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ABSTRACT

The mechanism of production of the planetary and stellar magnetic fields is successfully described by
the dynamo theory which uses basic concepts of magnetohydrodynamics (MHD). There will be a full
description of this theory and subsequently it will be used for the explanation of the solar, pulsar and
magnetar fields. Furthermore there will be a discussion on the concept of sunspots and a reference to
the theory of their creation which was proposed by H. W. Babcock.

Finally we will present the most extraordinary magnetic fields in the universe, generated in the
interiors of pulsars and magnetars, and we will discuss the importance of studying these objects in mo-

dern astrophysics.
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1. INTRODUCTION

Since the beginning of the second half of the twenti-
eth century there is a great scientific concern on the
concept of astrophysical magnetic fields. There has
been notable theoretical and observational research
on studying the magnetic fields of the Earth and the
rest of the planets, as well as the magnetic field of the
Sun. Many peculiar and intensive interplanetary phe-
nomena like magnetic storms and ionospheric sub-
storms were given an explanation because of the
profound study of the generation and behavior of
Sun’s magnetic field. Furthermore, observed solar
phenomena such as the sun spots and the flares are
explained only through the use of classical electrody-
namics and magnetism.

The scientific interest around stellar generated mag-
netic fields became even more intense after the disco-
very of Pulsars in the mid 60s. These bizarre objects
have the most intensive magnetic field ever obs-

erved that in some cases reach 10" Gauss (this type
of pulsars is called “magnetars”). To put this in
perspective we present the following table of
magnetic field strengths (Table 1). The existence of
ultra — strong magnetic fields cause nature to behave
in a completely different way. The application of
quantum electrodynamics [3] introduces the quantum

Earth 0.6G
Common magnet 100G
Sunspots 4000 G
Strongest man made 10°G
field (briefly)
Radio pulsar (surface, 102 =10"¢g
polar)
Magnetar 10 =10 G

Table 1. Relative strengths of magnetic fields.
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For fields B > B, we observe the following phenomena:

. Classical electrons gyrating in magnetic fields
satisfy the equation [3]:
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where A, the electron Compton wavelength. The appli-

cation of the principle of uncertainty in the ground state
gives:

poch = pocﬁocmeC(B/BQ)m 3)
r

Thus, for fields greater than the quantum electrodyna-
mic field strength, the electrons gyrate relativistically.
Since there are two eigenstates of electron spin and the
energy is proportional to the square of the momentum:

g, =2nm2c*(B/ BQ) )

Where &, the quantum eigenvalues of the energy. Then

the total energy of the electron, considering that it rota-
tes relativistically is:

E,=m2+p+mn2B/By) (5

Here we have set /1 = C =1. An approximation for
B >> B, would give a difference between the ground

and the first excited state
E, —E, ~(2B/By)"? (6)

But for the first excited state putting where N =1 and
p, =1+a/2x (where a the fine-structure constant)

in (5) we get the final conclusion for the ground state e-
nergy for the electron which is [3]:

E, =m,[I-(a/27)(B/B,)]" )

Equation (7) implies that for B = (277/a)B,, the rest

energy goes to zero while for greater magnetic fields it
increases.

Even for magnetic fields generated by magnetars the
change on the electrons rest energy is negligible. There
are theoretical predictions though for the possible exis-
tence of greater, extraordinary magnetic fields around
cosmic strings where this phenomenon of the electron’s
rest energy change would be directly observable.

e Atoms or molecules in ultra strong magnetic
fields are completely distorted. For example a hydrogen
atom possessing a spherical shape with radius

I, = A, /@ would appear like a cylinder possessing
the same volume as the unmagnetized atom would oc-

cupy. Idealizing the system of the magnetized atom of
hydrogen with a potential well of length equal to the

length of the cylinder 2 | we get the familiar result for
the ground energy (n=1):

222
T°h

2m,1?

®)

€

Subsequently, with the aid of classical electrodynamics,
assuming the magnetized atom as a linear charge distri-
bution of density 4 = €/2l we can get the following
expression for the electrostatic energy [1]:

gy =—(€>/D)Infl/r] ©9)

where I' the quantum gyration radius we de-fined at (2).
Taking the first derivative of the total energy of the

system E, = &, + &, with respect to the length | equal

to zero we have the formula:
| = r,[In(r, /)] (10)

which is the length of the thin atomic cylinder for mini-
mum ground energy, slightly less than the Bohr diameter

I, . Replacing this value of | in the equation of the total

energy of the magnetized atom we get the useful expres-
sion for the ground energy which implies that:

E, «[InB]’ (11)

This is our final conclusion on how strong magnetic fie-
1ds affect the ground state energy of hydrogen atoms. For
heavier elements the corrections are similar, related to the
atomic number Z.

e Inultra strong magnetic fields the vacuum is
polarized inducing the phenomenon of magnetic lensing.
A photon traveling in a magnetized vacuum has two mo-
des, the O-Mode (ordinary mode) where an oscillating
electric vector is parallel to the magnetic field and the E-
Mode or extraordinary mode where the electric vector is
perpendicular to the magnetic field [3]. The indices of
refraction of the two modes are very different at

B> BQ :
No =1+(a/6x)sin’ O(B/By) (12)
and  Ng =1+(a/6x)sin’ O (13)

There have been used models based on geometrical optics
to model the magnetic lensing induced in the magnetar
vicinities.

e Phenomena associated with magnetic lensing
are the photon splitting and merging (Figure 1) where an
X-ray photon split in two photons or two photons merge
to create one X-ray photon. In addition we observe the
suppression of photon — electron scattering [3].



Figure 1. Photon splitting (left to right) and photon
merging (right to left).

e Strong magnetic fields enhance the pair densi-
ty in thermal pair-photon gases. For example in the ele-
ctron — positron pair — photon gas, the thermodynamic
effect is the presence of a sharp peak in the

U, /U, —log(B/By) diagram, for fields with

B > B, . Where U 0 ,U , the pair energy density and

the photon energy density respectively. This peak is
important for the explanation of SGRs (Soft Gamma
Repeaters) an intense energetic phenomenon associated
with magnetars [3].

e Sufficiently high magnetic fields would cause
the vacuum to break down. Magnetic monopoles can
spontaneously be created when the energy they acquire
exceeds their rest energy. A calculation for the mass of
a magnetic monopole coming from superstring theory
implies that magnetic fields can never be stronger than

10°" =10 G otherwise they could be created, break-
ing down the vacuum stability. There are not yet known
objects capable of generating these fields, although the
closest approach on this could come (theoretically)

from a superconducting cosmic string (¢ 10* G) [3].
In the rest parts of this project, it will be clear how im-
portant are the phenomena associated with ultra strong
magnetic fields for studying the behavior of matter and
radiation in the areas close to pulsars and magnetars as
well as to explain intensive energetically astrophysical
phenomena like the Soft Gamma Repeaters (SGRs)
and the Anomalous X-ray Pulsars (AXPs).

2. THE THEORY OF DYNAMO

The main purpose of solar theoretical physics since
the second decade of the twentieth century is to give a
profound explanation to the question of how magnetic
fields of celestial bodies are generated. In order to
progress towards this direction, a new academic disci-
pline had to be formed which is called Magnetohydro-
dynamics (MHD).

Hanes Alfven was the one who initiated MHD by sol-
ving simultaneously the Maxwell’s equations of electr-
omagnetism and the Navier — Stokes equations of fluid
dynamics. His goal was the study of the dynamics of
electrically conducting fluids such as plasma. Although
theoretical work is always important, numerical meth-
ods had to be used in order to achieve solutions closer
to the real world. Usually in applications what is need-
ed is the so called ideal MHD. The main characteristic
of ideal MHD is that magnetic field lines cannot move
through the fluid but have to remain attached at the

same small domain of the fluid at all times. By this, most
electric currents tend to compress into thin, nearly two —
dimensional structures called current sheets. Since more
than 99% of the matter in the universe is in plasma state,
there are great applications of MHD in astrophysics [11].
However there are some energetic astrophysical pheno-
mena like the solar flares where ideal MHD breaks down
and more realistic approximations are needed.

Theoretical astrophysicists like J. Larmor, proposed pos-
sible mechanisms for the generation of the terrestial mag-
netic field based on MHD predictions. Furthermore, T.W.
Cowling and E.N. Parker applying similar techniques
introduced the most satisfying theory around the question
of how the solar magnetic field is generated: the theory of
magnetic dynamo. The principle is simple: the motion of
a conductive body in the presence of a magnetic field acts
to regenerate that field. In the case of sun, this moving
conducting body is the plasma located on the outer layer
of the sun’s interior called convection zone. In the con-
vection zone, extremely hot plasma material is circulating
forming convection currents. The inner part of these con-
vection currents possesses higher temperature than the
outer, so the circulating material carries thermal energy
as it flows upwards to the suns photosphere (the sun’s
outer layer which could be thought as its “surface”). This
continuous circulation of plasma is indeed electric current
which is responsible for the generation of the magnetic
field as Ampere’s law indicates:

§§-d7:y0| (14)

In addition, dynamo theory proposes that this initially
created magnetic field is reinforced due to the fact that
the further flow of plasma inside it induces more electric
currents. Thus, a dynamo is created which sustains itself.

A version of dynamo theory which is widely used for si-
mplified applications is the so called Kinematic Dynamo
Theory [11]. The central idea of Kinematic Dynamo
Theory is deduced by combining the Ohm’s law

3=0(E+\7>< g) (15)

with the Faraday’s law and the Ampere’s law [1]:

exgz—@ (16)
ot
and VxB=pu,J (17)

respectively. Taking the curl of (15) to both sides we have

VxJ =0 Vx E+0'V><(V>< Bj (18)
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Replacing where J the equivalent expression from (17)
- >

and where VX E the negative time derivative of the

magnetic field from (16) we get

i% (%x gj = —G@-FO'VX (\7>< Ej
Hy ot

—

_vagz—a@+a€x(\7xgj (19)
Hy ot

where here we have used the property:

> o5 o

VxVxB = V(V Bj—v2 B (20)

Finally, solving with respect to the time derivative we
get the final result:

%—?z%x@x §j+nV2§ 1)

, 1
with N = ——.
Hyo

The final formula (21) is the induction equation which
is the basic result of Kinematic Dynamo Theory. Apply-
ing a certain velocity field to a small magnetic field we
can determine through observations whether this mag-
netic field tends to increase or to decrease. In case it
increases then the system we observe is capable of dy-
namo action or is already a dynamo, in the other case
the system is defined simply as not a dynamo.

The progress in the field of computational physics
though, gave us the ability to create more realistic versi-
ons of the dynamo theory which include other factors
that determine the final magnetic field such us the solar
differential rotation. The first numeric solutions were
given by R. Leighton and since then new methods have
been evolved such as organizing the solar magnetic
field in coherent structures on a wide range of scales
ranging from elementary flux tubes to the radius of the
sun. Although the large scale magnetic field cannot be
given by these numeric calculations due to the limited
capabilities of modern computer processors, the solar
magnetic field can be studied using small scale subvo-
lumes of the solar interior. Applying averaged MHD
calculations in these subvolumes [4] gives the chance to
approach the so called solar parameters which are res-
ponsible for the small scale magnetic field of the sun.
Except of the solar parameters, the dynamo coefficients
play a central role to the formation of the simulated
computational models and have to be determined with
the best accuracy. The dynamo coefficients appear in

the averaged induction equation:

@:sx(axa;_neng o
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Where
=
B : the mean magnetic field

- -
= Ux b : the electromotive force (emf)

R

=U —U : the fluctuating component of the flow
>
-B:

the fluctuating component of the magnetic

g'?ow <:¢ m¢
a |
Uw

The dynamo coefficients can be determined from a nume-
rical simulation by measuring the vector emf and the
mean magnetic field and inverting the relation between
them [4]:

Ei :aiij'i‘ﬁijka—Xj“r‘... (23)

A more profound analysis of formalism is very technical
and away from the purposes of this project.

With the aid of computational power, various models of
dynamo have been proposed. The most notable of them
are [4]:

e Interface dynamo and distributed dynamo: The
interface dynamo scenario accommodates the strong dif-
fernetial rotation and the presence of super-equipartition
magnetic fields in the numerical calculations. The distri-
buted dynamo scenario is almost the same with the inter-
face dynamo with only slight differences on considering
some variables of the problem distinctly.

e  Flux tube dynamo: This version is based on the
idea that the fundamental building blocks of the solar
magnetic field are flux tubes, circular areas through which
magnetized material flows.

e Babcock-Leighton dynamo: This kind of dyna-
mo models explain the generation of the poloidal magne-
tic field in terms of the decay of bipolar active regions.

Although the very satisfying results that are gained with
the latest computational models for the solar magnetic fi-
eld there are still some important issues that have to be
solved with the most important being the explanation of
the poloidal magnetic field. The measurements that were
taken from observations of the solar poloidal field do not
agree to satisfying degree with the theoretical predictions
of the existing dynamo models. However this obstacle
could be surpassed with alternative explanations which
introduce new factors on determining the poloidal magne-
tic field. For the shake of completeness, a thing that has to
be added is that the measurements of magnetic fields are
very accurate based on the Zeeman effect, a method wide-
ly applied for all astronomical objects.



3. THE SUNSPOTS

The most well known optical illustrations of astrophy-
sical magnetic fields are undoubtedly the sunspots.
From the ancient years there have been references from
obser-vations of dark spots on the solar surface.
Theophrastus the Athenian had already discovered the
existence of dark areas on the solar disk while in the
same period Chinese astronomers like Kan Te and Ma
Twan Lin be-gun systematically to record the appea-
rance of over one hundred sun spots. The data around
sunspots became even more accurate after the invention
of the telescope from Galileo Galilei who also did
numerous sunspot observations. The theory that people
had until the eighteenth century was that sunspots where
holes on the sun’s surface through which somebody
could look into the interior of the sun, an idea mainly
supported by the Scottish astronomer A. Wilson [11].

However, a scientific “revolution” around sunspots be-
gun after the observations of the German astronomer
Heinrich Schwabe. Schwabe in his attempts to discover
a planet closer to the sun than Mercury, he was recor-
ding the sun spots so that he could distinguish them
from the possible shadow that this hypothetical planet
would project to the sun disk. By this, he created a well
organized sunspot catalogue for 17 years. By the data in
this catalog it was subsequently found that the sunspot
appearance rate was periodic, with a period of nearly 11
years. The point of highest sunspot activity during this
cycle is known as Solar Maximum (Solar Max), and the
point of lowest activity as Solar Minimum (Solar Min).
Also, remarkable observations were those of the British
astronomer Richard Carrington who found out that the
sunspots are moving on the solar photosphere towards
the equator. This fact in addition to the periodicity of 11
years forms the Sporer’s law (sunspots appear in higher
latitudes and by the end of the cycle they have moved
closer to the equator reaching the maximum of their
activity).

Figure 2. A group of sunspots on the solar disk. The
relative size of the Earth is given for comparison.

Investigation on how the sunspots appear on the
photosphere by observations enabled us to draw the
following conclusions: Small bright structures on the
solar surface start to appear. When these structures
appear close to the edge of the solar disk they can be
observed more clearly and they are termed as faculae.
Faculae are bright photospheric supergranules which
evolve taking a narrow shape. By observing the
further evolution of these structures, it can be seen
that small dark areas start to appear on the west edge
of faculae. These dark areas (which actually possess
lower temperature than the surrounding photosphere

and that is why they appear darker) are called pores. A
percentage of these pores could evolve into even darker
areas forming the sunspots. By later studies, it is found
out that only a small percentage of pores finally results
in sunspots [2] and that they basically form due to other
effects which will be discussed.

Taking a close up view of the sunspots gives valuable
details about their structure. There is a central dark re-
gion which is called umbra and possesses the lowest
temperature, surrounded by a less dark zone that is ter-
med as penumbra. A closer observation of penumbra
reveals that there lays a network of fine illuminant fila-
ments which are placed radially with respect to the the-
oretical center of the sunspot. The structure of a typical
sunspot is illustrated in the figure below [2].

UMEBRA

PHOTOSPHERE

Figure 3. The structure of a typical sunspot.

By accurate CCD photometry, modern astronomers
are able to measure the flux F of radiation coming from
any distant light source. In the case of sunspots, the
result of the comparison of the flux from the umbra and
the flux from the solar surrounding photosphere (which
is known years ago) is [12]:

F b
—==0.1 24
c (24)

phot.

Additionally, the flux from the penumbra compared to
the flux of the photosphere is

F
penumbra

—— =038 25
= (25)

phot.

Since the Stefan — Boltzmann law indicates that
F=0oT"' (26)

where 0 the Stefan Boltzmann constant and T the
temperature of the source, the ratio of the umbra’s
temperature to the photosphere temperature is [12]

TT_b =(0.1) ~ 056 @7)

phot.



Owing to the fact that the temperature of the solar
photosphere is about 5770 °K we come to the conclu-
sion that the temperature of the umbra is about

3200 °K. That means that the centers of sunspots are
not cold areas but just colder that the surrounding
photosphere, and in case they were isolated from it
they would be illuminant.

Another basic characteristic of sunspots is their
equatorward movement. After the appearance of the
first sunspot on the west edge of facula, a second
sunspot is created on the eastern edge. The system of
the two sunspots, initially being in heliographic lati-
tudes of about 35° seems to be moving towards the e-
quator with the west sunspot to be preceding and the
east sunspot to be trailing. The sunspots indeed have
a life time which is a function of their size. A good
approximation of their life time comes from the ap-
plication of plasma physics in the vicinity of the solar
photosphere and the resulting relation is [12]

t oc or? (28)

where O is the plasma conductivity coefficient and
I' a typical sunspot radius if it is considered as a circ-
ular area. After the sunspots in the higher latitudes
complete their lifetime, more and more new pairs of
sunspots are created closer to the equator reaching a
latitude of about 5° by the end of the solar cycle,
which is 11 years. Typical life times of ordinary
sunspots are 11 days, having a diameter of 10.000
Km. In the extraordinary case of huge sunspots, their
life time could reach the 100 days. The general
dynamic activity of the sunspots that was described
above is concentrated on the famous Maunder or
butterfly diagram (figure 3) where time is plotted as a
function of the heliographic latitude. The number of
the dots corresponds to the number of the sunspots at
a specific time at different latitudes [2].

Figure 3. The Maunder diagram

It is of interest that the periodicity of the sunspot acti-
vity is the same with the periodicity of the solar cycle

where K is a constant relative with the observer, the
telescope and the light receiver which is used (usually
CCD — Charge Couple Device), g the number of the
sunspot groups and f the total number of the sunspots.
Here it has to be added that usually sunspots appear in
groups during the solar cycle. A typical number of the
members that usually form a sunspot group is ten.

The most interesting theoretical and observational
study of the sunspots is that of their magnetic field. The
American astronomer George Ellery Hale found out
that sunspots possess a strong magnetic field while the-
oretical astrophysicists were trying to form a theory to
predict the magnitude of this magnetic field. The model
which they used is the following one: Umbra and penu-
mbra are taken as areas of neglected ionization because
of the lower temperature. Considering a ring around the

penumbra of internal radius R, and external radius R,

where the ionization of the photosphere gas is remark-
able, it can be assumed that currents are flowing (as the
temperature there is higher) and thus it is possible to
calculate the magnetic field at the center of this ring by
applying Ampere’s law (14). The result will be [5]

Where d is the length of the ring parallel to the axis of
symmetry (assuming that this ring is tilted by an angle)
and I is the current flowing through the ring. In the case
of the sun, matter is in plasma state and the application
of plasma physics gives us the answer for the value of .
After putting this result in the equation (30) we get the
final theoretical formula for the sunspot magnetic field:

d2

Yy, R, +4/R:+——
ge_16eAd (KT8, [T VR g |
ro® \2m) dr d?
R, +,/R’ +T

where A is a constant, e is the electron charge, m is the
mass of the ion (usually hydrogen ions - protons), k is the
Boltzmann constant, T is the temperature of the solar

photosphere, no? is the ion cross section and dHz/dr the

where the magnetic field of the sun changes polarity
every 11 years (so that the real period of the general
phenomenon is 22 years). This observation indicates
the tight correlation between the sunspots and the
behavior of the solar magnetic field. A magnitude for
the sunspot activity is the so called Wolf number R or
“relative number of sunspots” which is defined as

component of the magnetic gradient perpendicular to the
direction of the impressed magnetic field. Taking the or-
dinary values of the above mentioned quantities and ma-
king the computation results to a typical sunspot magnetic
field of about 2010 Gauss. The observed magnetic field of
the sunspots is 2700 and this small deviation can be ex-
plained if we take into account that the values we gave to
the above mentioned quantities are imperfectly known.
(29) So, in general application the above mentioned theory is

a satisfactory approximation [5].

R=K(0g+ f)



The observational measurements of the stellar magne-
tic fields are done with the aid of the Zeeman effect.
According to this, every eigenstate of the energy of an
atom is separated into sublevels due to an applied
external magnetic field. This results as the solution of
Schrodinger’s equation for a Hamiltonian which
includes the additional terms for the interaction of the
atom with the magnetic field. Thus, receiving the
spectrum of atoms which are inside a magnetic field, we
observe the emission and absorption lines to be split
into three or more other lines displaced by a factor of
A\ with respect to their expected position. The equation
that correlates this displacement with the strength of the
magnetic field is the central conclusion of the Zeeman
effect [12]:

A= —— |2
4rm.C

E’ (32)

where e is the electron charge, me is the electron mass,
A is the wavelength in which the spectral line is ob-
served without the effect of the magnetic field and |B| is
the magnetic field strength.

For sunspots the magnetic field was measured using
the Fe lines to be more than 2000 Gauss and the photo-
sphere magnetic field is measured to be approximately
100 Gauss. This observation indicates the connection
between the activity of the sunspots and the solar mag-
netic field. An intense phenomenon related to the high
sunspot magnetic field in contrast with that of the pho-
tosphere is the Evershed effect where gas flows from
the penumbra towards the photosphere and vice versa.
The group of sunspots that appears on the edges of a
pore on the north solar hemisphere is defined then as a
bipolar group with the two sunspots possessing opposite
polarities. Simultaneously, another pair of sunspots
appears in the southern hemisphere with its members
having opposite polarities than the members of the
northern pair. Due to the fact that the general solar
magnetic field polarity is reversed every 11 years, the
same happens with the polarities of the sunspots. This
process is illustrated in the figure 4 below.

N S
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Start of the Solar Cycle

End of the Solar Cycle (after 11 years)

Figure 4. The polarity of the sunspot bipolar groups
and their interaction with the total solar magnetic field

The most interesting conclusion that comes out from
the fact that there is an intense magnetic field around
sunspots is the explanation of why they are areas of
lower temperature and gas density. This explanation
was given by H.W. Babcock (who also suggested a the-

oretical model for the creation of sunspots which will be
discussed in the next paragraph) who suggested that
sunspots are the visible counterparts of magnetic flux
tubes in the convective zone of the sun that get "wound
up" by differential rotation. If the stress on the flux tubes
reaches a certain limit, they curl up quite like a rubber
band and puncture the sun's surface. At the puncture
points convection is inhibited, the energy flux from the
sun's interior decreases, and with it the surface temperatu-
re. The Wilson effect tells us that sunspots are actually
depressions on the sun's surface. Many scientists refer to
this warping of the magnetic field lines around sunspots
as a vortex which resembles the terrestial hurricanes.
Recent observations from the Solar and Helioscopic Ob-
servatory (SOHO) using sound waves travelling through
the Sun's photosphere to develop a detailed image of the
internal structure below sunspots show that there is a
powerful downdraft underneath each sunspot, forming
this rotating vortex that concentrates magnetic field lines.
This all hypothesis about the lower temperatures of
sunspots is based on the simple observation that in or-
der to maintain the equilibrium between the sunspots
and the photosphere the energy density in the sunspot
and the energy density in the photosphere must be

equal

U ss U phot. (33)

The total energy density for an ionized ideal gas inside
a magnetic field is the sum of the magnetic energy den-
sity and the plasma energy density:

U=U, +U =LBZ+NkT (34)
B g 2u
0

Setting this result in the equation (33) we get the final
expression for the equilibrium between the sunspot and
the photosphere [12]:

NkTJrLB2 = NkT+LBZ 35)

Ho ss Ho phot.

Finally, placing the corresponding values for the photo-
sphere and sunspot magnetic field, particle number N
and temperature T we see that equation (35) is true just
because of the great sunspot magnetic field strength to
which sunspots owe their existence.

As it became clear in this paragraph, the existence of
local areas of strong magnetic fields in the sun, and
generally in the stars, is the cause of many interesting
phenomena. In our solar system, the most intensive
phenomena, the solar flares (huge releases of energy
and radiation from the solar atmosphere) are based on
the solar magnetic field, in combination with its differ-
ential rotation. In this particular case, the phenomenon
of magnetic reconnection occurs where magnetic lines
moving with opposite velocities collide forming huge



amounts of magnetic energy density, which is re-
markably greater than the plasma energy density and
thus the equilibrium (35) is not reached. As a result,
breakdown of ideal MHD occurs and the theory that
should be used to describe this phenomenon through
a formalistic way should be much more complex.

4. THE BABCOCK MODEL

The most satisfactory and comprehensive theory which
describes the creation and the evolution of sunspots is
the Babcock theoretical model. The procedure through
which a sunspot is created according to the Babcock
model is illustrated in the figure below [12].
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Figure 5. The Babcock model

The algorithm of the procedure is the following [12]:
(A): The sun’s differential rotation results in the
existence of higher velocities near the equator than in
higher latitudes.

(B): The magnetic field lines are getting more and more
distorted near the equator, as opposed with those of
higher latitudes.

(C): Magnetic field lines continue to warp and wound
up.

(D): Magnetic “pipes” or “knots” are created right under
the photosphere (figure 6). Because of high conductivity
magnetic field and plasma are moving together in the
same direction.
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Figure 6. Magnetic knots under the photosphere's
surface

As a result of the further warping of the knots, loops
and vortices are created right above the photosphere
(figure 7).

Figure 7. Magnetic loops. Sunspots start to appear at
the conjunction points between the loop and the
photosphere (-,+).

The conjunction points between the photosphere and the
magnetic loops are areas of high magnetic field that cause
the matter to be less dense than of the matter in the sur-
rounding photosphere. Thus the temperature in these areas
is lower and they appear darker in front of the shiny
photospheric background. The sunspots have finally been
formed.

Babcock model combines the dynamic of the solar rota-
tion and the theory of the magnetic field generated by a
dipole (which is the sun’s magnetic field in first approxi-
mation) in a well organized frame where the generation of
the dipolar pairs of sunspots and the fact that they emit
less radiation than photosphere is explained. Furthermore
this model offers a good explanation for the phenomenon
of the reversion of the solar magnetic field polarity which
was discussed above: As the generated pairs of sunspots
approach the equator, both from the north and the south
hemisphere, their magnetic vicinities that possess oppo-
site polarity (the polarity of the hemisphere they belong
to) approach and annihilate in a way. Thus, the remained
fields are those of the sunspots that have opposite polarity
than the hemisphere in which they belong and causes the
magnetic field to reverse (see figure 4).

4. PULSARS AND MAGNETARS
4.1 Pulsars

The local magnetic fields on the sun and generally on the
stars are considerably great being responsible for ener-
getic phenomena. However, studying more exotic — com-
pact objects like pulsars brought the scientific community
in front of the discovery of the most intensive magnetic
fields in the universe.

When stars with masses above than the Chandrasekhar
limit (1.4 solar masses) collapse after the burning of their
nuclear fuels, great pressure is applied on their core from
the outer collapsing shells. This result in the extraordina-
ry increase of the plasma density making the protons
react with electrons and thus form neutrons and neutri-
nos according to the reaction [2], [12]:

p; +e’ —n, +vy



This process leads to a great supernova explosion and to
the formation of a dense core, consisted mainly of neu-
trons. The neutron condensate, as a fermionic gas — thus
obeying the Pauli Exclusion Principle — is amazingly
dense leading to the exertion of great degeneracy pres-
sure that halts the further collapse. The final remnant is
an ultra dense central core that radiates great amounts of
energy, surrounded by the diffuse outer shell of the dead
star which forms a planetary nebula.

The observational and theoretical study of these pecu-
liar objects led to the following results about their na-
ture:

e A combination of special relativity and quan-
tum mechanics leads to the mass — radius relation about
neutron stars [2],[12]:

hz
R=0114——M™"" (36)
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where mp the mass of the proton, R the radius and M
the mass of the neutron star.

e Typical values for a neutron star density, tem-
perature and radius [12]:

Prs =10 gr/cm’

T =10°°K
Rys = 15Km

(Nuclear densities)

e According to the Wien law, the maximum of
a typical neutron star emission will be

~30A

max

ATy =029=> 1

max

thus neutron stars emit their maximum radiation in the
X-rays.

e The rotational periods of neutron stars can be
deduced from the law of conservation of angular mome-
ntum [12]:

R R}
Ji =y = MR’0, = MR o = =%
R NS
and finally
R 2
P =| 5| P (37)

Putting where R, the typical radius of the neutron star

that was given above, R; the initial radius of the star
that formed the neutron star (which is calculated theore-
tically) typically a million kilometers and P, the initial

rotational period of the star, usually around 30 days we
get the typical rotational period of neutron stars that is
expected theoretically

Py = 0.25msec

meaning that the neutron stars rotate in really great velo-
cities — actually being the quicker spinning stellar objects
in the universe.

The high magnetic fields that a pulsar have, lead some of
its surface particles (remaining protons and electrons,
mainly on the neutron star’s outer crust) to gyrate around
the magnetic field lines (on the axis of the magnetic field)
with relativistic velocities, thus emitting synchrotron
radiation in radio waves. Due to this fact radiotelescopes
are widely used for the observation of pulsars. Observing
a pulsar with a radiotelescope results in a periodic sing on
an oscilloscope which gives directly the period of the
pulsar rotation. This happens when the axis of the pulsar
dipolar magnetic field is tilted with respect to the axis of
the pulsar rotation. Thus when the magnetic axis is
oriented alongside the observation direction,
radiotelescopes receive the maximum of the radiation
(figure 6) [2],[12].

PSR 0834+06

P =1.2737642 sec
PSR 0950+08

I =10.253065 sec
PSR 1133+16

WRVY WSV IV VRS, WYY W

P =1.118790928

Figure 8. The radio pulses of three pulsars and the
corresponding periods.

The most famous pulsar that has been observed with
the above mentioned method is the Crab pulsar. A su-
pernova explosion was recorded in 1054 by Chinese
astronomers. 900 years later modern astronomers could
observe the supernova remnants (SNR) of this old ex-
plosion as a diffuse nebula in the center of which lays
the Crab pulsar.

e  The theoretical models about the internal stru-
cture of pulsars are based both on nuclear / particle
physics and quantum mechanics. Mostly the star is
made up of neutrons which are concentrated on the in-
ner crust and the outer core of the star. On the outer
crust there are positrons and electrons which have not
reacted to form neutrons (since on the surface of the ne-
utron star the pressure is the minimum). Also, a thin at-
mosphere is predicted around the pulsar (In heights of
the order of some centimeters). The most peculiar area
of the interior of a pulsar is the core where the pressure
and the density of matter are extremely high. The core
of the pulsar possibly consists of quark matter or puon



() condensate. The neutrons and the protons in the
outer core and the inner crust of the star are predi-
cted to be superfluid from the application of quantum
hydrodynamics under such physical conditions [9].

CRU
ATMDSPHERE OUTER CRUST
|

Figure 9. A model for the internal structure of Neu-
tron Stars [12]

e The most interesting characteristic of pulsars
study is their ultra strong magnetic field. Observati-
ons have shown that neutron stars are the most stro-
ngly magnetized objects in the universe. The explana-
tion of this fact comes straight from Maxwell’s equa-
tions: All stars have relatively weak magnetic fields
which can be amplified with the act of compression.
When a magnetized object shrinks by a factor of two
its magnetic field strengthens by a factor of four.

Thus, a stellar core that collapses by a factor 10’
during the neutron star formation, amplifies its

magnetic field by a factor of 10"’ . The magnetic field
of pulsars as well as the magnetic field of any stellar
object resembles a dipole magnetic field. In the case
of pulsars this dipole amplified magnetic field is gen-
erated during the vigorous, high Rossby number con-
vective episode which follows the formation of the
neutron star. The Rossby number is a typical parame-
ter which determines the dynamo efficiency for pul-
sars. It is defined as the ratio of the rotation period P
to the convective overturn time t [6]:

R =— (38)

In a turbulent fluid with Rossby number of order of u-
nity or less an efficient dynamo results, since the am-
plification of the magnetic field is not suppressed by
turbulent diffusion. Larger Rossby numbers result in
less effective mean — field dynamos.

e The existence of ultra strong magnetic fields in
the case of pulsars is the cause of the observed increase
of pulsar rotational period or, in other words, spindown.
The field lines are anchored to the neutron star surface,
because they are generated by circulating electric
currents inside the star. Thus as the star turns the field
also must turn. This drives magnetic waves outward,
along with diffuse winds of charged particles (which
emit the radio beams from just above the magnetic
poles), carrying off energy and causing the star to
gradually spin down. The measured rate of spindown
allows the magnetic field to be estimated. For almost all
young pulsars it is a few times 10'> Gauss at the magne-
tic poles. The relative formalism that determines the
pulsar spindown comes from the study of rotating
decelerating magnetic dipoles and the basic result is
that [12]

t=—2 (39)

where P, is the observed present rotational period, P

is the observed decrease of the rotational period and t is
the time from the formation of the neutron star until the
present. The observed magnetic field is then given by
the equation

B~3x10" (Tesla/sec)( P, Pj (40)

which states that the magnetic fields of pulsars extingu-
ish in one hundred million years.

e  The pulsar formation rate in our Galaxy is esti-
mated to be 1 per 50 to 300 years. Additionally the total
number of pulsars that have been observed and studied
is more than 1000 [12].

e Interesting results arise from the recent study
of binary systems of pulsars. An example of this is the
binary system PSR 1913+16 with rotational period
around the center of the mass 7.75 hours and pulsar
spin periods of approximately 60 milliseconds. Binary
systems of pulsars turn out to be very important for the
theoretical predictions of the general theory of relativity
since they are sources of gravitational waves [12].

4.2 Magnetars

Neutron stars with unusually strong magnetic dipole fie-

1ds (10" — 10" G) can form when conditions for effici-
ent dynamo action are met during the first few seconds
after the gravitational collapse. These ultra magnetized
neutron stars were termed as “magnetars” from the
theoretical work of Robert Duncan of the University of
Texas and Christopher Thompson of the Canadian Insti-
tute for Theoretical Astrophysics (CITA). These scientists
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claimed [6] that if a dynamo works with ideal efficiency
in a hot, newborn neutron star, it would generate a field
even of 10'® Gauss (max): 10000 times stronger than
was actually found in pulsars. As the star cools, conve-
ction and dynamo action cease. This happens after only
about 10 or 20 seconds in a neutron star, but 10 seconds
is enough time for a very strong field to build up. After
that, the field can remain trapped by the heavy, stratified
liquid of neutrons and protons inside the neutron star.
The same criterion for the dynamo action must hold for
magnetars as it is for pulsars, and that is the Rossby
number. The Crab pulsar with spin period of 20 msec
was not capable of completely effective dynamo action
that could generate a magnetic field on the order of the
magnetic fields that magnetars possess.

The internal structure of magnetars is similar with the
one of pulsars with a higher internal convention which
is responsible for the generation of the extraordinary
magnetic field. In general the comparison of the pulsar
and magnetar fields ordinarily gives [6]:

B inole (Magnetar)
oc

Baipote ( pulsar)

This great magnetic energy that magnetars have is the

cause of many energetic phenomena of great interest. A
magnetar's field is strong enough to push material
around in the star's interior and crust, leading to the dis-
sipation of a significant amount of magnetic energy du-
ring the first ten thousand years. The consequences of
this are observable and namely they are [10]:

e Steady X-Ray Emission. The shifting magnetic
field outside the star must drive electrical currents along
arched magnetic field lines. This gives rise to streaming
charged particles that inevitably impart energy to X-ray
photons by scattering against them.

e Soft Gamma Repeater (SGR) bursts. They
come as a result of magnetic reconnection, a mecha-
nism that was introduced for the explanation of solar
flares [7].

The magnetar X-ray and soft Gamma bursts are
thought to occur because of the phenomenon of star-
quakes [7]. The crust of a neutron star has odd pro-
perties. It is very difficult to compress crust material
very much, or to move elements of crust up or down,
because strong gravity and pressure forces maintain a
firm balance, holding the crust on the level and at
nearly constant volume. It is much easier to move
parts of the crust horizontally, in ways which apply
only "shear strains" to it. In a young magnetar, the
magnetic field evolves over time, seeking a lower e-
nergy state and in the process, subjecting the crust to
strong magnetic forces. For example, magnetic field
lines continually drift through the star's liquid interior
stressing the crust from below. The field isn't strong
enough to drive much compression or vertical motion
in the crust, but it can drive significant twisting mo-
tion of patches of crust along horizontal directions,
(since this involves pure shear strains between the

field and the crust) and that is what causes the star-
quakes. Whenever starquakes happen, magnetic field
lines outside the star also get twisted because they are
anchored to the crust. Electric currents are created
alongside the magnetic lines and subsequently they
decay. This decay leaves back a hot trapped fireball.
The fireball cools by releasing X-rays from its surface
and finally it evaporates in minutes or less [8].

The fact that magnetars lose energy through the above
mentioned mechanisms causes them to spindown even
more drastically than ordinary pulsars. An additional
recoil mechanism which causes the magnetar spindown
is the anisotropic neutrino emission which can be dedu-
ced in a number of ways by strong magnetic fields.
Duncan & Thompson (1992) have proposed a momen-
tum loss formula for the neutrino recoil mechanism [6]:

-2 v
éEwtOﬂZB(ij E, 4 (41)
p 0.3\ 5MeV ) | 0.37"

where B the magnetic field, a a constant, Ee the elec-
tron Fermi energy near the surface of last scattering,

7" the effective mean-free time between the scatter-

ings of the neutrino (by all processes) and 7" the
mean-free time for the neutrino electron scattering. The
above mentioned quantities are in units where
(h=c=1).

Duncan & Thompson published a series of papers
since 1992 completing their theoretical predictions
about magnetars. However, the Greek NASA astrono-
mer Chryssa Kouveliotou, associated the theoretical
predictions with the observations of Soft Gamma Re-
peaters (SGRs) and Anomalous X-ray Pulsars (AXPs)
which became the observational evidence for the exist-
ence of magnetars [6],[7],[8].

4.3 Observational Evidence for magnetars
4.3.1 The Soft Gamma Repeaters (SGRs)

Since 1960 numerous missions have been carried out for
the study of energetic gamma ray sources. The first and
most interesting result of the observations was the
Gamma Ray Bursts (GRBs): huge releases of energy from
random di-rections of the sky. There is still discussion
about the na-ture of these phenomena. However, two
events marked the history of Cosmic Gamma Ray
observations and proved that GRBs are not the only
energetic sources in the universe. In March 5, 1979 the
gamma ray detectors of the Soviet interplanetary space
probes Venera 11 and Ve-nera 12 received 10,000 counts
in one second and later it was confirmed from other
spacecrafts that the source was the Supernova Remnant
(SNR) N49 in the Large Magella- nic Cloud (LMC). In
the first two tenths of a second, the burster radiated away
as much energy as the Sun [9] radiates in 3000 years.
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There were lots of theories for the origin of this burst;
mainly that the burster was a young, isolated neutron
star with peculiar properties. Alternative theories were
that the March 5th event was due to a small planet or a
large asteroid slamming into a neutron star, or a "phase
transition" in the core of a neutron star (the neutron
star's core somehow abruptly changed its state as it
cooled, like water does when it freezes, releasing energy
in the process). After the introduction of the magnetar
theory, it was clear that these properties resemble the
properties that are predicted for mangetars. Another
notable event, marked the history of Cosmic Gamma
ray explorations in the August of 1998. A giant flare
from SGR 1900+14 set new records for the most intense
flux of gamma-rays ever detected from a source outside
our solar system. It blitzed gamma-ray and X-ray
detectors on seven different spacecraft at lo- cations
throughout the solar system. The Ulysses spacecraft was
equipped with a very sensitive gamma ray de- tector
and performed valuable measurements of the gamma
ray flux from this burst. In the graph above the intensity
of the SGR 1900+14 burst is plotted as a fun- ction of
time [10].

SGR 1900+14
Aug. 27,1998
Ulysses, 25-150 keV'

Graph 1. The August 27 Event. The measurements
were gained by the Ulysses spacecraft.

These events marked the discovery of the Soft Gam-
ma Repeaters (SGRs), stellar objects that were asso-
ciated with magnetars.

There are notable difference between the properties
of SGRs and GRBs [8], [9]:

e The SGR events are recurrent phenomena
coming from the same source in the sky, in opposi-
tion with GRBs which come randomly from all dire-
ctions. Consequently, the sources of SGR are stable
objects rather than flashes of destructed objects which
are probably the origins of GRBs.

o The SGR spectra is “soft” compared to the
GRB spectra. This means that the gamma ray photons
generated from SGRs are less energetic (hard X-rays)
than the ones originated from GRBs.

e  The durations of the SGR bursts (in the
order of a second or less) are shorter compared to the
ones of GRBs which may last some minutes.

The SGRs also appear to be energetic X-ray sources.
The production of these X-rays happens due to mag-
netic field decay, with processes similar with those that
were described for the explanation of SGR bursts.
Since the discovery of the first SGR, 3 more bursters
have located throughout our Galaxy (Table 2) [11].

SGR Characteristics
distance from earth: 50000 light
years, radius of about 20 Km,
rotational period 7.5 seconds, over
100 detected bursts
giant flare of August 27 event
SGR 1801-23 point source of X-rays or SNR
SGR 1627-41 rotational period: 6.4 seconds
Table 2. The four known SGRs and their basic chara-
cteristics.

SGR 1806-20

SGR 1900+14

The most interesting recent observations of SGRs and
GRBs have been carried out with the Compton Observ-
atory providing a clear picture for the distribution of
SGRs in the Milky Way.

4.3.2 The Anomalous X-ray Pulsars (AXPS)

Another class of peculiar bursters that are less energetic
than GRBs are the Anomalous X-ray Pulsars (AXPs):
young, isolated, highly magnetized neutron stars chara-
cterized by slow rotational periods of ~5-12 seconds [11].
Several models have been proposed to explain the proper-
ties of AXPs [8]:

e Accreting neutron stars in binary systems with a
very low mass companion.

e Isolated accreting neutron stars that evolve from
Thorne — Zytkov objects (stars that are the result of a
merger of a neutron star and a high mass companion).

e  Magnetars
The latest observations and the theoretical predictions
insist that indeed the third hypothesis is right and that
AXPs are a type of magnetars. These modern observa-
tions made it also possible to distinguish AXPs from bi-
nary systems in which one of the members is a pulsar.
The differences between AXPs and this kind of binary
systems are that the AXPs possess softer spectra, their
periods are in a very narrow range (5-12 seconds) and
they exhibit a secular spindown of their periods. Table
3 below gives more details about the known AXPs [11].

AXP Rotational Period (sec)
AXP 1E 2259+586 6.98
AXP 1E 1048-59 6.45
AXP 4U 0142461 8.69
AXP 1RXS 1708-40 11.0
AXP 1E 1841-045 11.8
AXP AXJ1844-0258 6.97
AXP CXJ0110-7211 5.44

Table 3. The confirmed AXPs and their corresponding
rotational periods.
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4.4 Latest theories about magnetars

As it was mentioned above, it was Chryssa Kouvelio-
tou who associated SGRs and AXPs with magnetars by
making careful comparisons of the periodicity of the
soft gamma repeater SGR 1806-20. The period of this
burster had increased by 0.008 seconds since 1993,
leading her, using equation (40), that this could be

explained by a magnetic field strenght of 8x10'*G, a
value that is in the range of magnetar fields [11].

As a result of further theoretical analysis and study of
modern observational data, a theory for the evolution of
magnetars was formed: Young magnetars start to live
their lives as SGRs (for roughly 10000 years) and the
next 30000-40000 years as AXPs. The last stage of
magnetar evolution may be what has been observed in
X-rays as a solitary neutron star with very low lumino-
sity. Simoultaneously as the magnetar evolves the rota-
tional period increases (like in ordinary pulsars) and the
Gamma ray flash activity decreases reaching the zero
value as the SGR magnetar becomes an AXP. The final
dead magnetars remain strongly magnetized. This
would drive them to spin down to ever-slower rotation
rates. Dead magnetars would then be seen as dim, very
slowly pulsating X-ray sources, most easily detected

when they lie near Earth.

Known magnetar candidates

Figure 10. Known magnetar candidates and their
distribution in the Milky Way.

The most reliable observational confirmation of the
above mentioned theory of magnetar evolution arises by
the measurements of the SNR (supernova remnant) ages
and by comparing them with the age of the observed
magnetars. This leads to the conclusion that AXPs are
older objects than SGRs as it was predicted from the
theory [10].

It is calculated that magnetars are 10% of the newly
born neutron stars and that the magnetar formation rate
in our Galaxy is 1 per 100 years [8]. This fact provides
the ability to estimate the total number of magnetars in
our Galaxy today (since we know the age of the Galaxy
and the time that a massive star takes to collapse to a
neutron star) and the result is approximately 10000 [6].
The question that follows this result is obvious: why the

rest magnetars have not yet being observed? The answer
is that most magnetars are born fast, with speeds of thou-
sands of kilometers per second (as suggested by the large
displacements of the March 5th and August 27th flare
sources from the centers of supernova remnants in which
they seem to have formed), and thus they drift into the
remote halo of our Galaxy escaping from the Galaxy alto-
gether. Such distant stars would be especially hard to
detect. The known magnetar candidates and their
distribution in our Galaxy are shown in the figure above.

Finally it should be added that magnetars could be a pos-
sible explanation of the rare phenomenon of Ultra High
Energy Cosmic Rays (UHECRs). UHECRSs are probably
single protons or light nuclei possessing extraordinarily
great energies - higher than normal cosmic rays. They are
detected when they strike the upper layers of our atmo-
sphere and dissipate their energy, creating showers of
high energy particles which can be seen as flashes of
light. Young magnetars with their very rapid spins and
high magnetic fields generate very strong electric fields
that could accelerate particles to ultra high energies.
UHECR energies would then come ultimately from the
rapid spin of a nascent neutron star [10].

5. CONCLUSIONS AND DISCUSSION

The magnetic fields of the astrophysical bodies vary in
strength but they all have a common characteristic which
is that they are all generated by dy-namo action. Based on
Maxwell’s equations and classical electromagnetism (in
combination with hydrodynamics), we can give satisfa-
ctory explanations of the magnetic fields that are genera-
ted in the interior of the stars.

Moreover, studying the stellar magnetic fields of main
sequence stars like the sun in association with their differ-
ential rotation led us to the explanation of energetic phe-
nomena in our solar system that straightly affect the mo-
dern human civilization: the solar cycle and the solar
flares. It became clear, that every energetic phenomenon
on the photosphere and in the atmosphere of the sun is
originated from its own complicated magnetic field beha-
vior.

Furthermore, we investigated the evolution of the mag-
netic field of massive collapsing stars that result in the
formation of pulsars and magnetars. These objects are of
great scientific interest as they possess the strongest mag-
netic fields in the universe, something that is responsible
for high range energetic cosmic phenomena like the SGR
bursts and the UHECRs. In addition, this observation is
very important for the application of physics in the prese-
nce of ultra strong magnetic fields. As it became clear in
the introduction of this project, ultra strong magnetic
fields cause nature to behave in a completely different
way associated with peculiar phenomena. Some of these
phenomena like the electron photon pair gas peak beyond
the quantum electrodynamic field strength are observable
in the vicinities of magnetars, something that makes their
study even more important.
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However, there are still some unanswered questions
under investigation for all these energetic astrophysical
magnetic phenomena [4], [8]:

e Satisfactory explanation of the solar polar
magnetic field associated with dynamo action.

e Exact explanation of the solar flare phenome-
non and observational confirmation.

o Ifthe flashes and flares from SGRs and AXPs
are indeed due to starquakes, should we be able to
detect aftershocks in the light curves of the magnetar
bursts?

e  How often should we expect the giant flares in
SGRs? Is it possible that these flares have a periodicity
and if so due to which fact?

The scientific research, with the aid of modern techno-
logy and higher computational power continues both in
the observational and the theoretical field and more and
more papers are published which approach the possible
answers to the above mentioned problems.
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