). 
However, their magnetosphere cannot be observed. 

The case history is very different in the case of a 𝑩 
originated by e.m. induction from the solar wind. This 𝑩 
is only a temporary phenomenon, which however 
experiences great changes due to the very large 
heliocentric variation of a small planetary object, and due 
to the consequent dramatic variation of its kinetic energy. 
Indeed, the kinetic energy variation is crucial in the 
control of the energy balance that determines the amount 
of induced electric currents 𝒋, hence also the intensity of 
its temporary 𝑩. At the same time, however, also a large 
variation occurs of the solar wind density, and of the 
embedding 𝑩𝒊𝒏𝒕. 

The aforementioned energy balance of an e.m. 
induction process is quantitatively expressed by the 
“principle of magnetic energy variation” (see Gregori et 

al., 2025e, 2025l) that can be briefly summarized as 
follows. Call 𝐶1 and 𝐶2 any two given circuits or 𝒋-loops, 
which symbolically represent, respectively, the currents 𝒋 
of the solar wind and the currents 𝒋 induced into the small 

planetary object. Call 𝑈𝑠
(1) the self-magnetic energy of 𝐶1, 

and 𝑈𝑠
(2) the self-magnetic energy of 𝐶2 , and call 𝑈𝑗

(1,2) 
their joint-magnetic energy. If Joule heat is neglected, 
which is released inside either one 𝐶1 and 𝐶2, it is found 
that 

𝛿𝑈𝑠
(1)

= 𝛿𝑈𝑠
(2)

=  −𝛿𝑈𝐽
(1,2)

= −𝛿𝑊 (1) 

where 𝛿𝑊 is the variation of kinetic energy of the whole 
𝐶1 plus 𝐶2 system. 

Conversely, if Joule heat is taken into account, it is 
shown that the 𝛿𝑈𝑠

(2) variation inside 𝐶2, which is caused 
by its Joule heat, produces a transfer of the same amount 
of energy 𝛿𝑈𝐽

(1,2) . Hence, 𝑈𝐽
(1,2)  decreases, while 𝑈𝑠

(1) 

increases by an identical amount 𝛿𝑈𝑠
(1) . Similarly, an 

eventual loss by Joule heat inside 𝛿𝑈𝑠
(1) causes a transfer 

of energy from 𝑈𝐽
(1,2) to increase 𝑈𝑠

(2), etc. The process 

stops whenever both 𝑈𝑠
(1) and 𝑈𝑠

(2) are null. 
In the case of a small planetary object, and mostly 

when it has a highly eccentric  orbit - such as it typically 
occurs for a comet –  the object experiences a very large 𝛿
𝑊. Hence, owing to (1), it experiences a large 𝛿𝑈 𝑠

(2)
. 

That is, the induced currents 𝒋 certainly always generate a 
conspicuous temporary 𝑩  that causes the consequent 
formation of a relevant cometosphere. 

For instance, an unusual event was observed in 10th 
and 23rd September 2013 (Fig. 19) as reported by Phillips 
(2013d), with details in Jewitt et al. (2013). Phillips 
(2013d) specifies that “... its tail structures change 

dramatically in just 13 𝑑𝑎𝑦𝑠 as it belches out dust ... 
P/2013 P5 has been ejecting dust periodically for at 

least five months. Astronomers believe it is possible the 
asteroid’s rotation rate increased to the point where its 

surface started flying apart. They do not believe the tails 
are the result of an impact with another asteroid because 
they have not seen a large quantity of dust blasted into 
space all at once ...  

Careful modeling by team member Jessica Agarwal of 
the Max Planck Institute for Solar System Research in 
Lindau, Germany, showed that the tails could have been 
formed by a series of impulsive dust-ejection events. She 
calculated that dust ejection events occurred April 15th, 
July 18th, July 24th, August 8th, August 26th and September 
4th ...  

 ... it appears P/2013 P5 is a fragment of a larger 
asteroid that broke apart in a collision roughly 200 𝑀𝑎 
ago. There are many collision fragments in orbits similar 
to P/2013 P5’s. Meteorites from these bodies show 

evidence of having been heated to as much as ∼ 800 °𝐶. 
This means the asteroid likely is composed of 
metamorphic rocks and does not hold any ice as a comet 
does.” 

This interpretation, however, is substantially other 
than the e.m. induction process that is here envisaged. In 
fact, they claim that “radiation pressure could have spun 
P/2013 P5 up. Jewitt said the spin rate could have 
increased enough that the asteroid’s weak gravity no 

longer could hold it together. If that happened, dust could 
slide toward the asteroid’s equator, shatter and fall off, 
and drift into space to make a tail. So far, only ∼ 100 −
1, 000 𝑡𝑜𝑛𝑠 of dust, a small fraction of the P/2013 P5’s 

main mass, has been lost. The asteroid’s nucleus, which 

measures ∼ 427 𝑚 wide, is thousands of times more 
massive than the observed amount of ejected dust.” 

However, if an abrupt increase of the spin rate was the 
driver of this phenomenon, which lasted ∼ 5 𝑚𝑜𝑛𝑡ℎ𝑠 , 
what was the cause of the spin rate change? The concern 
is, rather, about the persistence in time of the transient 
induced currents, because the persistence depends on the 
amount of Joule heat released per unit time. 
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Fig. 19. “This NASA Hubble Space Telescope set of images reveals a never-before-seen set of six comet-like tails radiating 

from a body in the in the asteroid belt, designated P/2013 P5.” Figure and captions after Phillips (2013d). NASA copyright free 
policy. 

 
However, even a transient short-lived effect - if it is 

sufficiently intense - can determine a repulsive force that 
disrupts the planetary object. It is well known that, owing 
to the Hamilton’s principle (see Gregori et al., 2025e), 

every loop of electric current must attempt to expand in 
space as much as possible. If the stretching force is large 
- and the mechanical cohesion is insufficient of the 
material that composes the circuit – the loop breaks. The 
intensity of the effect depends therefore on the orbit 
eccentricity, and on the local time-variation state of the 
solar wind. In fact, in the ultimate analysis, the variation 
of the solar wind flow implies a set of different 
phenomena, and all of them can be interpreted in terms of 
different mechanisms that, in reality, are often only a 
different way to look at the same occurrence. It is always 
a matter of e.m. interaction, i.e., induction and Cowling 
dynamo and Joule heat, plus mechanical cohesion of 
cometary materials. 

In general, even with no direct indication - about the 
electrical conductivity 𝜎 of the material that composes a 
small planetary object, or a comet etc. - in principle, the 
concern is realistically twofold, as 𝜎 must refer either to 
the cometary nucleus, or to the volatiles, which are likely 
to play the most relevant role in the interaction with the 

solar wind (see below). 
As far as the cometary nucleus is concerned, we know 

that it certainly contains several different kinds of ice. 
Water ice is an excellent insulator, similarly to pure water. 
However, if water is polluted by some dust or other 
elements, 𝜎 can be conspicuous. In fact, salted water has 
a 𝜎 that is ∼ 40,000 𝑡𝑖𝑚𝑒𝑠 the 𝜎 of dry rock (Lanzerotti 
and Gregori, 1986), although one should take into account 
the particular temperature of a comet. Hence, it is fully 
speculative to make any guess about the 𝜎  of a small 
planetary object. Rather, we must allow for every 𝜎. 

For instance, in a stone meteoroid - or in a body like 
the Moon, with no internal origin 𝑩 - Joule heat of every 
induced (“telluric”) current rapidly damps off, due to the 

very poor 𝜎  of the composing material. Sometimes, 
temporary “mushroom” or “umbrella” of magnetic 

features can be developed, such as it occurs on Mars. On 
the other hand, these transient features cannot justify the 
persistence of a cometary tail. 

The case history of a comet or meteoroid can perhaps 
be different if 𝜎 is substantially large, and if one considers 
the often-great eccentricity of a cometary orbit. A large 
eccentricity implies an enormous variation of the 
gravitational potential energy along the orbit, compared to 
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other planetary objects that move on orbits with low 
eccentricity. For instance, the dramatic role of the orbit 
eccentricity is shown by means of the guessed, although 
quite reasonable, huge seasonal dependence of Pluto’s 

and Charon’s tectonism (see Fig. 10 of Gregori et al., 
2025b, and for additional more extensive discussion see 
Gregori, 2016a). 

In addition, one must consider the volatiles typically 
released by a comet. They are a plasma, and plasma 
experiences a dynamics similar to a convection pattern. 
Hence, the Cowling dynamo process is very efficient. Its 
role becomes more relevant the closer the comet 
approaches to the Sun as the comet’s evaporation 

becomes larger. Hence, a magnetic self-collimation is 
generated, by which ionized volatiles are constrained 
inside some limited volume. 

In other words, consider that a Cowling dynamo 
generates a toroidal 𝑩  that confines plasma inside an 
effective “plasma bottle”. Hence, if a space mission 

performs a flyby exploration of a comet (such as, e.g., the 
well-known GIOTTO mission to Halley’s comet), no 𝑩 
will be detected, unless the probe enters into the plasma 
confinement region (i.e., likely inside the coma, see 
section below).20 That is, compared to a similar meteoroid 
that has no volatile exhalation, the role of volatiles makes 
the crucial difference of a comet, due to the crucial role 
played by the Cowling dynamo. 

Furthermore, it appears that a cometary object, or an 
asteroid, etc., is not kept compact by gravitation alone. 
According to Heins (2014) - who reports about an 
investigation by Rozitis et al. (2014) on the near-Earth 
asteroid 1950 DA - they “discovered that the body, which 
rotates so quickly it defies gravity, is held together by 
cohesive forces, called van der Waals, never before 
detected on an asteroid ... the rotation is so fast that at its 
equator, 1950 DA effectively experiences negative gravity 
... The presence of cohesive forces has been predicted in 
small asteroids, but definitive evidence has never been 
seen before.” That is, the real amount and mechanisms are 

still poorly known of the forces that hold compact an 
asteroid, or a comet, or a meteorite. 

However, the role must be emphasized that sometimes 
is played by a TD-dynamo. This role can even be very 
important. In fact, the cloud of conducting volatiles 
around a cometary nucleus is composed of different parts, 
which can move with respect to one another. Therefore, 
the comet is almost like a fluid ball of plasma. The total 

20 The concept is analogous to the case history of Figure 8 
through 11 of Gregori and Leybourne (2025e), where 
a BL is simulated in the laboratory by the Fußmann’s 

experiment (see below). A temporary toroidal 𝑩 

mass is extremely feeble, the space size is very small, the 
electrical conductivity 𝜎 is very large, but - when the orbit 
has a large eccentricity - the gradient of gravitation can be 
extremely large. Basically, gravitation determines the 
cometary orbit, according to the standard Newtonian 
formulation,21 while e,m, induction operates through the 
Cowling dynamo inside the plasma evaporated from the 
comet when it approaches the Sun.  

Tables 2 and 3 of Gregori et al. (2025b) show that the 
effectiveness of a TD-dynamo inside a comet can be 
represented by the product of the cross-section 𝑆 of the 
plasma-ball - which is identified with the comet - times 
the gradient (absolute value) of the gravitation of the Sun. 
That is, the reference parameter is [𝑆 × (1/2)𝐺𝑀⊙/𝑟], 
where 𝑀⊙  is the solar mass, and 𝑟  is the heliocentric 
radial coordinate of the comet. Therefore, 𝑆 is very small, 
and the mass of movable plasma is also very small, but 
the gravitation gradient can even diverge almost to 
infinity when 𝑟  decreases. Hence, a priori one cannot 
exclude that, when a comet gets very close to the Sun, a 
TD-dynamo process can be eventually overwhelming. In 
fact, some numerical constraints can be perhaps specified 
(not here given) - upon making an estimation about the 
size for the plasma-ball, and about the plasma density that 
is needed in order to sustain the electric current intensity 
that is triggered by the TD-dynamo. That is, every 
estimation (much like the estimation of mass for gravity) 
is unavoidably speculative. On the other hand, in 
principle, we cannot exclude that perhaps the TD-dynamo 
effect can be sometimes operative, at least in the case of 
comets with very small perihelion and high eccentricity. 

Summarizing, a TD-dynamo process can affect, 
maybe, only some sungrazing comets. Indeed, at least on 
some rare occasions, this phenomenon can be an 
important effect that, maybe, can justify some mysterious 
and presently unexplained features. Differently stated, a 
comet is a plasma-ball that is self-confined, almost like a 
huge and persistent BL. The phenomenon is steady, as the 
heat source is represented by solar radiation that causes 
sublimation of the cometary nucleus. In addition, 𝜎  is 
large, and - whether the resulting 𝑩 is generated by simple 
e.m. induction by the environmental 𝑩𝒊𝒏𝒕 , or by a TD-
dynamo, or both - the cometary plasma-ball is very 
efficiently self-confined, just like inside a huge and steady 
BL. When the cometary plasma-ball goes far away from 
the Sun, the confined plasma can re-condense on the icy 

confines a plasma that is very hot inside it, while its 
boundary is practically cold. 

21  An extensive discussion of the relationship between 
gravitation and e.m. interaction is not pertinent in the 
present paper (see Gregori et al., 2025w). 
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nucleus, and the comet can thus survive to several 
crossings at perihelion. 

A concern, however, deals with the strict confinement 
of plasma inside a “box” locked by a strong toroidal 𝑩, 
just like in a giant BL. Therefore, no 𝑩 is observed outside 
the plasma-ball. Hence, the interaction with the solar wind 
is certainly other than the interaction with a magnetized 
planet such as the Earth. This seems a paradox.  

Indeed, a paradox occurs if the solar wind is 
hypothetically composed of neutral gas, because the 
interaction with the plasma-ball ought to be similar to the 
case history of air that interacts with an aircraft-model - 
or with a solid ball - inside a wind tunnel. In contrast, the 
solar wind is composed of electrons and ions. The 
interaction is therefore between a single charged particle 
and a plasma-ball. Nothing forbids a charged particle to 
strike on the plasma-ball (e.g., see Figs 17a and 17b). 
Therefore, the final effect is that some electrons and ions 
of the solar wind enter inside the plasma-ball, and become 
an additional component of the plasma, thus contributing 
to the electric currents 𝒋. That is, the result looks like in 
the case that the plasma-ball has an expanded volume and 
total mass. The crucial driver is always the internal energy 
due to sublimation supplied by solar radiation. 

Therefore, the cometosphere looks like a composite 
physical system, where the volatiles that are sublimated 
from the cometary nucleus combine with solar wind and 
constitute a unique large cometosphere. In addition, e.m. 
induction occurs inside the whole composite system. 
Differently stated, the plasma-ball is identified with the 
cometosphere, and we observe photons released from the 
whole cometosphere, which we call “comet”. 

Consider, therefore, according to (1), the effect of an 
induced 𝒋 that can even become very intense while the 
small planetary object approaches the Sun, due to the 
dramatic variation 𝛿𝑊, hence also 𝛿𝑈𝑠

(2). Owing to the 
Hamilton’s variational principle (Gregori et al., 2025e), 

every 𝒋-loop must expand in space as much as possible. 
This means that the currents 𝒋, which are induced in the 
object, tend to disrupt it, due to the outward violent pull 
of the 𝒋 -circuits. Indeed, this is what is observed in 
comets, mainly when their orbit gets very close to the Sun, 
where the time gradient is larger of the inducing e.m. field. 
That is, the plasma confinement can be a very effective 
and a safe obstacle against comet evaporation, while the 
mechanical stress on the solid nucleus can be destructive. 

In this respect, a mere effect - caused by solar radiation 
alone - ought to produce a surface heating of the comet, 
and its evaporation, until its disappearance, almost like a 
flash. In contrast, comets are often seen to disrupt into a 
discrete set of a few pieces that eventually re-emerge on 
the opposite side of the Sun, after crossing through 
perihelion. Certainly, one can introduce ad hoc 

assumptions, and - in this way - one can try to explain this 
feature also by means of solar radiation alone. Everything 
is always speculative. However, the explanation in terms 
of currents 𝒋 and of the Hamilton’s principle seems to be, 

maybe, less ad hoc and possibly more credible than other 
guessed explanations. Such an observational multiple 
disruption morphology is comparatively frequent and is 
discussed below.  

In some way, a cometary 𝑩 , whether it has a 
permanent component or not, must be considered like a 
transient phenomenon, which is an essential ingredient of 
the entire set of phenomena that are involved in the overall 
interaction of the cometary nucleus with the 
interplanetary environment, including both solar e.m. and 
corpuscular radiation. That is, the speculation about a 
possible transient 𝑩 of a cometary nucleus cannot to be 
considered an “exotic” hypothesis. It is rather the 

physically most reasonable guess, i.e., it would be really 
surprising if this phenomenon does not exist. The concern 
is rather about assessing the quantitative role and 
contribution in the overall interaction comet-environment 
- and about assessing whether and how it can be clearly 
detected by observation of cometary morphology. 
Consider also that a transient magnetopause protects the 
cometary nucleus from direct impact with the solar wind, 
maybe resulting (perhaps) in a large reduction of the 
nucleus erosion also in terms of dust depletion, hence 
favoring a longer life for the comet.  

In addition, owing to the Chandrasekhar-Fermi 
theorem (Gregori and Leybourne, 2025e), a plasma 
cannot be self-contained. However, the Chandrasekhar-
Fermi theorem holds when no internal heat source is 
operative. Thus, e.g., a BL ends its ephemeral lifetime 
when the internal heat source has exhausted. In contrast, 
solar radiation causes the evaporation of the cometary 
nucleus and is thus a relevant heat source that supplies the 
Cowling dynamo associated to plasma convection due to 
volatile evaporation. Hence, the plasma originated from 
the nucleus is reasonably supposed to be confined around 
the nucleus by an e.m. effect, while the gravitational 
attraction by the nucleus is very feeble or even negligible 
at all. The implications - dealing with the need to save in 
some way the mass of the nucleus during several crossing 
of a comet at its perihelion - are briefly discussed below. 

It should be pointed out that this discussion refers to 
the so-called “Type-I” tails, i.e., the plasma tails that point 

perfectly anti-sunward. Instead, the present discussion 
cannot deal with the dust (“Type-II” and “Type III”) tails 

(with particles claimed to be ∼ 1 𝜇𝑚 size), which are a 
less permanent feature, and look curved. They normally 
disappear after the transit of the comet at perihelion. 
Therefore, the aforementioned reduction of nucleus 
depletion - through direct interaction with the solar wind 
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- which is represented by a cometosphere, is only 
operative during the early flyby of the comet to the Sun. 

This fact envisages that, compared to dust tails, the 
plasma tails are associated with a definitely less 
destructive phenomenon either in terms of erosion of the 
nucleus, or, more likely, due to e.m. effects, i.e., either by 
an e.m. screening from a transient cometary 
magnetopause, or by the plasma confinement due to the 
Cowling dynamo, which protects the sublimated volatiles. 
Indeed, both phenomena are the same occurrence 
considered from a different viewpoint. 

“Type I” tails display remarkable fine structures that 

remind about a self-collimation effect caused by the 
Cowling dynamo inside a plasma (Gregori et al., (2025d). 
They are called filaments, or streamers, or knots (-pinch), 
or kinks, or puffs, which move along the tail. Or they also 
display comparably more violent phenomena such as 
anomalous outbursts, “wagging tails”, etc. These 

phenomena envisage a disruption due to e.m. induction. 
Streamers appear sometimes to begin in the nucleus, with 
a large angle with respect to the Sun-comet line. Then, 
they bend downstream. Compared to the outbursts etc., a 
streamer might be a disruptive event of smaller scale size, 
i.e., it might involve only a smaller volume of matter. 

The thinness of streamers has been interpreted as being 
suggestive of 𝑩 field lines - or more correctly of thin 𝑩 
“forelocks” - that trap plasma along their very thin 
structures. This is an old hypothesis, dating back, e.g., to 
Dobrovoiskij (1961), Richter (1963, p. 88), Öpik (1964a), 
Vsekhsvyatskii (1964, p. 7), Ness and Donn (1965, 1966), 
Brandt (1962, 1968),  ... However, Beard (1966) gives a 
different explanation for these streamers. 

In addition, if a comet has a temporary 𝑩 of prevailing 
dipolar character, it develops a neutral sheet. If we are 
located, relative to the comet, in such a way that we can 
observe from a side the cometosphere tail, we must expect 
to observe some optical feature that ought to be 
determined by the presence of the neutral sheet. A few 
features of this kind are discussed below. 

Furthermore, maybe, we have two possibilities to 
check whether all this is mere speculation or not, by 
means of a quantitative evaluation of suitable 
morphological features of comets. 

A first possibility relies on the size of the coma. 
Suppose - as a tentative working hypothesis to be later 
confirmed or not - that the size of the coma is an index of 
the size of the plasma-ball, or of the cometosphere (which 
is the same). On a speculative basis, such a property could 
derive from the fact that the coma is somewhat 
representative of the size of the magnetopause, where the 
ions, which are evaporated from the nucleus, are 
permitted to interact with the solar wind particles, and are 
thus excited. In fact, the Cowling dynamo can be active 

only inside the evaporated and ionized volatiles. A coma 
can be, perhaps, the volume that contains the sublimated 
volatiles, hence it is the location of the Cowling dynamo 
- or the coma is the visual manifestation of the volume of 
confinement by the Cowling dynamo through the toroidal 
𝑩, i.e., much like it happens in a BL. Differently stated, 
comets are huge-size and persistent case histories of 
mysterious BLs. 

The size of the coma can therefore depend on the 
nature and composition of the nucleus that might even be 
different when comparing different comets. However, the 
relative variation of the size of the coma - when we refer 
just to one and the same comet - ought to follow a specific 
law vs. the heliocentric distance along its orbit. This item 
is discussed below. 

An analogous law represents a second possibility, and 
it ought to monitor the relative changes of the cross-
section of the tail vs. heliocentric distance of the comet. 
Also, this item is discussed below. 

We can therefore try and test these possible laws - and 
this is the purpose of the remaining following discussion 
of cometary items. However, an eventual agreement, or 
disagreement, with either one of these laws, when dealing 
with one specific case history, does not necessarily mean 
that this fact either proves, or disproves, the existence of 
a cometosphere for that specific comet. It is rather an 
observational constraint, by which we can guess whether 
some case histories seem consistent with the hypothesis 
of a cometosphere, or not. On the other hand, as already 
mentioned, we must reasonably expect that magnetic 
phenomena can sometimes occur on small planetary 
objects. The concern is about the occurrence frequency 
and about the quantitative relevance of this effect in the 
control of the observed cometary morphology. Therefore, 
we can appreciate the real physical significance and 
implication of this working hypothesis only after having 
carried out a series of attempts by referring to specific 
case histories. 

In general, if the cometosphere hypothesis is credible 
and satisfies all possible reasonable checks, comets are 
important tools for the study both of the Earth’s 

magnetospheric processes and, more generally, also of 
solar-terrestrial relations. Therefore, comets must be 
considered experimental models on different scales of the 
Earth’s magnetosphere. They can be monitored by remote 

sensing and they scan regions of interplanetary space that 
otherwise could never be reached by manmade probes - 
except at most only by some very seldom available 
probes. This same concept is clearly stressed by Saito et 
al. (1987). 

Page 632



New Concepts in Global Tectonics Journal
Volume 13, Number 4, June 2025

ISSN number; ISSN 2202-0039

In this same respect, remind about the Mercury tail,22 
which is monitored by ground-based observations of 𝑁𝑎 
radiation, including its variation during a sunspot cycle. 
In fact, the length and breadth of the tail are important 
parameters for monitoring the properties of solar 
radiation. This holds for the Mercury tail, as well as for 
all other ”tails” – eventually monitored by 𝑁𝑎 emissions 
(or others) - referring to every other planetary object, 
including comets. 

Moreover, a quantitative estimate of the processes that 
justify mass conservation, or decay, of a comet is also 
related to the unsolved aforementioned problem dealing 
with the palæodensity of the Earth’s atmosphere. In fact, 

during a FR, the Earth’s atmosphere, owing to its direct 

interaction with the solar wind, is partially depleted of 
some total net amount of mass, much like it has to be 
expected to occur in comets with an insufficiently strong 
𝑩. That is, the atmospheric density could have decreased 
all along the Earth’s history on the occasion of every FR, 
being, however, eventually balanced by an increased fluid 
exhalation from soil (see above). 

In any case, consider that, maybe, some experiments 
could be carried out that reproduce in some way - 
although on a reduced space size - an “artificial comet”. 

That is, some kind of a peculiar manmade experiment 
could be carried out in the natural “space laboratory”, 

aimed to check the occurrence of some phenomena that 
are speculated to occur (maybe) in a real comet. This item 
is discussed below. 

6.2. Comets: large scale possible evidence, a double-lobe 
tail, and filamentary patterns 

A curious case history is represented by comet 
12P/Pons-Brooks, nicknamed the “Devil Comet”, 

discovered in 1812. This comet “is known for its violent 
eruptions, during which a powerful blast of ice and gas 
creates a glowing halo resembling devil horns. The 
fourth, and largest outburst, occurred on November 14th, 
2023, and was photographed by amateur astronomer 
Eliot Herman, who witnessed a 100-fold increase in the 
comet’s brightness” (Fig. 20; Mathewson, 2023; but see 

also Baker, 2024). The comet headed toward Earth, and 
the violent outburst generated the glowing halo that, 
however, did not afford to enter the cometosphere, which 
looks like the black spot that generates the “devil horns“. 

Another clear evidence is possibly related to the 
double-lobe tail. It is reasonable to expect that some 
evidence suggests that the currents 𝒋, which flow over the 
magnetopause of the cometosphere, are composed of ions 

22  Some references are Potter et al. (2002, 2007), 
Baumgardner et al. (2008), Killen et al. (2008), 
McClintock et al. (2008), Potter and Killen (2008). 

that are excited by solar radiation. In contrast, the currents 
𝒋 that cross through the neutral sheet of the cometosphere 
should be comparatively less excited, as they are screened 
by the magnetopause of the cometosphere. If this guess is 
correct, the tail ought to display some kind of “black 
axis”. 

 

 
Fig. 20. Comet 12P/Pons-Brooks, nicknamed the “Devil 

Comet”, photographed on November 14th, 2023, by amateur 
astronomer Eliot Herman. After Mathewson (2023). See 
text. NASA copyright free policy. 

 
Fig. 21 refers to the Halley’s comet, which has no 

permanent 𝑩 – as we know by direct in situ observation 
by the GIOTTO mission that approached its nucleus at a 
distance of 596 𝑘𝑚 . On the other hand, as mentioned 
above, if a comet is a huge BL, the 𝑩 is toroidal. Thus, 
plasma and 𝑩 are confined inside the plasma-ball, and no 
𝑩 must be detected surrounding the cometosphere. Fig. 21 
displays a feature that can be interpreted as a “black axis”. 

On the other hand, it appears reasonable that the “black 
axis” is only seldom observed, even in the case that it 

really displays a cometosphere’s neutral sheet (which is in 

any case always a speculative hypothesis). In fact, the 
location of the observer must be specifically oriented with 
respect to the neutral sheet in order to detect the “black 
axis”. In addition, if the 𝑩  of the comet is a transient 
phenomenon, we can observe such a feature only 
occasionally.  

It is interesting to refer to a series of photographs made 
from the SAAO (South African Astronomical 
Observatory, Cape Town) during the Halley passage in 
1985-1986. They used a Schmidt camera of 25/30 𝑐𝑚 
aperture, 80 𝑐𝑚  focal length, with plate scale 
258 𝑎𝑟𝑐𝑠𝑒𝑐 𝑚𝑚−1 . The exposure times were generally 
around ∼ 15 𝑚𝑖𝑛, sometimes shorter as much as 1 𝑚𝑖𝑛, 
sometimes longer as much as 64 𝑚𝑖𝑛. 
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These observations were carried out during March 1st, 
1986 - June 8th, 1986 as a part of the International Halley 
Watch. A selection of them, 44 pictures, was published in 
Cosmovici et al. (1993). 23 They range between March 1st, 
1986 - May 16th, 1986. The GIOTTO flyby occurred on 
March 13th-14th.  

 

 
Fig. 21. “Head of Halley’s comet as seen on May 8th, 

1910. (Mt. Wilson Obs. photograph).” Figure and captions 

after Brandt et al. (1980). NASA copyright free policy. 
 
Every picture was scanned for plotting the isophotes, 

as “the use of this technique shows many structures that 
are over - or under - exposed and not visible in the 
photographic reproduction” (Cosmovici et al., 1993, p. 

18). A clear feature, which can be interpreted like a “black 
axis” (appearing white in a negative isophote picture), is 
observed in all published photographs (they are 3) 
between March 1st - March 9th. Then, it is no more 
observed in the 32 photographs between March 13th - 
April 21st and it is observed anew - and more clearly - in 
the remaining 9 photographs between April 27th - May 
16th. Only one picture is here shown in Fig. 22, where the 
“black axis” is the white pattern in the bottom (isophote) 

picture. Note that the shrinking of the cross-section of the 
tail ought to be indicative of the progressive decrease of 
light intensity downstream along the tail. 

This series of photographs shows that, if Halley really 
has a transient 𝑩, the transient 𝑩 ought to be originated by 
e.m. induction, consistently with the direct flyby 
observation by GIOTTO. In any case, as already stressed, 
the observer can detect such a “black axis” only if he is 

located on a side of the tail, and not far from the plane of 
the hypothetical cometary neutral sheet. In any case, the 
“black axis” evidence is only a hunch, not a proof.  

In principle, another - maybe better - possibility can be 
achieved by means of a spectral analysis of a comet tail, 
with the slit of the spectrometer perpendicular to the tail 
extension. Owing to a Doppler distortion, the spectral 
lines should be deformed like a parenthesis, i.e., like { or 

23  Cristiano B. Cosmovici is kindly acknowledged for 
providing this very interesting material. 

} depending on the relative motion of ions with respect to 
the observer , i.e., depending  on the sunward  or anti-
sunward orientation of 𝑩 in the comet’s tail, consistently 

with  the  𝒋-loop  pattern  of  Figs  8 and  9. The  most 
favorable  relative  position  of the Earth is when the line 
of sight  is close  to the  plane  of the  cometary  neutral 
sheet, and when the angle Earth-comet-Sun is roughly 90
°. However, in this respect, two comments are deserved. 

 

 
Fig. 22. “Frame no. 68 - 1986 May 12.89375, ... Exp. 

40 𝑚𝑖𝑛 . Observer RMC.” Figure and captions after 

Cosmovici et al. (1993, p. 166). With CNR/IFSI permission. 
 
Firstly, at present it is difficult - or practically 

impossible - to estimate the quantitative amount of the 
Doppler shift deformation that must be expected, because: 
(i) Figs 9a and 9b represent currents 𝒋 , not ion drift 
velocities; (ii) Figs 9a and 9b were drawn by assuming a 
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magnetopause represented by a 2D current sheet. In 
reality, the “magnetopause” is a layer with a finite non-
null thickness. 

A few authoritative estimates are reported here 
concerned with this target. They were kindly provided by 
H. U. Schmidt (private communication, 1974). GPG 
expresses once more deep thanks, and considers a true 
honor having an evaluation carried out by a distinguished 
and learned specialist. We are not specialist and we cannot 
be aware whether more recent estimates are possible, or 
not. In any case, the following estimate is concerned only 
with orders of magnitude. Hence, it is likely that these 
estimates hold independent of any lesser more recent 
refinement. 

An estimate of the currents that flow on the 
magnetopause far downstream can be carried out by 
assuming that the intensities of the internal and external 
𝑩 are identical, as their magnetic pressures must balance 
each other (as shown above). Then, the total current 𝑱1 +
𝑱𝟐 + 𝑱𝟑  (in Fig. 9a) that flows far downstream in the 
neutral sheet is determined by the intensity of the internal 
𝑩, which we suppose is identical to the intensity of 𝑩𝒊𝒏𝒕. 
Hence, [ 𝑱1 + 𝑱𝟐 + 𝑱𝟑]  ∼  10−5 (𝑟𝐸/𝑟𝑐)𝐴. 

This H. U. Schmidt’s estimate can be explained as 

follows (but, every eventual mistake is only our 
responsibility). Consider the Maxwell relation 𝑐𝑢𝑟𝑙 𝑯 =
(4𝜋/𝛾0)𝒋 (for quasi-stationary approximation; see above 
and Gregori et al., 2025o) and apply it to a circuit that 
encloses, downstream, a unit area of the magnetopause. 
Suppose that the physical thickness of the electric currents 
that flow on the magnetopause is 𝐷 ∼ 500 𝑚. Hence, 

𝒋 =  𝑐𝑢𝑟𝑙 𝑯 
𝛾0 

4𝜋
∼

1 

2𝐷
 

2𝐵 

4𝜋𝐾0

∼
𝐵・10+4 

4𝜋
 

(2) 

Therefore, if 𝑩 ∼ 6 𝑛𝑇, one finds 𝑗 ∼ 10−5 𝐴, which 
is the aforementioned estimate. The factor (𝑟𝐸/𝑟𝑐) refers, 
respectively, to the heliocentric distances 𝑟𝐸 of the Earth 
and 𝑟𝑐  of the comet. In fact, the current system of a 
cometosphere can be supposed to have a self-inductance 
𝐿. If 𝑱 is an indicative electric current that flows in the 
circuit, the energy of the circuit is 𝐿𝐽2/2. The local energy 
density, inside the expanding solar corona, decreases with 
1/𝑟2. Hence, 𝐿𝐽2/2 decreases with 1/𝑟2, or 𝑱 decreases 
as 1/𝑟 . This approximation implies that 𝐿  does not 
depend on 𝑟, and this ought to be tested. In any case, as 
far as orders of magnitude are concerned, this is a 
reasonable assumption. 

The remaining H. U. Schmidt’s computation relies on 

his astute and learned specialized knowledge of 
spectroscopy of comets, which is outside our expertise 
and background. We just report our notes on this item. A 
magnitude is suggested by H. U. Schmidt of 
𝑠𝑒𝑣𝑒𝑟𝑎𝑙 107 𝑘𝑚 𝑠𝑒𝑐−1  for the observable Doppler 

velocities in the cometary plasma, because the 𝐶𝑂+ and 
other bands have no sharp lines. Hence, if these currents 𝒋 
in the neutral sheet are carried by ions of unit charge, and 
if these ions move at the speed quoted by Schmidt, say at 
∼ 108 𝑘𝑚 𝑠𝑒𝑐−1 , the ion density should be ∼ 0.6 ×
102 (𝑟𝐸/𝑟𝑐) 𝑖𝑜𝑛𝑠 𝑐𝑚−3. 

If the diameter of the cross-section of the tail is of the 
order of 105 𝑘𝑚, and the thickness of the plasmasheet is 
of the order of magnitude of 104 𝑘𝑚 , there are ∼
0.6 × 1021 (𝑟𝐸/𝑟𝑐)2  ions per unit length in the neutral 
sheet. If these ions flow downstream at the solar wind 
speed (∼ 400 𝑘𝑚 𝑠𝑒𝑐−1) an evaporation ought to occur 
of ∼ 2.4 × 1028 (𝑟𝐸/𝑟𝑐)2 , which is reasonably close to 
the order of magnitude of ∼
1030 𝑔𝑎𝑠 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑠𝑒𝑐−1 𝑠𝑡𝑒𝑟𝑎𝑑−1  expected for a 
comet (H. U. Schmidt, private communication, 1974). In 
any case, in general, these currents 𝒋 are mainly due to 
electrons. Therefore, even a much lower ion evaporation 
rate can be sufficient. 

To conclude, according to the aforementioned general 
estimates exploited by an authoritative specialist - whom 
we thank very much - perhaps this Doppler effect 
sometimes can be detected. 

A second remark deals with the filamentary structure, 
or with the assessment of the distance - downstream along 
the tail - where one should point the spectrometer slit. In 
the case of the Earth, the question should be at what 
distance downstream the lobes of the tail begin to appear 
filamentary. In general, the irregularities in the solar wind 
flow can play a different role at different radial distances 
from the Sun, although the intensity and stability must be 
considered of the internal 𝑩 . In fact, compared to the 
Earth, the 𝑩 of a cometary nucleus, in general, ought to be 
substantially weaker, and its intensity could also be 
different for different comets. On the other hand, the basic 
mechanism is essentially different - because in the case of 
the Earth the currents 𝒋 of the magnetopause are more or 
less directly supplied by solar wind particles. Conversely, 
in the case of a comet they are mainly supplied by plasma 
evaporation from the nucleus (or, at least, this is true for 
the evaporated chemicals that we detect). 

Moreover, consider that, even in the case of the Earth, 
the same concept of “merging” of 𝑩  flux across the 
magnetopause implies an environment that displays a 
filamentary structure, such as “forelocks” or fringes, 

which surround the magnetopause both downstream and 
close to the Earth (see Figs 11 and 12). In the case of a 
comet, this kind of fringes can be eventually monitored, 
thus suggesting a filamentary structure of the tail. Such a 
structure can begin even very close to the coma, where the 
cometary tail is not yet really filamentary. Maybe, an 
excellent available image (Fig. 23) is the “accidental 
observation” of comet Lovejoy (C/2014 Q2) when it was 
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at 82 × 106

 
𝑘𝑚

 
from the Earth (Howell, 2015b).

 

 
Fig. 23. “The 570-megapixel Dark Energy Camera in 

Chile captured this photo of Comet Lovejoy on December 27, 
2014. Credit: Fermilab’s Marty Murphy, Nikolay 

Kuropatkin, Huan Lin and Brian Yanny.” Figure and captions 

after Howell (2015b). NASA copyright free policy. 
 
According to the aforementioned argument, Fig. 23 

envisages that the comet has no internal well-organized 
𝑩. Rather, different fragments of various size detached 
from the core, and everyone developed an internal origin 
𝑩 caused by e.m.-induction from the solar wind, and also 
by the Cowling dynamo effect associated with ionized 
volatiles. Such a mechanism generated the observed 𝑩 
“forelocks”, through self-collimation of 𝑩 flux. 

On an intuitive - although pictorially effective - basis, 
one can claim that the physical condition 𝑑𝑖𝑣 𝑩 = 0 is 
such as to concentrate all available free charges towards 
the final common target of conservation of 𝑩 flux tubes. 
In fact, this is the physical meaning of the e.m. induction 
process that determines the effectiveness of the Cowling 
dynamo. Thus, ions are trapped by these 𝑩 flux tubes, and 
they are eventually visible like filamentary patterns of the 
comet tail. 

Yagi et al. (2015) studied the motion of lesser knots 
inside a cometary tail through repeated observations by 
means of a surface-based telescope. They report short-
time variations in the plasma tail of C/2013 R1 (Lovejoy) 
observed by means of a series of short ( 2 − 3 min ) 
exposure images with the 8.2 m Subaru telescope. They 
detected faint details of filaments, displaying motions 
over 24 min observing duration, and rapid movements, of 
two knots in the plasma tail near the nucleus ( ∼
3 × 105 km ). The measured speeds were 20  and 
25 km sec−1  along the tail and 3.8  and 2.2 km sec−1 
across it, respectively. “These measurements set a 
constraint on an acceleration model of plasma tail and 
knots as they set the initial speed just after their formation. 
We also found a rapid narrowing of the tail. [Such a 

narrowing is indicative of a weakening of light emission
.]  After  correcting  the  motion  along  the  tail , the 
narrowing speed is estimated to be ∼ 8

 
𝑘𝑚

 
𝑠𝑒𝑐 −1

 
...

 
“

 According  to one  of the  co-authors  (Jin  Koda ), as 
reported  by Howell  (2015c), “The filaments  were made 
up of 𝐻2𝑂

 
and 𝐶𝑂, indicating  that they emanated  from 

the comet itself. How they moved so fast afterward is still 
poorly understood ... The filaments of gas erupt from the 
comet  at low speeds  due to heating  from  the Sun, then 
are quickly  accelerated  -

 
somehow  -

 
to the speed  of the 

solar wind as the wind ‘blows’ against them ... “
 According  to the  general  rationale  that  is here 

envisaged , this  acceleration  can  be  explained  by 
considering that the interaction between solar radiation (
e.m. and/or corpuscular) and cometary material causes an 
abrupt  ionization  and  temperature  increase , also 
including  a mixing  with  solar  wind  inside  the intricate 
pattern  of the  cometosphere . The  consequent  particle 
dynamics  implies  a Cowling  dynamo  effect . The 
acceleration  of electrons  eventually  experiences  an 
additional  conspicuous  acceleration  due  to  the  “

runaway  breakdown ” (RB) process  (see Gregori  et al., 
2025f). Hence, the rapidly increased e.m. field enhances 
a self-focusing effect of the filament, which is observed 
simultaneously  with  a relevant  acceleration  of every 
charge  particle , hence  also  of  knots . This  process 
finally explains both the appearance  of sharp filaments 
inside  the  comet  tail , and  also  sometimes  an  abrupt 
detachment of knots.  

On  the  other  hand , all  comets  are  not  identical . 
Maybe , sometimes  a comet  eventually  has  some 
reasonably intense internal origin 𝑩 , whether 𝑩 derives 
from a magnetized cometary core or from some peculiar 
e .m . induction  by  the  solar  wind . In  either  case , 
sometimes a cometospheric pattern can develop, which 
is characterized  - as a first order approximation  - by two 
large  𝑩 flux tubes , similar  to the two large  lobes  of the 
Earth’s magnetosphere (see Figs 9a and 9b). In this case, 

the  comet  tail , when  it is observed  with  a suitable 
geometric orientation, can display a “black axis”. 

In summary , we cannot  state  whether  the simple 
Doppler  shift  deformation  of spectral  lines  into  a 
parenthesis -like shape can be observed  or not. This can 
occur only for a cometosphere composed of two lobes, i.
e., similar  to the Earth ’s magnetosphere  – i.e. unlike  a 
pole -on magnetosphere  (see Fig . 14). In any  case , the 
parenthesis -like  shape  should  occur  not  too  far 
downstream  along  the  tail , and  in  any  case  only 
depending on a very critical location of the observer.  

In addition, a few additional facts imply substantial 
observational and theoretical difficulties.  

First , in  general  it  cannot  be  assumed  that  the 
cometary 𝑩 (or better the most important 𝑩 component, i.
e., the dipole 𝑩) is oriented, as it occurs for the Earth, at 
some 
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large angle relative to solar wind velocity. For instance, 
consider the case of a cometary 𝑩 axis parallel or anti-
parallel to the solar wind flow, i.e., this is the case history 
of a pole-on magnetosphere (see Fig. 14). Intuitively, we 
can expect a ring-shaped belt of trapped particles 
surrounding a funnel-shaped region on the front, through 
which the solar wind penetrates deep inside, towards the 
cometary nucleus. On the opposite side, i.e., at cometary 
midnight, a strong outflow can be expected, analogous to 
(and stronger than) the Earth’s polar wind (see above). 

However, no neutral sheet will be observed. On the 
contrary, the solar wind particles spiral along numerous 
small flux tubes (i.e., “forelocks”) contained in the two 

previously mentioned huge funnel-shaped flux tubes, 
located at cometary noon and midnight (e.g., remind 
about Fig. 23). 

Second, the shape of the tail is sometimes indicative of 
strong turbulence in the solar wind. 

Third, a super-Alfvénic shock accompanies the comet, 
although (perhaps) it is likely to be mainly concerned with 
solar wind particles alone, and not with volatiles released 
from the nucleus. 

Fourth, from a practical point of view - compared to 
the standard spectroscopic measurements on comets - the 
Doppler deformation, which is here proposed, is only a 
tiny detail. In addition, it should be observed only when 
proper locations and orientations occur of Earth, Sun, 
comet and the comet’s 𝑩 axis. 

Notwithstanding all these difficulties, the “black axis” 

pattern has often been observed.  
In general, comets look regular, such as, e.g., comet 

Bennett (1969 i) (Brandt et al., 1971). In contrast, in some 
cometary pictures one can suppose, on a tentative basis, 
that the dark axis - which divides the tail all along its 
length into two lobes - could correspond to the neutral 
sheet. As a matter-of-fact, as already mentioned, when 
ions flow within the tail, i.e., inside the neutral sheet, they 
are not directly excited by direct interaction with the 
interplanetary environment; i.e., it is reasonable to expect 
that there is no light emission coming from the neutral 
sheet. 

Some examples are the drawing of Donati’s comet 

(1858 e) reproduced in Wurm (1959) and Sekanina 
(1968), the picture of Halley’s comet (1909 c) in Sekanina 

(1968), the picture of Arend-Roland comet (1956 h) in 

24  Giovanni Battista Donati (1826-1873; Italian 
astronomer, prematurely died from cholera) is known 
for his spectroscopic studies of stars, and for his role 
in the building of the Arcetri Observatory in Florence. 
He discovered 5 comets, the best known discovery was 
in 1828, but he also drew, on 5th-6th August 1864, the 
first spectrum of a comet, which had been discovered 

Porter (1960), and the picture of Morehouse comet (1908 
III) in Wurm (1959, p. 502). 

Several drawings of the Donati’s comet are 

comparatively popular in books that deal with historical 
items about comets.24 They show a “black axis”, although 

with a regularity that is suggestive of some arbitrary 
interpretation by the artist. A less known picture is shown 
in Fig. 24 and seems credible and perhaps objective. 

 

 
Fig. 24. “Hand drawn sketch of Donati’s Comet by 

C.W.M., dated 9th October 1858. It is not apparent who 
C.W.M. was, as does not match staff or volunteers at 
Williamstown Observatory or Flagstaff Observatory. Made 
in Victoria, Australia. Transfer from Melbourne 
Observatory, 1945.” At present the picture is at Museums 
Victoria. Figure and captions are after Drawing - Sketch of 
Donati’s Comet, 9th October 1858 - Museum Victoria.htm. 
With kind permission of Museums Victoria. 

 
Another drawing shows, perhaps, the standard double-

tail pattern, rather than a black axis. It is the Donati’s 

comet as seen at Melbourne, on October 11th, 1858. The 
image can be found on the website of the National Gallery 
of Australia.  

Even older drawings - as far as they can be reliable - 
seem to have an analogous property (see, e.g., 
Vsekhsvyatskii, 1964, p. 115). Obviously, these are only 
tentative speculations to be confirmed by additional 
investigation. In this respect, Figs 25a through 25e show 
a “synthesis” of knowledge about cometary morphology 

according to Johannes Helvetius (Jan Heweliusz, 1625-
1709, Polish astronomer, councilor and mayor of Danzig). 
Even more detailed examples are shown in Figs 25f and 
25g, dated ca. 168 BC - and seemingly they look like 
almost an attempt to organize in some way, and with great 
accuracy, the several different types of observed comets. 
In addition, Fig. 25h shows the accurate drawings by 

in Marseille by Wilhelm Temple (1821-1889). His 
drawing was probably used for a figure in his paper in 
Astronomische Nachrichten appeared on 10th August 
1864. The first original Donati’s drawing, which is 

still available at the Historical Archive of the Arcetri 
Astrophysical Observatory, is published by Galli et al. 
(2016). 
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Maria Clara Eimmart (1676-1707, German astronomer, 
precise engraver and designer), who was daughter and 
assistant of Georg Christoph Eimmart, the younger (1638-
1705, German draughtsman and engraver). A more 

quantitative  and more objective  evaluation  of several 
ancient photographs of comets (between 1902-1967) was 
carried out by measuring the isophotes and published by 
Högner and Richter (1979).25

 

    
 

(a) (b) (c) (d) (e) 

    
(f) (g) (h) 

Fig. 25. (a),(b),(c),(d),(e) Images from Johannes Helvetius’s Cometographia (Danzig, 1668), shown in Yeomans (1991). 

Copyright decayed. (f),(g) “Some examples of the cometary types displayed in the silk book of the Han tomb (ca. 168 BC ... )” 

After Silk Atlas of Comets from the Hunan Provincial Museum (Anonymous, 1980) (8, 57). “The Mawangdui silk, a ‘textbook’ 

of cometary forms and the various disasters associated with them, was compiled sometime around 300 BC, but the knowledge it 

encompasses is believed to date as far back as 1500 BC” (Goldman, 2020, who also shows the present image). See also 

comments in Yeomans (1991). Comets with a possible two-lobe structure may be easily recognized, and comets with 

more complicated structures of filaments or streamers, or 𝑩  “forelocks”. Figure after Yeomans (1991, p. 46, 47). 

Copyright decayed. NASA copyright free policy. (h) Accurate astronomical illustration by the astronomer Maria Clara 

Eimmart (1676-1707). Permission kindly granted by Tumblr, via Wikipedia. 

 
Consider the implications of the “magnetic” model - 

which is here proposed - concerning the conservation of 
the total mass of the comet vs. decay by evaporation. 
Compared to other models, the “magnetic” model 

presumably implies a smaller loss of mass by evaporation. 
Indeed, the currents 𝐽1 , 𝐽2 , 𝐽3  and −𝐽1  in Fig. 9a are 
mainly composed of electrons - because, in general, 
electrons have a much higher mobility than ions. In any 
case, the electrons are likely to supply the main 
responsible current that cause self-collimation. The 
currents 𝐽1 and −𝐽1 are originated by solar wind particles 
(and leave the magnetosphere far downstream, when 
either the magnetosphere closes or, more realistically, 
when it ends into filamentary patterns). The currents 𝐽2 
and 𝐽3, in principle, flow on closed loops, hence the ions 
that flow along them ought to be partially conserved. In 

25 Not available to us. 

reality, 𝐽3 does not flow on a closed loop, and - up to some 
extent - in Fig. 9a the currents 𝐽1, 𝐽2 and 𝐽3 eventually mix 
up. They sum up at point B, then they split again at point 
C. However, when they split, they do not remember 
whether a charged particle originally belonged to either 
one 𝒋  or another. Hence, this argument can be applied 
only up to a limited extent. On the other hand, the 
magnetic confinement must be considered, which is 
originated by the Cowling dynamo that finally results into 
a collimation of particles inside some kind of huge 
“magnetic bottle”. 

In any case, consider mass conservation inside the 
region of space - confined by a magnetopause, i.e., by a 
layer of some non-vanishing thickness, even though it is 
represented in Fig. 9a as a 2D distribution of 𝒋. The most 
important effect is the need to assume no mass loss inside 
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this region of space, apart the amount that is required to 
supply either (i) the loss from the outermost layer, or (ii) 
by the “polar wind” flow. In contrast, inside this region, 

charged particles must be expected to be trapped on closed 
orbits, similarly to the Earth’s radiation belts, although 

with a very different geometry. Phenomena are thus to be 
expected to occur, which are similar to what is observed 
inside the Earth’s magnetosphere. 

If we tentatively assume that the coma is the domain 
of trapped radiation similar to the Earth’s radiation belts 

(i.e., the Earth’s plasmasphere), we can easily expect that 
the coma contracts when the comet approaches the Sun, 
because, owing to the increased solar wind pressure, the 
whole magnetosphere must contract. This is the argument 
of the 𝐷𝑐𝑜 vs. 𝑟𝑐  variation discussed below.  

In contrast, in contradiction with this, some authors 
(e.g., Brandt, 1962, and references therein) claim that a 
coma ought to contain mainly neutral constituents. This is 
what ought to occur when the thermal evaporation plays 
the leading role, rather than the scattering of the molecules 
of cometary volatiles with solar wind and with its frozen-
in 𝑩. This is just a matter of the choice of the starting 
viewpoint, and of the consequent attempt to fit a pre-
chosen model with available observations. It is likely that 
both effects occur, and that the presence should be 
considered of both neutral and ionized constituents. In 
fact, the different tails (“Type I”, “Type II” and “Type 

III”‘) are a clear confirmation of a twofold phenomenon. 
According to this same viewpoint, some pictures of 

comets can sometimes appear suggestive of curious 
hypotheses, similar to the previously mentioned “black 
axis” that, perhaps, can be indicative of a possible neutral 

sheet. For instance, let us recall some old pictures, and 
consider the comet Whipple-Fedtke (1942 g) shown in 
Wurm (1959, p. 498), in the 𝐶𝑁 band 𝜆 = 3883 Å . The 
coma, perhaps, can be interpreted as being composed 
either (i) of ions or of molecules that evaporate from the 
nucleus and have an approximately spherical symmetry, 
or alternatively (ii) of quasi-trapped ions, hence the coma 
ought to display a toroidal shape. A possible coma with a 
clear toroidal shape is comet Humason (1961 e) (see 
Whipple, 1974). 

However, sometimes the streamers seem to be 
originated from a nucleus, reminding about “forelocks”. 

Compared to the size of the coma, the streamers display a 
narrower cross-section. They ought to be likened to the 
“polar wind” of the Earth. Should this type of shape be 
displayed only at a few particular wavelengths, one can 
presume that what is observed at a given wavelength is 
actually trapped radiation and “polar wind”, rather than 

magnetopause currents. 
On the other hand, such a kind of filamentary 

structures can lie, perhaps, outside the magnetopause, 

being the consequence of “merging” between cometary 𝑩 
field lines and 𝑩𝑖𝑛𝑡 . Should this type of shape be 
displayed at all wavelengths (see Öpik, 1964a and 
references therein), the comet should be interpreted as 
having a 𝑩  with dipole axis roughly parallel or 
antiparallel to the velocity of the solar wind, i.e., the 
cometosphere ought to be similar to a pole-on 
magnetosphere (Fig. 14). 

All this is speculative, qualitative, and ad hoc, except 
– maybe - the spectral lines deformation like a 
parenthesis, i.e., like {  or }  depending on the relative 
motion of ions with respect to the observer. In any case, 
the “black axis” hypothesis is an interesting curiosity. The 

eventual 𝑩 associated with a comet must be quantitatively 
inferred from some sound observational check, based on 
the size of the coma and on the tail. This is the focus of 
the next subsections. 

6.3. Comets: evidence from sungrazing comets 

Comets can be considered from a twofold perspective. 
On the one hand, they look like a stony meteorite, with an 
amount of ice - or of any other easily vaporizable 
component - that should be sufficient to originate a 
detectable trail. That is, there is no difference between a 
stony meteorite and a comet, other than the availability of 
volatile substances for tracking. However, when a stony 
meteorite gets closer to the Sun, it warms up. Hence, 
unless it gets very close to it, no really dramatic 
consequence is expected to occur to its body. In contrast, 
a sungrazing comet is potentially subjected to evaporate a 
large percent of the icy nucleus. It eventually disappears. 
However, before disappearing, some peculiar phenomena 
occur inside the huge plasma-ball that results from its 
evaporation. In fact, ionized volatiles are certainly 
associated with a Cowling dynamo (Gregori et al., 
2025d), hence with a magnetic confinement. Compared to 
the case history of a stony meteorite, this is likely to be 
the most relevant physical difference. 

The discussion in the present section begins therefore 
by addressing the first viewpoint, i.e., what phenomena 
must be expected in a stony meteorite with tracing 
chemicals on it. Then, the second viewpoint - dealing with 
a plasma-ball of volatiles - is considered in some detail, 
including a discussion of some laboratory experiments 
that can help to model processes and mechanisms. 

Sungrazing comets are a comparatively frequent 
occurrence. An interesting short review is Mazzucato 
(2007), who claims that, until 1979, only 9 case histories 
had been observed by ground observation. These comets 
have a very small perihelion. Instead of evaporating and 
smoothly fading off, they disrupt into a few to several 
fragments before reappearing, after crossing behind the 
opposite side of the Sun. In this same respect, several 
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historical records are also reported of comets observed 
close to the Sun during solar eclipses (Vaquero and 
Vázquez, 2009; Vaquero, 2014), beginning from 26 
Seneca’s “Naturales quaestiones” [7.20.4]. 

At present, the generally reported interpretation is in 
terms of tidal forces. In contrast, the interpretation that is 
here envisaged relies on the Hamilton’s variational 

principle (Gregori et al., 2025e), by which the 𝒋-circuits - 
which are caused by the e.m. induction by the solar wind 
- tend to expand in space until eventually breaking the 
cometary nucleus. The quantitative treatment of this 
model is described below, although no formal quantitative 
check seems possible by means of cometary observations. 
That is, since we do not know the real ultimate strength of 
the materials of the comet nucleus, this evidence can be 
only qualitative. 

The interpretation in terms of gravitational tide relies 
on the intensity of the gradient of gravitation, times the 
diameter of the cometary nucleus. The rationale is the 
same applied for the computation of Tables 2 and 3 of 
Gregori et al. (2025b). Note, however, that if the e.m. 
induction occurs inside the plasma-ball, no breaking 
occurs, as plasma is fluid. In contrast, e.m. induction 

inside the solid cometary nucleus requires that the 
cohesion forces inside the nucleus afford to oppose the 
stress due to the induced 𝒋. 

Stefanik (1966) discussed 13 similar examples, i.e., 
either the 9 case histories of sungrazing comets in a strict 
sense, plus a few other similar comets. He concluded that 
tidal forces are not sufficient to justify this phenomenon. 
On the other hand, some more recent literature exists on 
this item (but, we carried out no systematic search). In any 
case, the typical very small diameter of a cometary 
nucleus ought to require a very strong - and perhaps 
unrealistic - gravitational gradient in order to explain such 
a phenomenon. Conversely, the interpretation in terms of 
e.m. induction and Hamilton’s principle relies on the huge 

variation of kinetic energy of the cometary nucleus along 
the orbit. The maximum effect occurs close to perihelion, 
where, therefore, the maximum happens of induced 
currents 𝒋. The phenomenon can occur when the cometary 
orbit is reasonably close to the Sun, or also close to Jupiter 
(see Fig. 26). In both cases, the primary cause can be 
either gravitational or e.m. induction, due to the large 
Jovian mass and due to its intense 𝑩.

 

 
Fig. 26. “A NASA Hubble Space Telescope (HST) image of comet P/Shoemaker-Levy 9, taken on May 17th, 1994, with the Wide 

Field Planetary Camera-2 (WFPC-2) in wide field mode. This required 6 WFPC exposures spaced along the comet train to include 
all the nuclei. The image was taken in red light.” Copyright ©1994 by H. A. Weaver and T. E. Smith (Space Telescope Science 
Institute), and NASA. Figure and captions after http://cometography.com/pcomets/1993f2.html. NASA copyright free policy. See 
also Weaver (1997). 

 
For instance, some old case histories are the 

sungrazing comet 1882 II (“September comet” or “string 

of pearls” comet), which, after passage at perihelion, 

broke into 6-8 comet-like pieces (Vsekhsvyatskii, 1964). 
Two similar examples are the 5-comet set, which resulted 
after the breakup of comet Brooks 2 (l989 d), or the 
sungrazing comet Ikeya-Seki (1965 f) that on October 
21st, 1965 broke into 3 comets (Sekanina, 1968). 

26  Lucius Annæus Seneca (or Seneca, or Seneca the 
Younger; ∼3 BC - AD 65), famous Latin philosopher 
and scientist. 

A compilation of sungrazing comets is given in Table 
1, borrowed after Mazzucato (2007),27 who also briefly 
reviews the history of this concept and observations. 
SOLWIND was an instrument onboard the satellite P78-1, 
and during 1979-1984 it discovered 6 case histories. 
During 1987-1989 the SMM (Solar Maximum Mission) 
observed other 10 case histories by means of the CP 
Coronograph. Shanklin (2003) claims that “by 1989 the 

27  Reproduced with kind permission of Il Giornale di 
Astronomia. 
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SMM had added 10 more [which are the same 
aforementioned comets], and since 1996 SOHO had 

found a startling 465 ... “

 
Table 1. The sungrazing comets discovered by naked eye, and by probes SOLWIND and SMM 

comet name date of perihelion perihelion distance (𝑨𝑼) 
Naked-eye discovered   

371 BC Aristotle and Ephorus or Ephoros ? ? 
1106 1106.02.?? ? 
1668 1668.03.01 ? 
1689 1689.09.?? ? 
1695 1695.10.23 ? 
1702 1702.02.13 ? 

C/1843 D1 Great March comet 1843.02.27 0.0055 
C/1880 C1 Great Southern comet 1880.01.28 0.0055 

X/1882 K1 Eclipse comet, or Tevfik comet (‡) 1882.05.17 ? 
X/1882 C1 Great September comet 1882.09.17 0.0077 
C/1887 B1 Great Southern comet 1887.01.11 0.0048 

C/1945 X1 du Toit 1945.12.28 0.0075 
C/1963 R1 Pereyra 1963.08.24 0.0051 

C/1965 S1 Ikeya-Seki 1965.10.21 0.0078 
‡ - Ahmed Tevfik Pasha (1845-1936), khedive of Egypt, last Ottoman grand vizier. 

Discovered by SOLWIND   
C/1979 Q1 (SOLWIND 1) 1979.08.30 0.0048 
C/1981 B1 (SOLWIND 2) 1981.01.10 0.0079 
C/1981 O1 (SOLWIND 3) 1981.07.20 0.0061 
C/1981 V1 (SOLWIND 4) 1981.11.04 0.0045 
C/1984 O2 (SOLWIND 5) 1984.07.28 0.0154 
C/1983 S2 (SOLWIND 6) 1983.09.23 0.0075 

Discovered by SMM   
C/1987 T2 (SMM 1) 1987.10.06 0.0054 
C/1987 U4 (SMM 2) 1987.10.18 0.0063 
C/1988 M1 (SMM 3) 1988.06.27 0.0052 
C/1988 Q1 (SMM 4) 1988.08.21 0.0059 
C/1988 T1 (SMM 5) 1988.10.12 0.0051 
C/1988 W1 (SMM 6) 1988.11.18 0.0059 
C/1988 U1 (SMM 7) 1988.10.24 0.0058 
C/1989 L1 (SMM 8) 1989.06.02 0.0056 
C/1989 N3 (SMM 9) 1989.07.08 0.0046 
C/1989 S1 (SMM 10) 1989.09.28 0.0048 

 
These comets are also called “Kreutz sungrazer 

comets” after the German astronomer Heinrich Carl 

Friedrich Kreutz (1854-1907). He found that all 
sungrazing comets have a similar orbit. Therefore, he 
guessed that all of them are the remnant fragments of a 
unique large comet that broke during its first crossing 
through the Solar System. That is, the event was a giant 
rupture of a huge sungrazing comet. “Kreutz sungrazers 
are typically small (∼ 10 𝑚 wide) and numerous. SOHO 
sees one falling into the Sun every few days” (Phillips, 

2011a). According to studies by Brian Geoffrey Marsden 
(1937-2010), a likely candidate for this primitive large 
comet might have been observed in 371 BC by Aristotle 
(384-322 BC), and by the ancient Greek historian Ephorus 

28 Our English translation. 

or Ephoros of Cyme (ca. 400-330 BC). 
Mazzucato (2007, p. 19) comments as follows.28 “The 

two fragments referred to by Ephoros ought to have an 
orbital period of ∼ 350 and ∼ 800 𝑦𝑒𝑎𝑟𝑠, respectively. 
The object with short period had already returned in the 
1st, 4th, 8th, and 11th century, and it can be identified with 
the 1847 comet. During the 11th century transit it had been 
additionally fragmented, forming the group that today is 
called Kreutz I, which should include the C/1843 D1 
Great March comet, the C/1963 R1 Pereyra comet, and 
the comets discovered by probes SOLWIND and SMM. 

Instead, the long period object had returned during the 
4th century and in AD 1106 when it experienced a new 
fragmentation forming the presently called Kreutz II 
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group, which ought to include the C/1882 R1 Great 
September comet and comet C/1965 S1 Ikeya-Seki. The 
Kreutz I group represents the largest part of the objects 
discovered by SOHO. 

Sungrazing comets have [typical longitudes and] ... a 
distance at perihelion 𝑞 < 0.007 𝑈𝐴, with a mean 𝑞 ∼
0.005 𝑈𝐴 (or ∼ 750,000 𝑘𝑚). The Kreutz II group [has 
different typical longitudes at perihelion and] ... a 
distance at perihelion 𝑞 > 0.007 𝑈𝐴. The larger objects 
- that also have 𝑞 > 0.005 𝑈𝐴 - survive at their transit at 
perihelion, while the smaller objects - that have 𝑞 <
0.002 𝑈𝐴 - dissolve through the solar atmosphere, hence 
they are also called ‘suicidal comets’.” 

Also other groups, analogous to Kreutz I and II, have 
been recognized. Concerning the cometary size, 
Mazzucato (2007, p. 21) claims that a standard comet has 
a size comparable to a mountain, while a sungrazing 
comet has the size of a small house or even smaller. In 
contrast, the great primary unique sungrazing comet was 
estimated to have a size of the order of ∼ 100 𝑘𝑚 . In 
addition, owing to gravitational perturbations, the 
distance at perihelion ought to be reduced at every transit. 
“... comet C/1995 O1 Hale-Bopp has 15% possibility to 
become a sungrazer comet.” 

 

 
Fig. 27. Comet 73P/Schwassmann-Wachmann 3, 

fragment B, April 19th, 2006. Hubble Space Telescope. 
NASA, ESA, H. Weaver (JHU/APL), M. Mutchler and Z. 
Levay (STScI). NASA copyright free policy. 

 
In addition, the total number of sungrazing comets was 

estimated to be several ten thousand. They occur with a 

29 Comet 73P/Schwassmann-Wachmann 3, Views of the 
Solar System, 
http://www.solarviews.com/eng/wachmann.htm. 

30 See some images in Astronomy and Geophysics, 47, (3), 
p. 3.12. Our added note. 

varying frequency, depending on month, etc. and 
sometimes they can be associated with the so-called 
“cometary storms”. Several pictures are now available of 

sungrazing comets. Just recall Fig. 16. Fig. 27 shows 
several fragments altogether. 

Calvin J. Hamilton comments as follows. 29 
“Sequential Hubble images of the B fragment, taken a few 
days apart,30 suggest that the chunks are pushed down the 
tail by outgassing from the icy, sunward-facing surfaces 
of the chunks, much like space-walking astronauts are 
propelled by their jetpacks. [Consider, however, the 
relevant role played by the Cowling dynamo due to 
ionization of volatiles.] The smaller chunks have the 
lowest mass, and so are accelerated away from the parent 
nucleus faster than the larger chunks. Some of the chunks 
seem to dissipate completely over the course of several 
days. 

Deep-freeze relics of the early Solar System, cometary 
nuclei are porous and fragile mixes of dust and ices. [In 
reality, they are refilled periodically into the Solar 
System.] They can be broken apart by gravitational tidal 
forces when they pass near large bodies (e.g., Comet 
Shoemaker-Levy 9 [see Fig. 26] was torn to pieces when 
it skirted near Jupiter in 1992, prior to plunging into 
Jupiter’s atmosphere two years later). [The role must 
rather be stressed of the intense Jovian 𝑩 that causes a 
violent e.m. induction into the comet’s nucleus. Hence, 

the disruption occurs due to e.m. force. In contrast, the 
tidal deformation is the product of the gradient of 
gravitation times the diameter of the comet’s nucleus. The 

size of the nucleus is very small. Hence, tidal rupture can 
occur only with a particularly large gravitational 
gradient.] They can also fly apart from rapid rotation of 
the nucleus, break apart because of thermal stresses as 
they pass near the Sun, or explosively pop apart like corks 
from champagne bottles due to the outburst of trapped 
volatile gases ...  

German astronomers Arnold Schwassmann 31  and 
Arno Arthur Wachmann32 discovered this comet during a 
photographic search for asteroids in 1930, when the 
comet passed within 107 𝑘𝑚 of the Earth (only 24 times 
the Earth-Moon distance). The comet orbits the Sun every 
5.4 𝑦𝑒𝑎𝑟𝑠, but it was not seen again until 1979. The comet 
was missed again in 1985 but has been observed every 
return since then. During the fall of 1995, the comet had 
a huge outburst in activity and shortly afterwards four 
separate nuclei were identified ... “ 

31  Friedrich Karl Arnold Schwassmann (1870–1964), 
discoverer of 22 minor planets and 4 comets.  

32  Arno Arthur Wachmann (1902–1990), discoverer of 
comets and minor planets. 
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An unexpected and surprising behavior was found in 
comet Lovejoy, which was discovered on 27th November 
2011 by Terry Lovejoy (1967-, engineer and amateur 
astronomer of Thornlands, Queensland, Australia). The 
comet was designated C/2011 W3 (Lovejoy). It appeared 
to be a member of the Kreutz family. The perihelion was 
at 0.0055 𝐴𝑈  just after midnight on 16th December 
(Kronk, 2011; Williams, 2011), ∼ 140,000 𝑘𝑚 above the 
Sun’s surface (Anonymous, 2011c; Malik, 2011). 

 

 

 
Fig. 28. “These two images were taken by SOHO and 

show comet Lovejoy heading in toward the Sun (top) and then 
emerging back out the other side (bottom). Credit: 
NASA/SOHO.” Figure and captions after Phillips (2011a). 
NASA copyright free policy. 

 
“The comet’s close encounter was recorded by at least 

five spacecraft: NASA’s SDO and twin STEREO probes, 
Europe’s Proba2 microsatellite, and the ESA/NASA 
SOHO. The most dramatic footage so far comes from 
SDO, which saw the comet go in (below) and then come 
back out again (above)” (Phillips, 2011a). See Figs 28a 

and 28b. A better composite photograph is given by 
Schrijver et al. (2013) (Fig. 29). 

Another example is comet C/2011 N3 (note that the 
Lovejoy comet is C/2011 W3). Comet Lovejoy was not 

expected to survive the encounter, due to extreme 
environmental conditions (temperatures > 106 𝐾 ; 
exposure time of nearly one hour). See Fig. 30. However, 
the comet C/2011 N3 was observed to emerge intact from 
the corona (Phillips, 2011a, 2012f; Wall, 2011a, 2011b). 
The nucleus diameter was formerly estimated ∼ 100 −
200 𝑚. Since it survived perihelion, it was later guessed 
having been perhaps up to 500 𝑚 (Phillips, 2012a). 

 

 
Fig. 29. “A composite photograph of the Sun and inner 

heliosphere taken at 01:30 UT on 16th December 2011. The 
center exposure, taken by NASA’s SDO spacecraft, shows a 
false-color image of extreme UV radiation from gases in the 
corona at ∼ 1.5 𝑀 𝐾°. Surrounding that central image are 
images made using the Large-Angle and Spectrometric 
Coronagraph (LASCO) aboard the ESA’s SOHO spacecraft. 
Two different LASCO telescopes (with image segments 
shown in red and blue) reveal structures known as streamers, 
which outline relatively dense coronal regions shaped by 𝑩, 
against a backdrop of stars. The arc reaching toward the Sun 
from the lower left is comet Lovejoy’s tail as it approached 

perihelion. The bright mark near 2 o’clock at the inner edge 

of the red image shows post-perihelion Lovejoy just 
beginning to regrow a dust and gas tail after having lost it 
while closer to the Sun. Within three days from these images, 
Lovejoy’s nucleus completely sublimated and ceased to 

exist.” Figure and captions after Schrijver et al. (2013). 
NASA/ESA copyright free policy. 

 
“In the SDO movies, the comet’s tail wriggles wildly 

as the comet plunges through the Sun’s hot atmosphere 

only 120,000 𝑘𝑚 above the stellar surface. This could be 
a sign that the comet was buffeted by plasma waves 
coursing through the corona. Or perhaps the tail was 
bouncing back and forth off great magnetic loops known 
to permeate the Sun’s atmosphere. No one knows.” 

(Phillips, 2011a).  
A more recent case history deals with comet ISON 

(Fig. 31). It came within 1.1 𝑀 𝑘𝑚 of the Sun’s surface. 

However, it was no more seen by SDO after perihelion 
transit. Hence, it was believed that it broke up and 
evaporated before reaching perihelion. 
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Fig. 30. “Comet C/2011 N3 fragments as it passes through the Sun’s atmosphere on July 6th, 2011. Credit: Solar Dynamics 

Observatory/K. Schrijver et al.” Figure and captions after Phillips (2012f). See also Schrijver et al. (2012, 2013). NASA copyright 
free policy. 

 
“On the morning of November 28th, expectations were 

high as ISON neared perihelion ... The icy comet already 
had a riotous tail 20 times wider than the full Moon and a 
head bright enough to see in the pre-dawn eye with the 
unaided eye ...  

... they watched live images from a fleet of solar 
observatories including the twin STEREO probes, the 
SDO, and SOHO. As comet ISON approached the Sun it 
brightened and faded again. That might have been the 
disintegration event ... Cameras onboard the SDO 
followed the comet all the way down to perihelion and saw 
... nothing ... The researchers were surprised again when 
a fan-shaped cloud emerged from the Sun’s atmosphere. 

No one knows for sure what was inside. Possibilities 
include a remnant nucleus, too small for SDO to detect, 
or a ‘rubble pile’ of furiously vaporizing fragments. By 

the end of the day, comet ISON was nothing but a cloud 
of dust ... “ (Phillips, 2013e). 

However, subsequent images - by a camera called 
LASCO C3 onboard the NASA/ESA’s SOHO - detected 
something rounding the Sun (Malik, 2013, and Wall, 
2013). This appeared therefore like something that began 
to gradually brighten up again, but it soon faded off  

“Recent observations by NASA’s Mars 
Reconnaissance Orbiter (MRO) suggest that ISON’s 

nucleus was between 100 − 1,000 𝑚  wide ... It was 
probably smaller than maybe 600 𝑚 in diameter ... and 
from past sungrazing comets, those smaller than about 
half a kilometer ... don’t survive” (Wall, 2013). 

A recent case history is comet Nishimura, also known 
as C/2023 P1, which survived a close encounter with the 
Sun on September 17th, 2023, when it passed within only 
33 𝑀𝑘𝑚 of the Sun. The bright comet was observed by 
one of two STEREO spacecraft, i.e., STEREO-A. The 
images suggest the comet remained intact (Mathewson, 
2023). 
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Fig. 31. “Comet ISON comes in from the bottom right and 

moves out toward the upper right, getting fainter and fainter, 
in  this  time -lapse  image  from  the  ESA /NASA  SOHO on 
November 28 th, 2013. The image of the Sun at the center is 
from NASA’s SDO. Credit: 
ESA/NASA/SOHO/SDO/GSFC.” Figure and captions after 

Wall (2013). NASA copyright free policy. 
 
An  unexpected  hint  recently  derived  from  the 

observation and interpretation of the asteroid ‘Oumuamua 

(1I/2017 U1), which Sekanina (2019) looks like “a piece 
of debris  of a dwarf  interstellar  comet  ... The rest of the 
parent  dwarf comet’s debris is expected  to have escaped 

detection  after  perihelion . [In fact , in principle  a large 
amount  of matter  can  move  through  the  Solar  System , 
although  it can  be detected  only  whenever  suitable 
conditions  exist so that it can release photons. This is the 
difference  between  an asteroid  and a comet . Hence , the 
debris of a comet are eventually no more detectable.] It is 
pointed out that the unknown timing of the disintegration 
event , in the  course  of which  the  non -gravitational 
acceleration  began  to affect  the  orbital  motion  of ‘
Oumuamua , may  compromise  investigations  of the 
stellar system from which the object had arrived. The pre-
perihelion  brightness  of ‘Oumuamua ’s parent  remains 

unknown , but one cannot  entirely  rule out the possibility 
that it was serendipitously  detected  near, or during , the 
putative outburst ... “  

Summarizing , a great variety  is observed  of different 
behaviors  of sungrazing  comets , and the explanation  of 
their morphology can be tackled according to the twofold 
aforementioned perspective. 

Let us first refer to the viewpoint of a comet that is 
likened to a stony meteorite with some tracing chemicals 

in it. 
According  to the rationale  of the present  study , the 

crucial  role must  be considered  of the e.m. induced 
currents 𝒋, and of the Hamilton’s principle (Gregori et al

., 2025e), by which  the currents  𝒋 tend to expand  - thus 
causing  fragmentation  of  the  cometary  nucleus , 
independent  of either tidal or thermal effects. All effects 
(e.m., tidal , thermal ) can  contribute  and  sum  up 
altogether , although all drivers play comparable  roles 
mainly when the comet is far away from the Sun. In fact, 
consider : (i) the  very  small  size , hence  the  very  small 
gravitation  gradient  across  the nucleus ; (ii) the limited 
mass, hence the comparably  limited thermal  response ; (
iii)  the  large  electrical  conductivity  of the  evaporated 
material ; and  (iv ) the  large  orbital  eccentricity  that 
implies  a huge e.m. induction  [as per (1)]. Hence , - it is 
reasonable to guess, at least intuitively, that - in general - 
the  e .m . contribution  is  likely  to  be  often 
overwhelming . In addition , the  role  of  the  Cowling 
dynamo  (Gregori  et al., 2025 d) is very  likely  to be the 
dominant confining effect resulting into self-collimation 
and filamentary patterns. 

 
 

 
Fig. 32. Enki Catena crater chain on Ganymede. North is 

to the bottom of the picture and the Sun illuminates the 
surface from the left. The image was taken on April 5th, 1997 
at a range of 27,282 𝑘𝑚 by the Galileo spacecraft. Credit: 
Galileo Project, Brown Univ., JPL, NASA. NASA copyright 
free policy. 

 
This same argument applies to every comet, even other 

than sungrazer comets. Sometimes, when a comet is 
observed - and also even when it is still far away from the 
Sun - occasionally large discrete disruptive events are 
observed, envisaging that the comet lost a large piece of 
its nucleus. Hence, the same aforementioned argument 
can apply to every event of this kind.  

For instance, a phenomenon of this kind can be, 
perhaps, the explanation of the Enki Catena, a 161.3 𝑘𝑚 
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crater chain on Ganymede (Fig. 3233). The 13 observed 
craters were probably formed by the impact of a comet 
that passed close to Jupiter. Then, either the Jovian 
gravity, or e.m. induction by the Jovian 𝑩, disrupted the 
cometary body. Then, the 13 fragments crashed onto 
Ganymede in rapid succession. On the other hand, the 
gravitational disruption - i.e., the tidal deformation caused 
by Jupiter - is directly related to the product of the space 
gradient of gravitation times the size of comet’s core, 

which is very small. In contrast, the e.m. induction effect 
depends on the surface of the cross-section of the comet’s 

core (for a known electrical conductivity 𝜎 of the comet) 
times the time variation of the Jovian 𝑩. 

6.4. Comets: evidence plasma tail structure 

Fig. 33 refers  to the Halley  comet . We know that in 
situ records (by the GIOTTO flyby mission) measured no 
𝑩  for Halley ’s. Consider , however , that the Cowling 

dynamo  generates  a toroidal  field . Hence , 𝑩 is null 
outside  the confining  “plasma  bottle”. This is the same 

phenomenon  observed  for BLs in Fig. 8 through Fig. 11 
of Gregori and Leybourne (2025e). In addition, 𝑩 has an 
essentially  transient  character , with  an  unknown 
persistence -time. That  is, the induced  𝑩 even rapidly 
decays, although after having eventually caused the more 
or less partial disruption of the nucleus.

 

 
Fig. 33. “Photographic time sequence of Halley’s comet, June 6th-7th, 1910. The sequence was constructed by E. E. Barnard 

from plates taken at (left to roght) Yerkes Obs. (June 6th, 15.8 h GMT), Hawai’i (June 6th, 18.5 h GMT), and Beirut (June 7th, 7.0 h 
GMT). The photographs show rapid changes in the form of a receding plasma tail which disconnected late on June 5 th and whose 
mean recession speed during the duration of this sequence was 57 𝑘𝑚 𝑠𝑒𝑐−1 (Yerkes Obs. photograph).” Figure and captions after 

Brandt et al. (1980). NASA copyright free policy. 
 
Vourlidas et al. (2007) report about a direct 

observation of the interaction between comet 2P/Encke 
and a CME (coronal mass ejection), which led to a 
complete plasma tail disconnection. “The observations 
were obtained by the Sun-Earth Connection Coronal and 
Heliospheric Investigation (SECCHI) Heliospheric 
Imager-1 (HI-1) aboard the STEREO mission. They 
reveal the extent of the plasma tail of comet 2P/Encke to 
unprecedented lengths and allow us to examine the 
mechanism behind a spectacular tail disconnection event 
... the observations offer strong support to the idea that 

33 http://antwrp.gsfc.nasa.gov/apod/ap011215.html (page 
in NASA Photojournal). 

large-scale tail disconnections are magnetic in origin. 
The online movie reveals a wealth of interactions between 
solar wind structures and the plasma tail beyond the 
collision with the CME ... “ 

On the other hand, the interaction of a comet with the 
HNS (see Figs 3 and 4) seems to have no relevant effect 
on the cometary tail. Indeed, Saito et al. (1986) report on 
an astute study of Halley’s comet. The magnetometer 

aboard the Japanese spacecraft Sakigake clearly detected 
multiple crossings of a nearly horizontal HNS during 10th-
12th March 1986. Saito et al. (1986) were concerned with 
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the absence, during 11th-14th March, of any apparent 
disconnection event (DE) in the ion tail of comet Halley. 
Therefore, they proposed a model for the interaction 
between the comet and 𝑩𝒊𝒏𝒕 at the crossing with a quasi-
parallel HNS. Also some MHD wave enhancement was 
observed, almost at the closest approach to the comet. 
They guess that these waves can be interpreted as being 
excited by neutral particles of cometary origin (ionized 
𝑂+ or 𝐻2𝑂+). These ions had been previously detected at 
∼ 7 × 106 𝑘𝑚 upstream of the comet. 

The Saito et al. (1986) study shows the great heuristic 
potential of a comet as a natural probe for monitoring the 
interplanetary environment. Saito et al. (1986) is one of 
several published papers dealing with the Sakigake 
mission. Let us focus on their specific analysis of Halley’s 

comet. The great difficulty must be stressed of their data 
analysis. They used the instant and point-like magnetic 
records carried out during the closest approach achieved 
by Sakigake on 11th March 1986 at 04:18 UT. Saito et al. 
(1986) had available data spanning over ∼ 13 ℎ𝑜𝑢𝑟𝑠  - 
during the time lag 19:40 UT of 10th March through 8:37 
UT of 11th March. They also correlated their 
measurements with the records by the Stanford solar 
magnetogram (provided by T. Hoeksema) and with the 
interplanetary scintillation data (provided K. Kojima and 
K. Kakinuma).  

Saito et al. (1986) discussed different types of 
occurrences. They introduced some protocol and criteria 
to be satisfied in order to distinguish between different 
typical phenomena. There is no need to enter here into 
details. They claim having thus recognized several 
crossing of the HNS (see Figs 3 through 5). They show a 
detailed figure not here shown that they discuss in detail. 
They suppose that a radial expansion characterizes the 
HNS, and claim that during 10th-11th March Sakigake 
crossed several times the HNS. Also the disturbances were 
taken into account that affected 𝑩𝒊𝒏𝒕, and they afforded to 
distinguish 4 categories of disturbance.  

They supposed that, consistently with the Parker 
spiral, the HNS is transported radially, at the solar wind 
speed v𝑠𝑤. Suppose that the cross-section with the HNS 
can be represented by a vertical plane (remind about Fig. 
3a) where the Sakigake orbit is located. Such a cross-
section seems therefore to move in the vertical plane, anti-
sunward, at the apparent velocity component - of the HNS 
along the Sakigake orbit - that is given by v𝑁 =
v𝑠𝑤  𝑡𝑎𝑛 𝜒, where 𝜒 is the angle between the plane and the 
Parker spiral. The orbital velocity of Sakigake was v𝑠𝑘 ∼
70 𝑘𝑚 𝑠𝑒𝑐−1 , anti-sunward. However, v𝑠𝑘 < v𝑁 ∼
450 𝑘𝑚 𝑠𝑒𝑐−1. Hence, Sakigake crossed the HNS moving 
sunward. Saito et al. (1986) state that, for at least 4 times, 
Sakigake certainly crossed the HNS. However, at a closer 
inspection, they report about additional evidence of 

multiple  crossings . Note  that, in fact, these  multiple 
crossings are consistent with the fluctuations of the solar 
wind flow and of the frozen-in 𝑩𝒊𝒏𝒕.  

Saito et al. (1986) remind about Niedner and  Brandt 
(1978 ) who  proposed  that  every  time  a comet  crosses 
through a (perpendicular ) sector boundary , i.e., through 
HNS, a former ion tail is substituted , through a DE, by a 
newly-grown ion tail. To our understanding , this means 
that since 1978 cometologists  already  considered  the 
possibility of a cometosphere. 

In fact, Saito et al. (1986) apply  the Niedner  and  
Brandt (1978) model to the Sakigake  crossings  occurred 
during 10th-11th March 1986. They had available  precise 
information  dealing with the day of the closest Sakigake  
approach, concerning the sector boundary at 7 × 106 𝑘𝑚 
upstream  of Halley ’s comet . At that time, according  to 

Yeomans (1981), the solar wind speed was 450
 

𝑘𝑚
 

𝑠𝑒
𝑐 −1. If the length of Halley’s ion tail is 0.3  𝐴𝑈, the solar 
wind spent therefore  28  ℎ𝑜𝑢𝑟𝑠  to run through the whole 
length of the ion tail.  

In  this  respect , it  is  important  to  refer  to  the 
aforementioned  discussion  concerning  the transition  of 
the Earth’s magnetosphere  while crossing through HNS. 
The  effect  is  simply  a smooth  exchange  of  the  role 
played by the 𝒋 in the two solenoids that are identified
, respectively, with the two lobes of the tail (Fig. 9). The 
unique  detectable  effect  ought  thus  to be only  a gentle 
morphological  disturbance  of  the  𝑆𝑞  geomagnetic 
variation . On  the  other  hand , the  effect  is  probably 
hidden  by  the  large  disturbances  that  are  usually 
associated  with ionospheric  activity . Therefore , owing 
to a similar  argument , identical  phenomena  must  be 
expected to occur inside a cometosphere. 

Hence, Saito et al. (1986) searched for ground-based 
observations , during  11th -14th March  1986 , of  any 
possible  DE in Halley ’s ion tail. However , no evidence 

was  found  in observations  carried  out  from  Asia , 
Australia  and the United  States . They noticed  only two 
distinct  streamers , and  remark  the  helical  structure 
observed  close to the coma that - they note - ought to be 
related to the wavy structure of the HNS. They also show 
a sketch  (not  here  shown ) of the cometosphere  before 
and after NHS crossing  

Hence, no DE affected the Halley’s ion tail. Therefore

, Saito  et al. (1986) propose  a model , and suppose  that 
Sakigake approached  to the comet  along an orbit quasi-
parallel  to  HNS . They  draw  3D patterns  of  the 
cometosphere , entering in the detailed description of the 
different  angles between HNS, Sakigake orbit, 𝑩𝒊𝒏𝒕, etc. 
No additional information is here given.  

Let us only show Fig. 34 that represents the two-lobe 
pattern of Halley’s cometosphere  that is proposed in the 

model computed by Saito et al. (1986). The comet was in 
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a “toward” 𝑩𝒊𝒏𝒕 sector. Remind about the transition of the 
Earth’s magnetosphere between interplanetary sectors of 

opposite polarity, as discussed with reference to Fig. 9.  
 

 
Fig. 34. Two cross-sections downstream of Halley’s 

comet tail, according to the model derived from the Sakigake 
observations during 10th-12th March 1986. Both cross-
sections of the tail are observed from the comet head, looking 
towards the tail. Sakigake was in a “toward” sector of 𝑩𝒊𝒏𝒕, 
with an orbit above and slightly inclined with respect to HNS. 
During the few days of available observation, Sakigake 
crossed several times the HNS. One final state, after one 
crossing, is shown in figure (a) in terms of a 2-lobe 
cometosphere. In contrast, figure (b) refers to what occurs 
while the comet tail intercepts the HNS. A transition thus 
occurs of the 2-lobe pattern, in order to reverse the 𝑩 
direction in the 2-lobes. Every transition is expected to be 
smooth, and minor perturbations are associated only to the 
eventual non-uniformity of the solar wind flow. See text. 
Unpublished figure. 

 
Saito et al. (1986) remind also a related study (Slavin 

et al., 1986) referring to comet Giacobini-Zinner. The 
interested reader ought to refer for better details to the 
original paper Saito et al. (1986). All these statements are 
in close agreement with the general discussion here 
proposed about the existence of more or less transient or 
permanent cometospheres. Therefore, also the speculated 
“black axis” feature, which is discussed above, seems 

realistic. This whole discussion also envisages the great 
heuristic potential of the huge population of cometary 
objects that can now be observed by space telescopes and 
that are natural probes of the interplanetary environment.  

Saito et al. (1986) carried out also an investigation of 
the neutrals released from the cometary nucleus. They 
carried out dynamic spectrograms of the observed 
component of 𝑩𝒊𝒏𝒕. They considered the local cyclotron 
frequency for 𝑂+  (or 𝐻2𝑂+ ), estimated by means of 
20 𝑚𝑖𝑛  averages of the total 𝑩𝒊𝒏𝒕 . They found a 
correlation between some enhanced oscillations of 𝑩𝒊𝒏𝒕 
and the local 𝑂+  (or 𝐻2𝑂+ ) frequencies. By this, they 
found long-period waves, linearly polarized and in 
transverse mode, which are correlated with the local 𝑂+ 
(or 𝐻2𝑂+) cyclotron frequencies. 

Fig. 34a shows the down-tail cross-section of a regular 
2-lobe pattern of the cometosphere. The clockwise or anti-
clockwise 𝒋 direction must reverse while crossing through 
HNS. Fig. 34b shows the down-tail cross-section, during 

the crossing  stage  from  one Parker  spiral  sector  to the 
other, consistently with the aforementioned discussion of 
Fig. 9.  

Saito  et al. (1986) discuss  the previous  literature 
concerned with MHD waves caused even by a very small 
amount  of newly  generated  ionized  particles . They 
believe  that  the long-period  MHD waves  - that  were 
observed 7 × 106 𝑘𝑚  upstream of comet Halley -  ought to 
have been excited by ions originated  from the comet (𝑂

+ or 𝐻
2

𝑂 +).  
Saito et al. (1986) conclude with the following 

historical remark. They refer the two-hemisphere model 
to the solar-cycle variation of the 3D heliosphere, related 
to geomagnetic activity indices. Thus, the HNS 
configuration of the past can be approximately estimated, 
and the interaction can be studied of Halley’s comet with 

the HNS during the 13th May 1910 event (Saito and Saito, 
1986). In general, it is therefore possible to use old 
photographs of comets to investigate the cometosphere 
interaction. In particular, Saito et al. (1986) mention a 
famous DE of comet Morehouse during September-
October 1908. 

Concerning the 13th May 1910 event of Halley’s 

comet, Saito and Saito (1986a) specify what follows. 
“Surveying 26 plates of comet Halley during the 
apparition in 1910, the ion tail with a distinct kink on May 
13th is concluded to be one of the most specific events 
throughout the last apparition. The heliosphere was 
deduced from the analysis of its solar cycle variation to 
be in excursion phase. From the analysis of 27 𝑑𝑎𝑦 
recurrence time pattern of geomagnetic activity index C9 
during 1909-1911, the inclination and the position of the 
HNS on the day is obtained and expressed on the two-
hemisphere diagram. Superposition of the Earth and the 
comet on the diagram reveals that the comet was just on 
the neutral sheet on 13th May 1910. Considering the 
observation by Sakigake on the deflection of the solar 
wind near the neutral sheet, it is concluded that the kink 
of the ion tail is caused by a sector boundary crossing ... 
“ 

The Earth crossed through the tail of Halley’s comet 

in the early morning of May 19th, 1910. In addition to the 
aforementioned C9 index (an old approximate 
geomagnetic index), some ground-based magnetograms 
are available, although they seem to provide with no better 
evidence other than the expected asymmetry of the 
cometary bow shock (Ivanov and Shevnin, 1966). 

Let us point out that the former classical viewpoint - 
by which a comet is a simple dirty ice ball, which 
evaporates due to solar radiation - has been thus 
completely substituted by a new viewpoint, where the 
e.m. interaction between solar wind and cometosphere 
plays the dominant role. 
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The other comment by Saito et al. (1986) is that - as 
already mentioned – they showed the possible effect of 
Halley’s comet  ions (𝑂+ or 𝐻2𝑂+) at 7 × 106 𝑘𝑚 ahead 
of the comet, by means of the dynamic spectrograms of 
Sakigake 𝑩𝒊𝒏𝒕  records. Thus, they conclude that it is 
reasonable to expect that Halley’s comet originates effects 

that can be detected over a much wider domain than 
formerly expected. In fact, note that the process that leads 
to the formation and evolution of a cometosphere has a 
spatial range much behind the mere observed extension of 
the comet.  

In any case, these Sakigake records, and their 
discussion, clearly show the complication of the comet’s 

interaction with interplanetary environment. Compared to 
the old fashioned and naive concept of simple 
thermodynamic evaporation of some dirty ice due to solar 
radiation, such a process is much more intricate. In fact, a 
cometosphere cannot to be conceived like a planetary 
magnetosphere where a central solid object is the 𝑩 
source, which opposes the action by solar wind thus 
generating a magnetopause etc. Compared to other 
planetary objects, a comet is generally much smaller, and 
can release chemicals and/or ions. In addition, the most 
important difference is the presence of a Cowling 
dynamo, supported by ion evaporation, which generates 
an intense toroidal 𝑩  that acts as an efficient self-
confinement of the plasma. 

A part of the plasma is supplied by the direct 
contribution of electrons and ions from the solar wind. 
The physical system of the cometary object is therefore a 
plasma-ball intimately composed of its nucleus plus the 
cloud of its surrounding neutral atoms, ions, and 
electrons. We identify the whole cometosphere with the 
object that we call “comet”. 

The e.m. induced currents 𝒋  flow within the whole 
cometary system, and the currents result into the 
generation of a total 𝑩, which varies in time and also 
dramatically in space, along the much elongated cometary 
orbit. A fundamental role is played by the Cowling 
dynamo that transforms the kinetic (thermal) energy of the 
evaporation process into e.m. energy. The generated 
toroidal 𝑩 results into a confining action. In addition, self-
collimation of transient features leads to the formation of 
linear patterns (streamers and comet’s tail). The 

cometosphere is the response to the total process. 
For clarity purpose, remind, e.g., about two simple and 

clear sketches shown by Yeomans (1991, p. 237 and 282) 
due to the wrapping of 𝑩𝒊𝒏𝒕 field lines around the comet. 
The sketches are drawn in the plane of 𝑩𝒊𝒏𝒕 field lines, 
i.e., approximately in the ecliptic plane. Yeomans (1991) 
also considers the effect of the crossing of a comet 
through the HNS. 

A more detailed sketch, which refers to the 

aforementioned “reconnection”, is shown by Niedner and  

Brandt (1978), which they claim “outlines the key features 
of Alfvén’s theory (Alfvén, 1957) of plasma tails” and that 
is supposed to explain a DE. It must be stressed, however, 
that the concept of “reconnection” is used for cometary 

physics with the same approximation applied when 
dealing with the Earth’s magnetosphere (see Fig. 6). That 

is, “reconnection” is a way to represent, by means of the 

continuous formalism of MHD, a phenomenon that is 
rather intrinsically related to a discrete variation of the 
small number of available charged particles in the solar 
wind, i.e., of solar wind density, of “plasma cavity”, etc. 

However, according to Saito et al. (1986, 1986a), this 
model is not confirmed by Sakigake’s observations. 
Rather, they interpret a DE as the effect of a sudden 
increase of the dynamic solar wind pressure. Saito et al. 
(1987) envisage also a primary cause of a different kind, 
always associated with a possible perturbation crossing 
through interplanetary space. They show Fig. 35, and 
consider the case history of an abrupt rotation of 𝑩𝒊𝒏𝒕 
(Fig. 36). All this is perfectly consistent and in agreement 
with the interpretation that is here proposed. 

In any case, always upon likening comets to stony 
meteorites with a sufficient amount of tracing chemicals, 
the heuristic value of comets can be even better illustrated 
in terms of a quantitative analysis of the visual 
morphological variations of every one given cometary 
object along its orbit. This is discussed in the following 
subsections. 

In summary, compared with the scenario of the former 
1974 draft of the present study, a large amount of new 
measurements - also by space telescopes and/or space 
probes - led to a substantial improvement in our 
understanding of this fascinating show of Nature. All 
evidence and proposed interpretations clearly seem to be 
suggestive of a leading role of the e.m. aspects of the 
interaction between a cometary object and the 
interplanetary environment. In contrast, the gravitational 
and thermal effects give a significant contribution in terms 
of energy supply through sublimation of the iced nucleus. 
In addition, in terms of cometary structure, i.e., of 
cometosphere, the gravitational and thermal effects play 
only a complementary role, except that for sustaining the 
Cowling dynamo effect. 

In fact, from the conceptual viewpoint, the assessment 
of the Cowling dynamo, dating to 2002 (Gregori, 2002, 
see Gregori et al, 2025d), is fundamental due to its role in 
the generation of a toroidal 𝑩  supplied by kinetic and 
thermal energy. These closed 𝑩 field-lines play a crucial 
role for plasma confinement and self-collimation, thus 
permitting the survival of comets even when they transit 
at some comparatively small perihelion.  
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Fig. 35. “3D general model of cometary 

magnetosphere. The overdraped field-lines are 
considered to be slipped from a, via b, c, d, to 
e. The equatorial and polar views are 
conventionally named by considering the case 
of the Earth’s magnetosphere.” Figure and 
captions after Saito et al. (1987). © ESO, 
through Astronomy and Astrophysics, kindly 
granted under a CC BY 4.0 International 
License. 

 
 

 
Fig. 36. “Rotating IMF model for the fan-shaped plasma 

tail. The photograph of comet Halley taken at the Kiso 
Astronomical Observatory on March 16th, 1986 is used here 
as an example. The comet is considered to be changing from 
the equatorial view to the polar view (cf. Fig. 35) owing to 
the change of the IMF direction from a to b.” Figure and 

captions after Saito et al. (1987). © ESO, through Astronomy 
and Astrophysics, kindly granted under a CC BY 4.0 
International License. 

6.5. Summary 

Maybe, for clarity purpose, it is worthwhile - even at 
the expense of some repetition - to briefly summarize and 
reconsider critically our present understanding of 
cometary phenomena. 

Some key inferences can be seemingly derived by 
considering specifically the behavior of a sungrazing 
comet, in particular when reference is made to the intense 
and comparatively “abrupt” large amount of vaporization 

when the comet approaches perihelion. The large 
eccentricity of the orbit is such that comets are very useful 
natural laboratories aimed to test the behavior of one and 
the same physical system inside an extremely different 
and changing environment. 

According to a simple and straightforward analysis in 

terms of college thermodynamics, a large icy body - 
which is suddenly warmed up by some very intense heat 
source - must rapidly evaporate through its “vacuum” 

environment. Neither such a conclusion has to be changed 
if the environment is filled up with some gas at some 
comparatively low density. The case of a sungrazing 
comet, however, cannot be treated according to such a 
simple rationale. Evaporation is comparatively very rapid, 
and generates a cloud of largely ionized plasma, 
characterized by an intense internal dynamics supplied by 
the evaporation process. In addition, such a cloud of 
plasma interacts with the solar wind that - compared to the 
outer fringes of the Solar System, where the comet was 
originated - is much denser the closer the comet is to the 
Sun. 

The cometary plasma cloud, with intense internal 
dynamics, owing to the generalized Cowling theorem (see 
Gregori et al., 2025d), i.e., owing to Maxwell’s laws, 

strictly must (at least temporarily) generate a Cowling 
dynamo, i.e., a pattern like Fig. 2b, with a toroidal 𝑩 and 
a poloidal 𝑬. The intensity of the generated e.m. field is 
directly related to the kinetic energy of the dynamics 
inside the cometary plasma nucleus. 

The Cowling dynamo generates a “plasma bottle” that 

confines, and tightly contains, the cometary plasma. This 
phenomenon is certainly effective and operative, although 
only as long as the internal plasma dynamics provides 
with the needed energy supply. This condition is satisfied 
as long as the cometary nucleus captures solar radiation 
and thus evaporates. That is, if the original nucleus of the 
comet is sufficiently large, this condition persists all along 
the orbit of the comet around perihelion, and the closer the 
comet gets to the Sun, the stronger the Cowling dynamo 
is. 

Indeed, this same process is observed on the Earth, in 
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several systems. For instance, refer to the seldom 
occurring - although well-known - BL phenomenon (see 
Gregori and Leybourne, 2025e). A BL is typically and 
occasionally observed inside some fireplace at home. It 
appears like a ball of light, a few tens of centimeters in 
diameter, which survives for several tens of seconds, i.e., 
as long as some amount of warmer (and ionized) air 
generates some small-scale convection that supplies an 
internal Cowling dynamo. A BL was previously 
considered as a mysterious phenomenon. Its explanation, 
which is here given, is original (Gregori et al., 2025e). In 
addition, some laboratory experiments are reported in the 
literature, and they are perfectly consistent with the 
expectation according to this physical explanation. These 
experiments, suitably improved, are also pertinent for 
comets investigations. Therefore, refer to one former 
experiment, shown in the Fußmann’s experiment (Fig. 8 

through Fig. 11 of Gregori and Leybourne, 2025e). Other 
subsequent experiments, also described in Gregori and 
Leybourne (2025e), are not needed for the present 
discussion.  

This Fußmann’s experiment produced transient “light 

balls” that elapsed typically only ∼ 0.3 𝑠𝑒𝑐 . They 
measured temperatures internal to the “light ball” of ∼
2, 000 − 5, 000 𝐾  for electrons and ≥ 1,300 𝐾  for 
neutral particles, while the “light ball” surface was cool (a 

newspaper-sheet posed on top of it did not burn). That is, 
the plasma is very hot, but it is tightly confined inside the 
“plasma bottle” that is generated by the Cowling dynamo. 

In that experiment, the Cowling dynamo survived as long 
as the source was operative that generated plasma. Then, 
the BL faded off. The experiment was carried out by 
means of rapid-run movie techniques, etc. In principle, 
one could also repeat the experiment while flashing a huge 
amount of e.m. radiation aimed to warm up the BL. Rapid-
run movies ought then to monitor the survival and 
behavior of the BL. 

For the time being, suppose that this physical 
explanation is sound and correct. Consider the case 
history of a comet composed of a sufficiently large icy 
nucleus, which shortly evaporates while crossing through 
some part of the cometary orbit that is close to perihelion. 
Suppose that a “plasma bottle” is generated, which 

confines the cometary plasma. Suppose that this 
confinement eventually persists for a time lag sufficient to 
allow for a complete crossing of the comet at perihelion. 
As the comet later moves away from the Sun, the plasma 
eventually re-transforms into gas-liquid-solid phase, and 
the comet gets back to its original state of an icy object 
that moves through space. This whole process requires a 
balance between the original volume of the icy nucleus, 
the time spent close to perihelion, the minimum distance 
from the Sun’s photosphere, and the amount of plasma 

that  is lost  across  the boundary  of the “plasma  bottle ”. 

Therefore , in general , it is possible  to envisage  also the 
possibility  that on some (or several?) occasions  a comet 
can surprisingly survive after its crossing at perihelion.  

Concerning  the extravagant  behavior of comet ISON 
(Fig. 31), maybe , its new gradual  appearance , while 
displaying anew a cometary tail, can be guessed to be the 
consequence  of some internal  process  of progressive 
reorganization  of its solid  and  icy  nucleus , and  of the 
tracing  chemicals  that  inform  us about  the ongoing 
resetting . The final  fading  off, however , means  that its 
fragments  did not afford  to “organize ” a new cometary 

body of sufficient size in order that it can be detected. 
Differently  stated , according  to such  a guess , a 

sungrazing  comet  should  be depicted  like a frozen  icy 
body during the largest part of its orbit. However , when 
it gets  close  to  perihelion , it is  transformed  into  a “

plasma bottle”, of a “ball of plasma”, or a “light ball”, or 

a persistent  huge  BL, to be later  back-transformed  into 
the former  frozen  icy body when  it moves  far from the 
Sun.

 

According  to Cofield  (2015 ) “NASA

 
researchers 

think  they  understand  why  comets  have  a hard , crispy 
outside and a cold but soft inside just like fried ice cream
. Two NASA

 
spacecraft  have interacted  with a comet 

surface , and  both  found  a  crunchy  exterior  and 
somewhat  softer , more  porous  interior  ... researchers 
using  a ...  cryostat  instrument  have  re -created  the 
conditions on the surface of a comet ... Scientists suspect 
that the very coldest  comets  and icy moons  in the Solar 
System  contain  a special  kind of ice called  amorphous , 
or porous , ice. To create  amorphous  ice, water  vapor 
molecules  must  be flash -frozen  at a temperature  of ∼
243

 

°𝐶

 

... Amorphous ice is extremely cold, but relatively 
soft, like cotton candy ... When the comet makes its way 
toward  the  Sun , the  temperatures  on  the  outside 
become too hot for 
amorphous ice to survive ...

 

“

 

Also the 𝐷/𝐻

 

(deuterium -to-hydrogen ) argument  is 
consistent  with  such  an  evaporation /condensation 
hypothesis . In this respect , one must remind  about a 
possibly related item dealing with the Rosetta

 

spacecraft 
observation  of Comet 67P/Churyumov -Gerasimenko  (
Kramer, 2014d). ”An instrument  called ROSINA

 

… has 

found that the molecular makeup of the water on Comet 
67P/C-G is very different from the water found in Earth’

s oceans . This 𝐷/𝐻

 

ratio throws  a hitch into the theory 
that  comets  from  Comet  67P/C-G’s region  of  space 

brought  water  to  the  Earth  not  long  after  the  Solar 
System  formed  …. If even a small  number  of comets 

like  67P/C-G impacted  Earth  in the early  days  of the 
Solar  System , it still would  have greatly  changed  the 
molecular  composition  of the planet ’s water  today  … 

Therefore , it seems  unlikely  that  these  kinds  of comets 
brought  water  to  Earth  …  it’s more  probable  that 

asteroids brought water 
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to Earth …. 
Scientists have measured the 𝐷/𝐻 ratio in meteorites 

from asteroids and found that the water content in these 
tiny samples is comparable to Earth’s water composition 

… Thanks to Rosetta, scientists now think that Kuiper Belt 
comets …. are much more diverse than expected. In other 

words, not all comets are the same. Although Comet 
67P/C-G has a 6.5 𝑦𝑒𝑎𝑟 orbit that brings it near Jupiter, 
researchers still think that it originated in the Kuiper Belt.  

Scientists measured the comet Hartley 2’s 𝐷/𝐻 ratio 
in 2011 and found that it was very close to that of Earth’s, 

leading scientists to conclude that comets like Hartley 2 
(a Kuiper Belt comet) may have delivered water to the 
early planet. But, because the ratio for Comet 67P/C-G is 
so off, it doesn’t seem like the comets from the Kuiper Belt 
could have seeded the planet with water. 

Comet 67P/C-G’s 𝐷/𝐻 ratio is much higher than even 
comets found in the Oort Cloud ... Comets in the Oort 
Cloud were ruled out as possible water deliverers long 
ago because of their different ratio. This surprising 
finding could indicate a diverse origin for the Jupiter-
family comets - perhaps they formed over a wider range 
of distances in the young Solar System … ” 

The same items are stressed also by Anonymous 
(2014r), who shows Fig. 37. The complete scientific paper 

is Altwegg et al. (2015) who show a detailed plot (not 
here shown) of all measured 𝐷/𝐻 ratios. 

Schrijver et al. (2013 ) appeal  also  to the role  of the 
solar  𝑩  in the  control  of the  shape  of the  tail  of a 
sungrazing  comet. This is certainly  in agreement  with a 
speculated  cometosphere , while the comet  crosses  very 
close  to the Sun. In contrast , if the comet  is a non-
magnetized  icy object, it simply evaporates  when it gets 
close  to the Sun. In this case, the solar  𝑩 interacts  with 
the unconfined gases that are released from the cometary 
nucleus  and that generate  the so-called plasma tail (Fig. 
38). However , if the evaporated  gases  are ionized , e.m. 
interaction  must enter into play, hence also the Cowling 
dynamo , and a cometosphere  must  be formed . That  is, 
the old fashioned model forgets about the key role of 
Maxwell’s laws. 

Schrijver et al. (2013) propose  the explanation  of the 
disappearance  of comet  Lovejoy  (see Figurs  28, 29 and 
30) according  to a detailed  figure  (not  here  shown ), 34 
which  is consistent  with the mechanism  that is here 
proposed, as it appeals to a crucial role played by solar 𝑩
. Therefore, the explanation proposed by Schrijver  et al. (
2013 )  is seemingly  much  better  than  the  standard 
interpretation  that cannot agree with the confinement  by 
a cometosphere.

 

 
Fig. 37. ”Kuiper Belt and Oort Cloud in context.” Figure and captions after Anonymous (2014r). ESA copyright free policy. 

34 This and a few following figures are here reported for 
completeness sake, although the untenable - although 
very common and generally agreed - assumption has 
to be contended by which 𝑩𝒊𝒏𝒕  is generally and 
incorrectly represented perpendicular to the ecliptic 

plane (see above). In the comet case, the reference is 
the comet’s ecliptic plane - unlike in the case of the 
Earth’s magnetosphere where the reference is the 

Earth’s ecliptic plane.  
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In the final analysis, there is no contradiction between 

the explanation given by Schrijver et al. (2013), and the 
explanation that is here proposed. The model here 
proposed involves just one additional effect. That is, every 
time that any micro- or macro-convection pattern occurs, 

a Cowling dynamo is triggered that generates a toroidal 
𝑩. This acts like a true “magnetic bottle” that confines 

plasma - at every respective spatial scale - just like in the 
aforementioned Fußmann’s experiment. 

 

 
Fig. 38. “An image of comet Hale-Bopp in March 1997 when the comet was ∼ 1.01 𝐴𝑈 from the Sun. The nucleus of Hale-Bopp 

was unusually large, with a radius of 25 − 50 𝑘𝑚; by comparison, a typical comet nucleus is 1 − 10 𝑘𝑚 in radius. The Hale-Bopp 
nucleus is here surrounded by a 100,000 𝑘𝑚 haze known as the coma. Two tails stretch away from the haze. The gray dust tail, 
pushed back from the coma by the pressure of sunlight, stretches over 33 𝑀𝑘𝑚. The bluish ion tail is pushed away from the Sun by 
the solar wind and its embedded 𝑩.” Figure and captions after Schrijver et al. (2013). Credit: ESO/E. Slawik. ESO copyright free 
policy, granted through CC BY-04 license (also Wikipedia license). 

 
The present standard model relies on the mostly 

gravitational processes - which are believed to 
characterize the planetesimal aggregation of planets, of 
comets and of other planetary objects. Such an approach 
is one additional example of the unconscious strong bias 
in favor of gravitation compared to e.m. interaction. This 
bias has profound “historical” roots, because Newton 

proposed universal gravitation much earlier than the 
Maxwell’s synthesis of electromagnetism. Hence, 

planetologists continued to refer to gravitation, almost 
forgetting about e.m. interaction. And the general 
rationale still unconsciously survives inside a self-
referencing scientific environment. The Alfvén’s 

theoretical setting of plasma physics, “Alfvén’s layers”, 

etc., are very recent - and often insufficiently exploited - 
algorithms. The interested reader can appreciate the 
following authoritative synthesis given by Schrijver et al. 
(2013). 

They first remind about the so-called aggregational 
barrier in the formation of planetesimals (Wada et al., 
2009, Güttler et al., 2010). In fact, upon suitable 

consideration of all physical parameters, it is concluded 
that - in the “equatorial” plane of the Solar System - the 
aggregation of gas and dust can lead to centimeter-sized 
objects. On the other hand, such particles ought to 
disintegrate when colliding one another at speeds of at 
least a few kilometers per second. When this “barrier” is 

over, subsequent accretion is relatively straightforward up 
to planet-sized objects (Canup, 2004).  

Reference to sungrazing comets is then made in order 
to inspect the size of bodies that contributed to form the 
parent cometary object. Reference is usually made to 
standard solid and icy solids. The considered temperature 
regime is of the order of 500– 2000 °𝐾 , which is an 
unusual condition in the Solar System. By means of 
remote-sensing spectroscopy of the fragments of 
sungrazing comets, it is then believed that it is possible to 
investigate the size distribution of the least volatile 
components (see Brownlee, 2008). Note, however, that 
this argument relies on the standard old-fashioned concept 
of cometary structure, in contrast with the plasma-ball 
cometosphere. In fact, Schrijver et al. (2013) complain 
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that, at present, no model exists that specifies the details 
of the processes that affect the chunks of matter that leave 
a cometary nucleus. Evaporation ought to ensure, 
hopefully, a sublimation temperature of water ice ∼
200 °𝐾. In contrast, when cooling is insufficient, matter 
rapidly heats even to thousands of degrees. Tiny pieces of 
dust and ice are thus produced by explosion. Then, the 
pieces of dust and ice rapidly dissociate, due to interaction 
with sunlight and solar wind. In particular, Schrijver et al. 
(2013) remind about C/2011 N3 (sometimes abbreviated 
N3) shown in Fig. 29, which is an image that displays 
nucleus, coma and debris tail. The mass loss near the Sun 
was also estimated (Schrijver et al., 2012) as 1 −
100 𝑡𝑜𝑛𝑠 𝑠𝑒𝑐−1.In contrast, telescope observations could 
monitor gases ejected from debris fragments, which were 
< 400 𝑚  in diameter, and were observed on the 
background of a bright star that had a size about two 
million times the fragment size. The observations were 
carried out - concerning N3 - by the Atmospheric Imaging 
Assembly aboard NASA’s SDO and - concerning Lovejoy 
- by the AIA and the SECCHI telescopes aboard NASA’s 

STEREO spacecraft. Schrijver et al. (2013) show also Fig. 
39 of Lovejoy comet. 

Such a relevant observed discrepancy, compared to 
expectation, supports the Cowling dynamo process that is 
here proposed. Schrijver et al. (2013) specify also the 
processes that permit to exploit these observations. In fact, 
the solar corona composition is > 99.9% 𝐻 and 𝐻𝑒 ions 
by number. In contrast, a comet previously lost almost all 
volatile species - and is now composed mainly of water 
ice and rock, with > 40% 𝑂 atoms and ∼ 5% 𝐹𝑒 atoms 
by number. Hence, the solar coronal plasma is locally 
enriched with 𝑂 and 𝐹𝑒 atoms. These atoms are formerly 
neutral, then are ionized. The EUV emitted photons can 
be detected by instruments aboard SDO and STEREO. 
Intuitively, also the maintenance of a significant amount 
of 𝑂  and 𝐹𝑒  atoms – even with strong evaporation - 
seems to support the possible role of confinement, such as 
the “magnetic bottle” that is here envisaged. This is the 

same basic mechanism that ought to ensure a conservation 
of the sublimated plasma that, subsequently, can re-
condense on the cometary nucleus. 

Schrijver et al. (2013) compare also the response of a 
cometary nucleus to the solar wind interaction at different 
locations along the orbit. At perihelion, the free-fall speed 
is in the range of speed that is typical of the same solar 
wind speeds ( 300 − 800 𝑘𝑚 𝑠𝑒𝑐−1 ), which comets 
experience when they are far from the Sun. Therefore, the 
speed relative to the solar atmosphere - of a sungrazing 
comet close to perihelion - is comparable to the speed that 
the comet experienced far from the Sun relative to the 
solar wind. The difference is mainly concerned with the 
rate of molecular dissociation that follows sublimation, 

and with the collision rate of atoms with the surrounding 
environment. For comparison purpose, the solar wind 
density at Earth’s orbit is ∼ 3 − 10 𝑎𝑡𝑜𝑚𝑠 𝑐𝑚−3, and on 
the order of ∼ 108 𝑎𝑡𝑜𝑚𝑠 𝑐𝑚−3 for the solar corona near 
the perihelion either of N3 or of Lovejoy. 

When considering the distant heliosphere (e.g., see 
Fig. 38) the leading driver is radiation pressure both on 
gas and dust, while it is claimed that ionization is 
responsible for the formation of the plasma tail. In 
contrast, closer to the Sun, the leading drivers are the 
collisions of monoatomic gases with the solar atmosphere. 
Schrijver et al. (2013) stress the role played by the solar 
𝑩. However, dust and molecular gas have a brief survival 
time and cannot be detected. The ion tail quickly 
decelerates while it interacts with the coronal plasma and 
with the solar 𝑩. Therefore, concerning Lovejoy, all dust 
disappeared during about 2 𝑑𝑎𝑦𝑠 (or 0.17 𝐴𝑈) on either 
side of its perihelion passage. Even gas molecules were 
quickly dissociated. For instance, water molecules 
dissociated by 3 𝑠𝑒𝑐, followed in < 0.1 𝑠𝑒𝑐 by ionization 
of its atoms (Bryans and Pesnell, 2012). 

The complete aforementioned explanation, however, 
does not take into account the crucial role of the Cowling 
dynamo that determines self-collimation and self-
confinement of plasma. The consequent effect is 
determinant for mass conservation in the interaction, both 
with the solar atmosphere and with solar radiation in 
general. However, the explanation that is here proposed is 
evidently speculative, at least as long as no dedicated 
laboratory experiments are available - and as long as some 
better quantitative models and estimates are exploited by 
means of direct measurements of several real sungrazing 
comets. Nevertheless, this speculation is worthy of careful 
consideration.  

Furthermore, consider that the Cowling dynamo is a 
ubiquitous process – everywhere - from the spatial scale 
of a supercluster of galaxies, through a galaxy, through 
the acceleration of ionized particles inside the Sun, 
through the “micro”-scale of a spark, or of a cloud, where 
it is also responsible either for the electrification of the 
ionosphere, or for the generation of TGFs, or for making 
possible water condensation and precipitation (a 
phenomenon that otherwise is well-known to be 
completely unexplained). See Gregori and Leybourne 
(2025e), Gregori et al. (2025f, 2025g). In addition, also 
the self-collimation process of the solar wind - which is 
not fully explained - can be fully understood in terms of a 
micro-scale Cowling dynamo process. That is, the old-
fashioned and classical “Cowling theorem” - when it is 
suitably and rigorously expanded to the “generalized 

Cowling theorem” - results to be the missing link that can 
justify several previously unexplained phenomena 
(Gregori et al., 2025d).     
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Fig. 39. A comet Lovejoy image. Credit: NASA/SDO and the AIA, EVE, and HMI science teams. After Schrijver et al. (2013). 

[bottom figure] Comet C/2011 W3 (Lovejoy) re-emerging from behind the Sun on December 15th, 2011. Credit: NASA/SDO. NASA 
copyright free policy. 

 
Therefore, the possibility is not “exotic” that this same 

Cowling dynamo mechanism can play a crucial role also for 
justifying the definitely surprising survival of a small body, 
such as a cometary nucleus, while it transits close to the Sun 
- and, in addition, even when it eventually survives also 

after several repeated crossing close to the Sun. Comets are 
certainly intriguing probes of the interplanetary 
environment. In addition, much richer information can 
perhaps be inferred as follows, by means of simple direct 
monitoring of the morphology of every single comet.  
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6.6. Comets: dependence of the coma size vs. 
heliocentric distance 

Some old literature must to be recalled. When a comet 
approaches the Sun, the coma is seen to contract (Lyttleton, 
1972).35 The coma can be used, independent of the tail, to 
monitor the solar wind (Sekanina, 1966; Whipple and 
Douglas-Hamilton, 1966). In addition, the magnitude of the 
cometary nucleus was reported to be seemingly correlated 
with changes in total sunspot area (Churyumov et al., 1972). 
That is, the changes in the solar wind seemingly affect the 
size of the image of a comet. In fact, maybe, this 
“magnitude of the cometary nucleus” is rather the apparent 

size of the image of the comet, and this ought to be just the 
size of a cometosphere – or, in any case, the “magnitude of 
the cometary nucleus” can be related to it.  

Therefore, simply represent the comet by means of its 
“equivalent” 𝒋-loop. Call it 𝐶. It has a surface 𝑆, defined as 
some kind of indicative cross-section of the comet 
interaction with the solar wind, and 𝐶 has a self-inductance 
𝐿. As a first order approximation, for simplicity, suppose 
that both 𝑆 and 𝐿 change by no significant amount along 
the comet’s orbit, although at a second time such an 

assumption must be suitably reconsidered. 
Refer to a very simple treatment, in terms of the 

“principle of magnetic energy variation”, which refers to 

two general loops of currents 𝐶1 and 𝐶2, respectively. A full 
proof is given in Gregori et al. (2025l), with reference also 
to previous literature. A brief summary is as follows. 

Given any two general loops of currents 𝐶1  and 𝐶2 , 
producing, respectively, a field 𝑩𝟏  and 𝑩𝟐 , the magnetic 
energy (according to college physics) can be expressed as 
follows  

𝑈 = 𝑈𝑠1  +  𝑈𝑠2  +  𝑈𝑗 (3) 

𝑈𝑠1 =  
1  

8π
∫ 𝐇1 × 𝐁1

V∞

  dτ 
 

𝑈𝑠2 =  
1  

8π
∫ 𝐇2 × 𝐁2

V∞

  dτ 
(4) 

𝑈𝑗 =
1 

4𝜋
∫ 𝑯1 ×  𝑩2

𝑉∞

 𝑑𝜏

=  
1 

4𝜋
∫ 𝑯2 ×  𝑩1

𝑉∞

 𝑑𝜏  

(5) 

where 𝑑𝜏 is the volume differential and 𝑉∞ is all space, 
and 𝑈𝑠1  and 𝑈𝑠2  are called self-energies of 𝐶1  and 𝐶2 , 
respectively, while 𝑈𝑗  is their joint (magnetic) energy. 
When these 𝐶1 and 𝐶2 are at an infinite reciprocal distance 
(hence the subscript infinity) it is 

𝑈𝑠1∞ =
1 

2𝛾0

 𝐿11 𝐽1
2 𝑈𝑠2∞ =

1 

2𝛾0

 𝐿22 𝐽2
2 

(6) 

𝑈𝑗∞ = 0  
where  𝐿11  and  𝐿22  are their respective self-inductances. 

35  Raymond Arthur Lyttleton, FRS (1911-1995) English 
astronomer. 

Let 𝐶1 and 𝐶2 to approach each other, down to some finite 
distance, through a sum of reversible (hence, ideal) 
infinitesimal steps of equilibrium states. Then, 𝐶1  and 𝐶2 
eventually move back at their original location. Consider 
the case of deformation of 𝐶1  and 𝐶2 , and later consider 
their reshaping to the original form and orientation, etc. Let 
𝐶1  and 𝐶2  have infinite conductivity 𝜎  or not, hence an 
internal Joule heat dispersion or not. All these case histories 
can be discussed in detail in terms of 13 
Gedankenexperimenten.  

The result illustrated below can be called “principle of 
equal variations of the magnetic self-energies and opposite 
to that of the joint magnetic energy”, or, more concisely, 

“principle of magnetic energy variation”. This principle can 

be briefly summarized as follows. 
Three case histories must be distinguished, i.e., whether 

Joule heat enters into play or not. The first two case 
histories deal with the e.m. interaction between 𝒋-loops. In 
addition, a third key case history must be considered, which 
involves a “magpol” source for 𝑩 (see below and Gregori 
et al., 2025w).  

Refer to any two most general distributions (in 2D or 
3D) of electric current, or two loops, call them 𝐶1 and 𝐶2, 
respectively. 

I) - When Joule heat can be neglected either it is 
𝛿𝑈𝑠1  ≡  𝛿𝑈𝑠2  ≡  − 𝛿𝑈𝑗  ≡  − 𝛿𝑊 (7) 

or either one of the following conditions hold 
𝑀𝑎𝑥 𝑈𝑗 𝑚𝑖𝑛 𝑈𝑠1  𝑚𝑖𝑛 𝑈𝑠2 (8) 

being 
𝛿𝑈𝑠1  +  𝛿𝑈𝑠2  +  𝛿𝑈𝑗  +  𝛿𝑊 = 𝛿𝐸 (9) 

where 𝑈𝑠1 and 𝑈𝑠2  are, respectively, the magnetic self-
energies of 𝐶1 and 𝐶2, 𝑈𝑗  is their joint magnetic energy, 𝑊 
is their kinetic energy, and 𝐸 includes all other forms of 
energy that are eventually either supplied to the system 
(when positive), or released by it (when negative). 

II) - Whenever Joule heat cannot be neglected, 𝑈𝑠1and 
𝑈𝑠2 progressively damp off, while 𝑈𝑗 is transferred step-by-
step into either 𝑈𝑠1or 𝑈𝑠2 , where it later decays by Joule 
heat. That is, 𝑈𝑠1 decays, while an equal amount of energy 
is transferred from 𝑈𝑗  into 𝑈𝑠2  where it later decays by 
Joule heat. The symmetrical behavior occurs in 𝑈𝑠2 . The 
process stops when both 𝑈𝑠1and 𝑈𝑠2 vanish. 

III) - In the third case one 𝒋-loop is substituted by a 
“magpol” source. A “magpol” object is composed of 

“naked” atomic nuclei, i.e., with no electrons captured on 

atomic shells. Hence, a “magpol” object has zero electrical 

conductivity 𝜎, as it has no free electrons that can move 
through it. However, a “magpol” state has a high 

mechanical performance. In fact, its rheology is different 
compared to a “solid”. Its structure is fibrous, where every 

fiber is along the direction of all nuclear magnetic moments 
that must be strictly and firmly aligned with one another. 
Therefore, every applied mechanical deformation is 
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irrelevant when a displacement is triggered along the fiber 
direction. In contrast, the applied mechanical deformation 
is strongly opposed in the case of every external stress that 
is applied transversally with respect to the fiber alignment.  

Note that this is the case of the IC of the Earth or of other 
large planets, and the direction of the fibrous structure is the 
direction of the dipole 𝑩. Owing to this reason, shear waves 
(S waves) can propagate through the IC, which is in a 
“magpol” state – in contrast with the generally reported 
incorrect statement that the IC is “solid”, which is 

inconsistent with all what we about solid state physics.  
Since 𝜎 is null, no induced currents enter into play, and 

no transfer of magnetic energy can occur, just due to the 
assumption of perfect ideal magnetostatic source. That is, 
this a strict logical requirement implied by the basic, and 
generally unanimously accepted, present axiomatic 
formulation of particle physics (for a more general 
discussion see Gregori et al., 2025w).  

The comet is one loop 𝐶 , the ambient solar wind is 
symbolically represented by the other loop. Call 𝐴 the total 
energy of 𝐶, which is the sum of its self-magnetic energy 
𝑈𝑠 and of the joint-magnetic energy 𝑈𝑗 that results by the 
e.m. interaction with the solar wind. Therefore, consider the 
simplest case history of one 𝒋-loop, and by (7) it is 

𝑑 

𝑑𝑡
 𝑈𝑠  =  − 

𝑑 

𝑑𝑡
 𝑈𝑗 

(10) 

and when we take into account also Joule heat, (10) should 
be read as 

𝑑 

𝑑𝑡
 𝑈𝑠  =  − 

𝑑 

𝑑𝑡
 𝑈𝑗 − 

𝐼2 

𝜎
 

(11) 

where 𝜎 is the conductivity of the loop, and 𝐼 is the current 
that flows inside it. 

Formally integrate (10) and get 
1 

2
𝐿 

 𝐼2 

𝛾0
2  +  

𝐼 

𝛾0

 𝛷 =  𝐴 
(12) 

where 𝐴  is the integration constant, which expresses the 
total energy of the system, 𝐿 is the inductance of the 𝒋-loop, 
and 𝛷 is the 𝑩 flux linked by it. The energy balance (12) 
states that the sum of 𝑈𝑗 and of 𝑈𝑠 is constant in time and it 
is equal to 𝐴. It can be interpreted graphically by means of 
Figs 40, 41 and 42. 

We can suppose that the comet - when it begins the 
interaction with the solar wind - has either a vanishing 𝑩 
(hence, 𝐴 = 0 ), or a non-vanishing 𝑩  (hence 𝐴 ≠ 0 ). 
Nevertheless, the increase 𝛥𝑈𝑠  originated by the e.m. 
induction produced by 𝑩𝒊𝒏𝒕 can be estimated by referring to 
the simpler case 𝐴 = 0 . An estimate of the order of 
magnitude of the effect can be given by means of Fig. 43. 

36 As already stressed in a previous footnote, the somewhat 
unusual constants (e.g., 𝛾0  and 𝐾0 ) used in these 
formulas are required when referring to every kind of 
different units. In fact, historically, different systems of 
units were used. Therefore, when dealing with historical 
papers, a key concern is about a correct interpretation of 
the information by making reference to a correct unit 

 
Fig. 40. Plot of 𝑈𝑗  vs. 𝑈𝑠, according to (12), when Joule 

heat is neglected. A non-dissipative system sweeps up and 
down along the given line characterized by the total energy 
𝐴. Stable equilibrium is attained when 𝑈𝑠 = 0. If Joule heat 
is taken into account, the physical trend tends to move 
vertically the line, by decreasing the total energy 𝐴 , 
according to (11). Final equilibrium is attained when 𝐴 = 0. 
See text. Unpublished figure. 

 
As mentioned above, call 𝜙  the flux of 𝑩𝒊𝒏𝒕  that is 

linked by the effective surface 𝑆  of the comet, which is 
symbolically represented by a loop 𝐶  with current 𝐼  and 
self-inductance 𝐿. Assume that the 𝛷 vs. 𝐼 relationship is 
simply given by the asymptote36 

𝛷 ≈ − 
1 

2
 𝐿 

𝐼 

𝛾0

 
(13) 

hence, since the comet has an effective surface 𝑆 that links 
a flux of 𝑩𝒊𝒏𝒕, it is 

𝛷 ∼ 𝑆 𝐵𝒊𝒏𝒕 (14) 
where 𝐵𝒊𝒏𝒕  is the intensity of 𝑩𝒊𝒏𝒕  at the site where the 
comet is located. Therefore it is  

system. This concern is quite intricate and, for the 
interested reader, this is discussed in every detail by 
Gregori et al. (2025o). However, when no historical 
paper is of concern, there is no need to refer to Gregori 
et al. (2025o) 
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|𝐼| 

𝛾0

∼  
2 

𝐿
 𝑆 𝐵𝒊𝒏𝒕 

(15) 

 

 
Fig. 41. Plot of 𝑈𝑗  vs. 𝐼𝑠, according to (12), when Joule heat 

is neglected. A non-dissipative system sweeps between states 
with positive or negative 𝐼 along one parabola characterized by 
the total energy 𝐴 , thus tracking the 𝒋  oscillation inside the 
loop. Stable equilibrium is attained when 𝐼 = 0. If Joule heat is 
taken into account, the observed trend tends to move vertically 
the parabola, by decreasing the total energy 𝐴, according to 
(11). Final equilibrium is attained when 𝐴 = 0 . See text. 
Unpublished figure. 

 
Note that (15) is only an indicative order of magnitude. 

The cometary magnetic moment 𝑀𝑐 is therefore 
|𝑀𝑐|

𝐾0

∼  
|𝐼| 

𝛾0

 𝑆 ∼
2 

𝐿
 𝑆2 𝐵𝒊𝒏𝒕 ∼

2 

𝐿
 𝑆 𝛷 

(16) 

Consider that 𝑩𝒊𝒏𝒕 must satisfy flux conservation, and 
its flux depends on the surface through which it is 
computed. Hence, owing to the surface increase 37  vs. 
heliocentric distance 𝑟 , the field intensity 𝐵𝑖𝑛𝑡 ≡ |𝑩𝒊𝒏𝒕| 
ought to decrease vs. 𝑟  like 1/𝑟2 . Similarly, the space 

37 Consider a spherical surface of radius 𝑟 that represents an 
instant state of the solar corona expansion (see, e.g., 
Gregori et al., 2025b). Half of this spherical surface is 
crossed by 𝑩𝒊𝒏𝒕 oriented outward, and the other half by 
𝑩𝒊𝒏𝒕 oriented sunward. Since the total 𝑩𝒊𝒏𝒕 flux must be 
conserved, the mean |𝑩𝒊𝒏𝒕| must decrease vs. 𝑟 as 1/𝑟2. 
As far as energy conservation is concerned, the energy 
density must decrease as 1/𝑟2 in order to compensate 
the increase as 𝑟2 of the spherical surface. Consider that 

density 𝜚(𝑟) of the solar wind decreases vs. 𝑟 like 1/𝑟2. 
 

 
Fig. 42. Plot of 𝛷 vs. 𝐼, according to (12), when Joule heat 

is neglected. A non-dissipative system sweeps between states 
with positive or negative 𝐼 along both arms of the hyperbola 
characterized by the total energy 𝐴 , thus tracking the 𝒋 
oscillation inside the loop. Stable equilibrium is attained when 
𝐼 = 0  and 𝛷 →∞ . If Joule heat is taken into account, the 
observed trend tends to stretch the hyperbola, by decreasing the 
total energy 𝐴, according to (11). Final equilibrium is attained 
when 𝐴 = 0. See text. Unpublished figure. 

 
Consider the speed 𝐯 of the comet relative to the solar 

wind. For simplicity, only the modulus v ≡ |𝐯|  is 
considered. The dependence of v(𝑟) vs. 𝑟 occurs because 
v(𝑟)  is the vector sum, of a constant heliocentric radial 
component v𝑖𝑛𝑡(𝑟)  of the solar wind, plus the comet’s 

heliocentric velocity v𝑐(𝑟). In general, reference is made to 
comets with a highly eccentric orbit. Hence, the comet - at 
least during the largest fraction of its orbit - has a velocity 
v𝑐(𝑟) with a prevailing radial component. Since the present 
computation is only an order of magnitude estimate, for 
simplicity it can be assumed that |𝐯(𝑟)| = |𝐯𝒊𝒏𝒕(𝑟) +
𝐯𝒄(𝑟)| ∼ |𝐯𝒊𝒏𝒕(𝑟)  + |𝐯𝒄| = v𝑖𝑛𝑡(𝑟) + v𝑐(𝑟).  

the total energy conveyed by the solar wind is kinetic 
(which is prevailing) and also magnetic. The magnetic 
energy density is proportional to 𝐵𝑖𝑛𝑡

2 , hence it decreases 
vs. 𝑟 as 1/𝑟4. That is, the role played by the magnesic 
energy density decreases more rapidly vs. 𝑟 than the role 
of the kinetic energy density. For the present 
computation, reference is made to the mean value of 
|𝑩𝒊𝒏𝒕| that, therefore, decreases vs. 𝑟 as 1/𝑟2. 
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Fig. 43. The magnetic energy variation according to the 

“principle of magnetic energy variation” (see text). The self-
energy 𝑈𝑠1  decreases by Joule heat being 𝑈𝑠1 = (1/
2𝛾0) 𝐿11𝐽1

2 , i.e., a quadratic relation of 𝐽1 . Correspondingly, 
𝑈𝑗 = (1 𝛾0⁄ ) 𝐿12 𝐽1 𝐽2  varies linearly vs. 𝐽1  (when it is 
supposed that 𝐽2 remains constant), while 𝑈𝑠2 has a variation 
equal and opposite to 𝑈𝑗 . This figure is approximate, as it is 
assumed that 𝐽2  remains constant. Since 𝐽2  is actually 
increased, 𝑈𝑗  decreases by a smaller amount than what appears 
in the present plot, and therefore also the increases of 𝑈𝑠2 is 
less than the linear trend here shown. After Gregori (1999). 
Additional details are in the text and in Gregori et al. (2025l). 
Figure also shown as Fig. 2 of Gregori et al. (2025l). With kind 
permission of the late Wilfried Schröder. 

 
The dependence of v𝑖𝑛𝑡(𝑟)  on 𝑟  can be computed by 

considering that the solar wind is released by the Sun at an 
initial mean radial speed v𝑖𝑛𝑡(𝑟⊙) ≡ v0  conventionally 
referred, e.g., to the radius 𝑟⊙ ≡ 𝑟0  of the photosphere. 
Then, v𝑖𝑛𝑡(𝑟) decreases vs. 𝑟 due to the solar gravitational 
attraction. This effect can be quantitatively computed by 
considering the conservation of kinetic plus potential 
energy (while, as a first order approximation, the role is 
neglected of the magnetic energy density). 

Consider a spherical shell of solar wind, of total mass 
𝑚, contained inside a layer of radius 𝑟 and thickness 𝑑𝑟. It 
is (𝐺  is the gravitational constant and 𝑀⊙  is the Sun’s 

mass) 
1 

2
 𝑚v𝑖𝑛𝑡

2  (𝑟)  − 
𝐺𝑀⊙ 

𝑟
 𝑚 

=  
1 

2
 𝑚v0

2   −  
𝐺𝑀⊙ 

𝑟0

 𝑚 

(17) 

that can be solved with respect to v𝑖𝑛𝑡(𝑟) giving 

v𝑖𝑛𝑡(𝑟) =  √v0
2   −  2 𝐺 𝑀⊙ (

1 

𝑟0

−  
1 

𝑟
) 

(18) 

Consider the self-energy of the comet that can be 
computed as follows. The Ohm law for a loop 𝐶 is 

𝐹𝑒  −  
𝐿 

𝛾0
2   

𝑑𝐽 

𝑑𝑡
 =  𝐽 𝑅 

(19) 

(𝐹𝑒 is the applied external e.m.f. and 𝑅 is the resistance of 
𝐶). The energy balance can be evaluated by means of 

∫ 𝐹𝑒  𝐽 𝑑𝑡   – 
𝐿 

𝛾0
2 ∫

𝑑𝐽 

𝑑𝑡
  𝑑𝑡 =  ∫ 𝐽2 𝑅   𝑑𝑡 

(20) 

or 
∫ 𝑈𝑠,𝑡𝑜𝑡𝑎𝑙(𝑩)   =  𝐹𝑒  𝐽 𝑑𝑡 – ∫ 𝐽2 𝑅   𝑑𝑡 

=  
𝐿 

2𝛾0
2  𝐽2 

(21) 

where the [𝐹𝑒  𝐽] integral is the work done by the external 
e.m.f. and the [𝐽2 𝑅] integral is the Joule heat term. 

In this case the duality between 𝑩  originated by a 
current loop 𝐶 and 𝑩 originated by a magnetostatic source 
can be evidenced as follows. Insert (15) into (21) and get  

𝑈𝑠,𝑡𝑜𝑡𝑎𝑙(𝑩)  =  
1 

2𝛾0
2  𝐿 𝐽2  =  

1 

2
 
[𝛷(𝑩)]2 

𝐿
 

(22) 

where (21) and (22) can be interpreted as 

𝑈𝑠(𝑩)  =  
1 

2𝛾0

 𝐽 𝛷(𝑩)  =  
1 

2𝛾0
2  𝐽2 𝐿 

(23) 

as, owing to the same definition of 𝐿, it is 

𝛷(𝑩)  =  
1 

𝛾0

 𝐿 𝐽 
(24) 

Similarly to this, (21) and (22) can be interpreted in terms 
of (23). 

Therefore, by (22) the self-energy of the comet is 

𝑈𝑠,𝑐(𝑩𝒊𝒏𝒕,  𝑟𝑐)  =
 1 

2
 
[𝛷(𝑩𝒊𝒏𝒕( 𝑟𝑐)]2 

𝐿
 

(25) 

However 
𝛷(𝑩𝒊𝒏𝒕( 𝑟𝑐)  ≈  𝑆 ・ v(𝑟𝑐) ・𝐵𝑖𝑛𝑡(𝑟𝑐)  

≈  𝑆 ・ [v𝑖𝑛𝑡(𝑟𝑐)  

+ v𝑐(𝑟𝑐)] ・
𝑟𝑐

2 

𝑟𝐸
2  𝐵𝑖𝑛𝑡(𝑟𝐸) 

(26) 

where v𝑖𝑛𝑡(𝑟𝑐) is given by (18), 𝑟𝐸 is the mean heliocentric 
distance of the Earth, and by (16) 

|𝑀𝑐| 

𝐾0

∼
2 

𝐿
 𝑆 𝛷 ∼

2 

𝐿
 𝑆 ・ [v𝑖𝑛𝑡(𝑟𝑐)  

+  𝑣𝑐(𝑟𝑐)] 
𝑟𝑐

2 

𝑟𝐸
2  𝐵𝑖𝑛𝑡(𝑟𝐸) 

(27) 

An eventual cometosphere has therefore a subsolar point 
at a distance 𝑟𝑐𝑠𝑠 that can be expressed as 

𝑟𝑐𝑠𝑠  ≈  𝑟𝐸𝑠𝑠  √
𝑀𝑐  

𝑀𝐸

 
𝑟𝑐  

𝑟𝐸

3

 

∼  
 𝑟𝐸𝑠𝑠  

√𝑀𝐸
3

 √𝐾0  
𝑆2 

𝐿
 
𝑟𝐸  

𝑟𝑐

 ・ 10 𝛾
3

 

(28) 

where 𝛾  is the 𝑩  unit,  𝑟𝐸𝑠𝑠 ∼ 11 𝑅𝐸  is the geocentric 
distance of the Earth’s subsolar point (and 𝑅𝐸 is the Earth’s 
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radius), and 𝑀𝐸 = 8.01 × 1025 𝑒. 𝑚. 𝑢.  is the magnetic 
dipole moment of the Earth. 

Relation (28) is deduced by equating the internal 
magnetic pressure and the external kinetic pressure 
(analogously to the aforementioned computation of the 
magnetopause, or of the earthward termination of the 
plasmasheet, see above). In the case of the Earth, it is 

1 

8𝜋𝐾0 𝜇𝑟

  ( 
𝑀𝐸  

𝑟𝐸𝑠𝑠
3 )

2

≈  𝜂𝐾𝐸 
(29) 

where 𝜂 is a suitable constant factor, and 𝐾𝐸  is the kinetic 
pressure (or the energy density in the solar wind) at 1 𝐴𝑈. 
Solve (29) with respect to the constant factor 𝜂  and 
substitute it into the corresponding relationship that holds 
in the case of a comet, i.e., 

1 

8𝜋𝐾0 𝜇𝑟

  ( 
𝑀𝐸  

𝑟𝐸𝑠𝑠
3 )

2

≈  𝜂𝐾𝑐  ≈  𝜂𝐾𝐸   (
𝑟𝐸  

𝑟𝑐

)
2

  
(30) 

where 𝐾𝑐  is defined similarly to 𝐾𝐸 , and where energy 
conservation has been taken into account in the expanding 
solar wind. The result is (28). 

Suppose that the cometary nucleus can be symbolically 
represented by a ring of radius 𝑅 and cross-section radius 
𝑠 ≪ 𝑅. Then, 𝐿 is given by38 

𝐿 =  4𝜋𝑅 (𝑙𝑜𝑔 
8𝑅 

𝑠
−  

7 

4
) 

(31) 

It is well known - and assessed - that the order of 
magnitude of a cometary nucleus has the typical size is of a 
few kilometers. Consider therefore a very simple model in 
order to evaluate in some way a few additional orders of 
magnitude. For instance, refer to the case of a ring with 𝑅 =
10 𝑘𝑚  and 𝑠 = 1 𝑘𝑚 . It is 𝑆 = 𝜋108 𝑚2  and 𝐿 ≃
𝜋 10−3 𝐻𝑒𝑛𝑟𝑦 . Therefore, by (16) it is 𝑀 ∼
2𝜋 1018 𝑩𝒊𝒏𝒕 (𝐴𝑚2) (𝑆𝐼 𝑢𝑛𝑖𝑡𝑠), which gives, at 1 𝐴𝑈  an 
𝑀𝑐 ∼ 10−12 𝑀𝐸. 

Consider that, when the comet approaches the Sun, 
according to (27) 𝑀𝑐  increases as [v𝑖𝑛𝑡(𝑟𝑐)  +
 v𝑐(𝑟𝑐)] (𝑟𝑐

2 𝑟𝐸
2⁄ ) . The factor ∼ (𝑟𝑐

2 𝑟𝐸
2⁄ )  decreases with 

decreasing (𝑟𝑐/𝑟𝐸) , but the factor [v𝑖𝑛𝑡(𝑟𝑐)  + v𝑐(𝑟𝑐)] 
contributes a substantial amplification, because both 
addenda increase while the comet approaches its perihelion, 
i.e., v𝑖𝑛𝑡(𝑟𝑐) and most dramatically v𝑐(𝑟𝑐). 

Note that the entire aforementioned approximate 
computation relies on the assumption that 𝑆 and 𝐿 do not 
change along the orbit of the comet. In contrast, one should 
consider that the eventual cometosphere ought to be 
associated to the ionized cloud resulting from cometary 
evaporation. This phenomenon should therefore depend on 
the heliocentric distance of the comet. On the other hand, 
all previous formulas hold also with varying 𝑆 and 𝐿. One 
should therefore measure the size of the coma vs. 
heliocentric distance of the comet. Then, one should check 
what assumptions seem to fit observations, in terms of 

38  See, e.g., Durand (1968), or also Becker (1933), or 
Bruhat (1963). The self-inductances of a few other more 
complicated 𝒋-loops are given by Durand (1968).  

suitable correcting terms and assumptions that a priori 
cannot be foreseen. 

The case histories of several so-called sungrazing 
comets - that typically have a very small perihelion - are 
mentioned above. In general, by (26) it is 

𝑈𝑗 ∼  
𝐼 

𝛾0

 𝛷 ∼
𝐼 

𝛾0

 𝑆 𝑩𝑖𝑛𝑡 ∼
2 

𝐿
 (𝑆 𝑩𝑖𝑛𝑡)2

∼
2 

𝐿
 {𝑆 ・ [v𝑖𝑛𝑡(𝑟𝑐)  

+ v𝑐(𝑟𝑐)] ・
𝑟𝑐

2 

𝑟𝐸
2  𝑩𝑖𝑛𝑡(𝑟𝐸)}

2

  

(32) 

The ring is stretched by a radial force per unit length 
measured along the ring 

|
𝜕𝑈𝑗  

𝜕𝑅
|

∼ 2 {𝑆 ・ [v𝑖𝑛𝑡(𝑟𝑐)  

+ v𝑐(𝑟𝑐)] ・
𝑟𝑐

2 

𝑟𝐸
2  𝑩𝑖𝑛𝑡(𝑟𝐸)}

2

・ 
𝜕 

𝜕𝑅
 
1 

𝐿
 

(33) 

that, since 𝑅 ≫ 1, is equivalent to a tension along the ring 

𝑡0 =  
1 

2 𝑠𝑖𝑛(1/2𝑅)
 |

𝜕𝑈𝑗  

𝜕𝑅
| ∼ 𝑅 |

𝜕𝑈𝑗  

𝜕𝑅
|

=  2 {𝑆 ・ [v𝑖𝑛𝑡(𝑟𝑐)  

+ v𝑐(𝑟𝑐)] ・
𝑟𝑐

2 

𝑟𝐸
2  𝐵𝑖𝑛𝑡(𝑟𝐸)}

2

・ 𝑅
𝜕 

𝜕𝑅
 
1 

𝐿
 

(34) 

The ultimate strength of different materials ranges 
between 𝑛 × 107 (𝑖𝑐𝑒)  and 1010 𝑑𝑦𝑛𝑒 𝑐𝑚−2 =
109 𝑁 𝑚−2 (𝑠𝑡𝑒𝑒𝑙). In the case of the aforementioned ring-
shaped nucleus with 𝑅 = 10 𝑘𝑚 radius, a ring with cross 
section 𝑠 = 1 𝑘𝑚  should break at a tension between ∼
𝑛 𝜋 1010  and 𝜋 1020 𝑑𝑦𝑛𝑒 𝑐𝑚−2 ∼ 𝑛 𝜋 109 −
𝜋 1018 𝑁 𝑚−2. This is roughly indicative, because there is 
no reason to believe that cometary nuclei are ring-shaped, 
although this evaluation refers to a fraction of the cometary 
nucleus where the relevant induced currents 𝒋 flow, which 
is therefore the part of the nucleus that is subject to a 
comparatively larger tension. 

These approximate and (perhaps) indicative estimates 
can be used for additional evaluations. For instance, as 
mentioned above, the coma is observed to contract as it 
approaches to the Sun. We have therefore to consider two 
possibilities. 

One possibility is that the comet develops its 
cometosphere, in which case the interaction with the solar 
wind is fundamental, and eventually even much more 
important than the interaction with solar e.m. radiation. The 
other possibility is that the comet is a dirty “snowball” that 

“evaporates” due to the interaction with the solar e.m. 

radiation, essentially with a comparatively much lesser role 
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played by the solar wind.  
Let us infer the law of dependence of the size 𝐷𝑐𝑜 of the 

coma vs. 𝑟𝑐  according to either one of these two possible 
mechanisms. 

If the comet has a cometosphere, we can tentatively 
suppose that the transversal dimension 𝐷𝑐𝑜 of the coma is 
proportional to 𝑟𝑐𝑠𝑠 

𝐷𝑐𝑜 ∼ 𝛼0 𝑟𝑐𝑠𝑠 (35) 
where 𝛼0 is a suitable and unknown coefficient. Then, from 
(28) it follows that 

𝑀𝑐 ∼ 𝛼1  
𝐷𝑐𝑜

3   

𝑟𝑐

  
(36) 

and from (16) 

𝐼 ∼
𝛾0 

𝐾0

 
𝑀𝑐  

𝑆
∼ 𝛼2  

𝐷𝑐𝑜
3   

𝑟𝑐

 
(37) 

where 𝛼1  and 𝛼2  are suitable coefficients. For future 
reference, it is 

𝛼1 ∼
1 

𝛼0
3 𝑟𝐸𝑠𝑠

3  𝑀𝐸  𝑟𝐸  
(38) 

𝛼2 ∼ 𝛼1  
1 

𝐾0 𝑆
∼

1 

𝛼0
3 𝑟𝐸𝑠𝑠

3  𝑀𝐸  𝑟𝐸  
1 

𝐾0 𝑆
 

(39) 

Insert (14), (18), (26) and (37) in (12) and find 

𝛼 
𝐷𝑐𝑜

6  

𝑟𝑐
2

+ 𝛽 { 𝐷𝑐𝑜
6  ・ 𝑟𝑐  ・ [√v0

2 −  2𝐺𝑀⊙  (
1 

𝑟0

−  
1 

𝑟𝑐

 )

+ v𝑐(𝑟𝑐)]} ∼ 𝐴 

(40) 

where 

𝛼 =
1  

2

𝐿 

𝛾0
2   𝛼2

2 𝛽 =  1 𝛾0  
𝛼2 

𝑟𝐸
2  𝐵𝑖𝑛𝑡(𝑟𝐸) (41) 

That is, since it is possible to perform experimental 
measurements of 𝐷𝑐𝑜  at different radial distances 𝑟𝑐  from 
the Sun, it is possible to plot on a diagram the observed 
experimental points with coordinates 

𝐷𝑐𝑜
6  

𝑟𝑐
2

 
(42) 

𝐷𝑐𝑜
6  ・ 𝑟𝑐  ・ [√v0

2 −  2𝐺𝑀⊙  (
1 

𝑟0

−  
1 

𝑟𝑐

 ) + v𝑐(𝑟𝑐)] 

If the comet is really driven by phenomena related to 𝑩, 
these plotted points should appear located along a straight 
line. One can simplify the algorithm, and write, 
respectively, (40) and (42) as 

𝛼 
1

𝑟𝑐
2

+ 𝛽 { 𝑟𝑐  ・ [√𝑣0
2 −  2𝐺𝑀⊙  (

1 

𝑟0

−  
1 

𝑟𝑐

 )

+ v𝑐(𝑟𝑐)]} ∼  
𝐴  

𝐷𝑐𝑜
6

 

(43) 

 

1 

𝑟𝑐
2
 

 

(44) 

  𝑟𝑐  ・ [√𝑣0
2 −  2𝐺𝑀⊙  (

1 

𝑟0

−  
1 

𝑟𝑐

 ) + v𝑐(𝑟𝑐)] 

that is, the linear relation (43) is independent of the 
measurements of 𝐷𝑐𝑜 and there is no need to measure 𝐷𝑐𝑜, 
as the linear relation involves only parameters related to the 
Sun and to the source of the solar wind. The cometosphere 
hypothesis enters into play only through 𝑟𝑐  and v𝑐(𝑟𝑐). That 
is, (44) is a self-consistency check of the hypothesis of 
cometosphere that can be applied to every comet on the 
basis of the cometary orbit alone. The measurement of 𝐷𝑐𝑜 
can be useful to derive estimates of other parameters of the 
comet, as per the previous relations. 

In either case, the intersection with the ordinate axis - 
apart an arbitrary constant factor - is proportional to 𝐴. In 
addition, since we know the experimental errors of 𝑟𝑐  and 
of the solar wind parameters, it is possible to try and check 
whether experimental data are consistent with the 
hypothesis 𝐴 ∼ 0 or not, even though the entire previous 
formulation relies on some substantial simplifying 
assumptions. 

The physical parameters that enter in (43) refer to the 
Sun (i.e., 𝑀⊙, 𝑟0 and v0), and to a given comet [i.e., 𝑟𝑐  and 
v𝑐(𝑟𝑐)]. 

Concerning the Sun, 𝑀⊙ is well-known apart the error-
bar, 𝑟0  can be any conventional choice, with the only 
constraint that is has to be smaller than the perihelion of the 
comet to be considered. For instance, one can choose the 
radius of the Sun, i.e., 𝑟0 = 700,000 𝑘𝑚 (NASA website). 
As far as v0 is concerned, v0 is here defined as the speed of 
the solar wind at the surface of radius 𝑟0.  

The solar wind speed decreases vs. heliocentric distance 
due to solar gravitation as per (17) or (18). Hence, if a mean 
value v𝐸 is known for the solar wind speed at 1 𝐴𝑈, i.e., at 
Earth’s orbit, one can put v𝑖𝑛𝑡(𝑟) ≡ v𝐸 in (18), and solve 
with respect to v0. Thus, all needed physical parameters for 
the Sun are known. 

As far as the comet’s data are concerned, one should 

feed into (43) or (44) all available data for 𝑟𝑐  and v𝑐(𝑟𝑐) 
referred to the whole comet’s orbit. The final plot ought to 

be a linear trend that, however, is expected to have some 
scatter, due both to error-bars of observations, and to the 
approximations of the derivation of (43). Hence, such a plot 
can be made only by a specialist of cometary orbits.  

However, a simpler plot can be carried out if one is not 
concerned with the scatter of points. Hence, one assumes 
that a linear plot must be found, which can be defined by 
two points alone, to be suitably chosen along the orbit of 
the comet, e.g., at perihelion and at aphelion. However, 
every couple of points is suited for this check. 

Therefore, let us characterize the orbit of the given 
comet by means of 2 parameters, i.e., 

𝑝 = perihelion distance 𝑞 = aphelion distance (45) 
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Sometimes also the eccentricity e is given 

𝑒 =  𝑒𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑖𝑡𝑦 =  
𝑎2 − 𝑏2 

𝑎2
 

(46) 

where 𝑎  and 𝑏  are the semi-major and semi-minor axis, 
respectively, of an ideal elliptical orbit, and the two foci of 
the ellipse are, respectively, at a distance ± √𝑎2 − 𝑏2 from 
the center of the ellipse. The Sun is located at one focus, 
where the origin is located of a spherical coordinate system. 
But an ellipse is fully represented by 2 d.o.f.s (degrees of 
freedom), and - in fact - in the present computation there is 
no need for 𝑒. Suppose therefore that 𝑝 and 𝑞 are known 
concerning the comet of interest. 

However, it is convenient to refer to 𝑝, 𝑞, and to the 
tangential velocity 𝑢 = v𝑐,𝑎𝑝ℎ  of the comet at aphelion - 
and 𝑢 can be derived from 𝑝 and 𝑞 as shown below. 

Consider first that the radial velocity at both aphelion 
and perihelion is zero. 

Call 𝑚𝑐 the mass of the comet, plus - as usually done - 
call 𝜇 = 𝐺𝑀⊙ the standard gravitational parameter, and - at 
a given location along the orbit - call 𝐸𝑝  and 𝐸𝑘 , 
respectively, the potential and kinetic energy of the comet, 
and in addition respectively, v𝑟𝑐  and v𝑡𝑐  the radial and 
tangential component of velocity. It is 

𝐸𝑝(𝑝) = −2𝜇/𝑝   
𝐸𝑝(𝑞) = −2𝜇/𝑞   

𝐸𝑘(𝑝) = (1/2)𝑚𝑐 v𝑐
2(𝑝)  =  (1/2)𝑚𝑐 v𝑐𝑡

2 (𝑝)  (47) 
𝐸𝑘(𝑞) = (1/2)𝑚𝑐 v𝑐

2(𝑞)  =  (1/2)𝑚𝑐  𝑢2   
where 

𝐸𝑘(𝑝) = 𝐸𝑘(𝑞) + 𝐸𝑝(𝑞) − 𝐸𝑝(𝑝) (48) 
Thus, from (47)c 

v𝑐𝑡(𝑝)  =  √
2𝐸𝑘(𝑝) 

𝑚𝑐

 
(49) 

Now, apply the classical vis-viva equation - which is 
derived from energy conservation along the orbit - and, 
since 𝑎 = (𝑝 + 𝑞)/2, get 

v𝑐,𝑎𝑝ℎ  =  v𝑐𝑡(𝑞) =  𝑢 = √ 𝜇  (
2 

𝑞
−

1 

𝑎
)

=  √ 𝜇  (
2 

𝑞
−

2 

(𝑝 + 𝑞)
) 

(50) 

In summary, it is  
v𝑐𝑟(𝑞)  =  0   

v𝑐𝑡(𝑞)  =  v𝑐,𝑎𝑝ℎ  =  𝑢 =  √ 𝜇  (
2 

𝑞
−

2 

(𝑝 + 𝑞)
) 

 

v𝑐𝑟(𝑝)  =  0 (51) 

v𝑐𝑡(𝑝)  =  v𝑐,𝑝  =  √
2𝐸𝑘(𝑝) 

𝑚𝑐

 
 

Refer now to (44) applied at two points, i.e., at 
perihelion and at aphelion. That is, one has to draw a line 
through two points of coordinates {𝑥1,  𝑦1}  and {𝑥2,  𝑦2} , 
where 

 

𝑥1  =  (1/𝑝) 

𝑦1 =  𝑟𝑐・ [√v0
2 −  2𝐺𝑀⊙  (

1 

𝑟0

− 
1 

𝑝
 )  + √

2𝐸𝑘(𝑝) 

𝑚𝑐

] 

 
𝑥2 =  (1/𝑞) 

 
(52) 

𝑦2 =  𝑟𝑐  ・ [√v0
2 −  2𝐺𝑀⊙  (

1 

𝑟0

− 
1 

𝑞
 )  

+ √ 𝜇  (
2 

𝑞
−

2 

(𝑝 + 𝑞)
)] 

where 𝐸𝑘(𝑝) is given by (48), altogether with (47). 
Therefore, (43) gives the result 

𝛼 𝑥 + 𝛽 𝑦 = 𝑐𝑜𝑛𝑠𝑡 ・ 𝐴  
𝛼 = 𝑦2 − 𝑦1 (53) 
𝛽 = 𝑥1 − 𝑥2  

𝑐𝑜𝑛𝑠𝑡・𝐴 = (𝑦2  − 𝑦1) 𝑥1  − (𝑥2 − 𝑥1) 𝑦1  
and the final check is how far (𝑐𝑜𝑛𝑠𝑡・𝐴)  deviates 

from zero, as this ought to be indicative of a permanent 
magnetization inside the cometary nucleus when the comet 
is at aphelion.  

In summary, the identical somewhat intricate formula 
must be applied to a large set of comets, everyone 
associated to a respective couple of values 𝑝 and 𝑞 . For 
every comet compute (𝑐𝑜𝑛𝑠𝑡・𝐴)  and analyze the 
distribution of all results. Maybe, some indication can be 
inferred. 

However, a better analysis can be carried out by 
considering the whole orbit of every comet, and by 
checking the scatter with respect to the expected linear 
trend. In addition, specific consideration of 𝐷𝑐𝑜 can help to 
guess some additional physical parameters for the 
cometosphere. 

A priori it is impossible to foresee how far this whole 
analysis can be physically significant or not. One must just 
try. 

The same argument identically applies when one 
considers, instead of 𝐷𝑐𝑜, the size of the cross-section of the 
tail. This is concerned with the process of formation of the 
neutral sheet, and it is discussed quantitatively above (see 
Fig. 7 and the related discussion). The concern is therefore 
about the assessment of the way by which we can estimate 
𝐷𝑐𝑜  and/or the cross-section of the tail. Space telescope 
facilities are important in order to reduce error-bars 
originated by light absorption through the atmosphere. 

A comet is known only by its image, hence we must 
make reference to the isocontour lines of photometric 
intensity measured at a given spectral line. The point with 
absolute maximum light intensity is identified with the 
cometary nucleus or barycenter. Then, we can choose, 
arbitrarily, an isocontour line that defines the “outer border” 

of the comet (e.g., say where the photometric intensity 
drops to a given percent of its maximum, e.g., to 1%). The 
closest point of this “outer border” to the cometary nucleus 
defines the cometo-centric distance of the subsolar point, 
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i.e., 𝑟𝑐𝑠𝑠, which is expressed as an arc. When we know the 
distance of the comet from the Earth, this angular distance 
can be transformed into a length unit. Finally, according to 
(35), it is reasonable to speculate that 𝐷𝑐𝑜 ∝ 𝑟𝑐𝑠𝑠.  

As far as the cross-section of the tail is concerned, its 
transversal dimension 𝐷𝑇  should be measured at a location 
downstream where the tail is practically cylindrical (i.e., 
“far downstream” where the internal and external pressures 

to the magnetopause can be presumed to be approximately 
purely magnetic). However, this location of the 𝑩  flux 
inside the tail should refer to a location not yet considerably 
eroded by “merging” across the magnetopause. Hence, a 

reasonable recommendation for the measurement of 𝐷𝑇  is 
to refer the maximum apparent transversal extension of the 
tail. 

On the other hand, since the tail is not perfectly 
cylindrical, we have to choose, arbitrarily, a conventional 
distance downstream where 𝐷𝑇  is measured. Such a 
conventional distance can be chosen, e.g., by means of a 
given and fixed multiple of 𝑟𝑐𝑠𝑠 . In fact, the entire 
geometrical figure of the comet and of its tail can be 
reasonably supposed to transform - while moving along its 
orbit - approximately according to a scale transformation, 
while keeping some rough geometrical self-similarity. In 
addition, the size 𝐷𝑇  of the cross-section of the tail is thus 
an angular distance that can be transformed into a length 
distance, etc. 

As already stressed, comet tails are often affected by 
anomalous outbursts, knots, kinks and irregularities, which 
are suggestive of a detachment from the nucleus of some 
large objects. They are some kinds of more or less large 
“stones”, compared to a tiny and more “regular” steady 

release either of dust or of plasma. In the final analysis, 
every object of “large size” can be likened to the nucleus of 

a newly born short-lived “comet” of comparably smaller 

size, which looks superposed on the tail of the “mother” 

comet. 
The trigger for the occurrence of an event of this kind is 

certainly related to an increased tension inside the “mother” 

nucleus. An extensive literature obviously appeals, e.g., to 
shock-waves that occasionally cross through interplanetary 
environment. We cannot deal here with this topic. In any 
case, a shockwave in the solar wind implies both (i) large 
transient variations of the mass density of the solar wind, 
and also (ii) e.m. phenomena that originate induced currents 
𝒋 , hence temporary transient tensions, according to a 
mechanism that - in terms of energy balance - is essentially 
of the same kind as the aforementioned simplified model. 
The mechanical effect, however, which is due to mass-
density variations, is (maybe) unlikely upon considering the 
huge difference in mass density between solar wind and 
cometary nucleus. In contrast, the e.m. interaction is 
certainly much more credible. However, in the final 
analysis, the e.m. interaction of a cometary nucleus with the 
solar wind always implies induced currents 𝒋. Hence, it is 
only a matter of semantics to claim, or not, that a temporary 
cometosphere is thus formed, as the final physical 

phenomenon (i.e., an increased tension) is just one and the 
same, independent of the way by which it is described and 
computed. 

In either case - whether this is a mechanical effect (i.e., 
similar to an aerodynamic effect inside a wind tunnel), or 
rather (more likely) it is an e.m. effect – the phenomenon is 
normally handled by means of the MHD expansion model 
of the solar corona, etc. In this way, some transient large 
tension eventually determines the rupture of a fraction of 
the cometary nucleus. 

Consider, rather, the alternative case history of a comet 
with no cometosphere, and search for the law satisfied by 
𝐷𝑐𝑜 (or by the cross-section 𝐷𝑇  of the tail) when the light 
emission by the comet is excited by the interaction with the 
solar e.m. radiation, while only a negligible role is played 
by the solar wind.  

Since the intensity of solar radiation decreases as 
(1/𝑟𝑐)2, it has to be expected 

𝐷𝑐𝑜  ∝  (1/𝑟𝑐)2 (54) 
Suppose that in this case we (erroneously) hypothesize 

that a comet has a cometosphere, while in reality this is not 
correct. Therefore, we (erroneously) carry out the check 
expressed by plotting the observational points (42). 
However, if the comet has no cometosphere, in this way we 
(erroneously) plot, according to (54), two observational 
quantities that have a physical dependence on 𝑟𝑐  expressed 
as two quantities proportional, respectively, to 

∝  
1 

𝑟𝑐
14

  
(55) 

∝  
1 

𝑟𝑐
11

 ・ [√v0
2 −  2𝐺𝑀⊙  (

1 

𝑟0

− 
1 

𝑟𝑐

 ) + v𝑐(𝑟𝑐)] 

It is very difficult to envisage the role of error-bars while 
drawing this diagram. However, a linear trend of the kind 
(40) and a trend of the kind (55) should be clearly 
distinguished. 

The possible devastating consequences of the 
observational error-bars are, however, to be always 
considered, and also the eventually wrong assumptions that 
deal with the observational measurements of 𝐷𝑐𝑜.  

One must just try and carry out these attempts by 
applying this whole and identical rationale to different 
comets. 

6.7. Comets: quantitative dependence of the cross-
section of the tail vs. heliocentric distance 

Another complementary quantitative check - and 
estimate of the intensity of the cometary field - can be 
inferred by means of the transversal dimension 𝐷𝑇  of the 
tail, according to the following argument. This argument 
works only for “magnetic” comets that have their dipole 

axis not parallel or anti-parallel to the solar wind velocity, 
i.e., their cometosphere should not be “pole-on” (see Fig. 

14). That is, the present argument applies only to the comets 
that have a neutral sheet.  

Suppose that a given comet satisfies the tests carried out 
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by means of the 𝐷𝑐𝑜 vs. 𝑟𝑐  dependence discussed above. In 
addition, suppose that the image of the comet is not 
suggestive of a cometary magnetic axis approximately 
parallel or anti-parallel to the solar wind velocity (see 
above). Then, apart a proper scaling, the cometosphere 
ought to be similar to the Earth’s magnetosphere. 

Therefore, let us consider the structure of a general 
magnetosphere. 

For simplicity, in the case of the magnetosphere of the 
Earth, state that all 𝑩  field-lines 39  with 𝐿 ≤ 𝐿𝐸  span the 
region of space that contains the radiation belts (i.e., the 
plasmasphere), while all 𝑩  field-lines with 𝐿 > 𝐿𝐸  are 
completely “stretched” to form the Earth’s tail. Indeed, 

owing to the minimum energy requirement that justifies the 
formation of the neutral sheet (see above the argument 
associated with Fig. 10), 𝑩  “reconnection” across the 

neutral sheet must be minimum. Hence, in the following 
assume an approximately vanishing “reconnection” across 

the neutral sheet. 
Moreover, remind about the pressure balance that 

explains the location of the magnetopause when the 
argument is applied to the sunward side of the 
magnetopause (see above). Similarly, when the pressure 
balance is applied to the earthward termination of the 
plasmasheet, the larger is the particle density available from 
the plasmasheet, the closer to the Earth is 𝐿𝐸. On the other 
hand, the particle density, inside the plasmasheet, 
reasonably ought to be proportional to the particle density 
in the solar wind. Hence, the larger is the particle density in 
the solar wind, the closer is 𝐿𝐸 to the Earth.40 

That is, if the Earth would be located at a different 
distance 𝑟𝐸 from the Sun, we can reasonably presume that 
the mean 𝐿𝐸 should be increased or decreased according to 
the density variation of solar wind particles. The argument 
relies on the fact that the boundary between the trapping 
region and the outer or “stretched” region of space can be 

described in terms of a (mostly magnetic) pressure that is 
active from the interior, i.e., from the side of the trapping 
region, which balances an external pressure caused by the 
solar wind particles that flow in the plasmasheet. These 
particles, owing to the aforementioned minimum energy 
requirement, attempt to “stretch” as much 𝑩  flux as 
possible, but when their pressure is not sufficient to 
overcome the internal pressure, they no more succeed to 
“stretch” additional 𝑩 flux.  

The internal pressure is given by magnetic pressure plus 

39  Where 𝐿  is the classical McIlwain parameter. Carl E. 
McIlwain (1931-), a learned American space scientist, 
since 1992 Professor emeritus of the University of 
California, San Diego.  

40  Note, however, that this is certainly wrong during a 
substorm or geomagnetic storm event, because the 
particle flux in the plasmasheet responds to the 
availability of particles in the plasmasheet reservoir, 
which is available all along the tail, according to the 
argument referring to Figure 13. Conversely, the 

the pressure of trapped particles. However, since - 
compared to the kinetic energy density of particles – the 
magnetic energy density in the trapping region is larger, the 
particle pressure can be approximately neglected. Hence, 
the internal pressure is proportional to the square of the 
Earth dipole moment 𝑀𝐸 . The external pressure is 
proportional to the available solar wind particle density. 
Then, in the case of the Earth, the pressure balance is  

 (
𝑀𝐸 

𝐿𝐸
3 )

2

 =  𝜂 𝜅𝐸 
(56) 

where 𝜅𝐸  is the particle density in the solar wind that is 
available at 1 𝐴𝑈, and 𝜂 is a proper (even though unknown) 
constant [not to be confused with the constant defined in 
(29)]. Owing to the general formal definition of 𝜂, there is 
no concern about the unit system that is used. 

In the case of a comet, call 41  𝐿𝑐 , 𝑀𝑐 , and 𝜅𝑐  the 
corresponding quantities, and it is 

 (
𝑀𝐸𝑐  

𝐿𝐸
3 )

2

 =  𝜂 𝜅𝑐  =  𝜂 𝜅𝐸 ( 
𝑟𝐸  

𝑟𝑐

)
2

  
(57) 

where 𝑟𝐸  is 1 𝐴𝑈, and where particle conservation in the 
expanding solar wind has been taken into account. Compute 
𝜂 from (56) and insert it in (57) and get 

𝐿𝑐  =  𝐿𝐸  3 𝑅 √
𝑀𝑐  𝑟𝑐  

𝑀𝐸  𝑟𝐸

3

 
(58) 

Consider a perfectly dipolar field and compute the total 
flux that crosses through the equatorial plane in the region 
outside a circle of radius 𝐿∗. It is 

𝛷𝑟>𝐿∗  =  
1 

𝐾0

 ∫ ∫
𝑀 

𝑟3

∞

𝐿∗

2𝜋

0

   𝑟 𝑑𝑟 𝑑𝜑 

=  
1 

𝐾0

 2𝜋 
𝑀 

𝐿∗
 

(59) 

where 𝑀 is the dipole moment, and 𝜑 is the longitude. If 
we assume that the 𝑩 “reconnection” across the cometary 

neutral sheet is negligible, we must conclude that the 𝑩 flux 
inside half a cometary tail (or inside one lobe of the 
cometosphere) must be equal to 𝛷𝑟>𝐿𝑐

. 
Let us assume that the cometary tail is cylindrical, with 

a circular cross-section of diameter 𝐷𝑇 . Let us also assume 
that the 𝑩 intensity inside the tail is identical to the intensity 
of 𝑩𝒊𝒏𝒕. Then, the flux within a lobe of the cometosphere is 

𝛷𝑐  =  
1 

2
 𝜋 (

𝐷𝑇

2
)

2

  𝐵𝑖𝑛𝑡,𝐸 ( 
𝑟𝐸

𝑟𝑐

)
2

  
(60) 

argument in the present computation refers to “normal” 

or “quiet” “mean” state of the tail of the magnetosphere 

or cometosphere. 
41  Note that 𝐿𝑐  is the McIlwain parameter inside the 

cometosphere that separates trapped particles from the 
comet’s magnetic tail. It should not be confused with the 

self-inductance 𝐿  of the model-circuit that should 
represent a comet’s nucleus. 
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where 𝐵𝑖𝑛𝑡,𝐸 ≡ 𝐵𝑖𝑛𝑡(𝑟𝐸)  is the intensity of 𝑩𝒊𝒏𝒕  at 1 𝐴𝑈 . 
Then, put 𝛷𝑐 = 𝛷𝑟 > 𝐿𝑐, insert (58), and thus find 

𝑀𝑐 =
𝐾0

3/2
 

64
   √

𝐵𝑖𝑛𝑡,𝐸
3   𝐿𝐸

3  

𝑀𝐸

 𝐷𝑇
3  ( 

𝑟𝐸

𝑟𝑐

)
5/2

 
(61) 

We know that 𝑀𝐸 = 8.01 × 1025 (𝑒. 𝑚. 𝑢. ) = 8.01 ×
1022 𝐴𝑚−2 , 𝐿𝐸 ∼ 10 𝑅𝐸 , 𝐵𝑖𝑛𝑡,𝐸 ≈ 5 𝛾 . Then, we can 
estimate 𝑀𝑐 from a measurement of 𝐷𝑇 . 

It has been shown [see (16) and the related discussion] 
that 

𝑀𝑐 ∼ 𝑐𝑜𝑛𝑠𝑡 + 2𝐾0  
𝑆2 

𝐿
 𝐵𝑖𝑛𝑡,𝐸  ( 

𝑟𝐸

𝑟𝑐

)
2

 
(62) 

where the first addendum is the constant magnetic moment 
that pre-existed when the comet had not yet begun to 
interact with the outer fringes of the solar wind, and the 
second addendum is an order-of-magnitude estimate of the 
induced 𝑩. By equating (61) and (62) it is found 

[
𝐾0

3/2
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   √

𝐵𝑖𝑛𝑡,𝐸
3   𝐿𝐸

3  

𝑀𝐸

] 𝐷𝑇
3  ( 

𝑟𝐸

𝑟𝑐

)
5/2

∼ 𝑐𝑜𝑛𝑠𝑡 

+ [2𝐾0  
𝑆2 

𝐿
 𝐵𝑖𝑛𝑡,𝐸] ( 

𝑟𝐸

𝑟𝑐

)
2

 

(63) 

that is, if we plot on abscissa and ordinates, respectively 

𝐷𝑇
3  ( 

𝑟𝐸

𝑟𝑐

)
5/2

  ( 
𝑟𝐸

𝑟𝑐

)
2

 
(64) 

we should find a linear relationship. By it, we can get an 
experimental estimate of the orders of magnitude of 
“𝑐𝑜𝑛𝑠𝑡” and of (𝑆2/𝐿). We can therefore insert their values 
into (62), and thus we know 𝑀𝑐. 

We can guess a reasonable value for 𝐿𝐸. Hence, by (58) 
we can estimate also 𝐿𝑐. 

Then, by means of (28) and (35), it is possible to 
compute, respectively, 𝑟𝑐𝑠𝑠  and 𝛼0 , and by (38) and (39) 
also 𝛼1 and 𝛼2√ 𝐿 and by (37) also 𝐼√ 𝐿. Finally, by (40) 
we can compute also the order of magnitude of 𝐴, which is 
the total magnetic energy of the comet before the solar wind 
interaction. This estimate can be combined with the check 
carried out by means of (43). The knowledge of an 
approximate estimate of 𝐴  is equivalent to estimate the 
eventual endogenous 𝑩 of the comet’s nucleus before the 

entry in the solar wind.  

6.8. Comets: interaction with planetary 
atmospheres, and some proposed active experiments 

After implementing the whole previous discussion a 
direct measurement became available of the interaction of 
the tenuous Mars’ atmosphere with the close flyby of comet 

C/2013 A1 (Siding Spring), as reported by Harada et al. 
(2016). The description, however, must be mentioned that 
is given of Harada et al. (2016) in a NASA announcement 
(Zubritsky, 2016, 2016a). Everything seems in agreement 
with the guess here proposed, although there is a substantial 
difference in terms of cross-section of the cometosphere. It 
is worthwhile to report here their proposed model, just for 

comparison purpose with the discussion here given. 
Zubritsky (2016, 2016a) claims that “in October 2014, 

NASA’s Mars Atmosphere and Volatile Evolution 
(MAVEN) spacecraft entered orbit around the Red Planet 
... a few instruments, including MAVEN’s magnetometer, 

remained on, conducting observations from a front-row 
seat during the comet’s remarkably close flyby. The one-of-
a-kind opportunity gave scientists an intimate view of the 
havoc that the comet’s passing wreaked on the magnetic 

environment, or magnetosphere, around Mars. The effect 
was temporary but profound (Fig. 18).”  

The emphasis must be on the “comet’s powerful 

magnetic field”, in contrast with the discussion that has 

been here carried out that considered an eventual weak 
cometary field temporarily generated by e.m. induction. In 
addition, the qualitative pattern envisaged in Fig. 18 depicts 
a cometosphere with a huge cross-section, compared to the 
model here intuitively roughly likened to the tail monitored 
by light emission.  

Either one choice or the other is just a matter of 
speculation until an actual check can be carried out by 
observations. Zubritsky (2016, 2016a) also comments as 
follows. “ ‘Comet Siding Spring plunged the 𝑩  around 
Mars into chaos,’ said Jared Espley, a MAVEN science 
team member at NASA’s GSFC. ‘We think the encounter 
blew away part of Mars’ upper atmosphere, much like a 

strong solar storm would.’ ... Comet Siding Spring’s 

nucleus - ... measuring no more than half a kilometer - is 
small, but the coma is expansive, stretching out a million 
kilometers in every direction ...  

When comet Siding Spring passed Mars, the two bodies 
came within ∼ 140, 000 𝑘𝑚  of each other. The comet’s 

coma washed over the planet for several hours, with the 
dense inner coma reaching, or nearly reaching, the surface. 
Mars was flooded with an invisible tide of charged particles 
from the coma, and the powerful 𝑩  around the comet 
temporarily merged with - and overwhelmed - the planet’s 

own weak one. ‘The main action took place during the 
comet’s closest approach,’ said Espley, ‘but the planet’s 

magnetosphere began to feel some effects as soon as it 
entered the outer edge of the comet’s coma.’ 

At first, the changes were subtle. As Mars’ 

magnetosphere, which is normally draped neatly over the 
planet, started to react to the comet’s approach, some 

regions began to realign to point in different directions. 
With the comet’s advance, these effects built in intensity, 
almost making the planet’s 𝑩 flap like a curtain in the wind. 
By the time of closest approach - when the plasma from the 
comet was densest - Mars’ 𝑩 was in complete chaos. Even 
hours after the comet’s departure, some disruption 

continued to be measured.  
Espley and colleagues think the effects of the plasma 

tide were similar to those of a strong but short-lived solar 
storm. And like a solar storm, the comet’s close passage 

likely fueled a temporary surge in the amount of gas 
escaping from Mars’ upper atmosphere ... “ 

The use of comets like natural probes of the solar wind, 
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and inside a huge space domain, appears therefore a 
fascinating challenge, but also other kinds of observations 
can be envisaged. 

In principle, some active experiments can be carried out 
in space, suited to simulate either an “artificial comet” or 

some processes that are involved in the hypothetical model 
of a comet that has a 𝑩  field. Experiments in cometary 
physics have, however, been focused on space missions for 
cometary encounters. A few proposed active experiments 
remained therefore only the object for hypothetical 
discussion. A few mentions are here recalled – with no 
presumption for completeness - about these intriguing 
proposals, in order to show how they match the hypothesis 
of a 𝑩 comet and its cometosphere. 

Olson (1974) suggested to launch a superconducting 
magnet into the solar wind in order to build up a miniature 
magnetosphere. 

Krimigis (1973) proposed to make a chemical release 
immediately outside the front of the Earth’s magnetosphere. 

He expected that chemicals ought to diffuse inward into the 
magnetosphere. This process, when properly monitored, 
should help to understand the microstructure of the (so-
called) magnetopause. 

In contrast, according to the rationale of a comet with 𝑩 
field, an alternative - and maybe even more probable - effect 
is that the chemicals enter the 𝐽1 and −𝐽1 currents of Fig. 9. 
The objective competing roles of these two possibilities 
cannot be predicted, because - for such a purpose - the 
present knowledge is insufficient of the microstructure of 
the magnetopause.  

A substantial drawback in the Krimigis’ argument is the 

limited amount of chemicals that can be practically 
evaporated by one release. This difficulty can be overcome 
by releasing the chemicals in front of an Olson miniature 
magnetosphere. This experiment ought to consist in 
launching a space probe on a circumsolar orbit, which 
carries a superconducting magnet with a current within it 
and capable to produce a large chemical release starting at 
a given time instant, and lasting for some given time lag. In 
principle, this appears to be what should resemble a 𝑩 
comet. 

This experiment could also be simplified by using a 
permanent magnet, instead of a superconducting magnet. 
However, a superconducting magnet can permit to change 
magnetic moment, thus allowing - by means of just one 
experiment - to investigate different comets, different tail 
shapes and lengths, filamentary structures, etc. In addition, 
one could be able also to change the probe orientation in 
order to study 𝑩  comets with dipole axis with a given 
orientation with respect to the solar wind. 

Several previous theories of comets claim that a 
miniature comet ought to be made even with no 𝑩 (owing 
to brevity purpose, no specific list is given here). The 
general idea is to use some icy conglomerate. However, 
they request a strong gravitational field, otherwise the 
chemicals that are released rapidly diffuse through 
interplanetary space.  

In contrast, the model that is here proposed strictly 
requires, as a crucial ingredient, the presence of the 𝑩 of the 
comet - because, in naturally occurring comets, the 𝑩 
should either be present, or increase when the comet enters 
into the expanding solar wind and it approaches the Sun. On 
the contrary, it is very probable that a naturally induced 𝑩 
in an artificial comet should be excessively weak, and 
chemicals should thus rapidly run out and exhaust. 

On the other hand, in principle, before carrying out the 
comet experiment, the superconducting magnet ought to 
remain - and ought to be monitored - inside the solar wind, 
while the currents 𝒋 should be monitored that are induced 
inside it. Moreover, when the probe has exhausted all the 
chemicals to be released, the current within the 
superconducting magnet should be reduced or canceled. 
Then, the probe should be injected into a highly eccentric 
orbit around the Sun. At the same time, the e.m. induced 𝒋 
within the superconducting magnet should be monitored. 
The experiment could even be more complete if the orbit 
perihelion is not excessively close to the Sun, in order that 
the probe can work even after transit at perihelion. 

As a conclusion, in some respects, it is very unlikely that 
any manmade and expensive space probe is really similar 
to a natural comet. However, we can succeed to simulate 
some fundamental processes, which reasonably ought to 
control both cometary and/or magnetospheric physics. 

7. Conclusion 

According to the present available evidence, comets 
seem to be efficient natural probes for monitoring the solar 
wind through the extended Solar System. A list of 
observational checks can be summarized as follows. In any 
case, use photometer-scanned images. 

Check whether a comet tail, when observed from a 
suitable location, displays a likely “black axis”. 

In the case of a “black axis”, search – as far as possible 
- for a deformation of spectral lines like a parenthesis, i.e., 
like { or } depending on the 𝑩 orientation on the upper and 
lower lobe of the cometosphere. 

Check the behavior of sungrazing comets (“Type I” 

tail), as every case history is a different event, with a 
peculiar morphology. 

Refer to (43) and (44). A simple check can be made of 
the entire approximate order-of-magnitude estimate here 
carried out. For this preliminary step, there is need to use 
only solar parameters, with no need to appeal to cometary 
parameters.  

If one uses also cometary parameters, one can estimate 
the total energy of the comet, i.e., one can check whether 
the comet nucleus has a 𝑩 or not, independent of the 𝑩 
caused by the evaporated plasma cloud. That is, one must 
feed into (43) or (44) all available data for 𝑟𝑐  and v𝑐(𝑟𝑐) 
referred to the whole comet’s orbit.  

The resulting plot must hopefully display a linear trend 
that, however, is expected to have some scatter, derived 
from error-bars of observations, and from the 
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approximations in the derivation of (43). This plot can be 
made only by a specialist of cometary orbits. However, if 
one is not concerned with the scatter of points, a simpler 
check can be carried out by assuming that a linear plot must 
be found - which can be defined by two points alone, to be 
suitably chosen along the orbit of the comet, e.g., at 
perihelion 𝑝 and at aphelion 𝑞. Refer to (53) and the related 
discussion. 

This identical somewhat intricate formula must be 
applied to a large set of comets, everyone associated to a 
respective couple of values 𝑝  and 𝑞 . For every comet 
compute (𝑐𝑜𝑛𝑠𝑡・𝐴)  and analyze the distribution of all 
results. Maybe, some indication can be inferred. However, 
if the whole orbit of every comet is considered, one can 
check the scatter with respect to the expected linear trend.  

In addition, specific consideration of 𝐷𝑐𝑜  can help to 
guess some additional physical parameters of the 
cometosphere. In fact, the alternative possibility is 
expressed by (55) including the associated discussion. 
However, one must always consider the possible 
devastating consequences of error-bars, and the eventually 
wrong assumptions that deal with the observational 
measurements of 𝐷𝑐𝑜. One must just try and carry out these 
attempts by means of an identical rationale applied to 
different comets. 

In addition, with reference to the transversal dimension 
𝐷𝑇  of the tail, one can carry out an additional analysis that, 
however, holds only for “magnetic” comets, i.e., comets 

that truly have a cometosphere. A linear trend must be 
found according to the parameters given by (64), and 
related discussion.  

By this it is shown how one can derive the magnetic 
moment and the total magnetic energy of the cometary 
nucleus, independent of the phenomenon associated to the 
plasma cloud of the comet. 

It is impossible to foresee a priori whether this entire 
analysis makes a sense or not. If it works - even only for a 
limited set of comets - the result is of paramount importance 
both for understanding cometary phenomena, and for a free 
monitoring the solar wind through the whole Solar System, 
with a relevant impact on a better understanding of solar 
terrestrial relations. Therefore, it is certainly worthwhile to 
attempt to carry out this investigation. 
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Abbreviations 

The following abbreviations are used in this manuscript: 
AGU American Geophysical Union 
AIA Atmospheric Imaging Assembly 

telescope aboard NASA’s STEREO 
mission 

AU Astronomical Unit 
BL ball lightning 
Caltech  California Institute of Technology 
CME  coronal mass ejection 
CNR Consiglio Nazionale delle Ricerche 
CP Coronagraph/Polarimeter 
CSA  Canadian Space Agency 
D/H  deuterium-to-hydrogen ratio 
DE  disconnection event 
e.m.  electromagnetic 
ESA  European Space Agency 
ESO  European Southern Observatory 
EVE EVE Audio reveal true sound 
FAC field aligned current, also called 

Birkeland current 
FR field reversals (geomagnetic) 
FUV  (Far Ultraviolet) photometers 
GIOTTO  a European robotic spacecraft 

mission from ESA 
GK Gurevich and Karashtin (effect) 
GSFC  Goddard Spave Flight Center 

(NASA) 
HI-1  Heliospheric Imager-1 of SECCHI 

aboard the STEREO mission 
HMI  Helioseismic and Magnetic Imager 

onboard SDO 
HNS  heliospheric neutral sheet 
ICSUWDS International Conference on 

Statistics and Data Science 
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IFSI  Istituto di Fisica della Spazio 
Interplanetario (of CNR) 

IMAGE Imager for Magnetopause-to-
Aurora Global Exploration 

JHU/APL  Johns Hopkins Applied Physics 
Laboratory 

JPL  Jet Propulsion Laboratory 
LASCO  Large-Angle and Spectrometric 

Coronagraph aboard the ESA’s SOHO 

spacecraft 
MAVEN Mars Atmosphere and Volatile 

Evolution (NASA) 
MHD  magneto hydro-dynamics 
MOR mid-ocean ridge 
MRO  Mars Reconnaissance Orbiter 

(NASA) 
NASA  National Aeronautics and Space 

Administration 
OSU  Oregon State University 
PCA  polar cap absorption (event) 
RB runaway breakdown (mechanism) 
SAAO  South African Astronomical 

Observatory (Cape Town) 
SDO Solar Dynamics Observatory 
SECCHI  Sun-Earth Connection Coronal and 

Heliospheric Investigation telescope 
aboard the STEREO mission 

SIF  Società Italiana di Fisica 
SMM  Scanning Microwave Microscopy 
SMM  Solar Maximum Mission 
SOHO  Solar and Heliospheric Observatory 
SOLWIND  a United States satellite 

SSC/ - Spitzer Space Telescope 
(Caltech) 

STEREO  Solar TErrestrial RElations 
Observatory 

STScI  Space Telescope Science Institute 
TD tide driven (dynamo) 
TGF  terrestrial gamma flash 
TLE  transient luminous event 
UAF University of Alaska Fairbanks 
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